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ABSTRACT

Natural fiber reinforced polyethylene biocomposites are an environmentally friendly
alternative to non-biodegradable thermoplastic materials. The addition of natural fibers to
polyethylene improves mechanical properties such as tensile modulus and tensile strength.
Unlike thermoplastics, biocomposites are water absorbant due to the presence of natural
fibers. Biocomposites mechanical properties degrade when exposed to water. Immersion in
water shortens the product life of biocomposites and limits their use in many applications.
However, a shorter product life is advantageous for some applications because early

degradation reduces the material's environmental impact.

The work herein explores long-term water immersion (6000+ hours) of injection molded hemp
and wood pulp fiber reinforced polyethylene. Both low density polyethylene (LDPE) and high
density polyethylene(HDPE) were tested, each with three fiber fill fractions. The
comprehensive dataset collected for this project allowed for conclusions to be drawn about the
effect of fiber type, content and distribution as a function of immersion time to predict water
absorption. The extent of mechanical degradation was proven to be dependent on the quantity
of water absorbed. A model was developed to predict the percentage of water absorbed over
a long time scale that accounts for fiber degradation to enable the prediction of changes to the
mechanical properties. The prediction of the rate and magnitude of water absorption by
natural fiber thermoplastic composites will allow designers to understand, and account for, the

degradation of the material's mechanical properties over time.
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1. INTRODUCTION

Over the past few decades, there has been increased societal demand to consume sustainable
materials. Plastic consumption has been rising since 1985, as shown in Figure 1.1. Although
there are many societal benefits of plastics such as food and water packaging applications,
utilization of this material to improve cost efficiency of disposable consumer products has led
to a significant quantity of plastic litter [1]. The drastic increase in the quantity of plastic has
contributed to the formation of five garbage islands [2, 3]. The increase in plastic
consumption is one of the major causes of soil pollution[4, 5]. From the mounting evidence of
environmental damage caused by plastic waste, it is imperative that sustainable materials
replace today’s non-renewable petroleum-based thermoplastics. A viable solution is to
manufacture materials from renewable resources that degrade after service life into non-
toxic pieces for reduced environmental impact. Degradable bio-derived biocomposites are
one part of the solution due to their good specific mechanical properties, low cost,
biocompatibility and environmental characteristics such as renewable, non-toxic,

biodegradable, and low embodied energy versus glass fiber [6].
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Figure 1.1 Consumption of thermoplastic over the last 40 years compared to steel. Data graphed from
Michal Biron, Thermoplastics and Thermoplastic Composites 2007).



Degradable green biocomposites are defined as a combination of a bio-derived polymer
matrix reinforced with natural materials that degrade when exposed to environmental
elements such as water, sunlight and biological attack (microbial or fungal). Natural materials
used for reinforcement include: plant fibers, animal fibers and mineral reinforcement. Plant-
based natural fibers are produced with a variety of feedstocks from around the world and are

sustainable, renewable, biodegradable and lightweight.

Degradable green biocomposites are difficult to study because the properties of both the
natural fiber (reinforcement) and the polymer matrix are simultaneously affected by
environmental conditions. Degradable bio-derived polymers (i.e, matrix materials) have
been extensively studied to control both chemical composition and structure for desired
properties. Indeed they are so well understood as to be commercially available. Therefore,
the work of this herein focuses on the other component of green degradable biocomposites:
natural fiber response. To decouple the natural fiber’s contribution to degradation from a
degradable plastic, a commercially available non-biodegradable synthetic thermoplastic

polymer, polyethylene, was chosen as the matrix for a control.

Degradation is a process where the material physically breaks down and loses its
desired mechanical, thermal, or visual properties over time. The three main ways of
environmental degradation for biocomposites include water absorption, ultraviolet light (UV)
weathering, and microbial and fungal attack. Water is present in all three degradation modes
making it a constant factor in degradation for biocomposite materials. For this reason,

degradation by water immersion is the focus of this work.

Traditionally, degradation caused from exposure to water has been viewed as a material
limitation rather than an advantage. Exposure to water immersion and high humidity
environments causes deleterious effects on biocomposite properties including mechanical
degradation which can be advantageous after its service life. To use this known disadvantage
as an environmental advantage, it is critical that the factors which influence both the
mechanism and rate of absorption are understood.

Both the mechanical and moisture absorption properties of natural fiber
thermoplastic composites have been extensively investigated over the past decade [7-22].
However, a consensus on the mechanism(s) of water absorption is required to predict long

term performance. The prediction of the rate and magnitude of water absorption, generated



in this work, is critical to allow designers to understand, and account for, the degradation of

the mechanical properties with time.



1.1 SIGNIFICANT CONTRIBUTIONS

The overarching objective of the research is to create a design space for engineers to better
utilize natural fiber reinforced polyethylene biocomposites with tailored degradation rates in
a water immersion environment. This work brings designers one step closer to utilizing
biocomposites rather than traditional non-degradable non-renewable plastics. The

accomplished research objectives are listed below with reference to the Chapters.

1. Comprehensive long term data set of both mechanical properties and water
absorption for an array of fiber types as well as fiber contents for future research.
(Appendix C and Appendix D)

2. Established the requirement and method to evaluate fiber volume fraction of
manufactured biocomposite specimens. (Chapter 4)

3. Developed constitutive governing mathematical relationships to quantify the
degradation of tensile mechanical properties dependent on the quantity of water
absorbed from immersion environments. (Chapter 4)

4. Developed a mathematical model to predict Kinetics of water absorption of a
biocomposite as a function of immersion time to account for matrix type, fiber type,
fiber volume fraction, surface accessible fiber, and accessible fiber surface area to
specimen volume (Section 5)

a. Refined the assessment of accessible fiber ratio parameter.

b. Confirmed diffusion-based water absorption mechanism.

c. Natural fiber degradation captured into a long term water absorption model.
d. Model correlates short term experimental data into extrapolated long term

prediction of water absorption to avoid the requirement for long term studies.

These models utilized in combination allow for the prediction of water absorption and
mechanical properties in an immersion environment - over the entire immersion time up to
6500 hours. A design space has been constructed that allows a range of composites to be

tailored for both short term and long term applications.



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Andrady, A.L. and M.A. Neal, Applications and societal benefits of plastics. Philosophical
Transactions of the Royal Society B: Biological Sciences, 2009. 364(1526): pp. 1977-
1984.

Zolfagharifard, E. Watch humanity ruin the oceans: Nasa animation shows how vast
‘garbage islands’ have taken over the seas in the last 35 years. 2015 March 31, 2017];
Available from: http://www.dailymail.co.uk/sciencetech/article-3206442 /Watch-

humanity-ruin-oceans-Nasa-animation-shows-vast-garbage-islands-taken-seas-35-

years.html.
Parker, L. First of Its Kind Map Reveals Extent of Ocean Plastic. 2014 March 31, 2017];

Available from: http://news.nationalgeographic.com/news/2014/07/140715-ocean-
plastic-debris-trash-pacific-garbage-patch/.

Lytle, C.1.G. The great plastic tide. 2016 April 2016 March 31, 2017]; Available from:
http://plastic-pollution.org/.

Pollution and Toxin: General. 2016; Available from: http://worldcentric.org/about-
compostables/traditional-plastic/pollution.

Dicker, M.P.M,, P.F. Duckworth, A.B. Baker, G. Francois, M.K. Hazzard, and P.M.
Weaver, Green composites: A review of material attributes and complementary
applications. Composites Part A: Applied Science and Manufacturing, 2014. 56: pp.
280-289.

Bavan, D.S. and G.C.M. Kumar, Potential use of natural fiber composite materials in
India. Journal of Reinforced Plastics and Composites, 2010. 29(24): pp. 3600-3613.
Ashori, A., Wood-plastic composites as promising green-composites for automotive
industries! Bioresource Technology, 2008. 99(11): pp. 4661-4667.

Mehta, G., A.K. Mohanty, K. Thayer, M. Misra, and L.T. Drzal, Novel biocomposites sheet
molding compounds for low cost housing panel applications. Journal of Polymers and
the Environment, 2005. 13(2): pp. 169-175.

Chollakup, R, R. Tantatherdtam, S. Ujjin, and K. Sriroth, Pineapple Leaf Fiber
Reinforced Thermoplastic Composites: Effects of Fiber Length and Fiber Content on
Their Characteristics. Journal of Applied Polymer Science, 2011. 119(4): pp. 1952-
1960.

John, M.]. and S. Thomas, Biofibres and biocomposites. Carbohydrate Polymers, 2008.
71(3): pp. 343-364.

Xu, Y., Q. Wu, Y. Lei, F. Yao, and Q. Zhang, Natural Fiber Reinforced Poly(vinyl chloride)
Composites: Effect of Fiber Type and Impact Modifier. Journal of Polymers and the
Environment, 2008. 16(4): pp- 250-257.

Kim, S.J., ].B. Moon, G.H. Kim, and C.S. Ha, Mechanical properties of
polypropylene/natural fiber composites: Comparison of wood fiber and cotton fiber.
Polymer Testing, 2008. 27(7): pp- 801-806.

Pan, M.-Z., D.-G. Zhou, ]. Deng, and S.Y. Zhang, Preparation and properties of wheat
straw fiber-polypropylene composites. I. Investigation of surface treatments on the
wheat straw fiber. Journal of Applied Polymer Science, 2009. 114(5): pp. 3049-3056.
Bourmaud, A. and S. Pimbert, Investigations on mechanical properties of
poly(propylene) and poly(lactic acid) reinforced by miscanthus fibers. Composites Part
A: Applied Science and Manufacturing, 2008. 39(9): pp. 1444-1454.

Chand N., F.M.,, Natural fibers and their composites, in Tribology of natural fiber
polymer composites, W.P. Limited, Editor 2008, CRC Press LLC: Boca Raton, FL. pp. 2-
58.



http://www.dailymail.co.uk/sciencetech/article-3206442/Watch-humanity-ruin-oceans-Nasa-animation-shows-vast-garbage-islands-taken-seas-35-years.html
http://www.dailymail.co.uk/sciencetech/article-3206442/Watch-humanity-ruin-oceans-Nasa-animation-shows-vast-garbage-islands-taken-seas-35-years.html
http://www.dailymail.co.uk/sciencetech/article-3206442/Watch-humanity-ruin-oceans-Nasa-animation-shows-vast-garbage-islands-taken-seas-35-years.html
http://news.nationalgeographic.com/news/2014/07/140715-ocean-plastic-debris-trash-pacific-garbage-patch/
http://news.nationalgeographic.com/news/2014/07/140715-ocean-plastic-debris-trash-pacific-garbage-patch/
http://plastic-pollution.org/
http://worldcentric.org/about-compostables/traditional-plastic/pollution
http://worldcentric.org/about-compostables/traditional-plastic/pollution

17.

18.

19.

20.

21.

22.

Yao, F., Q.L. Wu, Y. Lei, and Y.]. Xu, Rice straw fiber-reinforced high-density polyethylene
composite: Effect of fiber type and loading. Industrial Crops and Products, 2008. 28(1):
pp- 63-72.

Tajvidi, M. and A. Takemura, Recycled Natural Fiber Polypropylene Composites: Water
Absorption/Desorption Kinetics and Dimensional Stability. Journal of Polymers and the
Environment, 2010. 18(4): pp. 500-509.

Salmabh, H. and A. Faisal, The Effect of Waste Office White Paper Content and Size on the
Mechanical and Thermal Properties of Low-Density Polyethylene (LDPE) Composites.
Polymer-Plastics Technology and Engineering, 2010. 49(7): pp. 672-677.

Mohanty, A.K,, M. Misra, and L.T. Drzal, Surface modifications of natural fibers and
performance of the resulting biocomposites: An overview. Composite Interfaces, 2001.
8(5): pp. 313-343.

Faruk, O., A.K. Bledzki, H.-P. Fink, and M. Sain, Biocomposites reinforced with natural
fibers: 2000-2010. Progress in Polymer Science, 2012. 37(11): pp. 1552-1596.

Shinoj, S., S. Panigrahi, and R. Visvanathan, Water absorption pattern and dimensional
stability of oil palm fiber-linear low density polyethylene composites. Journal of Applied
Polymer Science, 2010. 117(2): pp. 1064-1075.



2. BACKGROUND

The ultimate objective for material engineers is to predict and tailor materials performance.
The material paradigm shown in Figure 2.1 illustrates two quintessential relationships
between the four corner stones of material science: process, structure, property and
performance. The first (at left) being the centralized theme of characterization to provide
insight into each corner stone and secondly (at right) the path dependency of each corner

stone which dictates the materials performance. The work herein focuses on the prediction of

erformance of natural fiber reinforced biocomposites after exposure to a water immersion

environment by the characterization and assessment of each cornerstone.

Performance PERFORMANCE

PROPERTIES
PROCESS

Structure STRUCTURE

Figure 2.1 Material science paradigm, traditional (left) to path dependency (right) to
illustrate the relationship of structure, properties, processing, structure and performance for

a material. Images used with permission from J.A. Nychka and G.D. Hibbard from [1].
The information provided within the background creates a context for understanding water
absorption in biocomposite materials and the subsequent impact on mechanical properties.
Questions such as: What is a biocomposite? What are the constituent materials? What are the
independent properties of those materials? How are each of those material properties
combined within the biocomposite to impact performance? These questions lay the

foundation for the following research questions to be investigated:
Research Question #1: How does water enter into the material?

- How has water absorption been assessed?

- What factors are typically considered and what should be considered?



Research Question #2: How does water affect mechanical properties?

- What methods have been used to assess the damage created by water absorption?

- What models exist to explain water’s impact on mechanical properties?

The scope and definitions of constituent materials in biocomposites, manufacturing methods,
and the impact of design choices made on the structure and processing as well as
characterization methods to gain insight into how these materials react in different
environments as well as in-service conditions will be explained herein. This section is laid out
to introduce the reader to the individual properties of the constituent materials, and then
insight into the processing - structure relationship through evaluation techniques relevant to
this work. The second section will provide a background on the current state of mechanisms
and models utilized to predict the water absorption (i.e., performance), of these biocomposite

materials.

2.1 CONSTITUENT MATERIAL PROPERTIES USED IN BIOCOMPOSITES

Biocomposites comprise two or more distinct constituent materials (insoluble in one another
where one is naturally derived) that combined yield a new material with improved
performance over individual components [2]. The two constituent materials are referred to
as the matrix and reinforcement. The reinforcement provides additional properties over the
matrix, typically mechanical strength or stiffness and is typically discontinuous in form when
natural fibers are used. The matrix material is a continuous phase that binds the
reinforcement together and transfers load onto the reinforcement. Biocomposite
performance is dependent on the combination of constituent material properties as well as

the structure created from the manufacturing process.

A brief overview of individual constituent materials and properties are provided in Sections
2.1.1 and 2.1.2 for context on the material selection. Highlights of known effects from
manufacturing process are discussed in Section 2.2 along with context of how it relates to
performance in water immersion environments. All biocomposites discussed herein are

composed of plant derived natural fibers with a thermoplastic matrix.



2.1.1 NATURAL FIBERS REINFORCEMENT

The advantages of the use of natural fibers as a reinforcement over traditional materials such
as glass fiber are: low cost, low density, high toughness, have the potential to be biodegraded,
acceptable specific strength and specific modulus [3]. Typically, natural fibers are selected in
combination with the matrix to increase strength to weight ratios, use of renewable products
and most recently to promote biodegradation at the end of product life. Important properties
of natural fibers used by designers include density, electrical resistivity, tensile strength,

modulus, fracture toughness, thermal stability, moisture regain and crystallinity.

Disadvantages of natural fibers include variability in properties, and susceptibility to water
absorption. Since natural fibers are produced by nature rather than a controlled synthetic
manufacturing environment, variability is experienced in terms of quality, chemical
composition and mechanical properties [4, 5]. Factors which influence variability are listed in

Table 2.1.

Table 2.1: Classification of reasons and the factors for variability in natural fiber properties

Reason Factors Ref.

¢ Region and field location

e humidity and precipitation

e soil type

o fertilization type(s) and quantity
e season

Growth Environment

[4-6]

e cultivar (cultivated plant variety)
e position of the fiber in the plant
e plant age at harvest

e method of fiber removal from plant

Processing Damage . . .
o industrial processes or hand cultivation

Fiber Classification e technical fiber or fiber bundles [6]

e type of test

e humidity

e temperature

Test Methods e fiber cross-section measurement technique [6,7]

e rate (mechanical) or duration (absorption and
chemical analysis) of test

e accuracy of the testing equipment




Natural fibers are highly heterogeneous materials both physically and chemically [8],
therefore a fundamental overview of nuances with natural fibers has been provided in terms
of classification, chemical structure, structure, mechanical properties, and lastly water

absorption characteristics.

2.1.1.1  CLASSIFICATION OF NATURAL FIBERS
Natural fibers are classified based on source either, plant, animal or mineral. Plant based

natural fibers are the focus and are referred to as natural fibers herein afterwards. Fibers are
categorized by both plant type and anatomical origin within the plant. The six main categories
of agro-based plant fibers: wood fibers, straw fibers, seed/fruit, bast (stem), leaf and grass
fibers are illustrated in Figure 2.2. Two fiber types selected were: 1) Hemp fiber - a common
type of bast fiber with reported high mechanical properties and 2) Wood pulp - chemically

purified and refined cellulose fiber utilized as a baseline.

Natural Fiber

Reinforcement Type
Mineral Fibers Plant Fibers Animal Fibers
Agro Fibers Wood Fibers

| ———

StrawIFibers Balst Grasleibers Lelaf Seed/lFruit Soft Wood Hard Wood

Wheat, Corn, Flax, Hemp Switch Grass Sisal & Coir &
& Triticale & Jute & Bamboo Pineapple Cotton

Figure 2.2 Classification of natural fibers, modified from [9].

2.1.1.2 CHEMICAL STRUCTURE
Properties such as density, ultimate tensile strength, modulus, and electrical resistivity are

related to the chemical composition and internal structure of the fibers [5]. Natural fibers are
composed of varying distributions of three main chemical compounds: 1) cellulose, 2)
hemicelluloses and 3) lignin, see Figure 2.3. Additional chemical components exist such as
pectins a polysaccharide that holds the fiber together and waxes that influence the fibers
wettability and adhesion characteristics [10, 11]. The relative fraction of each compound is
dependent on the plant type, cultivar, variation in growth environment as well as the method

used to process the fiber. According to Mohanty [5], the chemical components responsible for
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water absorption, in descending order are: Hemicellulose to cellulose to lignin to crystalline

cellulose.

Cellulose Hemicellulose Lignin

TH?OH CH?CIH CHZOH @ Q @
r/ 5
OHH/? #\gﬁ OHH?D — QQ : oSN
| OH | OH | OH

Figure 2.3 Chemical structures of cellulose, hemlcelluloses and three phenolic building block structure
of lignin redrawn from [12].

CELLULOSE
Cellulose serves as the main structural component of the cell wall which provides strength

and stability to the plant. Cellulose exhibits high modulus and tensile strength due to the
crystalline packing of the linear polymer chains. Fiber types with high cellulose content are
desired as the reinforcement type in for biocomposite. Cellulose is the predominant chemical

constituent for hemp and wood pulp fibers.

Cellulose consists of D-anhydroglucose (CsH110s5) repeat units containing three hydroxyl
groups with the repeat units joined by (-1,4 ether linkages at C1 and Cs4 positions [3, 13] as
illustrated in Figure 2.3 as a linear polymer. The hydroxyl groups allow for the formation of
both intramolecular hydrogen bonds inside the macromolecule itself and intermolecular
hydrogen bonds among other constituents within the fiber such as cellulose, hemicellulose,
and water soluble components [3]. These hydroxyl groups are also able to form hydrogen
bonds with water, therefore classifying cellulose as hydrophilic (water attracting). Absorbed
water is known to weaken the intra- and intermolecular hydrogen bonds within the fiber and
decrease the overall mechanical properties. Cellulose content has associated with the primary

pathway for water absorption within biocomposites.

HEMICELLULOSE
Hemicellulose is very hydrophilic and is composed of multiple polysaccharides of 5- and 6-

carbon ring sugars with branched pendant groups [13]. Hemicellulose is soluble in alkali
solutions and is readily hydrolyzed [11]. Mechanically, hemicelluloses contribute little to the

stiffness and strength of the fibers or individual cells.
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LIGNIN
Lignin is an amorphous and highly complex cross-linked molecular structure with aliphatic

and aromatic constituents [13] as shown in Figure 2.3. The exact chemical nature remains
obscure due to the difficulty associated with isolating the lignin from the native fiber state,
but the majority of functional groups and units have been identified [3]. Lignin protects the
carbohydrates from chemical and physical damage with compressive strength that stiffens
the cell wall [10]. Due to the structural complexity of lignin, it is difficult for the majority of
microorganisms to break it down. Certain species of fungi are capable of degrading lignin
[14]. Lignin has been deemed the limiting step in the degradation of plant fibers. There are
many different configurations of lignin whose properties range from water soluble

(lignosulfonates) to insoluble (kraft lignin) in organic solvents such as acetone.

COMMON FIBER TYPES COMPOSITIONS
Overviews of the chemical composition for common natural fibers used as reinforcement in

thermoplastic biocomposites are displayed in Table 2.2. The natural fiber selected, hemp and

wood pulp, have two of the highest cellulose contents.

Table 2.2: Chemical composition and moisture content of natural fibers reported from [3, 5, 6, 15]

Fiber Type Cellulose | Hemicellulose | Lignin | Pectin Wax Moisture
(wt%) (wt%) (wt%) (wt%) (wt%) Content (%)!
Wood Pulp 99.9 - - - - 5
Coir 36-43 0.15-0.25 41-45 3-4 - 8.0
Cotton 82.7 5.7 - 0.6 - -
Sisal 67-79 10.0-14.2 8-11 10 2.0 11.0
Jute 61-71.5 13.6-20.4 12-13 0.2 0.5 12.6
Hemp 67.0-85.7 5.5-22.4 2.9-5.7 0.8-2.5 0.8 10.8
Flax 71 18.620.6 2.2 2.3 1.7 10.0
2.1.1.3 STRUCTURE

Natural fibers comprise hollow linear structures with cellulose microfibrils wrapped in a
helical pattern around the fiber axis and are held together by a lignin and hemicelluloses
matrix, illustrated in Figure 2.4 [13]. Microfibrils do not have a homogenous uniform
structure due to intrinsic imperfections as the fiber is naturally synthesized. The angle

between the fiber axis and the crystalline microfibril wrap direction is called the

1 Moisture content is defined as retained percentage of water at atmospheric conditions.
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microfibrillar angle and correlates to the stiffness of the fiber [11]. The hollow structure,
known as the “lumen”, introduces porosity into the biocomposite where water has the

potential to accumulate.

H H\
LH \OH\"'CHZ H a‘j ‘ 4OH\\C”: @ &condary:vall 53 Lumen
noi L oA g H-o%o-fﬁ/e\
HUMN", ¥ O\ﬁ\a "H AN o — ) Hollcally <
: o

Secondary wall 52

Ty L Aramed e Spiral angle
H oM e : oy oM crystalline
boaTh 8 : :
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OH/O- M A0y OH/’CH " -
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Hegy M jLO J('?\ H-p LA ’fo 3 Arn_omhous
" I oI ragion mainly ‘
e LT L Wl L il Digarderty arranges
O, TR EC, Y congisting of lignin ;
o o nd hemicoflulose _— crystalline cellulose
H " : il microfibnls networks

Figure 2.4 Network of hydrogen bonds between cellulose chains, formation of crystalline cellulose
micro fibrils and the helical arrangement of cellulose within natural fiber micro fibril [17] (left to
right). Images reproduced with permission from [17].

Natural fibers have a hierarchy structure dependent on the level of processing from the
macro-scale, the harvested fiber to the nano-scale, micro fibrils as shown inFigure 2.5. Fibers
are rarely found as individual cells in the plant, but mostly assembled into bundles [4]. Miissig
reported different strength values of the fiber dependent on whether a fiber, a bundle or a

collective of fibers or a collective of bundles was tested [4, 18, 19].

hackling

technical fibre
@ 50-100 um elementary fibre
@ 10-20 pm

breaking
scutching

meso fibril

bast fibre
@0.5
bundle um

micro fibril
@ 4-10 nm

flax stem
@ 2-3 mm

Figure 2.5 Hierarchical classification of natural fiber types from stem to micro fibril for bast fiber, flax.
Image reproduced with permission from [20].
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Natural fibers incorporated into thermoplastic biocomposites ranges from fiber bundles to
meso fibrils in size depending on the processing methods used. These available processing
methods can gractionate or separate lingo-cellulosic feedstocks (e.g. stalks or stems) into
various fiber types and sizes, and but also can fibrillate the fibers which increase the surface

area available for adhesion with the matrix [21].

2.1.1.4 MECHANICAL PROPERTIES
The mechanical properties vary between types of natural fibers due to differences in both

chemical composition and structure. Plant based fibers exhibit significant, natural, stochastic
scatter in mechanical properties due to natural variability from factors listed in Table 2.1.
Typical tensile properties of common natural fibers are compared to E-glass in Table 2.3. Bast
fiber types, (i.e., jute, hemp and flax) exhibit the highest tensile modulus and tensile strength
values. The majority of research has focused on bast fibers due to these mechanical
properties as well as the feasibility of harvesting the fiber. The specific modulus of hemp has
the ability to be equal to or greater than e-glass with a near comparable specific strength.
Hemp fiber has the best potential as a reinforcement for a stiff biocomposite with a suitable
tensile strength [4]. Although wood pulp has a low elongation at break, the specific modulus
and specific strength are comparable to e-glass fiber. Both fibers were selected due to their
mechanical performance. It is recommended to assess the viability of a particular natural
fibers as a reinforcement by Ashby-type plots as established by Shah[22].

Table 2.3: Common natural fiber types, mechanical properties? and specific modulus and strength
compared to E-glass. Data taken from [4, 5, 11, 22-24]. Selected fibers highlighted in green.

Fiber Type Density Tensile Tensile Elongation Specific Specific
(g-cm3) Modulus Strength at Break Modulus Strength
(GPa) (MPa) (%) (GPa/g-cm-3) (MPa/g-cm-3)
Wood pulp3 1.3-1.5 40 10000 0.5-0.6 26-31 767

Coir 1.15-1.2 4-6 131-220 15-40 3.3-5.0 110-180
Cotton 1.5-1.6 5.5-13 287-800 3.0-10 3.7-8.4 190-530
Sisal 1.3-15 9.4-28 468-855 2.0-2.5 6.7 - 20 362-610
Jute 1.3-15 10-55 393-800 1.16-1.8 7.1-39 300-610
Hemp 1.48 58-70 550-1110 1.6-4.7 39-47.3 370 - 740
Flax 1.5 27.6 - 80 345-1830 1.2-3.2 18.4-53 230-1220
E-Glass 2.5 70 2000-3500 2.5 28 800-1200

2 Variability in reported mechanical properties is due to factors listed in Table 2.1 such as specifying
testing fiber bundles versus elementary fibers.

3 Softwood pulp produced using Kraft separation method.
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2.1.1.5 WATER ABSORPTION
Natural fibers absorb water due to their hydrophilic nature. Water is able to penetrate the

fiber structure cellulose network of the fiber into the capillaries spaces between the fibrils.
Water molecules may attach itself to chemical groups in the cellulose molecules such as the
free hydroxyls. The introduction of water into the natural fiber destroys some of the rigidity
as intramolecular bonds are broken between the fiber to form new bonds with the absorbed
water. The decrease in intramolecular bonding permits the cellulose molecules to more freely
resulting in a softened natural fiber that can easily change shape with application of an
external force [25]. Furthermore, a strong relationship exists between the amorphous
fraction of cellulose and the diffusion coefficient of water in cellulosic materials which
indicates water molecules diffuse only through the amorphous part of cellulose samples [26].
Therefore, a higher the cellulose content does not necessarily translate into a higher affinity
for water absorption, as it is dependent on the crystallinity of the cellulose within the natural

fiber.

Natural fibers, independently, are difficult to study in immersion environments due to the
measurement techniques. Typically, kinetics are assumed to be the same as the desorption
kinetics. Lee’s work cautioned desorption kinetics use as an indication of absorption as the
kinetics of sorption occur at two separate time scales [27]. Célino [28, 29] and other
researchers have explored the mechanism of water absorption of natural fibers and have
argued a Fickian diffusion kinetic model for short exposure times, less than 100 hours. The
exact mechanism and model for water absorption is debated based on the condition which
the fiber was tested (i.e. relative humidity or immersion). In either case, natural fibers show a
general good agreement with Fickian diffusion model. As Saikia [30] reported, the first stage
of absorption obeys Fick’s law of diffusion, the second stage of absorption represents non-

Fickian diffusion. An overview of the reported diffusion coefficients are reported in Table 2.4

Table 2.4: Water absorption parameters of common natural fibers utilized for biocomposites.

. Diffusion Coefficient Maximum Water Content Reference
Fiber Type
(mm?/s) (%)

Sisal 2.14E-6 60.6 [29]
Jute 1.12E-6 67.8 [29]
Hemp 4.0E-4 to 5.2E-5 62-63 [29, 30]

Flax 7.80 E-05 to 1.19E-6 42.5-62.5 [25,29]
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2.1.2 THERMOPLASTIC MATRIX

Thermoplastics represent approximately 90% by weight of all plastics consumed world-wide
[31]. Thermoplastics are the primary contributor to garbage islands as the majority of
thermoplastics are not able to environmentally degrade. The addition of natural fibers in
these materials would allow a portion of the material to renewable and degradable to limit

the environmental impact.

Other Engineering

PA
PC
PMMA
' TPE
Bioplastics

Figure 2.6 Breakdown of consumption of thermoplastics by volume produced. Polyethylene is the
largest produced thermoplastic. Data reproduced from [32].

Thermoplastics matrices which have been combined with plant based natural fibers include
polypropylene, polyvinylchloride, polyethylene terephthalate and bioplastic thermoplastics
made from renewable resources such as polylactic acid. The worlds’ most widely consumed
thermoplastic by volume is polyethylene [31, 33], as shown in Figure 2.6. Therefore
polyethylene is a suitable matrix to utilize the properties of natural fibers for a greener

product in the intermediary timeframe until sufficient biodegradable materials exist.
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Figure 2.7 2013 world polyethylene demand, 81.8 million metric tons, by classification graphed from
data in [34].

The majority of the market consists of three types of polyethylene: HDPE, LDPE and LLDPE
[34] as shown in Figure 2.7. Despite being identical in chemical composition, the three
classifications differ in performance and are used in different applications. The performance
is dependent on differences in chain structure shown in Figure 2.8 which impacts the
materials crystal structure as well as molecular weight and molecular weight distribution.
Variation in molecular weight and branch structure of polyethylene are obtained through

synthesise in different solvents and utilization of unique catalysts.

a) Chain Structure b) Crystal Structure

LDPE ]
Density = 0.915-0.935 g/cm® - 4|_
Melt Point = 105-115 °C

LLDPE
Density = 0.90-0.93 g/cm? _ L L )
Melt Point = 100-130 °C ! ' ) o

HDPE
Density = 0.94-0.97 g/cm?
Melt Point = 128-136 °C

Figure 2.8 Polyethylene chain and crystal structure, images modified from [35] and [18].

Polyethylene is a semi-crystalline thermoplastic where by the polymeric chains align by
folding onto themselves into a laminar crystal structure [33] shown in Figure 2.8b. The lower
branch density of HDPE allows for an increase in crystallinity which results in a higher
density (closer packing of atoms), decrease in free volume space within polymer, decrease in
permeation rate and an increase in melting temperature as more energy is required to cause

chain movement. The degree of crystallinity of semi-crystalline polymers affects most
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properties, including transport coefficients [36]. The difference between low density and high
density also impact mechanical properties and processability. Fotouh has suggested that
matrices with higher crystallinity contents have greater stiffness contraction on the natural
fiber during water absorption hence limiting the maximum amount of water absorbed by the
biocomposite [37].

Both LDPE and HDPE are compared with other traditionally used thermoplastics such as
polypropylene, polyethylene terephthalate and polylactic acid as displayed in Table 2.5 and
Table 2.6. The ranges of properties reflect commercially available properties intended for
various applications. HDPE has a higher mechanical strength and stiffness and tends to be
used in application that require more durability whereas LDPE is more flexible and tougher
[34]. HDPE has one of the lower vapour permeation rates whereas LDPE has one of the
highest, despite contain the same repeat unit. Polyethylene’s are on the lower end of tensile
modulus while displaying a large magnitude of elongation before failure. Polyethylene has a
theoretical molecular modulus of 300 GPa but only has a bulk modulus of only 1.0 GPa [33].
The high ductility coupled with the low modulus make polyethylene an excellent matrix to

utilize natural fibers since they are brittle with a high specific modulus.

Table 2.5: Overview of common thermoplastics and their permeability to water

Name Repeat Unit Crystal Water Vapour Permeability [38]
Structure[8] (g/ m*-day)
High density H H Semi-crystalline _
HDPE polyethylene é_é} 60 - 80% 4.6-7.3
Low density Lo Semi-crystalline
H H -
LDPE polyethylene n 30 -50% 155-310
CH;,
PP Polypropylene Semi-crystalline 59-233
n
Polyethylene A\ Ve . , 15.5-279
PET terephthalate O>_®_<O Semi-crystalline
PLA | Polylactic acid ’[J\WO} Semi-crystalline N/A
o)
n

In addition to the advantageous mechanical properties and range in water vapour
permeability to investigate the relationship between water absorption and its effect on

mechanical properties, polyethylene has a major processing advantage. Polyethylene has one
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of the lowest melt processing temperatures of common thermoplastics. Polyethylenes are
typically processed between 190 - 200°C. A low processing temperature is advantageous for
the incorporation of natural fibers as thermal degradation occurs between 190 - 330°C
dependent on fiber type [39, 40]. The selection of polyethylene as the matrix reduces the
likelihood of the natural fibers undergoing thermal degradation during the manufacturing

process.

Table 2.6: Overview of Mechanical Properties of Common Thermoplastics compiled from [41]

Modulus Tensile Yield Strength Elongation at Break
Name (GPa) (MPa) (%)
HDPE 0.450 - 1.50 6.89 - 200 3-1900
LDPE 0.11-0.45 7.60 - 64.8 13.5-1000
PP 0.5-8.25 4-421 8-750
PET 0.14 - 219 21-105 1-300
PLA 0.52-4.6 16 - 60 0.5-19

In summary, Polyethylene was selected as the matrices within this work due to:

1. Investigate the influence of matrix permeation rates with the same chemical
composition.

2. Evaluate the contribution of natural fiber reinforcement within the same polymer but
with two sets of mechanical properties and the impact of absorbed water on those
properties.

The use of two grades of polyethylene allowed the removal of the assumption
regarding the interfacial bonds based on chemical differences. Also the
selection of LDPE allows for the natural fiber contribution to be more
apparent.

3. Commercially significant polymer which has established processability and

manufacturing capabilities.
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2.2 MANUFACTURING OF BIOCOMPOSITE MATERIALS

The manufacture of thermoplastic biocomposites requires three main stages of processing
with an optional fourth stage, as outlined in Figure 2.9. The processing stages are listed below

and the significance of each stage is reviewed within its section.

(1) Process the natural fibers from its native form into a useable form by means of

mechanical and/or chemical processes.
(2) Combination of the raw materials (fiber and matrix) by a mixing method.
(3) Form the biocomposite mixture into a final or near final product by a mold or die.

(4) Optional: Finish the part by machining it into the final. This stage is dependent on the

formation process selected.

Process Raw
Fibers

A 4

Mixing

Figure 2.9 Overview of the biocomposites manufacturing processes.

2.2.1 PROCESSING NATURAL FIBERS

Natural fibers in their native form cannot be readily incorporated into a biocomposite;
therefore they are processed to obtain the desired fiber structure, refer to Figure 2.5, for the
selected mixing and/or molding process. There are numerous methods to extract natural
fibers, dependent on plant type. Generally agricultural fibers are cut down by traditional farm
equipment, decorticated and or retted followed by milling and or chemical treatment as
shown in Figure 2.10. Decortication is a method that extracts the fibers by crushing and
beating the plant material with blunt knives, then pressed and held against the scrapping
action of the blade to remove the cellulosic material [42]. Retting is a method which
allowsbiology to assist with the breakdown of the fiber structure by exposing the dying plant
material to heat, water and UV rays to break down the fiber so it can be separated more
easily. Both processes breakdown the fiber and inherently influence the mechanical
properties of the fiber and can potentially introduce defects [6, 20]. Whereas, wood pulp is
created from a combination of mechanical, thermal and chemical processes that results in a

near pure cellulose fiber with a fine structure.
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Figure 2.10 Overview of agricultural fiber processing methods for compounding.

For short fiber reinforced biocomposites, milling is typically executed to refine the fiber
dimensions to be fed into the mixing equipment. Along with separating the fibers, milling also
fibrillates and therefore maximizes the fiber surface area for increased interface with the
matrix in the final manufactured biocomposite. An increase in the surface area of fiber-matrix

interfaces increases the number of surfaces for load transfer to occur in the biocomposite.

The majority of plant based fibers face the same challenge, achieving a consistent feed
rate using gravimetric feeders for high volume compounding processes. Fibrillated fibers
especially become intertwined and clump in the gravimetric hoper. Fiber pelletization has
been used by Peltola [43], Fotouh [37] and Robertson [44] as a solution to feed the natural
fibers into the compounding process. A consistent feed rate of fiber into the mixing processes

increases the likelihood of fiber distribution in the melt.

Finally, natural fibers can be treated with chemicals [3], and/or thermomechanical [45, 46]
processes in an effort to increase the extent of bonding at the fiber-matrix interface. A
number of fiber treatments have shown different levels of improved performance over fibers
without treatment in terms of increased mechanical properties and a reduction in absorbed
water. Fiber treatments have been extensively studied and were excluded from the study

since fibers without treatment result in a worse case water absorption scenario.

2.2.2 MIXING
A method of mixing is required to combine the natural fiber with the matrix. Techniques such

as compounding via extrusion, batch mixing and dry mixing can be used to combine natural
fiber and thermoplastics. Extrusion is the most common method of mixing due to high volume
and screw configuration adaptability. Extrudate (material after extrusion) can be used as the
final product as a continuous shape or the extrudate can be pelletized and the pellets
subsequently injection molded. A disadvantage associated with extrusion is an observed
decrease in fiber aspect ratio due to gradual fiber breakage with increasing fiber contents

[47]. There are three types of extruders: single, co-rotating and counter rotating twin screws.
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Co-rotating extruders have demonstrated the best distribution and dispersion results and

was the selected extruder type.

A major challenge in compounding biocomposites is achieving a well dispersed and
distributed fiber, top right corner of Figure 2.11. A high degree of both distribution and
dispersion ensure each microfibril bundle is encapsulated by matrix, limiting the ability to
absorb water or negates fiber to fiber interconnectivity of water absorption. Also, a high
degree of distribution and dispersion increases the surface area of the fiber-matrix interface
for effective load transfer and uniform repeatable mechanical properties.“Recycling” the
biocomposite by grinding and re-mixing reduced water absorption due to increased fiber
distribution and reduced fiber size [48]. The extent of dispersion and distribution achieved
from compounding directly influences the final microstructure and has been theorized to be
the key to overall biocomposite water absorption of biocomposites[49]. The dispersion and

distribution dictates biocomposite properties and performance.
A . ®
Py @

B,

i e

Distribution

Dispersion
L >

Figure 2.11 Illustration of dispersion and distribution of a discontinuous phase (black).

Fiber contents are designed based on mass balance calculations of material in (fiber and
matrix) equalling the quantity of material out (biocomposite). The mass rate of the fiber
relative to the mass rate of the matrix dictates the fiber content of the biocomposite. In most
cases the rate of matrix versus fiber is controlled by two separate feeders into the extruder. In
other cases, the matrix and fiber are mixed manually and feed into one hopper [50, 51]. The
downfall with manual mixing prior to extrusion is the portion of fiber to matrix cannot be

monitored nor controlled.
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The fiber concentration is regarded as the single most important parameter influencing the
composite properties [52]. The mass balance assumption has been proven incorrect in
section 4.1 and must be verified by a secondary method due to manufacturing losses and/or
inconsistencies. Fiber content is relevant to the prediction of mechanical properties and the
quantity of water absorbed, and previous studies have based conclusion on unverified fiber

contents [53, 54].

2.2.3 MOLDING & FINISHING
Three methods for molding a short fiber thermoplastic biocomposites mixtures are 1) solvent

casting 2) compression molding [55] and 3) injection molding [55]. The advantages and
disadvantages of these method are shown in Table 2.7. Injection molding was selected as the
molding method for this work based on its commercial application as well as the ability to
produce manufactured parts without further machining required. Forming processes such as
compression molding typically require parts to be machined from a molded sheet compared
to all “molded” surfaces with injection molding process. Chapter 5 explores how different
levels of exposure of machined surfaces impact water absorption to simulate both other
manufacturing methods and practice reasons to machine the part after molding. For example,
a practical reason to machine a molded surface includes the addition of fasteners and fixtures,

or cleaning up the flashing along a part edge.

Scientific Injection Molding by William ]. Tobin is a guide on how to set up the injection mold
process parameters to establish a processing window for the biocomposite material [56].
Molding high fiber content biocomposites is difficult due to the rheology within the mold, as
the matrix material flows into the mold while the fiber remains solid. Therefore, an important
parameter in selecting a matrix material is the melt flow index (MFI) of thermoplastic. The
melt flow index is a standardized index as determined by ASTM D1238 [57] which is a
measure of the ability of a thermoplastic to flow at a given temperature and pressure. The
greater the MFI the easier the polymer flows within the mold to be able to manufacture high

fiber fractions.

Table 2.7 Comparison of common methods to mold biocomposites.

Forming Process Advantages Disadvantages
Easy setup Low fiber fraction contents
Solvent Casting Exposure to highly toxic solvents
Low material cost Small quantities only (0.01-1 kg)
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May require machining

Automated process Likelihood of entrapped air or voids
Compression Molding Part consolidation Higher tooling costs

Random fiber orientation | May require machining

Highly repeatable Long set up times

Processing window of material may

High producti 1
1611 Procuction VOIME | 1 difficult to determine

Injection Molding Low cost / unit

Fiber alignment in direction of mold

Part consolidation flow

The direction of polymer flow within the mold also correlates with the direction of fiber
alignment. Cabral [47], observed for injection molding specimens at all fiber contents, fibers
orientated along the mold fill direction in the outer layer with a more random orientation in
the core. Random orientation of fibers cannot be achieved by this method. The effect of fiber
alignment results in higher tensile properties in the mold flow direction compared to the

perpendicular direction due to the alignment of fibers.
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2.3 MECHANISMS OF AND EFFECTS FROM WATER ABSORPTION

Absorbed water has a multitude of effects on the biocomposite such as a discoloration,
distortion in dimensions, reduction in strength, and reduction in stiffness. Controlling these
effects by understanding their mechanism is the main drive for water absorption research.
Research has not yet determined the extent of degradation on biocomposites’ mechanical
properties. The decline in properties with absorbed water has been referred to as the “main
material limitation” as it limits the materials’ durability. As a result, a plethora of work has
been conducted to inhibit water absorption by compatibilization methods such as fiber
treatments or compatibilizers additives for the matrix. The extent of water absorption has
also been used as a proof of concept test for compatibilization methods [51]. Other
researchers have looked at co-extrusion of a synthetic polymer coating to reduce, if not limit,
water absorption to ensure product longevity. Manipulating water absorption in

biocomposites was not the aim of the work, rather the study of mechanistic pathways of

water absorption, and the long term prediction of water absorption and their subsequent

mechanical properties.

There exist common challenges in utilizing the data within the existing literature:

A. Volume fraction of fiber within the manufactured biocomposite is never
experimentally determined. All fiber fractions reported are unverified in the as-
molded state rather assumed from the targeted fraction;

B. Differences in manufacturing methods correspond to differences in structure
and types of manufacturing flaws, which influence both the mechanism of water
absorption and the mechanical properties;

C. Different materials, fiber types and matrix types, make it difficult to compare

the properties of the biocomposites.

The observations within each study are valuable, but caution must be applied when
extrapolating results from one study to another due to different manufacturing conditions
and/or unverified fiber contents. An overview of trends within the literature observed for
both water absorption and its effect on mechanical properties are outlined within the next

two subsections.

25



2.3.1 INFLUENCES ON WATER ABSORPTION

Although water absorption is used as a frequent method to quantify the performance of a
biocomposite formulation, few studies are dedicated to assessing the factors contributing to
the response of the biocomposite to water immersion. General characteristics to quantify and
compare water absorption are: (1) rate, (2) maximum water absorbed and (3) time to reach
equilibrium. Duration of water immersion has ranged from 7 to 17,520 hours (140 weeks),
with the majority of studies conducted within the first 336 hours (2 weeks). Variables
impacting water absorption that have been investigated and the responding influence on

water absorption are:

A. Fiber type
= Due to different fiber macrostructures, the natural fiber processing methods used
and the chemical components of the fiber, the extent of water absorption is
dependent on fiber type. Fibers within the same classification based on origin,
2.1.1.1 respond similarly such as bast fiber types - flax and hemp as well as types
of kraft wood pulp.
B. Fiber content
= Anincrease in fiber content results in increased water absorption.
Fiber compatibilization method
D. Inconsistent results have been observed between various compatibilization methods
with different fiber — matrix system. Some compatilization treatments result in both a
decrease in the rate of absorption as well as the extent of saturation. Although other
methods, only result in a rate reduction of water absorbed. Medium (immersion
environments and/or exposure to relative humidity)
» Immersion environments show more deleterious effects on biocomposites than
exposed to high humidity.
E. Temperature
* An increase in temperature results in an increased rate of water absorption
lowering the time to reach equilibrium.
* Consensus within the field is that the Arrhenius equation 2.11, given in 2.4.2.1

relates the rate of absorption with temperature.

Beg & Pickering’s [58] absorption curves for 40wt%, unverified fiber content, kraft pulp, with
and without maleic anhydride poly propylene (MAPP) reinforced polypropylene, are similar
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to the absorption curves in Chapter 5 of this study. There is an initial stage of water
immersion followed by a secondary phase of absorption after the first 100 hours, with some
samples not reaching maximum water absorption after 5712 hours (238 days). Even in a
long-term absorption study of 1512 hours, the biocomposites still showed signs of continual
increase, however the study was stopped[54]. Further, the kinetics were only assessed during
initial absorption and a Fickian model was deemed an appropriate description of the model
The kinetics were only assessed during initial absorption and Fickian diffusion was deemed

an appropriate model [54].
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2.3.2 MECHANISMS FOR WATER ABSORPTION

Mechanism as defined by Merriam-Webster is “the fundamental processes involved in or
responsible for an action, reaction, or other natural phenomenon” [59]. Much work has been
completed to understand the phenomenon of water absorption by biocomposites in an
immersion environment [49, 60, 61]. Mechanistic pathways and the evidence of the
mechanisms that influence or dictate water absorption in natural fiber reinforced
thermoplastic biocomposites are summarized in Table 2.8. Each mechanism as illustrated in

Figure 2.12 has been defined and described in its respective section.

Table 2.8 Comparison of mechanism of water absorption in literature

Mechanism Evidence Ref.
. = Mass uptake of polymer (PLA) [62]
Matrix = Diffusion coefficient obtained for polymer PLA [62] [62]
= Increase fiber content increases water absorption [25, 44]
Fiber [55, 62-
64]
Fiber Interconnectivity = Critical fiber volume fraction[47] [47]
= Fiber treatment decreased water absorption [55, 63]
. . = Disbondment at interface from shear stress caused by [55, 63,
Fiber - Matrix Interface natural fiber swelling [55] 64]
= Measured interfacial distance [61]
Unoccupied Volume = Poor interfacial bonding lead to an increase in micro [25, 49,
(Cracks, Pores &/or Voids) | Vvoids[64] 63, 64]
= Mass loss after drying long term immersion specimen
[62] [29, 62
Fiber Degradation = Fiber mass loss after 11 days of immersion [29] 63]’ !
= Loss of fiber properties attributed to washing out of
soluble components of fibers during immersion [62]

Je
a) b) O t’T? c)

Figure 2.12 Mechanistic pathways schematic of water absorption for a single fiber embedded within a
matrix, a) structure prior to immersion, b) concurrent processes during water immersion, and c) the
structure after drying. Adapted from [60].
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2.3.2.1 MATRIX
The ability of a matrix to absorb water is dependent on the chemical structure of the

polymer’s repeat unit, and crystallinity as shown in Table 2.5. Polymers unable to form
hydrogen bonds with water typically exhibit measured contact angles greater than 90° and
therefore are classified as hydrophobic[65]. Hydrophobic polymer’s lack a repeat unit with a
dipole moment created from an unbalanced arrangement of highly electronegative atoms
such as oxygen, capable of forming hydrogen bonds. Highly crystalline polymers also have
low water absorption rates, as the water molecules are not able to penetrate the crystalline
structure. Since polyethylene is a semi-crystalline hydrophobic polymer, water absorbed by
the matrix is minuscule compared to natural fibers. Water absorption within the polyethylene

matrix of a natural fiber composite is typically ignored in predictive models.

2.3.2.2 FIBER
The predominant mechanistic pathway for biocomposites to absorb water is into the natural

fiber. For a description of the water absorption mechanism within the fiber refer to section
2.1.1.5. Various authors are in agreement that the rate of water absorption and the maximum
water content (saturation point) of a biocomposite are dictated by fiber type, fiber surface
treatment and most importantly, fiber content. An increase in fiber content results in a higher

rate of water absorption as well as a higher saturation limit of the biocomposite.

Analogous to Wang’s description of accessible fiber content, an argument has been made for

surface accessible fiber content as an access point for water to absorb into the

biocomposite[49]. In this work, the surface accessible fiber area was quantified by secondary
electron scanning microscopy and image analysis to capture the area travelled through by the
flux of water. The maximum quantity of absorbed water in the biocomposite is dependent on
both the fiber’s capacity when embedded in a matrix and the extent to which surface fibers

are connected to the bulk within the biocomposite.

2.3.2.3 FIBER - FIBER INTERCONNECTIVITY
Fiber-fiber interconnectivity, defined as the direct contact between fibers, is dependent on

the manufactured microstructure. At very low fiber content, individual fibers are more likely
to be encapsulated by plastic than in contact with another fiber, reducing that fiber’s ability to
absorb water. The extent of connectedness increases with increased fiber volume content as
illustrated in Figure 2.13 where the shaded squares represent the presence of fiber. The fiber

content that connects fibers through thickness is called the “percolation threshold” or “critical
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fiber content” [49]. At fiber contents greater than the critical content, fiber-fiber
interconnectivity becomes the dominating mechanism of water absorption [49]. Unique
properties emerge at the onset of macroscopic through thickness connectivity and are known
as percolation properties. Different empirical parameters have been created to predict the
content when the reinforcing phase has a connectivity path through the thickness of the

materials and are outlined in section 2.4.2.1.

Figure 2.13 Demonstrates the low interconnectivity with only one cluster, not connected compared to
multiple fiber clusters with different interconnected paths through the material. Image modified
from[66].

High volume fiber fraction contents (>30%) [49] are difficult to achieve for injection-molded
short fiber thermoplastics. As a result, it is unlikely that fiber through thickness
interconnectivity is prevalent in the biocomposites studied here, although possible at the
highest fiber fractions. However, this does not mean that the mechanism of water absorption
is not dependent on the interconnected fibers from the surface into the bulk of the material.
Interconnectivity is thought to be a major influencing mechanism because of the time
required to reach “equilibrium.” The duration is thought to be determined by water diffusion
through each fiber and then ‘jumping’ to the next interconnected fiber and so on and so on.
The tortuosity of the pathway and its length influence the time for the biocomposite to reach
equilibrium [49]. For jute reinforced polypropylene, Cabral [47] observed a clear distinction

in the calculated diffusion coefficient above and below a critical fiber volume fraction.

2.3.2.4 FIBER - MATRIX INTERFACE
Numerous journal articles reference water absorption at the fiber matrix interface due to

incompatibility of hydrophilic fiber and hydrophobic matrix. The evidence to support this
absorption pathway is an observed reduction in water absorption with a selected
compatibilization treatment to improve the interfacial bond. Different successful methods
have been found relative to the fiber type and treatment to reduce water absorption.

Depending on the method deployed one or more characteristics of water absorption could be
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impacted: a) rate of initial absorption (<100 hours) b) the maximum saturation content of the

biocomposite c) the time taken to reach the maximum saturation content.

Natural fiber chemically treated prior to manufacturing has been theorized to increase
interfacial adhesion at the fiber-matrix interface, thereby decreasing the water absorption
[63]. The rate was found to change with surface treatments however the capacity, or
maximum water content absorbed remained constant but required longer times to reach
saturation. An increase in interfacial matrix-fiber bond is consistent with a reduction in the n
values from Fickian diffusion, n = 0.5, to pseudo-Fickian diffusion, n >0.5 based on

compatibilization method deployed [63].

Among all of these articles, the extent of dispersion has never been compared between
treated fiber and a non-treated fiber. The reduction in water absorption may have been due
to an increase in fiber dispersion within the matrix. If the fibers are more dispersed with a
compatibilization method, then the biocomposite would also see a decrease in water
absorption not just due to bonding at the interface but by separation of the fibers preventing
the interconnectivity of the fiber network. Compatibilization methods were not utilized to

provide a worst case for water absorption.

The effectiveness of the fiber-matrix interface has been also studied by both fluorescence
spectroscopy and laser scanning confocal microscopy (LSCM) work. Forster resonance
energy transfer (FRET) has illustrated, that when natural fibers aggregate, there is an absence
of FRET indicating fiber-matrix interfacial gap [61]. The results from Zammarano’s work
indicate that the distance between the matrix and cellulosic fiber, the interfacial gap, is less
than 10nm [61]. The interfacial gap validates that there is a sufficient space to be occupied by
absorbed water molecules. Due to the width of the gap, 10nm compared to the macroscopic
fiber bundles ranging from 1 - 500 um, it cannot be the main method for water absorption
but rather part of the biocomposites’ overall capacity to absorb water and provide room for

the fiber to swell.

2.3.2.5 UNocCCUPIED VOLUME - CRACKS, PORES AND VOIDS
Frequently, literature uses terminology such as cracks, pores and voids, almost

interchangeably to describe unoccupied volume within the biocomposite. In theory, all of this

unoccupied volume could be occupied by absorbed water. Each feature has a distinct

31



morphology from the various condition of how it was formed. A definition of each feature is

provided along with the relevance to water absorption in biocomposites.

For the case of biocomposites, a crack is a linear fracture feature formed after the material
has undergone deformation either from mechanical stress or from exposure to an
environment. Natural fibers expand (swell) during water absorption. When embedded in a
biocomposite the swelling is constrained by the matrix. Many authors theorize that the
change in fiber diameter from the absorbed water causes the formation of cracks or micro-
cracks within the matrix. For brittle matrices, such as thermosets, this is a plausible
mechanism. However for ductile polymers, such as polyethylene, it is unlikely that the matrix

would crack, as virgin material can withstand up to 150% strain at failure.

Pores and voids are features likely to be created during the manufacturing process. A pore is
a type of manufacturing defect that has atmospheric pressure. A pore’s surface morphology is
a circular and smooth which would be observed on either a fracture surface or cross sectional
assessment. Pores can be formed from trapped evolved gases such as evaporation of water
vapour or solvent, or from entrapped air at a weld line during molding of thermoplastics.
Whereas the word void comes from latin and implies ‘unoccupied or vacant,’ it differs from a
pore in that the unoccupied volume has in it a vacuum from the way it was formed. The
formation of a void is possible under mechanical deformation such as strain imposed from
shrinkage after the molding process. For the purposes of the rest of the thesis, the main
defect of concern for the presence of absorbed water is the pore volume within the

biocomposite, as it is a location where water can accumulate within the material.

Special precautions should be taken especially when manufacturing biocomposites with
natural fibers, which retain moisture from the atmosphere to reduce the likelihood in the
formation of pore. Methods to reduce the likelihood of pore formation include: vacuum
drying the raw materials as well as the pelletized extrudate, avoidance of a water bath to cool
the extrudate after mixing, and addition of vacuum ports to draw off moisture that has
evaporated from the natural fiber. The aforementioned precautions were undertaken in this
study to reduce pore formation since the presence of pores within a composite is known to

lead to increased absorbed water.
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2.3.2.6 FIBER DEGRADATION
The majority of absorption research has been over short time scales. Therefore, fiber loss has

not been an area of focus. Recently Célino has shown approximately a 4% irreversible mass
loss after 11 days in a water immersion environment for natural fibers such as such as hemp,
flax and sisal [29]. Natural fiber reinforced polyethylene biocomposites have reported up to
3% mass loss after 16 months [44], and up to 6.6% loss after 24 days of immersion[53].

Biocomposite mass loss has been attributed to fiber loss.

The effect of fiber loss during immersion can be observed in the biocomposite absorption
curve depending on the fiber content and length of immersion. Water has a lower density
than natural fibers, reference Table 2.3, and the replacement volume of lost fiber with water
volume results in an apparent decrease in the percent mass absorption. Tajvidi [48] reported
slight reduction in water absorption at long times which was confirmed by the lower weight
after drying. In literature, the phenomenon is observed more often than an explanation is

given[64].

The results from the work completed within uncovered fiber degradation from the surface of
the biocomposite during long-term immersion. The purposed model has incorporated a term

representing fiber degradation for predictive long term water absorption.
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2.4 WATER ABSORPTION MODELS

Adsorption and absorption are two processes frequently discussed within the sorption
literature related to natural fibers. Adsorption is classified as “surface bound” where water
accumulates only on the surface as a thin monolayer, while absorption is a process where
fluid penetrates or permeates directly into the bulk of the material. Adsorption and its
associated models have been reported for relative humidity based experiments. While
lessons from humid environments provide insight into the physics at the molecular level,
specific mechanisms and models have been intentionally neglected here since the

fundamental understanding of surface-only condition is not valid.

Diffusion, defined by Crank as the “process by which matter is transported from one part of a
system to another as a result of random molecular motions“ [67]. The process of random
molecular motion can be visualized by how dye spreads over time. For biocomposites, water
absorption literature has reached consensus and accepted diffusion as the fundamental
process occurring in water absorption. The majority of studies either assume or prove

Fickian diffusion as per equation 2.4, as shown in Table 2.9.

The mathematical theory of diffusion in isotropic substances is therefore based on the

hypothesis that the rate of transfer of a substance through the unit area of a section is
proportional to the concentration gradient measured normal to the section, shown in
equation 2.1. The negative sign in the equation arises because diffusion occurs in the o
pposite direction to that of increasing concentration. Where ] is the rate of flux, the quantity
of substance transferred per unit area section, C is the concentration of diffusion substance, in
this case water, x is the space coordinate measured section and D is the diffusion coefficient

(length)2(time)-1.

ac
J=-D_ @2.1)
ac _  djx
== (2.2)

Fick’s diffusion coefficient is a measure of the rate of a non-equilibrium mass transfer process
when a concentration gradient exists. Depending on the context, diffusion coefficient has
been referred to as mutual diffusion coefficient or interdiffusion coefficient [68]. If the

diffusion coefficient is assumed to be constant (ie., independent of concentration and time),
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combining equations 2.1 and 2.2 yields equation 2.3, known as Fick’s second law of mass
transfer. It describes how concentration evolves with time.

ac _ d*C

w Paoz (23)

An assumption about Fickian diffusion is that after a “short” time, it goes to steady-state for
cases such a transport of penetrant molecules and in the other cases is in an unsteady state
such as the kinetic sorption / desorption of penetrant in/out of bulk polymer bulk [69]. Fick’s

first and second laws are the basic formula to model both kinds of systems [67].

In some instances, diffusion is non-Fickian. According to the Fick’s second law, the basic
equation of mass uptake by a polymer can be given by Equation 2.4, where the exponent n
refers to the type of diffusion mechanism, and k is constant which depends on the diffusion

coefficient and thickness of film [69, 70]. Classification of diffusion can be created from the

following:
M _ in
o kt (2.4)
When:
n<0.5 Pseudo-Fickian
n=0.5 Fickian diffusion (also referred to as Case I)
1>n>05 Anomalous
n=1 Case Il
n>1 Supercase 11

Fickian diffusion (Case I) is often observed in the polymer system when the temperature is
well above the glass transition temperature of the polymer (T)[69]. For reference, the glass
transition temperature of polyethylene is -125°C and that for polypropylene commonly used
in the literature is 0°C [71]. Case II is the process of moving boundaries and linear sorption
kinetics, which are opposed to Fickian with the initial boundary conditions. Case II and
anomalous diffusion are usually observed for a polymer with a glass transition temperature
higher than the experimental temperature. Both polyethylene and cellulose have a glass
transition temperature below room temperature. Therefore, both types of diffusion are

unlikely.
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Table 2.9 Summary of diffusion coefficients calculated based on Fick’s model for biocomposites

subjected to long term water immersion conducted at temperatures between 23-30°C.

Immersion | Confirmed Fickian Matrix Fiber Diffusion Ref.
(hours) (n=~0.5) Type(s) Type(s) (mm?2/s)
175 Yes (n=0.42-0.5) PP Kraft Pulp 1.4-8.8E-07 | [72]
175 Yes (n=0.5-.58) PP Sisal 0.8-3.8E-07 [72]
175 Yes (n=0.55-0.63) PP Coir 4.3-109E-07 | [72]
175 Yes (n=0.58-0.61) PP Luffa 3.1-18.3E-07 | [72]
240 Yes (n=0.34-0.36) PP Sisal 1.5-3.6 E-08 [55]
275 Yes (n=0.36-0.54) PP Palm Oil Fiber | 2.8 -18.7E-6 | [63]
300 No HDPE Rice Husks 4.0-8.4 E-7 [49]
850 No PP Wood flour 5.0E-6 [48]
850 No PP Bagasse 2.6 E-6 [48]
1512 Yes (n=0.35-0.43) HDPE Wood flour 3.2-9.5E-6 [54]
1512 Yes (n=0.43-0.57) PP Wood flour 2.8-6.6E-6 [54]
1800 Yes (n=0.55-0.56) PP Newspaper 6.63-7.43 E-6 | [64]
5040 No PP Flax 0.2-1.5E-7 [73]
5712 No PP Kraft pulp 29E-7 [58]
6576 Yes (n=0.49-0.67) HDPE Hemp 1.5-13.6 E-6 | [37]
6576 Yes (n=0.40-0.45) LDPE Hemp 2.1-4.7E-6 [37]
11,515 Yes LDPE Hemp 2.5-7.0E-7* | [44]
11,515 Yes LDPE Flax 2.0-4.2E-7* | [44]
11,515 Yes LDPE Wood pulp 1.4 -22E-7* | [44]
17,520 No PLA Flax 1.3 E-4 [62]

*denotes diffusion coefficient was calculated from the data provided within reference.

Natural fiber reinforced thermoplastics typically comprise n values in the range of pseudo-
Fickian to anomalous diffusion dependent on the fiber content, fiber surface treatment and
specimen geometry. Kittikorn [63] demonstrated that unmodified oil palm fiber reinforced
polypropylene absorbed water according to the Case I, Fickian diffusion, with n values of
0.36-0.54 at 23°C depending on the fiber content. Fotouh [37] determined that for hemp
reinforced polyethylene, LDPE and HDPE, n values ranged from 0.4 to 0.67 for weight
fractions from 10 - 40 wt%. Treated fibers showed n values in the pseudo-fickian region with
values ranging from 0.19 - 0.34 [63]. The consensus in the field is that short term water

absorption follows Fickian diffusion.
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For diffusion-based models, an assumed equilibrium content is required for use with the
model. However, the value is typically taken from the maximum content observed throughout
the experiment. The maximum content may fall short of what it should be due to insufficient
time to reach equilibrium and/or degradation of the natural fiber prior to establishment of
equilbruim. Since natural fiber are known to degrade with time in immersion environments,
the equilibruim content should therefore be taken critically and should be avoided for the

assessment of models.

Common models to describe water absorption in biocomposites from immersion
environments are based on molecular diffusion: Fick’s diffusion, dual stage Fickian diffusion,

time varying diffusion, anomalous diffusion and percolation theory.

2.4.1 FICKIAN DIFFUSION

Fickian diffusion has been widely accepted in the field to predict the short term water
absorption of natural fiber biocomposites. The international standards organization has a
recommended practice, ISO 62, to determine absorption by plastics [74]. Key assumptions
are made to utilized Fick’s first law: infinite plate sheet, homogenous material, equal
concentration gradients on both sides of the infinite sheet. These assumptions are possible
due to the analytical solution of Fick’s second law as a Gaussian function shown in equation
2.5.

Co

.2
c(x0) = ;2= */apt (2.5)

The solution for an infinite plate is shown in equation 2.6.

R T Y e L (2.6)

2
Moo a?«

Where M is the percent mass gain at time t, and is calculated as:

— MMy
- 2.7)
Where,
m, = mass at time (g)
m; = initial mass (g)
t = Time (s)
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By an approximation solution, equation 2.6 is simplified to equation 2.7.

4'*Moo*\/5
My =—07—* vt (2.8)
Plot
y = 0x; 2.9)
4 MooVD
wherey =M,, x = /t and §,= NC (2.10)

The empirical solution for the diffusion coefficient of the material has been widely accepted

[49, 75, 76] as shown in equation 2.10.

2D =m| 2.11)

_]2 [Lactre ’
Mool LVE—VEL
Where,

M, = Percent mass gain at time, t(%)

t = Time (s)

0; = slope of M, verse/t

M, = Percent mass gain after infinite time (%)

D = Coefficient of Diffusion (mm?2/s)

h = thickness (mm)

The rate that moisture diffuses into or out any solid is governed by Fick’s First Law, which
says that the mass of moisture that passes through a cross-section, called the flux, is
proportional to the concentration gradient of moisture dC/dx. The proportionality constant is
the diffusion coefficient or diffusivity D (mm2/sec). Most problems in diffusion such as the
fiber problem have a region where the concentration of moisture changes with time; Fick’s
first law is not useful in the case but Fick’s second law describes the moisture absorption in

fibers to determine the concentration as a function of time.

Shen and Springer [75] developed an equation to account for the edge effect from specimens
which are of finite dimensions and of homogeneous material. Shen and Springers’ equation
has been widely adopted in the composite materials’ literature due to its simplicity as a closer

approximation from experimental data.
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=D (1 +—+—)_2 2.12)

Where,
h = thickness (mm)
1 = length (mm)
g = width (mm)
2
D, = Diffusivity in the x plane including edge effects for homogenous material (%)
A strong consensus in the literature exists that the diffusion coefficient increases with

temperature as per the Arrhenius equation 2.11 [55, 58, 72, 77]. Due to this established

relationship, temperature was not a variable within the study.
(&)
D = Dye\rr (2.13)

Where,
D = diffusion coefficient at a designated temperature (mmz2/s)
D, = diffusion coefficient constant (mm?2/s)
T =temperature (K)

. k 2
R = universal gas constant, 8.314 x 10° 2g —
s2-K-mol
N er ok 2
E, = activation energy of diffusion ( S%_I:::l )

2.4.2 DUAL STAGE FICKIAN DIFFUSION

Dual stage Fickian absorption has been used with moderate success to describe water
absorption in natural fibers[29]. The diffusion rates found within a natural fiber were not
drastically different than single stage Fickian diffusion [29]. Dual stage Fickian diffusion was

applied to biocomposites, to apply the theory of a two staged process.

0 4 _ 2 foe) 4 — 2
Mt = MOOl (1 - ZTL:O azo(%' e D1°Cnt)) + M002 (1 - ZTL:O azo(%e Dzocnt)) (214)

Where,

M,, = Equilibruim water content after infinite time for process, 1, and process, 2, (%)
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2.4.3 ANOMALOUS DIFFUSION

Anomalous diffusion as defined by an n value greater than 0.5 means the ratio of water
absorbed is greater than half that with time. With cases of anomalous diffusion a few different
situations may occur which increases the exponential factor to greater than 0.5, such as when
an increase in pressure outside of a cylindrical polymer (cellulose) results in increased water
absorption [78]. For the work within, explained in Chapter 5.4.1, the addition of external
pressure had no effect on the rate or quantity of water absorbed of the manufactured
biocomposites. Another reason for observed anomalous diffusion in natural fiber reinforced
biocomposites could be concurrent absorption processes, as explained in the parallel

exponential kinetic model.

2431 PARALLEL EXPONENTIAL KINETIC MODEL
A variation of dual stage Fickian diffusion, known as the parallel exponential kinetic (PEK)

model, has also been reported [79] for natural fiber absorption when the initial moisture
content is zero as shown in 2.13. M. is the percent mass of absorbed water at time t of
exposure to the environment. The sorption kinetic curve is composed of two exponential
terms which represent a fast, 1, and a slow, 2, process having characteristic times of

s¢, and s¢, . The water content at infinite time is represented by M, and M, associated

with each respective process [79].
-t -t
My =My (1=e )+ Myy (1—e /o)) (2.16)

The use of the parallel exponential kinetic model is recent and has not gained adoption in the
biocomposite field. One potential deterrent is the lack of methodology to establish the

characteristic times of s, and s,.

2.4.4 PERCOLATION THEORY

The properties of a system which emerge at the onset of macroscopic through thickness
interconnectivity are known as percolation properties [49]. For biocomposites, percolation
requires fiber to fiber interconnectivity based on fiber volume fraction, fiber size and
distribution-dispersion of the fibers. The fiber content from one edge to another is called the
“percolation threshold” or “critical fiber content” and is designated as p. (%).In other material
systems, typical percolation threshold volume fractions range from 30-40% for a spherical

particles range and decreases with cylinder-like morphologies, such as natural fibers [80].
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For the volume fraction of fibers assessed within this study, it is probable that at the highest
fiber volume fraction, percolation would occur. If the fiber content is greater than p. then the
probability that an additional fiber square belongs to the infinite cluster can be calculated by

equation 2.17.

B
P ¥ (Vf - Vfcritical) (217)
Where,

Po = probability that the fiber belongs to a cluster

= critical fiber content at the onset of interconnectivity (%)

feritical

Vs = specimen fiber content (%)
p = critical static exponent, 0.42 for 3D crystal lattice

The percolation factor, {, represents the amount of interconnectivity based on the fiber

content and radius. The percolation factor is displayed in equation 2.18.
{ =nVr? (2.18)

Where.

¢ = percolation factor (mm?2)

Ve = volume fraction of fiber (%)

r = average radius of fiber (mm)
24.4.1 FICKIAN DIFFUSION COMBINED WITH PERCOLATION THEORY
Different empirical parameters have been created to predict the content when the reinforcing
phase has an interconnected path through the thickness of the material. Wang introduced the
application of percolation theory to water absorption. A percolation model was developed to
estimate the critical accessible fiber ratio [49]. Wang developed an empirical parameter
“diffusion permeability coefficient”, DP, for biocomposites in order to determine the critical
accessible fiber ratio, As, from experimental absorption data [49]. Future improvements to the
model would include a) use of experimentally determined fiber saturation points for the
specific fiber type and b) the use of fiber volume fraction to allow for utilization with various

matrices and fiber types.

Accessible Fiber Ratio (As):
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M
Ar = 5= 2.19
f %*FSP ( )

Diffusion i Permeability Coefficient (DP):
Os
2xw = k (Af - Afr:ritical) (220)
I 4

DP =

100

Where.

M, = Mass gain at time, t(%)
M, = Mass gain after infinite time, o (%)

mm?

D = Coefficient of Dif fusion ( )

s
t = Time (hours)
0, = slope of M, verse/t
wy = weight fiber content (Wt%)

FSP = Fiber Saturation Point — assumed 30% by Wang

The concepts proposed by Wang were significant in the advancement of water absorption
prediction to capture interconnected fiber networks. Wang’s key concept of the accessible
fiber ratio was built one step forward for non-interconnected biocomposites with surface
accessible fiber content. Unfortunately, Wang’s model, like others, focuses only on the

prediction of short term absorption data rather than the long term response.
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2.5 EFFECT OF WATER ABSORPTION ON MECHANICAL PROPERTIES

Various mechanical test methods have been utilized to assess both biocomposite properties
as well as the changes in those properties with exposure to water immersion. Common
assessment methods include: a) tensile b) flexural and c) impact. Tensile properties were
selected to determine the biocomposite properties for the following reasons: 1) a
comparative body of knowledge exists, 2) mechanical models exist to predict properties, 3)
they are the most frequently tested to compare materials, and 4) provides the most material
information from a single test, including properties such as modulus, strength (yield and
ultimate), strain to failure and an approximation of material toughness from the area
underneath the stress-strain curve. Toughness is usually quantified by either IZOD or Charpy
test methods, however with the small differences found for medium to high fiber contents

[44], the area under the stress-strain curve sufficed to capture large changes in toughness.

Material properties are evaluated both in the elastic and the plastic region of the stress strain
curve. All properties are dependent on the combination of each component and the
interaction between them to transfer the load from the matrix onto the reinforcing fiber by
means of the interface. Modulus is a bulk material property evaluated at the initial loading
stage, the elastic region, of the stress-strain curve. The tensile yield strength evaluates the
strength of the material at the transition from elastic deformation to plastic deformation. The
ultimate tensile strength or strength at max load is evaluated in the plastic region where the
biocomposite experiences the largest load. Strength evaluated at stress at max load is usually
the same as the strength at break. The strength at break not only depends on the component
properties but especially on the reinforcement dispersion within the matrix for effective load

transfer at the interface.

Typically, the effect of water absorption on the mechanical properties has been assessed
before and after immersion rather than as a function of immersion time [55, 58, 72]. Espert
[72] observed a decrease in modulus, stress and strain at maximum load after 175 hours of
immersion. Few studies [62] have investigated the change in properties as a function of
immersion time. A summary of relevant thermoplastic natural fiber reinforced
thermoplastics is displayed in Table 2.10 to identify the trend with absorbed water and to

show which tests were measured as a function of time.
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Table 2.10 Summary of assessment of mechanical properties of biocomposites.

Immersion | Matrix Fiber Type of Function of Decline? Ref.
(hours) Type(s) | Type(s) Test(s) time?

175 PP Kraft pulp Tensile Yes-175hours | Yes -E, Omax & €max | [72]

240 PP Sisal Tensile Yes - 72 hours Yes-E&o [55]

5040 PP Flax Tensile No Yes-E&o [73]

Tensile No Yes - E & oys
5712 PP Kraft pulp | Impact NO - €max& Impact | [58]
Strength

17,040 PLA Flax Tensile Yes - 17,040 Yes - E & oys [62]

hours

Beg & Pickering [58] reported a remarked decrease in both yield strength and Young’s
modulus where indications of ductility increased with Charpy impact strength and strain at
failure. Beg & Pickering and Joseph hypothesized that water molecules acted as a plasticizer

in the biocomposite [55, 58].

For one biocomposite variation Duigou [62] reported that there was a decrease in mechanical
properties with increased water absorbed. However, Duigou were not able to show that the
degradation in mechanical properties was based on the natural fiber degrading since the

matrix, PLA, absorbed water and underwent hydrolysis.

A few studies have correlated the normalized mechanical property as a function of water
absorbed [25]. A correlation exists between increased water absorbed with an observed
decline in both tensile modulus, and ultimate tensile strength. In Stamboulis’ [25] work, a
fiber treatment method was compared to an untreated fiber. The relative relationship
between absorbed water and mechanical property changed with a potentially different
interfacial condition. A relationship between both matrix and fiber types has not been
established due to the lack of empirical data. The work within provides a comprehensive data

set to establish relationships for both matrix and fiber type.

Duigou [62] not only evaluated the property retention with respect to immersion time and
absorbed water but also evaluated the reversibility of the degradation. Both dried and wet
tensile results were compared for all immersed times. Irreversible damage to both the
modulus and ultimate tensile strength was observed after 30 and 15 days, respectively. Since
biocomposite modulus is evaluated at the beginning of loading, where damage levels are low,
modulus is more reversible than strength at break which depends on the failure properties of

each component and the interaction between them [62]. Similar trends were found by
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Arbelaiz; after immersion for 5040 hours irreversible damage was sustained for ultimate
tensile strength and modulus [73]. Arbelaiz found that after immersion for 5040 hours, and
compared to prior to immersion, the biocomposite lost both strength and modulus [73]. The
extent of the irreversible degradation of the mechanical properties increased with increased

fiber content [54].

Composite stiffness is strongly linked to the constituent properties and therefore also to their
evolution during ageing. Despite this, the Young’s modulus is obtained at the beginning of the
loading where the damage levels are low. Strength at break depends on the failure properties
of each component and especially on the interactions between them as well as, the

reinforcements’ dispersion on the damage accumulation induced by ageing.

Based on these studies, it can be stated that generally water absorption in biocomposites
causes degradation on the mechanical properties. The effect of water absorption on the
mechanical properties is based on the fiber volume fraction, fiber distribution-dispersion and
fiber size [60]. This work adds to the body of knowledge by exploring how the accessible fiber
ratio as proposed by Wang [49, 81] affects this degradation.
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2.6 CONCLUSIONS

Common challenges such as a) unverified fiber contents, b) differences in manufacturing
methods, c) differences in constituent materials and d) short term exposure studies have
limited the establishment of mechanisms and models for water absorption. To overcome the
common challenges with the literature, this work: a) established a reliable method to
evaluate fiber volume fraction; b) & c) manufactured 12 variations of biocomposites at three
weight fractions with two fiber types and two matrix types to assess changes in material
without differences in manufacturing method; and d) executed long term testing for both

tensile mechanical properties and water absorption.

Absorbed water has been known to cause deleterious effects on biocomposite mechanical
properties. Literature has reported a decline in properties with immersion. In these few
studies, only evaluated one fiber content and matrix. The work within this dissertation has
established a global relationship for polyethylene based biocomposites that quantifies the
degradation of tensile mechanical properties dependent on the quantity of water absorbed

from immersion environments independent of fiber content or fiber type.

There is limited long-term absorption data available for most natural fiber types in
thermoplastic matrices. The lack of long term data has led to a lack in the ability to predicti
material durability due to its’ susceptibility to environmental degradation. A model was
developed to predict long term immersion response as a function of of matrix type, fiber type,

fiber fraction, accessible surface fiber ratio and immersion time..

This research provides a more detailed understanding of water absorption and its impact on
tensile mechanical properties and will enable designers to utilize these evolving materials to

reduce environmental impact [82].
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3. EXPERIMENTAL DESIGN & DESCRIPTION

This section describes the philosophy and methods used to manufacture, evaluate and
analyze the biocomposite specimens, which allowed the investigation of long term water
absorption and the deleterious impact on mechanical properties. Methods described herein
were designed and optimized to produce consistent repeatable results. The experimental

methods used are shown relative to the manufacturing stage illustrated in Figure 3.1.

Compaction Wiley Milling Fiber
- varied [ | -varicd scroen Dispersion
equipment slzes Trials
Process Raw Compounding
Fibers Biocomposites

hd l A4 i y l l
Nitrogen Image Scanning Electron Mechanical Gravimetric Analysis Fluorescent
Pycnometry Analysis Microscopy Tensile Tests of Water Immersion Macrophotography

» Error Analysis

Figure 3.1 Process Flow Diagram of Manufacturing and Analysis Methods
Fiber-matrix compatibilization methods were not included within the work, although
commonly reported in literature, for the following reasons: a) studying solely the natural
fiber response within the matrix, b) avoid deciphering water absorption response between
effect from the compatibilization treatment or natural fiber, c) sufficient literature exists on
fiber treatments with certain natural fibers and with the work completed herein could be

applied to this literature to provide additional insight into water absorption.

3-1 MANUFACTURING METHODS Processing - Structure - Property I- Performance

The manufacturing process spans the complexity of combining two dissimilar raw materials,
fiber and matrix, to create a biocomposite specimen for further characterization and testing.
The manufacturing methods were chosen based on utilization of commercially available and

accepted equipment for mass scale production.
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The manufacturing process required preprocessing of the fiber, compounding raw
materials together, forming (molding) specimens, and post processing machining for specific
test requirements. Each processing stage was optimized to produce well distributed and
dispersed fibers throughout the matrix for consistent properties and performance. The
consistent and repeatable results obtained confirm that the processes were sufficiently

optimized.

3.1.1 RAW MATERIALS

Polyethylene was selected as the matrix material due to its’ commercial relevance and low
water permeability (i.e. control for studying fibers in a matrix). The matrix materials were
sourced from two suppliers: 1) Low density polyethylene (LDPE) Grade AT418 donated from
AT Plastics (Edmonton, Alberta, Canada), and 2) High density polyethylene (HDPE) DMDA
8920 donated from Dow Chemicals (Prentiss, Alberta, Canada). All polyethylene was supplied

in the form of pellets.

Milled fiber form was selected to separate the fibers from their raw form into more
individualized fibers to increase the surface area of fiber to exploit the maximum properties
of the fiber. Hemp fiber was donated by Hemp Technologies (Halesworth, Suffolk, UK). The
hemp had been long line decorticated, 10 mm chopped and hammer-milled with a 1Tmm x
10mm screen. Visually, the bast hemp fiber was free of hurd or other contaminants as seen in
Figure 3.2. Aspen Kraft, herein called wood pulp, was donated by Daishowa-Marubeni
International (Peace River, Alberta Canada). The wood pulp (Aspen Kraft) had been cross cut
from 81cm by 81cm sheets into 2cm by 2cm pieces and disc milled. Fiber morphology of both

fiber types are shown in Figure 3.2. The original fiber form before milling has been referenced

as fiber feed stock. The fiber length and radius distribution were not characterized.

b) Wood Pulp

Figure 3.2 As received (milled) fiber condition a) Hemp and b) Wood Pulp.
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3.1.2 RAW FIBER PROCESSING

The natural fibers as received were unable to be fed into an extruder by a gravity step feeder.
Milled fibers are intrinsically light and mechanically intertwined which cause an inconsistent
feed rate with gravity type feeders. A constant feed rate is critical to achieve fiber
distribution. To overcome this challenge, a series of pelletization trials were conducted to

assess the fiber feed rate and fiber dispersion in the melt.

Pelletization was selected as the fiber processing method due to the ability to compact the
fibers for consistent feed rates as well as to increase bulk density for gravity fed hoppers. A
series of trials were conducted to achieve a loose pellet to enable fiber dispersion as well as
be able to feed both fiber types with varying amounts of moisture content. The initial
moisture content as well as the method of moisture addition (steam or poured water) was
varied and assessed as shown in Figure 3.3. The optimal pelletization process used an
Amandus Kahl 33-390 Mill with pre-dried fiber at 90°C until moisture content measured less
than 2.5% by Ohaus MB25 Moisture Analyzer, as shown in Figure 3.3. The fiber was pre-dried
to limit the fibers binding together by hydrogen bond when under pressure. The pelletized

fiber morphology is shown in Figure 3.4.

Figure 3.3 Equipment involved with nél al fiber pelletizan rom leftfo right: Ohaus Moisture
Analyzer[1], Amandus Kahl Die Face Mill with Rollers, and Wiley Mill.

The pelletization process singularly solved the feed rate issue, but not the issue of
fiber dispersion within the melt. Before production compounding, a trial was conducted on
the extruder which visually assessed the extent of fiber dispersion within the polymer melt.
The trial consisted of pellets Wiley milled with different screen sizes to disrupt the pellet
structure and enable the fiber dispersion within the melt. The optimal process to achieve

both a consistent feed rate and adequate dispersion was pelletization followed by Wiley mill

without a screen.
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a) Hemp

. o # 4 : .' E 3 by * 2’ Oy
Figure 3.4 Pelletized fiber condition a) Hemp and b) Wood Pulp along with a range of individual fiber
bundle silhouettes (obtained from bright field transmitted optical light microscopy) in the top right.

Image modified from [2].

3.1.3 COMPOUNDING OF BIOCOMPOSITES

Extrusion was selected as the compounding process as it is widely commercially adopted,
possesses a high mass throughput, and can be a highly controllable process. Extruders are
highly adaptable pieces of equipment used for differen thermoplastics and composites. A
Thermo Scientific twin screw co-rotating extruder Haake Rheomix PTW 24/40 with a
Thermo Scientific at-face pelletizer, shown in Figure 3.5 and Figure 3.6, were used to
manufacture all biocomposites studied herein. The at-face pelletizer was selected as the
method to cool the hot extrudate over a cold water bath to avoid the introduction of water
into the material. A vacuum port was added at the end of the mixing section to draw water
vapour out of the biocomposite melt to reduce likilhood of pores in the biocomposite. For

specific extrusion parameters of each material variation manufactured, see Appendix A.

Three fractions of each fiber type were compounded with each matrix for a total of 12
biocomposite variations as shown in Figure 3.7. Each variation was named based on the type
of matrix, type of fiber and target weight fraction of fiber as displayed in equation 3.1 and
Table 3.1. Target weight fractions were 15 wt%, 30 wt% and 45 wt%. The weight fraction of
fiber was controlled by the mass rate into the extruder. Both plastic and fiber feeders were
calibrated before and after each manufactured batch to ensure steady state processing
conditions. Feeder calibration methodology and example calibration are provided in
Appendix A. Mass flow of material into the extruder did not equal the mass flow out of the
extruder as fiber was observed when cleaning the extruder after each batch was produced.

The actual manufactured fiber weight and volume fraction was evaluated by gas pycnometry,
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detailed in section 3.2.1. The determined fiber volume fractions are provided in Table 4.1 and

4.2 in brackets. A minimum of 7 kilograms of each material was produced.

SCIENTIFIC

Figure 3.5 Thermo Scientific Twin Screw Extruder a) thermoplastic feeder, b) thermoplastic feeder
port, c) natural fiber feeder, d) natural fiber feed port and e) vacuum port location.
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Figure 3.6 Air cooling apparatus after extrusion compounding.
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The name convention for the biocomposite materials were:

XYZZ 3.1)

Where,
X = Matrix Type, L = LDPE and H = HDPE

Y = Fiber Type, H = Hemp fiber and W = Wood Pulp

Z7 = Target weight fraction of fiber, low = 15, medium = 30 and high = 45

Table 3.1: Name and symbology convention for manufactured biocomposites

Target Weight Fraction of Fibers

(Plastic Fiber wt%)

Low Density Polyethylene (LDPE) High Density Polyethylene (HDPE)
E‘ E LH15 LH30 LH45 HH15 HH30 HH45
2| © < & 4 L 4 \ 4
T a
g _ LW15 LW30 LW45 HW15 HW30 HW45
SE o) o) O o o )

Target Weight Fraction (wt%)
15 30 45 15 30 45

Hemp Fiber

Wood Pulp

LDPEHDPE

Figure 3.7 Twelve variations of hemp fiber and wood pulp reinforced polyethylene biocomposites
displayed in the same arrangement as Table 3.1. The left three columns are LDPE and the right three
columns are HDPE variations.
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3.1.4 INJECTION MOLDING

A BOY 22A injection molding machine was used to manufacture tensile, flexural and izod
specimens as per standards ASTM D638-10 Type 1, ASTM D790-10 and ISO 294-1,
respectively, as shown in Figure 3.8. Specimen thickness ranged between 3.05mm and 3.2mm
due to plastic shrinkage from varied matrix content. The parameters of injection molding the
specimens differentiated from one material variation to the next due to the amount of fiber
fill and fiber type influencing the rheological melt properties. A successful injection molding
run was determined when the specimens were fully packed, no flashing was observed on
specimens, no warpage was evident due to shrinkage, and the shot weight remained
consistent throughout the batch. Time, temperature and pressure parameters used to achieve
successful shots on the BOY 22A as per ISO 294-1[3] were determined using industry
guidelines [4] and are listed in Appendix A. Important trends observed include: increase in
back pressure in screw filling phase due to pellet properties, increase in transition pressure

due to interfacial shear and fiber break up.

AR ! e

2

Figure 3.8 Left: BOY 22A Injection molder Right: Mold cavity with all three specimen types
manufactured in one injection molded shot.
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3.1.5 MACHINED SAMPLES
Different forms of specimens were further processed to provide insight into effect of water on

the biocomposite system for as molded and interior cut surfaces

3.1.5.1 X-Y Izod Sample Preparation

Cartesian coordinates were “scored” onto the molded surface of an izod specimen by a razor
blade to observe fibers on the “as molded” surface as a function of immersion time. The cross
hairs provided a reference to locate the same fiber type in the imaging field, described in

section3.2.5.1.

XY Izod

Figure 3.9 X-Y Izod Specimen Type showing fiducial markings (white lines) used for referencing
locations in SEM characterization.

3.1.5.2 Sample Preparation: Edge Preparation

Flexural bars were cut with a table saw to remove the “as molded” edge(s). A jig was
manufactured to ensure that the total removed volume was within a 1mm tolerance for each
material variation. A variety of types of cuts were tested to assess the impact of both the ratio
of differences in the ratio of surface area to volume as well as differences machined surfaces

relative to injection molding orientation, as illustrated in Figure 3.10.
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As Molded

2 Transverse Cuts

1 Longitudinal Cut

2 Longitudinal Cuts

4 Cuts

Square

Figure 3.10 Cut edge(s) specimen types.
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3.2 EVALUATION OF MATERIALS [l Processing Structure Property Performance |

This section details the methods used to characterize the biocomposite materials structure,
properties, and performance. A summary of each test method as well as the corresponding

information is outlined in Table 3.2.

Table 3.2: Design of Experiments Overview

Test Name Specimen Type Property (unit) Information
Fibers Fiber Density - density of fibers
Pfiber (g/cm3)
Nitrogen Matrix Density - reference of injection molded matrix
Pycnometry Square Pmatrix (g/cm3) density

Composite Density
Pbiocomposite (g/Cm3]

- for determination of volume fraction
fiber manufactured

Tensile (As Molded)

Flexural (As
Molded)

- rate of absorption
- maximum of water absorbed

Percent Mass Gain Impact of:
Water Immersion - 2 Transverse Cut (%) - matrix type
Gravimetric 1 Longitudinal Cut - fiber type
Analysis — Volume of H20 - fiber volume fraction
2 Longitudinal Cut Absorption - surface accessible fiber
4 Side Cut (cm3) - surface area to volume ratio
Square
Fluorescent Square Relative amount of | - visualize location of water absorption
Macrophotography q water absorbed and the rate of absorption at the surface
Modulus, E (GPa) | Relationship for each property relative to:
Yield Tensile - fiber type
Strength, oys (MPa) - matrix type
Mechanical Tensile Tensile Ultimate Tensile - fiber volume fraction

Test

Strength, ours (MPa)

Elongation at Break
(%)

Toughness (J)

- absorbed water
- property retention after
immersion

Scanning Electron
Microscopy

1 Longitudinal Cut

Determine of surface fiber fraction (BS-

SEM) on:
Area fiber fraction - molded
Ar (%) - molded perimeter
Square - longitudinal cut
- transverse cut
. - fiber morphology as a function of
X-Y Izod Ftlllz);lail;zll(t)isvsé immersion time on molded surfaces (BS &
q SE-SEM)
Tensile Fraction modes, - insight into fracture mode (SE-SEM)

qualitative

The statistical uncertainty for both the measurements and calculated properties are

presented in Appendix B.




3.2.1 GAS PYCNOMETRY

Density is a necessary material property to convert weight fraction of a constituent
material to a volume fraction, which can subsequently correlated to material performance.
Gas pycnometry was selected to determine density of the manufactured biocomposite (p.),
fibers (pr) and matrix (p;,) due to iterative measurements, precise results [5], a controlled
non-reactive test environment, and a relatively large sample volume (12.2cm3). Gas
pycnometry is a technique based on the principle of gas displacement from the ideal gas law,
equation 3.2. The amount of volume of displaced gas is used to calculate the volume of an
object of a known mass, equation 3.3. The density of the sample was calculated, as per

equation 3.4, from the measured mass of the sample after from the volume determined in

equation 3.3.

PV =nRT (3.2
14
Vsample:Vc1 Pf (3.3)
/p,
Msample
Psample = Vsam:lle (3.4

Gas P\cnmnem
*G PYC- 100-A"

Figure 3.11 Gas Pycnometer [6] (left) and Schematic of Pycnometer Chambers (right).

A PMI Gas Pycnometer Model: PYC - G100A-1, shown in Figure 3.11, was used for all
measurements with 99.998% pure Nitrogen gas from Praxair Edmonton, AB. Nitrogen was
selected as the inert gas over helium as Helium is known to adsorb onto cellulosic materials
and some polymeric surfaces [7]. The pycnometer was modified with an internal fan to
dissipate thermal heat produced by internal electrical circuits to ensure the volume chambers
operated isothermally. Before testing, the pycnometer was calibrated with a NIST standard,

SRM1827b Lead Silica Glass Mass Density Standard [8], to verify the internal volume of the
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reference chamber and a study was conducted to ensure volume of specimens met the

equipment range, see Appendix A4

Each test comprises 30 iterative measurements. For each test, the sample chamber
underwent five cycles of vacuum purge and dry nitrogen sweep before data acquisition to
drive residual moisture out of the test specimens. Adhered moisture causes unstable
measurements with the mass and volume changing with evaporating moisture. Volumes were
measured when the pressure reached 0 psi and 10psi with dry nitrogen. A vacuum of 10-
mTorr (-10-1© mmHg) was achieved each pressure cycle by a Pfeifer Turbo Vacuum, Model
TSHO71E. A calibrated four-point scale, Denver Instrument PI-124, was used to weigh the
sample inside the chamber after the test, where the test specimens were considered dry. The
criterion for test acceptance was based on whether the data was normally distributed about

the mean and the standard deviation from 30 measurements was less than 0.002g/cm3.

Figure 3.12 Sample chamber filled with square biocomposite specimens

3.2.1.1 Fiber Density Assessment
The natural fibers were assessed in fiber forms: a) as-received, b) pelletized, c) pelletized

with subsequent Wiley milled with no screen and d) freezer milled. The fibers were cooled
down by liquid nitrogen inside a SPEX6700 Freezer Mill, illustrated in Figure 3.13, to
pulverize the fiber into a fine powder for assessment of cell wall density. Truong [5]
recommends measurement of fiber density by gas pycnometry for accurate and repeatable

results.
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Figure 3.13 Freezer Mill (left) and sample turbe with rod (right).

3.2.2 WATER IMMERSION — GRAVIMETRIC MEASUREMENTS

Gravimetric measurements were selected based on their extensive use in the literature [2, 9-
11] to measure water absorption including standards ASTM D570 [12] and ISO 62 Method
1[13]. The method employs a bulk measurement of weight gain or loss which provides insight

into rates, magnitudes and characteristics of water movement in time.

Consideration was given to seal the specimen edges around the perimeter to simplify
modelling the water absorption data. However, the difficulties associated with selection of a
sealant for polyethylene and control in mass of the sealant during application to ensure a
repeatable result proved more detrimental than immersion of a manufactured part with 6

surfaces exposed to the environment.

3.2.2.1. Atmospheric Water Immersion

Specimens were dried for a minimum of 48 hours at 65°C under -20 mmHg until the weight
remained constant. Specimens were placed in a reverse osmosis water bath at 23 + 0.5°C, as
illustrated in Figure 3.14 At the designated time intervals; each specimen was removed from
the water, excess surface water wiped off with paper towel and weighed three times each
before the specimen was re-submerged. Measurements were taken on a Sartorius LA 3105
four-point balance with 0.1 mg resolution. All data reported represents the average and
standard deviation at each time interval. Water absorption was calculated as shown in
equation 3.5.

We—Wwi

Mt = —X 100 (35)

wi
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where M; is the percentage weight gain of the specimen at the given time interval, w; is the
initial weight of the specimen after drying, and w; is the weight of the specimen at the given

time interval. The number of samples per specimen type is illustrated in Table 3.3.

Table 3.3: Water Immersion Number of Replicates per Specimen Type

Specimen Type Number of Replicates

Tensile 7
As-molded

2 Transversal Cuts
1 Longitudinal Cut
2 Longitudinal Cuts
4 Cuts

Square

fwlw|wlw|w

Figure 3.14 Water bath for tensile immersion specimens (at back right) and as molded flexural
specimens. Specimens were stacked vertically (tensile) or placed inside glass vials (flexural, square,
etc) to reduce area not in direct contact with the water immersion environment while ensuring the

specimen remains submerged.

3.2.2.2. Pressurized Water Immersion

An aluminum pressure vessel chamber was filled with distilled water. The pressure was
applied by a nitrogen tank. Four flexural as molded specimens of both HDPE and HDPE filled
with 30% volume fraction of hemp fiber (HH45) were placed inside the chamber fully
submerged. The specimens were removed for measurement as per 3.2.2.1 at hourly

increments of 1, 4, 24, 48, 72 and 168 hours.
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3.2.3 MECHANICAL TENSILE TESTS

Monotonic tensile tests were conducted as per ASTM D638 [14] at a strain rate of 5 mm/min
using an Instron 4032C load frame with a 1 kN load cell [2]. Strain measurements were
obtained from a clip-on extensometer, for strains up to 8% strain, and the cross-head
displacement thereafter. The tensile modulus was calculated by Bluehill2 software[15]. The
Bluehill2 software divided the data on the strain axis into six equal regions between the first
data point and either the maximum load point or the tensile stress yield point. The algorithm
determines modulus as the region with the greatest slope by calculation using a least square
fit algorithm. Percent elongation (%El) was determined as the strain reading at break.
Toughness was assessed from the area under the stress strain curve, which is not a typical
test method to determine toughness. Therefore, the toughness results are a general
representation of the materials ability to absorb energy. Only results from specimens which

failed within the gauge length were utilized for the results.

20 - B C
=y
15 A
= 0
e
g | 4
@ 10
o ]
¢ ===Modulus
. : A =Tensile Yield Strength
+ B =Ultimate Tensile Strength
| &+ C=Tensile Strength at Break
. D = Elongation at Break
07 | . 4 | ! | —0 1
0.00 0.01 0.02 D 003

Strain (mm/mm)
Figure 3.15 Schematic of Tensile Specimen (left) and typical stress strain curve for fiber filled
biocomposite (right). Stress Strain curve is representative curve from HH45 prior to water immersion.

3.2.3.1 Design of Experiments
Seven specimens were tested at each water immersion interval detailed in Table 3.4.

Specimens were removed from the water bath at designated times, and were tested within 3
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minutes of removal to minimize water loss. Each specimen’s dimensions were measured with

a Mitutoyo 500 Series Digimatic Caliper and was weighed in accordance with section 3.2.2

before being loaded into the mechanical tester.

Table 3.4: Tensile Specimen Water Immersion Intervals

Reading # 1 2 3 4 5 6 7 8 9
Weeks 0 0.14 1 2 4 8 26.03 | 39.01 39
Hours 0 24 168 336 672 1344 4373 6553 | 6552*

*specimens were dried after elapsed immersion time then tested

3.2.3.2

Calculation of Normalized Mechanical Properties

The assessment of normalized mechanical property provides context of the relative change in

a specific property relative to the manufactured dried specimen. The normalized property

was assessed as shown in equations 3.6 and 3.7 where o represents the original property

without exposure and t represents the time interval exposed. The normalized property of

modulus, strength, ultimate tensile strength, elongation at break and toughness are reviewed

in section 4.3. The error bars represent the relative scatter in the data at the interval in time

as calculated in equation 3.8.

where

— XMy
y = ===
Y=2x100
Yo
% Error = tly

y; = measured property (unit)

n = number of replicate material variation

y = average property (unit)

Y = normalized property relative to time of exposure (%)

C.1.5 = Confidence interval, 95%, of sample distribution of a property (unit)

3.2.4 FLUORESCENT MACROPHOTOGRAPHY

(3.6)

(3.7)

(3.8)

Fluorescent macrophotography dye was used as an imaging technique to track where the

ultra-violent water soluble dye travelled within the biocomposite. A greater intensity of
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fluorescent response would indicate a higher concentration of dye. The fluorescent dye was
manufactured by Risk Reactor product IFWB-C8 Yellow-Green. A stock solution of 1:1000
fluorescent dye to water was mixed for immersion testing. A unique specimen was
submerged for each time interval and fiber content. Dyed specimens were imaged with a
Nikon D7000, 17-55 mm 2.8 lens with a long wave ultraviolet light, Spectroline Model B-100
(365 nm).

0 Hour .1 H_ou_r 24 Hour

LH45 (32.8)

+

i
Il'

UV water soluble dye. Left to right: 0 hour, 1 hour, and 24
hours.

Figure 3.16 LH45(32.8) after immersion in

3.2.5 SCANNING ELECTRON MICROSCOPY

3.2.5.1 Secondary Electron Imaging Mode

Secondary electron imaging was selected to investigate the fracture surface topography for
insight into fracture mode as well as fiber arrangement. For example, in Figure 3.17, the
hemp fiber illustrates a brittle fracture failure mode while the surrounding low density
polyethylene displays plasticity surrounding the fiber. Scanning electron micrographs were
taken with a JOEL 6301F field emission scanning electron microscope under high vacuum.

The specimens were coated with gold using a Nanotech SEM Prep 2 DC sputter coater.
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pL_ Hemp Fiber:

3.2.5.2 Back Scattered Electron Imaging Mode

Back scattered (BSE) electron imaging mode provides contrast via atomic number
differences. BSE was used to image the natural fibers within the matrix to determine the
surface area fraction of the biocomposites. The BSE technique has not been reported before
for biocomposite fiber spatial imaging. Micrographs were taken on uncoated samples with a
Zeiss EVO MA 15 with LaBs filament at 25 kV accelerating voltage in variable pressure mode.
Molded and cut surfaces were imaged to measure the surface area fraction of fiber, SA{(%).
Example micrographs are shown in Figure 3.18. Methodology used to calculate area fraction

of fibers by image analysis is detailed in Section 3.2.6.

" As Molded i Transverse Cut “Longitudinal Cut
Figure 3.18 Representative BS SEM Images of 30wt% Hemp filled HDPE at each surface. Light grey
regions are hemp fibers, as indicated by white arrows
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The same operator was utilized to minimize drastic differences in the brightness and
contrast between micrographs due to change in surface type and material variation.
Differences in contrast and brightness arose due to the difference in chemical composition of
hemp fiber and wood pulp hence scattering the electrons differently causing varying profiles
of grey scale from one material variation to another which could impact the image analysis

conducted on the micrographs, explained in section 3.2.6.

3.2.5.3 Combination Back Scattered & Secondary Electron Imaging

A combination of electron imaging modes was utilized to locate the natural fiber on the
surface as well as observe changes in sample topography for X-Y Izod specimens. The
electron signals were combined from 80% backscattered with 20% secondary electron.
Micrographs were taken on uncoated samples with a Zeiss EVO MA 15 at 25 kV accelerating

voltage in 55 kPa vacuum with a probe current of 175 pA.

Figure 3.19 Field of View on HH45(36.4) XY Izod Specimen. Notice the fiducial lines at left and bottom.

3.2.6 IMAGE ANALYSIS — AREA FIBER FRACTION

To determine fiber fractions present at the biocomposite surfaces BS SEM images were used.
Four surface types: as molded, as molded perimeter, transverse cut, longitudinal cut,
illustrated in Figure 3.20 were imaged and analyzed. A minimum of 10 micrographs were

used for the assessment of surface accessible fiber area fraction.
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As Mqlded

Figure 3.20 Schematic of location of cut surfaces

In the BS-SEM micrographs, the lighter pixels represent heavier elements, fibrous portion of
the biocomposite, and the darker pixels represent the matrix, as shown in Figure 3.18. The
gray scale value for both the fiber and matrix differs from image to image as seen in Figure
A.2. Therefore the setting of the thresholds is of utmost importance in differentiating fiber
and matrix to produce a binary image. The ratio of measured black pixels, Ps, and white
pixels, Pw, are used to calculate the surface accessible fiber area fraction, A¢ as shown in

equation 3.9.

Area Fraction, A; = Pw (3.9)
Pp + Py

Image], an open source image processing software by Fiji, was used to apply a standard
threshold algorithm to each image [16]. Assessments of 16 different algorithms, presets in
Fiji, were applied to various images with different fiber fill fraction, type of cut surface and
type of fiber. An example of each algorithm is shown in the montage of HH30 As molded

surface in Figure 3.21.
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Intermodes

Figure 3.21 Motage of Auto Threshold settings on theﬁZsTV[olded surface of Ot% hemp fied DPE.
All algorithm results were compared and the “IsoData” algorithm was determined to give the
most consistent and reliable results distinguishing between the difference of fiber and matrix
for all biocomposite variations. The IsoData algorithm is based on an iterative approach to
provide an optimum threshold for distinguishing between an object and the background of an
image containing different average levels of gray levels published by Ridler & Calvard in 1978
[17]. The algorithm works by “dividing the image into object and background by taking an
initial threshold, then the averages of the pixels at or below the threshold and pixels above
are computed. The averages of those two values are computed, the threshold is incremented

and the process is repeated until the threshold is larger than the composite average” [18]. As

shown in equation 3.10.

(Average Background+Average Objects)
2

Threshold = (3.10)

All processed images were double checked to ensure the algorithm did not give a null result.

A comparison of the original back scattered SEM micrograph and the IsoData threshold is
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illustrated in Figure 3.22. The surface accessible fiber area fraction values are reported with a

95% confidence interval to = * 2.0 % area fraction using a student t distribution test.

As Molded Short Cut Longitudinal Cut

<&

Original

Figure 3.22 Comparison of backscattered and the corresponding IsoData thresholded micrograph at
each surface for 30 wt% hemp filled HDPE.

To validate the measurement of the algorithm a micrograph of 250um glass silica beads were
imaged on carbon black tape and analyzed with the IsoData algorithm, shown in Figure 3.23.
The percent area of beads was calculated based on each sphere’s diameter; with the
assumption that each bead is a perfect sphere. The IsoData algorithm detected 15 beads with
an area fraction of 29.2%. The difference between the manual calculation and the IsoData

algorithm was less than 2% and therefore was determined to be an acceptable method.

Figure 3.23 (Left) Backscattered micrograph of glass silica beads and (right) IsoData thresholded
imaged.
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3.2.7 NATURAL FIBER WATER CONTENT

Hemp fiber and wood pulp were exposed to a high humidity environment to determine the
maximum water content near immersion conditions at 97.3% relative humidity. Three glass
containers were weighed and filled with fiber for each fiber type. The containers were placed
inside the glass vacuum chamber, see Figure 3.24, where the natural fibers were exposed to
97.3 %RH at 25°C from a super saturated salt solution of potassium sulfate[19] for 336 hours
(2 weeks). The concentration of potassium sulfate solution was 12 g/100ml. After exposure
to the high humidity environment, the glass containers with natural fibers were vacuum dried
for 48 hours at 55°C to determine the ultimate dried fiber weight. The percent water

absorbed was calculated as shown in equation 3.11.

w, 0 —W. i
Mt — W@336 hours 97% RH~Wvacuum dried x 100 (31 1)

Wyacuum dried

Figure 3.24 Glass vacuum chamber where salt solution filled the bottom of the container to
produce a high humidity environment of 97.3%. Image from [20].
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4. IMPACT OF WATER ON MECHANICAL PROPERTIES

A time series investigation of moisture absorption was conducted to quantify the correlation
between water absorption and the corresponding mechanical properties. Fiber content was
assessed for each biocomposite variation to evaluate the contribution of the matrix and fiber.
The manufactured volume fraction of fiber was determined from nitrogen pycnometry to
model the mechanical properties of biocomposites. Mechanical properties, such as tensile
modulus, tensile yield strength, ultimate tensile strength, elongation at break and toughness
were examined. This chapter evaluates the impact of water immersion on the mechanical

properties as a function of time and fiber volume fraction.

4.1 DETERMINATION OF VOLUME FRACTION

For all composites, the relative content of reinforcement within the matrix determines the
properties and performance of the material. Relative content can be categorized by either
weight fraction or volume fraction. Weight fraction is mainly utilized in the manufacturing
process due to the ease of measurement; volume fraction is utilized in the analysis of
numerous material properties and performance since it is the volume occupied by the
constituent materials that contribute to the properties of the biocomposite [1-4]. In literature,
however, it is common to analyze the performance with respect to weight fraction due to the
complexity of accurately determination of volume fraction. Herein, gas pycnometry, section
2.2.1, was utilized to determine fiber volume fraction and verify the manufactured
composition. Volume fraction of fiber was calculated from experimental determination of
fiber, matrix, and composite density shown in Equations 4.1 to 4.5. For all equations v
denotes volume (cm3), V denotes volume fraction (%), w denotes weight (g), W denotes
weight fraction (%), p denotes mass density (g/cms3), subscript ¢ for composite, subscript m

for matrix, and subscript ffor fiber.

Composite density: Pc=PfVi+ PpmVm (4.1)
Assumption?: Vi+Vp=1 (4.2)
Rearrangement: Vin=1-V¢ (4.3)

1 All volume occupied within the biocomposite is occupied by the native structure of the virgin
materials (fiber and matrix) without the introduction of manufacturing flaws.
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Substitute Equation 4.3 into Equation 4.1 to give Equation 4.4.
Pc=PVs+pm(1—-Vp) (449
Solve for volume fraction of fiber:
Pc— Pm

= L= Pm 45
f Pf=Pm (4:5)

To assess the difference between target weight fraction and the actual manufactured weight
fraction, volume fraction of fiber was converted to weight fraction as shown by the derivation
from Equation 4.6 to 4.11. Discrepancies between weight fractions are attributed to fiber loss

during processing and inaccuracies in feed rate control.

_Yr
Wy = o (4.6)
Where,
Wy =psvr  and  we = P, (4.7) and (4.8)
Substitute in:
— PrYr
Wy =25 (4.9)
Since
vf _
o=V (4.10)
w, =2y 411
f Pc f (4.11)

The pore volume fraction? was assumed to be zero due to:

A) Manufacturing precautions were taken to prevent the formation of pores by
vacuum pressure applied in the extrusion melt to remove evaporated water from the
fibers.

B) Morphology indicative of pores were not found in any of the fracture surface SEM
micrographs.

C) An assumption of a pore volume fraction other than zero would result in a higher
calculated fiber volume fraction; since a pore occupies volume but has no mass. The
assumption of zero pore volume fraction results in a conservative assessment of fiber
volume fraction where the contribution of the natural fibers to the mechanical

properties would not be overestimated.

Z A standard method to determine the pore volume fraction for biocomposites does not exist. Pores are
likely to be formed from the evaporation of absorbed water on the high surface area of fiber.
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For the above reasons, the absence of pore volume fraction is deemed a reasonable
assumption for calculation of fiber volume fraction, as it underestimates fiber volume fraction

if pores do exist within the material.

4.1.1 EVALUATION OF POLYETHYLENE DENSITY

The density of both matrix materials, HDPE and LDPE, were assessed in the final
manufactured state (as-molded) and compared to the densities specified in the technical data
sheet illustrated in Figure 4.1. The suppliers determined density by two other methods: 1)
LDPE by a proprietary test method and 2) HDPE by ASTM D792 (a liquid displacement

method).

0.96
() Data Sheet
| & Pycnometer - Pellets
L Pycnometer - Injection Molded Specimens
0.95
P ) L]
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=
> J
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Figure 4.1 Comparison of LDPE and HDPE as molded density determined by nitrogen pycnometry
(filled) versus density provided on the technical data sheet (unfilled). The error bars represented a
99% confidence interval based on a proven normal distribution.

The differences in the measured density of both LDPE and HDPE, Figure 4.1, highlights the
necessity to compare measured density values determined by the same method and same
sample type. Differences in densities between the pellets and injection molded specimens
may be attributed to thermal processing where residual solvent evaporates or a change in

crystallinity from a different cooling rate. Therefore, in this study, the final processed state,
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injection molded sample type, was selected as the chosen condition from which to select
density values to eliminate inconsistencies between manufacturing processes and evaluation

methods.

4.1.2 EVALUATION OF FIBER DENSITIES

Fiber density is dependent on fiber type and fiber form. Fiber density of both wood pulp
and hemp fiber were assessed at each processing stage to evaluate changes in fiber density
caused by processing, illustrated in Figure 4.2. The fiber densities at each processing stage
were compared to freezer milled type as a control of the maximum amount of exposed close
pore volume of a fiber and to maximize the surface area of fiber for measurement purposes.
The average fiber density reported for each processing method within the fiber type were
determined to be statistically different (wood pulp pmax=0.0003 and hemp fiber pmax =1.5E-6
for 99% confidence interval, where p represents probability) by ANOVA and student t test,

except wood pulp variations cross cut, pelletized and pelletized-Wiley milled.
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Figure 4.2 Comparison of mass density for Hemp fiber (left) and Wood Pulp (right) after different
processing methods. Hemp exhibits higher variability to fiber preparation method than wood pulp as
the magnitude of scatter between fiber forms is greater for hemp. The error bars represent a 99%
confidence interval around the mean based on a proven normal distribution.

For both fiber types, the first milling process increased the fiber density by decreasing the
closed pore volume within the fiber hence increasing the surface area of the fiber exposed to

the nitrogen pycnometry gas. The pelletization process decreased fiber density as air became
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entrapped within the fiber arrangement in the pellet during compaction. The additional
processing stage of wiley milling the pelletized fiber resulted in a minimal change in fiber
density, for both fiber types. Pelletized-wiley milled fiber was the form of fiber fed into the
extruder, circled in Figure 4.2, and therefore was used to calculate the volume fraction of
fiber. For hemp fiber, the freezer mill process resulted in the highest fiber density. The
processing of hemp fiber significantly altered its structure by mechanically breaking down
the lumen structure and exposing the inner cell walls of the lumen, as shown in Figure 4.3.
The structural change observed for the hemp fiber with mechanical processing directly
impacts the fiber density. Hemp fiber displayed a range of density from 1.4611 - 1.5735
g/cm3 (difference of 0.1124) dependent on the fiber processing method. Therefore, fiber

density is directly related to the selected processing method.

Since wood pulp had previously undergone significant mechanical and chemical
treatments from the pulping process, minimal changes in density (max difference of 0.052
g/cm3) were observed with fiber processing. The change in density of wood pulp is
attributable to bulk fiber arrangement rather than a change in fiber structure as seen with
hemp. The freezer milled density represents the cell wall density of hemp. The form of a fiber
type has a significant impact on the density. For wood pulp, the pin milled form exhibits the
highest density because fibers are individually exposed to the nitrogen pycnometry with
minimal fiber compaction compared to the spacing after the paper making process. The
method of fiber processing impacts the closed porosity within the structure of the natural

fiber, the lumen space.
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a) Hammer Milled b) Freezer Milled

- | .

Figure 4.3 Transmitted bright field optical light microscope micrographs of hemp fiber processed by a)
hammer milling and b) freezer milling methods. Freezer milling has reduced both fiber size and shape
to maximize exposure of fiber closed pore volume.

The density of fiber is lowest when sampled in its natural state. Throughout processing
the closed pore volume within the fiber is exposed to the pycnometry gas and density
increases. Due to the effects of fiber processing on fiber density (such as fibers with internal
closed porosity) caution should be exercised when utilizing natural fiber density values from
literature. It is paramount that the fiber form and fiber density is well characterized in the
manufactured composite rather than from raw materials to reduce the propagation of errors
in fiber volume fraction. Variations in fiber density have also been known to arise from crop

variety, seed density, soil quality, fertilization, field location, climate and time of harvest [5].

4.1.3 BIOCOMPOSITE EVALUATION
Composite material properties are typically estimated by rule of mixtures based on fiber

volume fraction. The biocomposite density was assessed on multiple square type specimens
by nitrogen pycnometry to determine fiber volume fraction. Both the calculated actual
manufactured fiber weight fraction and fiber volume fraction are displayed in Table 4.1 for
hemp and Table 4.2 for wood pulp as calculated with equations 4.5 and 4.7. Due to the
importance of density to determine volume fraction of fiber a 99% confidence interval was
calculated and graphically represented. The comparative standard deviation and 95%

confidence interval are reported for reference.
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Table 4.1 Hemp filled Biocomposite Densities from Square Specimens

Hemp Fiber
LDPE HDPE
Target Fiber Fraction (wt%) 15 30 45 15 30 45
Actual Fiber Fraction (wt%) 10.8 27.7 36.5 20.2 31.6 40.9
Actual Manufactured (vol%)* 6.6 18.5 25.6 13.5 22.1 29.9

Average Biocomposite Density (g/cm3) 0.9590 1.0319 1.0754 1.0232 1.0739 1.1197

St. Dev. Biocomposite Density (g/cm3) 0.0012 0.0011 0.0014 0.0013 0.0011 0.0014

Confidence Interval 95% 0.000433 | 0.000419 | 0.000506 | 0.000489 | 0.000415 | 0.000535

Confidence Interval 99% 0.000583 | 0.000565 | 0.000682 | 0.00066 | 0.000560 | 0.000721

* Calculated by Equation 4.5

Table 4.2 Wood Pulp filled Biocomposite Densities from Square Specimens

Wood Pulp
LDPE HDPE
Target Fiber Fraction (wt%) 15 30 45 15 30 45
Actual Fiber Fraction (wt%) 16.6 28.1 39.4 14.0 25.3 339
Actual Manufactured (vol%)* 10.5 18.7 27.8 9.0 17.1 23.8

Average Biocomposite Density (g/cm3) | 0.9851 1.0373 1.0946 | 0.9986 1.0477 1.0885
St. Dev. Biocomposite Density (g/cm3) | 0.0008 | 0.0011 | 0.0009 | 0.0014 | 0.0011 | 0.0011
Confidence Interval 95% 0.00028 | 0.00040 | 0.00034 | 0.00053 | 0.00042 | 0.00043
Confidence Interval 99% 0.00038 | 0.00055 | 0.00046 | 0.00071 | 0.00057 | 0.00058

* Calculated by Equation 4.5

Frequently in the literature, the target manufactured weight fraction fiber is assumed to be
the actual weight fraction fiber produced in the final product [6-14]. The merit of this
common assumption was challenged as the fiber content must be validated due to the
potential for inaccuracies and material loss during manufacturing. In this study, such an
assumption was found to be invalid as verified by fiber fraction determination via nitrogen
pycnometry. The actual manufactured weight fraction was typically less than the target
weight fraction as shown in Figure 4.4. The difference in fiber content is potentially attributed
to fiber mass loss and inconsistent feed rates during the manufacturing process. These
results demonstrate the importance of assessing the final biocomposite product rather than
the control fiber fraction mass input, as values may differ from the targets, particularly at the

high fiber content.
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Figure 4.4 Comparison of manufactured target weight percent to actual weight percent, relative to the
1:1 relationship shown by y=x. The actual weight percent fiber frequently does not match the targeted

fiber content, especially as the fiber content increases.

Throughout the work, the specimens are referred to by the intended weight fraction, low

medium and high fiber content represented as 15, 30 and 45 target weight fraction

respectively. A summary of the material designations are shown in Table 4.3 with the

experimentally determined volume fraction of fiber in brackets, as determined by equation

4.11.
Table 4.3 Name designation for manufactured biocomposites
Target Weight Fraction of Fibers
(Label Designation: polymer type, fiber type, target wt% (actual vol%))
Low Density Polyethylene (LDPE) High Density Polyethylene (HDPE)
g3
§ 2 | LH15(6.6) | LH30(18.5) | LH45 (25.6) | HH15(13.5) | HH30(22.1) | HH45 (29.9)
T
-
§ E LW15 (10.5) | LW30 (18.7) | LW45 (27.8) | HW15 (9.0) | HW30 (17.1) | HW45 (23.8)

Comparison of material properties must be conducted on a manufactured volume fraction of

fiber basis rather than by the targeted weight fraction due to the large distribution of fiber

volume fractions at each targeted amount as shown in Figure 4.5. Relative trends within the

data are relevant without the use of fiber volume fraction. However, for comparison between

84




fiber and matrix types or analysis of properties, fiber volume fraction is required. For
materials manufactured within this study, direct comparisons are permitted between LW30,
LH30 and HW30 as well as between HH30 and HW45 since these variations possess

approximately the same volume fraction of fiber.
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Figure 4.5 Distribution of fiber volume fraction at each targeted fiber weight fraction from
manufacturing.
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4.2

WATER ABSORPTION OF TENSILE SPECIMENS

Traditionally, water absorbed in biocomposites results in a reduction of mechanical

properties [8, 15]. Before the mechanical properties are assessed, a basic understanding of

the water absorption trends first must be understood. The water absorption of all material

variations are presented in Figure 4.6. As commonly known from the literature, a general

increase in fiber content leads to an increase of water absorbed at each time interval; what

has not been observed in literature is a decrease in water absorption at very long times for

certain fiber types and loading.
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Figure 4.6 Average moisture absorption as a function of time, hemp reinforced biocomposites
(diamond) and wood pulp reinforced biocomposites (circle) tensile specimens. The colors designate
the relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt%

medium = blue and target 45 wt% high = purple.

Hemp reinforced biocomposite variations absorbed a greater percentage of water compared

to wood pulp reinforced biocomposites. Biocomposites with high hemp fiber content resulted
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in a plateau of maximum water absorbed, with a subsequent small decay. Wood pulp
variations absorbed similar quantities of water at comparative rates and magnitudes; the
same is not true for hemp fiber reinforced variations. HH variations show a similar
incremental amount for water absorption with increased immersion time and fiber content

unlike LH45 which demonstrates a significant jump in quantity of water absorbed.

The final percent water absorbed (at 6,552 hours) was compared between both fiber types
and matrices, relative to verified fiber volume fraction, illustrated in Figure 4.7.
Biocomposites reinforced with hemp fiber have a greater ability to absorb water than those
with wood pulp, especially at medium to high volume fractions where the fiber dominates the
water absorption magnitude. An increase in hemp fiber volume fraction results in a linear
correlation with mass gain for HDPE but not LDPE. For LDPE, the increase in percent mass
gain shows a more exponential relationship with hemp fiber volume fraction and percent
mass gain. However, an increase in wood pulp volume fraction has a linear correlation with

mass gain in both polyethylene matrices.
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Figure 4.7 Magnitude of water absorbed after 6552 hours immersion comparison between hemp fiber
(diamond) and wood pulp (circle) in a) LDPE matrix and b) HDPE matrix. The colors designate the
relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt%
medium = blue and target 45 wt% high = purple.

Further assessment of biocomposite water absorption characteristics along with a predictive
model are detailed in Chapter 5 Phenomenon, Mechanism and Predictive Water Absorption

Model in Biocomposites.
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4.3 MECHANICAL PROPERTIES

Water absorption in biocomposites has been demonstrated to reduce mechanical properties
[8, 15]. However, few studies have investigated the change in properties over a “long” period
of time (i.e. >100 hours) to characterize property loss, especially of polyethylene based
biocomposites. In order to study the impact of water absorption on mechanical properties,
baseline properties of the biocomposite were established. Representative tensile stress-strain
curves are presented to demonstrate how each material variation performed. Properties such
as tensile modulus, tensile yield strength at 2% and ultimate tensile strength are compared to
establish both average mechanical properties as well as to compare those properties between

matrices, fiber types and fiber content.

The work herein clearly demonstrates that the long term effects of water absorption
on mechanical properties and the need to develop a predictive long term water absorption

model.

4.3.1 REPRESENTATIVE ENGINEERING STRESS-STRAIN CURVES

The overall mechanical performance can be visually quantified by stress strain curves. A
general representation of the engineering stress-strain data for both polyethylene types is
illustrated in Figure 4.8. Overall, LDPE demonstrates lower tensile yield strength, ultimate
tensile strength, modulus and ductility compared to HDPE. At the designated strain rate, none
of the HDPE specimens fractured, rather all experienced cold draw necking within the gauge
length. The lower properties of LDPE explicitly showcase the reinforcement properties of

natural fibers.
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Figure 4.8 Representative stress versus strain curve for both HDPE and LDPE. HDPE demonstrates a
greater tensile strength and ultimate tensile strength after which the specimen necks due to chain
alignment at low strain rates where by the specimen does not break unlike LDPE which fractured.

From the representative biocomposite samples (the stress strain curves shown in
Figure 4.9 and Figure 4.10), an increase in fiber content resulted in both an increase in
modulus and strength. However, the addition of natural fibers also reduced the ductility of
the material. At low fiber fraction, wood pulp decreased ductility more than hemp fiber.
However, at higher fiber fraction where significant reinforcement was observed, hemp fiber
was more detrimental to biocomposite ductility than wood pulp. Overall, LDPE reinforced
with either hemp fiber or wood pulp demonstrate greater ductility than HDPE variations;
opposite of the properties without fiber reinforcement (as can be seen in Figure 4.8). The
matrix deformation mode should be considered when selecting a biocomposite for an

application.
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Figure 4.9 Representative engineering stress versus strain curves for low density polyethylene
biocomposites a) hemp fiber and b) wood pulp reinforced. Increase in fiber content leads to an
increase in tensile modulus and strength at the expense of loss of ductility.
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Figure 4.10 Representative engineering stress versus strain curves for high density polyethylene
biocomposites a) hemp fiber and b) wood pulp reinforced. The change in fiber content from low to
medium results in an increase in elastic modulus but with a decrease in ductility.

The overall ductility was compromised with the addition of natural fibers, most significantly
observed for HDPE variations. Although general comparisons can be made with stress strain

curves, all quantifiable comparisons of properties shall be assessed with respect to volume

fraction of fiber.
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4.3.2 MoDULUS

An increase in fiber volume fraction resulted in an increase in modulus for all LDPE and HDPE

biocomposite variations as illustrated in Figure 4.11. Incremental increases in wood pulp

resulted in a proportional increase in elastic modulus, whereas, the addition of hemp fiber

had an exponential effect on the modulus. Overall hemp fiber types contributed to a greater

increase in biocomposite elastic modulus due to higher fiber elastic modulus than wood pulp.

For all material volume fractions, the fibers’ elastic modulus dominated the interaction

between fiber and matrix by synergistically adding to the overall composite properties. The

addition of natural fiber reinforcement had a greater effect in the matrix with a lower elastic

modulus due to the difference in individual properties. This phenomenon was demonstrated

even more pronouncedly in yield strength and ultimate strength.
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Figure 4.11 Tensile Modulus as a function of fiber volume fraction for LDPE (unfilled symbols) and
HDPE (filled symbols). Increase fiber content translates into an increase in tensile modulus. The colors
designate the relative amount of fiber content as reported.

91



4.3.2.1 Impact of Water Absorption on Modulus

Normalized tensile modulus demonstrates an exponential decay as a function of immersion

time as illustrated in Figure 4.12. The extent of the decay is dependent on fiber type and fiber

fraction. Hemp fiber in both LDPE and HDPE experienced a minimum normalized modulus at

approximately 22% even though the two variations differ by 4 vol % of fiber. Wood pulp

reinforced variations did not demonstrate a uniform minimum rather continued to

experience a loss in modulus even after 6552 hours.
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Figure 4.12 Tensile modulus as a function of water immersion time for all material variations.
Observed continued decline after 168 hours immersion in modulus. The colors designate the relative
amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium =
blue and target 45 wt% high = purple.

The longer a material was immersed in water the more water became absorbed within its

structure as illustrated in Figure 4.6. Modulus of LDPE and HDPE did not change with

increased immersion time, and neither matrix absorbed quantifiable amounts of water seen
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in Figure 4.6 and Figure 4.13. The mass gain was attributed to water absorbed by the natural

fiber which negatively impacted the fibers ability to resist load [12].
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Figure 4.13 Tensile modulus versus absorbed water for all material variations. Increased mass gain led
to decreased modulus, to varying degrees, in all biocomposite formulations. The colors designate the
relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt%
medium = blue and target 45 wt% high = purple.

For all durations of water immersion, the biocomposites variations demonstrated a greater
modulus than the virgin matrix material. Therefore, even though the biocomposite has
absorbed water, the natural fibers contribute to a greater specimen modulus compared to
the virgin material. The effect of fiber contribution is more evident in LDPE matrix, since
HDPE possess higher modulus than LDPE.

All biocomposite material variations experienced a near linear decrease in modulus
with an increase in water absorbed with the exception of HH45 and LH45 which experience
plateaus after 12% water absorbed, as illustrated in Figure 4.13. Hemp fiber in both LDPE and

HDPE experienced a minimum normalized modulus at approximately 22% even though the
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two variations differ by 4 vol % of fiber. Wood pulp reinforced variations did not demonstrate
a uniform minimum rather continued to experience a loss in modulus with increased
absorbed water. The magnitude in the change of modulus was correlated with the fiber
content of the material variations. Hemp fiber reinforced biocomposites showed a greater
change in tensile modulus than wood pulp reinforced specimens in Figure 4.13. The hemp
fiber reinforced HDPE biocomposites (HH) experienced the greatest change in modulus with

water absorption.

4.3.2.2 Normalized Modulus

A universal correlation has been discovered between the change in normalized modulus,
calculated by equation 3.7, relative to the percentage of water absorbed independent of
matrix type and fiber type at all volume fractions. The exponential decay for normalized
tensile modulus and percent mass gain is illustrated in Figure 4.14 with the mathematical

equation to model the behaviour provided in Equation 4.8. Regression analysis yielded an R?

equal to 0.96.
% Normalized Tensile Modulus = 100e -0.1048 *Percent Mass Gain (4.12)
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Figure 4.14 Exponential decay, Equation 4.8 (dashed line), of normalized tensile modulus and percent
mass gain of water for all biocomposite variations
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A limit is observed at approximately 23% normalized tensile modulus in Figure 4.14. This limit
is evidence that there is a limit to the extent of degradation of mechanical modulus of natural
fibers. At this limit, the moduli of the biocomposite variations are still greater than the virgin
polymer modulus/biocomposite dry modulus. Properties of the biocomposite greater than
the virgin material provides evidence that even with absorbed water, the natural fibers

provide some level of reinforcement to the polymer for both HDPE and LDPE.

Another limit of maximum degradation of modulus is observed for HH30 (blue filled
diamond) at approximately 33% tensile modulus in Figure 4.14. Although the limits are
similar, they are not identical because the proportion of natural fibers within the
biocomposite which experience water absorption is lower for HH30 than HH45. It is only the
proportion of natural fibers exposed to water which degrade. It is proposed that the
maximum degradation observed for modulus is fiber content dependent since the extent of
the fibers accessible to water is a function of fiber content, for further explanation reference

section 5.1.1.

Further research is required into the degradation of short natural fiber mechanical properties

in an immersion environment for biocomposite applications.

4.3.2.3 Back Calculated Fiber Modulus
The back calculated (or “in-situ”) fiber modulus was calculated to determine the effect of
water exposure on the intrinsic fiber properties over time. This in-situ property was
calculated using the “Rule of Mixtures” as described in equations 4.13 to 4.15.
E.=EfVi+EpnVy, (4.13)

Substitute Equation 4.3 for Vi,

E.=EfV;+Ep(1 — Vj) (4.14)

Rearrange equation 4.14 to solve for fiber modulus, E.

Ec—Ep
Ey = =522+ B (4.15)

The back calculated fiber modulus for all material variations is shown in Figure 4.15 for
both dry (0 hours) and water immersion (6552 hours) conditions. The back calculated fiber
moduluswas found to be affected by the matrix type, as there was a smaller change observed

in the hemp and wood pulp modulus for LDPE compared to HDPE. Hemp demonstrates a
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greater fiber modulus than wood pulp in HDPE at each given fiber content. Uniform fiber
modulus was not observed for LH and HH material variations, as an increase in fiber modulus
was seen with increased fiber content. Therefore it is likely that fiber molding orientation
impacts the in situ fiber modulus. As more fiber content is added the more aligned the fibers

become in the mold. For wood pulp in a dry state a relatively uniform fiber modulus was

observed.
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Figure 4.15 The average load carrying capability of the natural fibers by volume fraction of fiber at time
0 (light blue) and after 6552 hours (dark blue) for all material variations. For all variations except
HW15, exposure time in an immersion environment resulted in a decrease in in situ fiber modulus.

For high fiber contents, the in situ fiber modulus after exposure to water was distinctly lower

than the dry condition. Hemp fiber experienced a greater drop in fiber modulus than wood

pulp.
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4.3.3  YIELD STRENGTH

The addition of natural fiber resulted in a slight increase in properties for all biocomposite

variations except for wood pulp reinforced HDPE (HW), as shown in Figure 4.16. The

reinforcement effect of natural fibers was more predominant in LDPE due to the LDPE’s

lower tensile yield strength. However, additional strength provided from the natural fiber

plateaus at a specific volume fraction of fiber for both hemp and wood pulp fiber types. For

hemp fiber, the maximum reinforcement effect was experienced at fiber loading fraction of 18

vol% in LDPE and 20 vol% in HDPE. With respect to wood pulp in HDPE, the addition of fiber

did not change the tensile yield strength at any given fiber volume fraction. Therefore the

tensile yield strength of wood pulp is approximately equal to tensile yield strength of HDPE.
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Figure 4.16 Tensile yield strength as a function of fiber volume fraction for LDPE (unfilled symbols)

and HDPE (filled symbols). Natural fibers provide additional strength to the biocomposite for all

variations except wood pulp reinforced in high density polyethylene, HW.
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4.3.3.1 Impact of Water Absorption on Yield Strength

All material variations, except HW15, experienced an exponential decay with increased
immersion time as shown in Figure 4.17. The greater the fiber content the more severe the
loss in normalized tensile yield strength was observed. Not only was the loss in property
more severe with increase fiber content but also the rate of decline. For example, HH45 and
HH30 after 6552 hours approximately lost the same relative magnitude in tensile yield
strength however the higher content biocomposite, HH45 took a reduced amount of time to

reach its minimum.
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Figure 4.17 Yield strength as a function of water immersion time for all material variations. Tensile
yield strength declines with immersion time.

A linear universal correlation has been discovered between the change in yield tensile
strength relative to the percentage of water absorbed. For all biocomposite variations, an

increase in water absorbed resulted in degradation of tensile yield strength. The more the
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natural fiber contributed to the tensile yield strength, the more drastic the effect absorbed

water degraded the strength. Therefore, the magnitude of decrease in yield strength is related

to the loss of fiber yield strength caused from water absorption (amount of moisture

absorbed and the volume fraction of fibers). Water absorption is linearly related to

mechanical property degradation. For LDPE, the tensile yield strength doesn’t degrade below

the virgin polymer for both wood pulp and hemp fiber. However, for HDPE variations, the

biocomposite tensile yield strength decreases below virgin polymer HDPE with a minimal

amount of water absorbed. This trend is attributed to the initial minor contribution of natural

fibers to overall biocomposite strength.
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Figure 4.18 Tensile yield strength verses percent water absorbed for all material variations. Tensile
yield strength decreases as the percent mass gain of water increases. The colors designate the relative
amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium =
blue and target 45 wt% high = purple.
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4.3.3.2 Normalized Yield Strength

To assess the relative change in tensile yield strength due to water absorption the normalized
tensile yield strength were calculated by equation 3.7, and graphically represented in Figure
4.19. The degradation of each biocomposite variation collapses onto a linear relationship
defined in Equation 4.9. Therefore, no matter the fiber content the properties change linearly

with exposure to water immersion compared to its original state.

% Normalized Tensile Yield Strength = 100 - Percent Mass Gain*3.06 (+0.04) (4.16)
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Figure 4.19 Linear relationship, Equation 4.9 (dashed line), of normalized tensile yield strength and
percent mass gain of water for all biocomposite variations. The colors designate the relative amount of
fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium = blue and
target 45 wt% high = purple.
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4.3.4 ULTIMATE TENSILE STRENGTH

The addition of natural fibers did not contribute to an increase in biocomposite ultimate
tensile strength (UTS), as seen in Figure 4.20. In some cases, HW variation, the addition of
natural fibers decreased the biocomposites’ ultimate tensile strength. The lack of additive
reinforcement may be due to a poor interface to transfer the load from the matrix to the fiber
or decreased fiber in situ properties due to fiber orientation, distribution and dispersion.
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Figure 4.20 Ultimate tensile strength as a function of fiber volume fraction for LDPE (unfilled symbols)

and HDPE (filled symbols). No increase observed in UTS with the addition of natural fibers. The colors

designate the relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target
30 wt% medium = blue and target 45 wt% high = purple.

4.3.4.1 Impact of Water Absorption on Ultimate Tensile Strength
Hemp fiber reinforced biocomposites compared to wood pulp reinforced biocomposites
experienced a greater decline in both ultimate tensile strength and yield strength with

immersion time. The effect of immersion time on ultimate tensile strength was dependent on
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both matrix and fiber content as shown in Figure 4.21. LW variations barely experienced a
decline, and an increase in ultimate tensile strength was observed for LW30. For LDPE
variations, only the highest fiber contents demonstrated a loss in ultimate tensile strength. A
decline in ultimate tensile strength was observed for all HDPE variations with the exception

of HW15. The greatest decrease in UTS was observed for the highest fiber fraction for both

hemp fiber and wood pulp.
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Figure 4.21 Ultimate tensile strength as a function of water immersion time for all material variations.
Continued decline of ultimate tensile strength after 168 hours immersed. The colors designate the
relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt%
medium = blue and target 45 wt% high = purple.

The virgin matrix materials, LDPE and HDPE, do not absorb water and therefore the duration
of immersion does not impact ultimate tensile strength. The extent of biocomposite property
degradation approximates the contribution from only the matrix since the matrix’s properties

do not degrade with exposure to an immersion environment. Both virgin materials
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demonstrate superior ultimate tensile strength (UTS) properties compared to their
respective reinforced biocomposites. Since HDPE possess a greater ultimate tensile strength
than LDPE, the magnitude of property loss with water absorbed in the natural fibers was
greater for these specimens, as seen in Figure 4.22. The decline in UTS has been attributed to
both inferior properties of the natural fiber, as well as a decrease in the natural fibers

ultimate tensile strength due to absorbed water.

a) LH b) HH
E 20 1 20—‘
=
= ®
£
5 2,
g ®
@ 15 15 *
- l ®
(2]
XY
© % &
[u]
E %
5 104 § & D & 10+
® @
0 3 6 9 12 15 18 0 3 6 9 12 15 18
c) LW d) HW
@ 20 20 1
o
< i
=
g) ﬁ
@
= 15 ®
o i Bl go
% l
|l = @ ) ‘
[0}
= 10 4 (b
E
5 10
5- T T v T T T T T T T T 1 T T T T T T 1
0 3 6 9 12 15 18 0 3 8 9 12 15 18
Percent Mass Gain [%] Percent Mass Gain [%]

Figure 4.22 Ultimate tensile strength versus percent water absorbed for all material variations a)
hemp reinforced LDPE, b) hemp reinforced HDPE, c) wood pulp reinforced LDPE and d) wood pulp
reinforced HDPE. Ultimate tensile strength decreases as the percent mass gain of water increases to a
greater extent for HDPE based biocomposites than LDPE based. The colors designate the relative
amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium =
blue and target 45 wt% high = purple.

For LH45 and HH45, the reinforcement contributions from the natural fiber to the
biocomposites’ ultimate tensile strength are lost after long immersion. The loss additional
strength provides evidence that the water absorbed has impacted the majority of natural

fibers present within the biocomposite. For HW variations the materials properties are so

103



much less than the contribution of the matrix only, therefore the addition of natural fibers
actually hinders the polymers ability to withstand load, therefore the areas of fiber inclusion
act as stress concentrators and therefore decrease the ultimate tensile strength to values

significantly less than the matrix material.

4.3.4.2 Normalized Ultimate Tensile Strength

With respect to UTS, fiber had a negligible impact on additional strength since the virgin
polymer demonstrated greater properties. Therefore, the impact of water absorption of the
fiber is less prevalent than tensile strength and modulus since the matrix material was the
predominant contributor. Although the magnitude of degradation is dependent on the
magnitude of the virgin materials strength, the normalized decrease in properties is

proportional as seen in Figure 4.23. The normalized UTS was calculated by equation 3.7.
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Figure 4.23 Linear relationship, Equation 4.10 (dashed line), of normalized ultimate tensile strength
and percent mass gain of water for all biocomposite variations. The colors designate the relative
amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium =
blue and target 45 wt% high = purple.
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The normalized ultimate tensile strength for each biocomposite collapses onto a generic
linear correlation of degradation, Equation 4.10. The equation models how the proportional

properties degrade with water absorption to a 95% confidence interval.

% Normalized UTS = 100 - Percent Mass Gain*1.82 (+0.08) (4.17)
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4.3.5 ELONGATION AT BREAK & TOUGHNESS3

Elongation at break and toughness are indicative of a materials capability to resist change in
shape without crack formation measured by relative change in dimensions, and total energy
absorbed up to failure, respectively [16]. Both factors are indicators for either a ductile or
brittle dominated fracture mode. Elongation at break was measured directly from the stress-
strain responses while toughness (or strain energy) was defined as the area under the stress-
strain curve.

For all biocomposite variations an increase in fiber volume fraction resulted in a
decrease in both elongation at break. Figure 4.24, and toughness, Figure 4.25. Virgin HDPE
did not fracture at the selected stain rate within the load frame extension unlike LDPE which
eventually failed in a ductile manner, see section 4.5.3 fracture morphology. The drastic
change from virgin polymer to fiber reinforced biocomposite filled fractions for both
elongation at break and toughness demonstrate that the addition of natural fiber caused the
material to transition from a ductile failure mode to brittle failure mode with natural fibers
present. The effect of natural fiber on both elongation at break and toughness is more

pronounced for HDPE than LDPE.

3 Toughness values were assessed from the area under the stress strain curve, which is not typically the test
method utilized to report toughness. Therefore, the results are a general representation of how toughness changes
with increased fiber volume fraction and immersion time.
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Figure 4.24 Elongation at break as a function of fiber volume fraction for LDPE (unfilled symbols) and
HDPE (filled symbols). Increased fiber content results in a decrease in ductility represented by
elongation at break. The colors designate the relative amount of fiber content, none (control) = grey,
target 15 wt% low= green, target 30 wt% medium = blue and target 45 wt% high = purple.

Although toughness is not typically determined from the area under the tensile stress
strain curve, it does provide a measure of the materials’ general ability to absorb energy. The
addition of natural fibers yielded a decrease in toughness. HDPE experienced the greatest
change in toughness with the addition of either of natural fiber types. The relative quantity of
fiber had minimal impact on toughness, rather just the addition of fiber decreased the

material toughness.
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Figure 4.25 Toughness as a function of fiber volume fraction for LDPE (unfilled symbols) and HDPE
(filled symbols). The addition of natural fibers results in a sharp decrease in tensile toughness. The
colors designate the relative amount of fiber content, none (control) = grey, target 15 wt% low= green,
target 30 wt% medium = blue and target 45 wt% high = purple.

It is recommended that another test method Izod [17], Charpy [18] or Tensile Impact
Resistance [19] be utilized to assess impact resistance as a measure of material toughness.
Typically, indications of material toughness of biocomposites are difficult to assess due to the
heterogeneity and structure of the material. Data typically obtained with the above
mentioned test methods result in similar data scatter [6]. Therefore, the results within this

section are indicative of global changes in toughness.

4.3.5.1 Impact of Water Absorption on Elongation at Break & Toughness

For the previously explored mechanical properties, modulus, tensile yield strength, and
ultimate tensile strength, the water immersion did not affect the virgin materials properties.
Only for LDPE, a slight decrease in elongation after 6552 hours immersed as observed in

Figure 4.26. A corresponding increase in toughness of LDPE was not observed. Both
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elongation at break and toughness demonstrate significant scatter in the data. Due to the
natural scatter in data, both properties have been assessed concurrently to draw conclusions
about the materials’ response to water absorption. The same analysis for HDPE cannot be
conducted between elongation at break and toughness since the virgin specimens did not
break at the designated strain rate and maximum elongation limited by the testing
equipment. For the same reason, the toughness to failure could also not be compared for

HDPE.
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Figure 4.26 Elongation at break (left) and Toughness (right) of LDPE as a function of immersion time.
No observed trends were observed for LDPE in either elongation at break or toughness due to the
scatter in the data. HDPE results are not reported as the virgin material did not fracture.

Natural fiber reinforced biocomposites showed a minimal change in ductility after exposure
to water immersion environment as shown from both elongation at break and toughness as

shown in Figure 4.27and Figure 4.29.
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Figure 4.27 Elongation at break as a function of water immersion time for all material variations.
Duration of immersion does not alter the elongation at break.
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Figure 4.28 Toughness as a function of water immersion time for all material variations. Duration of
immersion does not alter the biocomposite toughness.
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HDPE biocomposites demonstrated a slight increase in elongation at break with an increased
water absorbed as shown in Figure 4.29. The increase in ductility was more evident in hemp
fiber than wood pulp. Negligible changes in toughness were observed between natural fiber

types within each matrix type as well as between HDPE and LDPE as shown in Figure 4.30.
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Figure 4.29 Percent water absorbed verses elongation at break for all material variations. A slight
increase in elongation at break was observed for medium (blue) and high (purple) fiber contents in
HDPE; otherwise no trend is observed.
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Figure 4.30 Toughness of each material variation with respect to water absorbed. No observed change
in biocomposite tensile toughness with water immersion. The colors designate the relative amount of
fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium = blue and
target 45 wt% high = purple.
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4.3.5.2 Normalized Elongation at Break and Toughness

The normalized properties were calculated by equation 3.7. A general increase in ductility via
normalized elongation at break was observed with an increase in water absorption for all
fiber reinforced biocomposites shown in Figure 4.31. The magnitude of elongation at break is
dominated by polymer matrix properties and is hindered by the addition of natural fibers.
Therefore, as the natural fibers absorb water, the biocomposite gains ductility as outlined in
Equation 4.11 (at 95% confidence interval).

% Normalized Elongation at Break = 100 + Percent Mass Gain*9.47 (+0.26) (4.18)
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Figure 4.31 Normalized elongation at break relative to percent mass gain from water immersion, with
Equation 4.11 graphed (dashed line). Linear increase in ductility with absorbed water without an
observed increase in toughness. The colors designate the relative amount of fiber content, none
(control) = grey, target 15 wt% low= green, target 30 wt% medium = blue and target 45 wt% high =
purple where filled are HDPE variations and unfilled are LDPE.

Biocomposite toughness was not affected by water absorbed within the material, as shown in
Figure 4.31. Generally, the HDPE variations showed a decline from the control (no immersion
sample) compared to LDPE which demonstrated a slight increase in toughness with water

absorbed. Therefore, no mathematical model relationships were developed.
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4.4 REVERSIBILITY OF MECHANICAL DEGRADATION

The extent of reversible versus irreversible loss in mechanical properties caused by water
absorption for design purposes is explored in this section. Specimens immersed for 6552
hours, maximum immersion exposure, were dried for up to one week and mechanically
tested to assess the materials’ ability to reverse the effects of water absorption. The
assessment of mechanical properties in a dried state after prolonged water immersion
determines if losses in mechanical properties are recoverable or whether permanent damage

has occurred.

4.4.1 MoDULUS Loss

For tensile modulus, the virgin matrix materials for both LDPE and HDPE demonstrated slight
mass loss with approximate full recovery of tensile modulus. No substantial difference was
observed between how the fibers respond in LDPE versus HDPE. With respect to fiber type,
wood pulp experienced less permanent degradation in modulus than hemp fiber reinforced
biocomposites. A possible theory to explain the difference in response is chemical
components, such as hemicellulose and extractives, in hemp fiber were hydrolyzed during
immersion resulting in permanent degradation in the fiber modulus. Since wood pulp has
been chemically refined by the pulping process to be cellulose, the same extent of degradation
was not observed. Both fibers experienced a loss in modulus due to surface fiber loss during
water immersion as explained in section 5.3. For all variations the magnitude of permanent

degradation of modulus increased with increasing fiber volume fraction.
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Figure 4.32 Normalized tensile modulus of specimens dried after 6552 hours of immersion, where grey

is virgin, blue represents 15 wt%, green represents 30 wt% and purple represents 45 wt%. Permanent

degradation in tensile modulus after prolonged immersion correlated with an observed mass loss. The

colors designate the relative amount of fiber content, none (control) = grey, target 15 wt% low= green,
target 30 wt% medium = blue and target 45 wt% high = purple.
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4.4.2 TENSILE YIELD STRENGTH L0OSS

The permanent degradation was not as significant for yield strength compared to tensile
modulus. For wood pulp, there was negligible degradation of tensile strength as the
properties for all fiber fractions exhibited almost complete recovery to their original state
post-drying. In the case of hemp fiber, a pronounced effect was observed at high fiber fraction
with increased mass loss. Therefore, the degradation of property can be correlated to mass

loss of the biocomposite.
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Figure 4.33 Normalized tensile yield strength of specimens dried after 6552 hours of immersion,
where grey is virgin, blue represents 15 wt%, green represents 30 wt% and purple represents 45 wt%.
Permanent degradation observed in tensile yield strength for hemp fiber reinforced specimens. The
colors designate the relative amount of fiber content, none (control) = grey, target 15 wt% low= green,
target 30 wt% medium = blue and target 45 wt% high = purple.
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4.4.3 ULTIMATE TENSILE STRENGTH L0OSS

Absorbed water had minimal impact on biocomposite ultimate tensile strength properties.
Therefore, the recovery of loss in ultimate tensile strength were also minimal. The exceptions
were two high hemp fiber content variations, LH45 and HH45 which experienced a noticeable
permanent loss of ultimate tensile strength. The inability to recover original dry properties of

the biocomposite is attributed to the fiber mass loss experienced after 6552 hours of

immersion.
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Figure 4.34 Normalized ultimate tensile strength of specimens dried after 6552 hours of immersion,
where grey is virgin, blue represents 15 wt%, green represents 30 wt% and purple represents 45 wt%.
Permanent degradation in the ultimate tensile strength for hemp fiber reinforced specimens is
observed; no significant change for wood pulp reinforced specimens is observed. The colors designate
the relative amount of fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt%
medium = blue and target 45 wt% high = purple.
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4.4.4 ELONGATION AT BREAK & TOUGHNESS LOSS

The ductility of all immersed and re-dried biocomposites increased compared to the original
specimens, independent of any mass change. LDPE type biocomposites more readily
recovered ductility as it is more matrix dependent since the matrix can deform around the
natural fibers more easily compared to HDPE type biocomposites. Wood pulp fibers

experienced a less significant change than hemp fiber variations.
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Figure 4.35 Normalized elongation at break of specimens dried after 6552 hours of immersion, where
grey is virgin, blue represents 15 wt%, green represents 30 wt% and purple represents 45 wt%. Water
immersion environment resulted in increased ductility. The colors designate the relative amount of
fiber content, none (control) = grey, target 15 wt% low= green, target 30 wt% medium = blue and
target 45 wt% high = purple.
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The toughness of all biocomposites rebounded well after prolonged water immersion. The
wood pulp reinforced biocomposites had little to no differences, whereas the hemp fiber
reinforced materials showed some variation, especially the higher hemp fiber fraction

materials as these specimens experienced mass loss compared to the other material

variations.
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Figure 4.36 Normalized toughness of specimens dried after 6552 hours of immersion, where grey is
virgin, blue represents 15 wt%, green represents 30 wt% and purple represents 45 wt%. Negligible
changes in toughness observed with the exception of LH variations which gained additional toughness.
The colors designate the relative amount of fiber content, none (control) = grey, target 15 wt% low=
green, target 30 wt% medium = blue and target 45 wt% high = purple.

The variation in mass loss due to water absorption for wood pulp reinforced specimens was
minimal as were the changes to both the tensile toughness and elongation at break. Overall
both toughness and elongation at break demonstrated an increase in ductility for composites

immersed for 6552 hours then re-dried.
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4.5 FRACTURE MODE ASSESSMENT

Investigation of the fracture surface provides insight into the physical processes involved
when the material is damaged and fails [1]. Observations reveal information such as failure
mode (ductile or brittle), direction of failure, and potentially the composition of constituents
at the fracture surface. Composite materials, however, pose some difficulty with
distinguishing each constituent and their interactions in the failure process. Biocomposites
are even more complicated to assess due to the natural variation in fiber length and diameter,
along with the random orientation from injection molding. Each matrix and natural fiber has
been thoroughly studied, and representative images of fracture surfaces are displayed in

Figure 4.37, Figure 4.38 and Figure 4.39.

4.5.1 POLYMER

Virgin LDPE and HDPE mechanical properties are unaffected by water immersion. Since
virgin HDPE did not fail in tension at the controlled strain rate, a comparison between the
two polymer fracture surfaces was conducted on low fiber fill fraction before immersion, as
shown in Figure 4.37. HDPE illustrates both smooth bundles of polymer strands, as well as a
dimpled surface due to failed attempts to form chain alignment under stress. Whereas LDPE
illustrates long wave like morphology from the polymer recoiling from the fracture. LDPE
displays greater ductility than HDPE due to the wavy polymer strands indicating elastic recoil
from plastic deformation in Figure 4.37. Therefore, the presence of natural fibers within
HDPE disrupts the preferred method of deformation under stress causing a brittle fracture

mode around a fiber and a ductile fracture mode when chain alignment is not disrupted.

a) LH15 (6.8) __ b) HW15(9.0)

Figure 4.37 Ductile fracture surface for both a) LDPE and b) HDPE near a reinforcing fiber.
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Polyethylene is intrinsically ductile at room temperature; therefore the fracture mode is
ductile with chain alignment to a shear tearing of the material. The fracture mode transitions
to a more brittle response when the natural fibers disrupt the matrices ability to elastically

deform, as shown in b of Figure 4.37.

4.5.2 FIBER

The fracture mode of fibers within the biocomposites were investigated before and after
water immersion as well as dried after maximum immersion, Figure 4.38. In contrast, a slight
change in fiber failure mode is observed. Water absorption changes the fibers’ failure mode
from ductile, flat cleavage surface, to a ductile mode with fiber bundles pulled out from the
bulk of the material. The effect is more pronounced with hemp fiber. For hemp, some of the
ductile fracture mode is retained even after the specimen is dried. This evidence indicates
that there is a change in hemp fiber properties after water immersion. These conclusions are

also supported by the mechanical properties.

Images displayed in Figure 4.38 were taken within the bulk of the material and therefore
depict how the interior fibers are changing; a more extreme change could have been seen at
the fibers closer to the perimeter of the fracture cross section. Also, due to the extensive fiber
processing it is possible that the fiber fracture mode illustrated is at the end of the fiber and
has exposed the damage from the fiber processing rather than the fracture mode from

mechanical testing.
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Image not taken

Wood Pulp

Figure 4.38 Fiber fracture surfaces at different stages with regards to water immersion a) before
exposure, b) after exposure c) exposed and dried.

4.5.3  BIOCOMPOSITE

A macro view of the biocomposite fracture surface in LDPE was investigated and displayed in
Figure 4.39. The lowest fiber fill fraction was selected for this analysis to aid in the visual
differentiation between natural fibers within the polyethylene matrix. LDPE fractures in a
ductile mode based on the wavy ripple and ridge morphology as a result of recoiled fibril
features after fracture. After one month of water exposure, LDPE demonstrated increased
ductility with additional ductile strands attached to the ductile fracture surface. This ductile
fracture mode of LDPE is also prevalent within the biocomposite structure and was retained

after exposure to water immersion.
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a) LDPE

b) LH15

¢) LW15

Figure 4.39 Fracture surface at 0 hours and 672 hours of immersion for a) LDPE, b) LH15 and c) LW15
where the white arrows identify the matrix and the black point to the natural fiber. LDPE changes from
ductile to brittle with addition of natural fiber, however, when immersed in water, LDPE plasticizes as
shown by smoother ductile surfaces elongated in multiple directions compared to the rough fibril
surfaces observed when dry.

Micrographs of hemp fiber reinforced LDPE prior to immersion (Figure 4.39) showed
evidence of clean brittle fracture of the fiber. After one month of water immersion, the same
fracture mode cannot be observed rather the hemp fiber fracture morphology was wavy as a

result of tearing due to increased ductility from the immersion environment. Wood pulp
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experienced the same change in fiber fracture morphology as hemp, although to a lesser

extent.

Both the mechanical results and the micrograph analysis support the conclusion that
the natural fiber response transitions from a brittle mode of fracture to a more ductile mode
of fracture after exposure to moisture. The micrograph of the fracture surfaces support the
trend that increased water absorption decreases the natural fibers’ ability to resist load and

therefore a shift in fiber fracture mode is observed from brittle to more ductile.
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4.6 SUMMARY

Determination of Volume Fraction

The assumption that the targeted weight fraction of fiber is equivalent to the actual
manufactured fraction was challenged. The fiber content in the manufactured biocomposites
differed from the targets amount. Nitrogen gas pycnometry has proven to be an accurate and
precise non-destructive technique to assess fiber [20], matrix and biocomposite density. The
densities were then used as a means to verify the manufactured weight and volume fraction
of fiber. To eliminate variation in measurement caused by variations in manufacturing
processes, the final injection molded samples were used to determine matrix and

biocomposite densities.

Fiber density was assessed as an extent of fiber processing to determine the possible change
in fiber density during the manufacturing process. Mixing and forming processed have been
shown to reduce fiber dimensions. Freezer milled was used as the worst case scenario to
expose the maximum closed pore volume to the nitrogen gas in the pycnometer. The
difference between freezer milled, fine fiber structure and the fiber form feed into the
extruder was minimal compared to the difference between raw feedstock fiber and freezer
milled. Fiber density is dependent on the form of fiber and therefore literature values are
suggested to be used as an approximation rather than an accurate value. Furthermore,
depending on the magnitude in difference between densities of fibers, comparison between

fiber types may be misleading.

These results suggest that fiber content verification of all manufactured biocomposites
should be completed for comparable results within the same study as well as for usability

between studies.

Water Absorption of Tensile Specimens

From initial analyses of water absorption of tensile specimens, hemp-fiber-reinforced
biocomposites were able to absorb more water than wood-pulp-reinforced composites. For
all material variations, an increase in fiber volume fraction and immersion time corresponds
to an increase in absorbed water. Material variations with higher hemp fiber contents
absorbed water to a maximum and underwent a small drop. The wood pulp variations all

absorbed similar quantities at comparative rates and magnitudes; the same is not true for
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hemp fiber reinforced variations. Ultimately, a greater fiber volume and a longer immersion

time corresponded to increased water absorption for all biocomposite variations.

Mechanical Properties

The addition of fiber types, wood pulp and hemp fiber, resulted in increased modulus and
strength with a correspondent decrease in elongation at break and toughness. The
reinforcement effects of the natural fibers were more pronounced in LDPE than HDPE, due to
the lower modulus and strength of LDPE. The same trends with the addition of fiber were

observed for HDPE albeit to a lesser extent.

The mechanical properties of the biocomposites degrade with exposure to a water immersion
environment. A relationship definitive relationship between the degraded mechanical
property and immersion time does not exist. However there is a clearly defined relationship
between the percentage of a normalized mechanical property and the percentage of water
absorbed with the exception of toughness. All of the biocomposite variations collapse onto
the same relationship for each property, as shown in Figure 4.40. Mechanical strength, yield
and ultimate, degrade linearly with absorbed water whereas the ductility increases linearly.
Tensile modulus degrades exponentially with increased absorbed water. Therefore, the
extent of mechanical degradation due to water absorption is based on both the original
mechanical property and the relative amount of water absorbed. The predictive

degradation equations 4.7 to 4.10 graphed in Figure 4.40 are re-written:

% Normalized Tensile Modulus = 100e -0-1048 *Percent Mass Gain (4.7)
% Normalized Tensile Yield Strength = 100 - Percent Mass Gain*3.06 (£0.04) (4.8)
% Normalized Ultimate Tensile Strength = 100 - Percent Mass Gain*1.82 (+0.08) (4.9)
% Normalized Elongation at Break = 100 + Percent Mass Gain*9.47 (+0.26) (4.10)
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Figure 4.40 Overview of all the normalize mechanical properties as a function of water absorbed, a)
Modulus, b) yield tensile strength c) elongation at break and d) ultimate tensile strength. The
degradation of mechanical properties are dependent on the water absorbed within the specimen for all
material variations.

Reversibility of Mechanical Degradation

Permanent damage to biocomposite materials was caused by long-term exposure to
water immersive environments. Minor differences in recovery of each property was observed
between variations. A correlation exists between the extent of mass loss after immersion and
irreversible loss of properties. Wood pulp variations underwent less modulus degradation
than hemp-fiber-reinforced samples. A reasonable explanation is since wood pulp has already
been chemically treated and purified compared to hemp fiber which still has extractive water
soluble components. Further work should be conducted to assess the relationship with loss of

property and mass loss of the biocomposite.
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Fracture Mode

The addition of natural fibers reduces biocomposites’ ductility due to the disruption in the
polymer network of the matrix. The micrographs illustrated how the matrix material deforms

around the natural fibers.

The fracture morphology of the biocomposites before and after water immersion illustrates
the transition of fracture mode of the natural fiber from brittle to ductile. Therefore the water
absorbed by the biocomposite disrupts the natural fibers structure and therefore its failure

mode.

Impact

Empirical equations were developed to predict the extent of the change in modulus, yield
strength, ultimate strength and elongation at break relative to the percent magnitude of
water absorbed into the material. The relationships developed for each property were
independent of both matrix and fiber type, as all the biocomposite variations collapsed onto
the same relationship.

Currently, predictive water absorption models only predict the first 100 hours
immersed. Significant changes in mechanical properties are observed after the 100 hours as
illustrated in Figure 4.12, Figure 4.17, Figure 4.21 and Figure 4.27. Since the prediction in loss
of mechanical properties has been directly attributed to the quantity of water absorbed, as
shown in Figure 4.40 a model must predict quantity of water absorbed. A long term water
absorption predictive model has been developed in Chapter 5 to enable designers to predict

mechanical properties.
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5. PHENOMENON, MECHANISM AND PREDICTIVE WATER
ABSORPTION MODEL IN BIOCOMPOSITES

As examined in Chapter 4, absorbed water has a detrimental impact on biocomposite
mechanical properties. The time dependent water absorption was examined to determine a
predictive absorption model. Motivation for investigation is borne from the fact that current
models do not account for long term water absorption as demonstrated in section 2. A
multitude of experimental techniques were used to identify critical absorption factors and
quantify their impact on long term water absorption. A new mathematical model of water
absorption is proposed for a variety of biocomposites. The proposed model predicts water
absorption behaviour from all material variations and specimen types analyzed in this work.
The predicted model parameters are dependent on three parameters: 1) fiber volume
fraction, 2) fraction of surface accessible fiber surface area, and 3) initial diffusion coefficient.
The new mathematical model fits the data extremely well with R%por ranging from 0.96 to

1.00 due to the addition of an additional new term to account for fiber loss upon immersion.
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5.1 VISUAL CHARACTERIZATION OF BIOCOMPOSITES

Factors that influence the biocomposite response to water immersion which had been
identified by UV Macrophotography and Scanning Electron Microscopy (SEM) techniques
were used to assess the location of absorbed water, the location of fiber within the matrix,
respectively. The UV water soluble dye acted as a visual marker for tracing the location of
absorbed water as shown in Figure 5.1. The UV dye was absorbed into the natural fibers
accessible at the biocomposite surface (i.e., fibers intersecting the specimen surface and open
to the immersion environment). Factors affecting absorption include: 1) matrix type, 2) fiber
content, 3) fiber dispersion, 4) fiber distribution and 5) flux of UV dye as a function of time.
The absence of fluorescence within LDPE confirms the conclusion in section 5.1.1 that water

absorption is fiber dependent.

15 wt% 30 wt% 45 wt% 15 wt%

15 minutes | | . | 15 minutes

1 hour

e s

Figure 5.1 Time series of immersed UV dyed hemp (left) and wood pulp (right) filled low density
polyethylene square specimens. The green dyed regions correspond only with fibers intersecting the
surface of the specimen and the intensity increases with immersion time.

The fluorescent intensity, therefore quantity of dye, increases as a function of time for natural
fibers exposed at the surface of the biocomposite. The UV dye illustrates how the flux of water
into the biocomposite is controlled by natural fibers present at the surface. Higher volume
fractions of fibers within the biocomposites correlate to higher amounts of dye uptake.

Therefore, the initial stage of water absorption is controlled by the quantity of natural fibers
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present at the surface. The quantity of the fiber available on the surface must be quantified to

obtain a flux of water through the surface area, see section 5.3.1.

On closer examination of 1 week immersed UV dye specimens, illustrated in Figure 5.2, the
quantity of fluorescent fibers at the surface with absorbed UV dye is not directly proportional
to the known fiber volume fraction as far as the eye can judge. An indepth investigation
conducted in section 5.3.1 confirms the disconnect between the fiber volume fraction and

surface accessible fiber.

iure 5. LH sies .. and LW series (right) after UV Dye Immerson of 1 wee.
The difference in fiber content exposed at the surface compared to the bulk material was
investigated by cross sectional micrographs of LH30 and LH45, as shown in Figure 5.3. The
fiber fraction is not uniform from the as molded surface inward to the bulk of the
biocomposite, left to right as illustrated in Figure 5.3; a gradient exists. A thin film of
polyethylene has been identified on the molded surface, commonly referred to as the “skin”.
The skin effect occurred due to two phase flow, molten plastic and particle reinforcement, in
the mold cavity. The molten thermoplastic cooled on the mold surface while the remainder of
the cavity was filled with the bulk of the material when it was injection molded. The ability of
the molten plastic to flow and cool at the mold surface decreases with increased fiber
fraction. Therefore, at increased fiber fractions, the difference between the surface and bulk

material is decreased.

VLD < 1
Figure 5.3 Back scattered cross sectional assessment of fiber distribution from as molded
surface, left, into the bulk biocomposite, right for a) LH30 and b)LH45. Note the increasing
gradient in fiber concentration going from left to right in each image; the width of the fiber
gradient is much smaller for LH45 (b) than LH30 (a)
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Micrographs, Figure 5.2 - Figure 5.4, support the conclusion that the manufactured
biocomposites are not homogenous isotropic materials but rather have two distinct
structural morphologies: 1) at the surface of the biocomposite, and 2) the bulk of the material.
A fiber concentration gradient exists in the transition from one structural morphology, as-
molded surface, to the bulk of the material which is dependent on fiber volume fraction. The
assumption of biocomposites with 100% random orientation and isotropic properties is
proven incorrect. Future work is suggested to model fiber orientation to predict the
percentage of fibers on the surface and quantify “fiberflow” within various thermoplastic

systems.

5.1.1 ASSESSMENT OF SURFACE AREA PERCENT FIBER

Different surface configurations were assessed to determine the quantity of natural fibers
present on the surface of the biocomposite; the location where water flux initiates. The four
surface configurations are 1) as-molded (top surface), 2) as-molded perimeter, 3) transverse
cut and 4) longitudinal cut as shown in Figure 5.4a. Three of the four surface types in Figure
5.4b demonstrate the difference in exposed surface fiber content by fluorescence. The
transverse and longitudinal cut surfaces have more exposed surface fibers than the as molded

surface.
a) b)

As Molded

As Mqided

As Molded Perimeter
oA

Figure 5.4 a) Schematic of the four types of surfaces: as-molded, as-molded perimeter, transverse and
longitudinal cut. b) Green fluorescence maps the higher concentration of natural fibers on the cut
surfaces relative to the molded of LH45 after 1 week immersion.

Image analysis was performed on BS-SEM images of each surface type as molded, as-molded-

perimeter, transverse cut and longitudinal cut as per section 3.2.5.2 and 3.2.6 to determine
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percentage of surface accessible fiber for all biocomposite variations. For all biocomposite
variations illustrated in Figure 5.5 the machined surfaces (transverse and longitudinal) display
a greater percentage of fiber compared to the as molded surfaces which is consistent with
Figure 5.4. Typically, the longitudinal cut surface had the highest content of surface exposed
fibers, however the amount was dependent on the material composition. Transverse cut
surface displayed the highest variability in percentage of fiber. It is theorized that this
variability is due to fiber pull out or excess fiber remaining as the saw blade was not sharp
enough to capture a cross section but rather resulted in the fibers being pulled out of the
sample since the saw blade travelled perpendicular to the mold flow direction. All image

analysis results are tabulated in Appendix F1.

A noticeable difference exists between as molded and as molded perimeter surface types. The
difference between the surface types has been attributed to the difference in melt flow
index(MFI) of LDPE compared to HDPE. LDPE variations display an insignificant difference
between “as molded” and “as molded perimeter” surface, due to the ability of the polymer
resin to evenly cover the mold surface at low fiber fractions. However, HDPE variations
displayed a noticeable difference which suggests HDPE did not cover the mold surface to the
same extent. Since LDPE has a higher melt flow index than HDPE, it explains the little
variation at low fiber contents. At high fiber contents, the as molded perimeter has displayed
high surface accessible fiber percentage with the exception of LW. In conjunction with fiber
content, melt flow index (MFI) should be a consideration for mold design with respect to

surface fiber accessibility.
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Figure 5.5: Overview of the surface types and the corresponding accessible fiber on the biocomposite
surface of variations: a)LH, b) HH, c) LW and d) HW. As-molded surfaces have less accessible fiber
content which intersects the biocomposite surface.

From the accessible fiber percentage determined for each surface type, the overall specimen
surface area fraction of fiber was calculated for each variation and specimen geometry;
reference Appendix A2. Three noticeable groupings of percent surface area fiber occur, as
shown in Figure 5.6, at each fiber content. The group with this highest percentage of exposed
natural fiber includes specimen geometries 4 cut and 2 longitudinal cut. The minimum
percentage of exposed fiber comprised of specimen geometries as-molded flexural, 2
transverse cut and tensile. The percentage of fiber at the surface increases with increased
proportion of cut surfaces to molded surfaces, as explained from the clusters of surface area

fraction.

The accessible surface area of fiber linearly correlates with the volume fraction of fiber. The
percentage of accessible fiber at the surface is typically less than the bulk volume fraction of

fiber; demonstrated with the data shown underneath the 1:1 guideline in Figure 5.6. For
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LDPE biocomposites the fiber surface area fraction is nearly linearly proportional to the fiber
volume fraction for 4 cut and 2 longitudinal cut specimen geometries. However, linear
proportionality was not the case for HDPE reinforced specimens, as the percentage of
exposed fibers lags in the amount relative to the volume fraction of fiber. LDPE has a lower
melt flow index (MFI) which allowed for increased fiber movement within the melt that
resulted in a reduced natural fiber density gradient from surface to bulk. Although LDPE
biocomposites contained a lower fiber volume fraction, the effective surface accessible fiber
content on the surface was greater than HDPE biocomposites. The magnitude of water
absorption of LDPE was also greater as shown in section 5.2.2 and 0. Therefore, the effective

fiber content of the biocomposites is based on the surface accessible fiber fraction.
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The natural fiber distribution gradient is clearly illustrated in Figure 5.7 as the results from
both longitudinal and transverse cut surfaces are compared relative to the molded surface.
The differential between the cut surface and the as molded surface (y-axis) decreases with
increasing volume fraction to near homogenous material, with the exception of HW45.
Conversely, the effect of additional machined surfaces decreases at high fiber contents since

the effect of the “skin” diminishes.
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Figure 5.7 Surface area of fiber, normalized longitudinal cut relative to molded surface (a) and
normalized transverse cut relative to molded surface (b). Notice as the fiber volume fraction increases,
the surface area of accessible fiber approaches a homogenous material with the same ratio of fibers on
the longitudinal(left) and transverse (right) relative to the molded surface, represented with a near 1:1

ratio.

An example of the effect of a machine cut surface relative to a molded specimen is given in
Figure 5.8. The additional fibers influence the rate of absorption, magnitude of water absorbed
and the biocomposites long term response. Therefore, the surface accessible fiber content is a

critical factor in water absorption for both short term and long term immersion.
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Figure 5.8 Effect of one longitudinal cut on the absorption profile of HH30. By sectioning the specimen,
a 2-fold increase in maximum mass gain was observed for this material combination.
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5.2 COMPREHENSIVE WATER ABSORPTION CURVES

A comprehensive data set of 12 biocomposite material compositions, detailed in Table 4.3,
and 7 specimen geometries, illustrated in Figure 3.10 and Figure 3.14 were tested with
controls for a total of 98 absorption curves. The duration of immersion was over 4000 hours
(24 weeks) longer than the majority of studies with specimens immersed up to 9000 hours
(53.5 weeks) to examine long term behaviour. The array of biocomposite composition and
specimen types allow for conclusions to be drawn between matrix material, fiber types, fiber
content and specimen geometry. The extensive material variations, specimen geometries and
duration of immersion are unique aspects of the data.

The water absorption curves for each material variation and specimen type are
displayed in with respect to virgin matrix control, Figure 5.9, hemp fiber reinforced, Figure

5.10 and wood pulp reinforced biocomposites Figure 5.11.

5.2.1 MATRIX

The water absorbed for both matrix types is negligible for all specimen geometries, with the
average absorbed water of -0.03% for HDPE and -0.04 % for LDPE. The scatter in data shown
in Figure 5.9 is attributed with measurement error caused by static charge build up from
drying the specimens. Due to differences in dielectric properties of high and low density
polyethylene, the drying process had a larger impact on the HDPE samples. The impact
appears magnified as a slight change in mass results in a greater percentage change since the

matrices are less dense than the biocomposite materials.
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Figure 5.9 Water Absorption of control matrix materials: a) HDPE (left) and b) LDPE (right) up to 9000
hours immersion time.
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5.2.2 HEMP REINFORCED BIOCOMPOSITES

The general response of the absorption curve is impacted by matrix type, and fiber content.
Hemp reinforced biocomposites absorb water as the duration of immersion time increases as
shown in Figure 5.10. An increase in fiber content results in an increase in both the
magnitude and rate of water absorbed. A direct comparison cannot be made between LH and
HH variations because of the different experimental volume fraction of fibers at each targeted
fraction, reference for volume fraction of fiber Table 4.1.
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Figure 5.10 Water Absorption of hemp fiber reinforced biocomposites for both HDPE (left) and LDPE
(right) arranged from high fiber fill fractions (top) to lower fill fractions (bottom) up to 9000 hours
immersion time. Higher volume fractions of fibers result in higher rates of water absorption and larger
magnitudes of total water absorption.
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The impact of specimen geometry was minimal at low fiber variations due to a small
amount of fiber exposed to immersion environment. An increase in fiber content results in an
increase in both quantity and rate of water ingress. The greater the number of cut surfaces
resulted in more water being absorbed. The difference between specimen types becomes
more noticeable as the fiber content increases. It is hypothesized that there is little to no
difference at the greatest fiber content, due to the theoretical maximum water uptake, see

section 5.4.3.

5.2.3 WoobD PULP REINFORCED BIOCOMPOSITES

The water absorption curves for wood pulp reinforced HDPE and LDPE biocomposites are
illustrated in Figure 5.11. The quantity of water absorbed increases with increasing fiber
content. The magnitude of water absorbed for wood pulp (absorbed water from 1.2-7.5%) is
significantly less than hemp fiber (absorbed water from 1.5-18.1%) observed in Figure 5.10.
For wood pulp reinforced biocomposites, variation in specimen geometries demonstrated a
less distinct change in absorption than hemp fiber with increased number of cut surfaces due
to a lower magnitude of water absorbed. Increase cut surfaces did result in an increase in
water absorption. The water absorption responses for wood pulp biocomposites are

independent of matrix type.
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Figure 5.11 Wood Pulp reinforced biocomposites with (left) LDPE and (right) HDPE arranged from
high fiber fill fractions (top) to lower fill fractions (bottom). As for hemp (Figure 5.10) higher water
absorption is associated with higher volume fractions of wood pulp fibers.

5.2.4 FIBER VOLUME FRACTION & MAXIMUM WATER ABSORPTION

For both fiber types, an increase in fiber volume fraction resulted in an increase in maximum
amount of water absorbed, as shown in Figure 5.12. Wood pulp fiber types demonstrate a
linear increase in maximum water absorbed with fiber volume fraction. The response of
hemp fiber was dependent on matrix type. Hemp reinforced HDPE (HH) also showed a linear

increase whereas hemp reinforced LDPE (LH) demonstrated a parabolic increase in
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maximum water absorbed. The difference in response of LH suggests the importance of fiber
connectivity within the injection molded material structure which increases as fiber contents
are increased. Since, LH variations contain lower fiber contents than HH, it is inferred that the
difference in material structure was caused during the manufacturing process from the
difference in melt flow indexes (MFI). At each volume fraction, hemp demonstrated a greater
range of water absorbed due to specimen geometry. HDPE variations displayed a smaller

range of water absorbed compared to LDPE based biocomposites.
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Figure 5.12 Maximum magnitude of water absorbed during 6552 hours of immersion for all specimens
as a function of fiber volume fraction. Hemp fiber reinforced biocomposites absorb a greater amount
of water than wood pulp variations and the maximum amount absorbed increases linearly with fiber

volume fraction with the exception of LH45.
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5.2.5 OVERVIEW OF WATER ABSORPTION OF FIBER REINFORCED BIOCOMPOSITES

An increase in fiber content for both hemp fiber and wood pulp reinforced biocomposites
resulted in an increased rate of absorption and quantity of water absorbed. The differences in
water absorption for the various geometries are noticeably discerned as the fiber content
increases, with the exception of HH45 and LH45. The duration required to observe negligible
further mass gains varied based on fiber type, fiber content and specimen geometry. The time
required to reach equilibrium is a unique aspect of the data, where most studies assume
equilibrium has been reached at 120 hours independent of specimen geometry. Even for
HW15 a minimum immersion time greater than 3500 hours was required to establish a

negligible change in specimen mass.
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5.3 REVERSIBILITY OF WATER ABSORPTION — DRYING

From chapter 4, water absorption was shown to cause irreversible mechanical damage. The
permanent decrease in mechanical properties was associated with mass loss (from fiber
degradation). The biocomposite variations were investigated by both the assessment of
changes in surface morphology after immersion and the magnitude of mass loss experienced

for 65 specimen! variations.

5.3.1 SURFACE FIBER DEGRADATION

Each fiber and matrix combination at the highest fiber content was assessed by BS-SEM to
investigate if any physical effects were noticed after immersion. The same location on the
specimen surface was imaged prior to immersion, 1 week (168 hours) and 5 weeks (850
hours) after water immersion, shown in Figure 5.13 for HH45. The natural fiber began to
degrade after 168 hours (1 week). After 5 weeks immersed the natural fibers disappeared
from the biocomposite surface. This phenomenon, loss of surface accessible fiber, occurred
for both natural fiber types in both matrices as illustrated in Figure 5.14. The majority of the
natural fibers disappeared from the surface after 5 weeks immersion. The plausible
mechanisms for fiber loss include dissolution, microbial attack, dislodging from physical

experimental handling (rare), or a combination of mechanisms.

Time: 0 hour Time: 168 hour Time: 850 hour

Fiber End

= k.“ . l__-. - " . " - "o v' e (e
Figure 5.13 Two locations of hemp fiber present on an as-molded surface within high density
polyethylene (HH45), imaged as a function of increasing time (left to right). The fiber degraded, and
disappeared from the surface as a function of increase in immersion time.

1 HW cut geometry specimens, 19 of 84 biocomposite variations, were accidently destroyed from an
error in experimental handling. Therefore the data was not obtained.
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Removal from experimental handling is not supported by the micrographs since an EDX
spectrum was obtained on the fiber which resulted in a cubic structure etched in the fiber
shown in the 168 hour fiber end micrograph, (Figure 5.13). The lack of change in the cubic
structure after 4 weeks of immersion supports that the fiber was not affected from the
intense electron sampling was removed but the burned fiber remained embedded in the

matrix.

The stringy spider like white line morphology present at 850 hours in Figure 5.14, suggests a
mechanism of microorganism/fungal attack of surface accessible hemp fibers across the
general biocomposite surface, which is not a localized phenomenon. The absence of these
morphological indicators for wood pulp reinforced biocomposites suggests this phenomenon
occurs to a lesser extent and/or at a slower rate which cannot be confirmed by the
micrographs. However, since the fibers are not present after the same amount of immersion
time, a dissolution mechanism in addition to microbial attack is likely; the gradual nature of
fiber loss in Figure 5.13 supports a combination of both dissolution and microbial attack

mechanisms.
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T4

LW45

Figure 5.14 BS-SEM micrographs of high fiber fraction biocomposites surface morphology prior to and
after 5 weeks of water immersion to demonstrate the loss of surface accessible fiber. Extent of fiber
loss for all material variations due to water immersion.

5.3.2  GRAVIMETRIC QUANTIFICATION OF FIBER LOSS

The relative amount of fiber loss was quantified as the difference between the mass of
specimen prior to immersion and the specimens’ dried mass after maximum immersion, as
shown in equation 5.1. The results are reported in terms of percent dried mass. A negative

result means the specimen lost mass, predominately attributed to fiber loss as shown in
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Figure 5.13 and Figure 5.14. Whereas, a positive result indicates that the specimen either
retained moisture or accumulated biomass from biological attack; drying was conducted after
the longest immersion duration for only one week as detailed in section 3.2.2. The relative
percent dried mass, given in Equation 5.1, was not monitored as a function of drying time to
determine the effective drying time required to reach negligible change of each material
variation. Therefore, the calculated dried masses are not conclusive rather partial measures
during the drying process. However, the metric does provide a relative measure to illustrate
the extent of the magnitude of mass loss.

Percent Dried Mass = —Lnal”Tnitial 1 (5.1)

Minitial

LDPE based biocomposites demonstrated a lower magnitude of fiber loss than HDPE as
shown in Figure 5.15. It is hypothesized that LDPE’s lower stiffness and higher malleability
allowed for the fibers to swell from absorbed water alleviating internal stresses which

reduced the number of fibers lost.

The relative mass loss for both hemp fiber and wood pulp are illustrated in Figure 5.16. Both
fiber reinforcement types experienced quantifiable mass loss, attributed to loss of fiber. As
fiber volume fraction increased a subsequent increase in specimen mass loss occurred. The
magnitude of mass loss for wood pulp was less significant than hemp fiber, which is
supported by the visual evidence in Figure 5.14. For both matrices, an increase in volume
fraction of fiber resulted in an increase in the mass loss. Therefore, both the gravimetric
measurements and surface morphological assessment corroborate that mass loss is

attributed to fiber loss.
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Figure 5.15 Comparison of LDPE and HDPE percent dried mass after 6552 hours immersion based on
fiber volume fraction for hemp (diamond) and wood pulp (circle).

Since the fiber loss occurs from the surface, there must be sufficient quantity of surface area
fiber for the fiber loss to impact the overall water absorption. From Figure 5.16 for both fiber
types an increase in fiber surface area to volume ratio within each fiber fraction results in a
slight increase in mass loss observed. The impact of fiber loss on the overall water absorption
decreases as the specimen thickness increases due to reduction in ratio of sur face area fiber

to volume of the specimen.
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Figure 5.16 Comparison of percent dried mass after 6552 hours immersion a) hemp and b) wood pulp
reinforced biocomposites HDPE (filled) and LDPE (unfilled) based on ratio of accessible fiber surface
area to specimen volume. Wood pulp biocomposites did not endure appreciable mass loss as did hemp
fiber, the latter which is inversely proportional to the ratio of accessible fiber area to specimen volume.

The extent of fiber degradation diminishes through the thickness as the specimens’ surface

accessible fiber decreases. The surface accessible fiber area of the specimen may or may not
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be connected through thickness of the specimen. The extent of fiber degradation to the fibers
directly underneath the surface is unknown. Many fibers are “land locked” or “partially land
locked” by the matrix within the biocomposite, as illustrated in Figure 5.17, yet some exhibit

connectivity.

Biocomposite Surface (Partially Land Locked Fiber

Natural Fiber fLand Locked Fiber

Before Immersion } After Immersion

Figure 5.17 Cross sectional illustration of natural fiber dissolution from the surface to the bulk
material. Interconnection of natural fibers to the surface; it remains unknown and therefore so does
the depth of interconnected fiber loss.

However, it is speculated that if the fiber volume fraction is high enough to obtain fiber
connectivity through thickness that with sufficient time all the fiber would degrade to leave
only the matrix material. For thermoplastic moldable biocomposite commercial formulations,
it is unlikely that through thickness fiber connectivity would occur due to the difficulties
associated with processing high fiber volume fraction biocomposites. For applications with
degradable matrices, this biocomposite material architecture may be desirable for providing
layered - layered exposure to the environment. However LH45 demonstrates this

interconnectivity of fibers through thickness, and is discussed in section 5.4.3.
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5.4 ANALYSIS OF CURRENT WATER ABSORPTION MODELS

The validity of existing water absorption mechanisms and models were tested against

experimental data collected to assess water movement within biocomposites. Representative

absorption curves were selected to represent the three long term water absorption specimen

responses observed in Figure 5.9, Figure 5.10, and Figure 5.11. The three generic material

responses are illustrated in Figure 5.18; the three material responses have been classified by

the biocomposites long term response: a) continued gradual increase (maroon), b)

established steady state (navy), c) inevitable gradual decay (purple).
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Figure 5.18 Representative water absorption curves isolated from HH45 (purple diamond filled),

Table 5.1: Characteristic curves classification of the type of diffusion cases, reported in terms of n, k

and maximum content of water absorbed for 4 cut geometries assessed up to 100 hours.

. . n k M
Biocomposite (103s2) (0/(‘3
LW30 0.362 2.329 4.41
HW45 0.403 1.622 7.95
HH45 0.509 0.992 14.93
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5.4.1 TRANSPORT OF WATER BY PRESSURE

Sar and other authors have established the significant effect of external pressure on the
kinetics of moisture diffusion in polymers due to internal stress states caused by the
coefficient of moisture expansion[1]. A plausible method to increase mass transport rates is
the addition of pressure onto a material to push the water into the material. HH45 was
selected to undergo a pressure dependency test on mass gain due to its high fiber content to
illustrate the biggest effect in the smallest time frame. In order to identify mechanisms
associated with two pressure conditions: 1 bar and 50 bar. The comparative water absorption

curve under both conditions is illustrated in Figure 5.19.
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Figure 5.19 Water Absorption of HH45 Flexural specimen type with both 50bar and 1 bar of pressure,
negligible difference observed.

The addition of 50 bar (5,000 kPa) pressure had no effect on the characteristic sorption curve
in terms of magnitude or rate. Due to the insignificance of pressure on the specimens’ water
absorption, “bulk flow” of water through the fiber or fiber-matrix interface was eliminated as
a plausible water absorption mechanism. Also other mass transport mechanisms influenced
by pressure, such as the multi-physics model approach to anomalous diffusion [2] were also

eliminated as feasible mechanisms and models.
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5.4.2 DIFFUSION

Molecular diffusion, described as Fickian diffusion, is based on molecular movement of a
species through another species. The three selected characteristic curves in Figure 5.18 were
used to assess the applicability of known Fickian moisture absorption models to model the
long term phenomenon. For a full representation of all of the specimens, reference Appendix

E - Assessment of fit between varying models.

5.4.2.1 Fickian Diffusion

According to ISO 62 [3] first order Fickian diffusion occurs within the first 100 hours for
plastic. A widely accepted method cited in literature is to plot the absorption against the
square root of time for a simplified approximation. First order Fickian diffusion accurately
models the absorption curves of biocomposite specimens within the first 100 hours of
immersion, as seen in Figure 5.20. Therefore, Fickian diffusion is a valid model for immersion

times ranging from 0 - 100 hours for biocomposite specimens.
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Figure 5.20 Fickian Diffusion for characteristics curves after 100 hours immersed adequately
represents absorption in short immersion times.
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Analysis of the calculated Fickian diffusion coefficient demonstrates that there is an
undeniable trend which validates Fickian absorption mechanisms as a viable option for

modeling water absorption.
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Figure 5.21 Fickian Diffusion coefficient displayed as a function of fiber volume fraction (a & b),
percent fiber surface area (c & d), and accessible fiber area per volume (e & f) for hemp fiber variations
(left) and wood pulp variations (right) for all specimen types except tensile bars. Linear increase in the

Diffusion coefficient with an increase in accessible fiber surface area, except for LH45 variations,
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The calculated diffusion coefficients of both hemp and wood pulp variations demonstrate a
linear relationship with surface accessible fiber fraction, irrespective of fiber type as seen in
Figure 5.21. The magnitude of diffusion coefficient is similar for both hemp and wood pulp
variations, with the exception of HH45. The difference in values may be attributed to
interconnected fibers, hence the mechanism for water ingress differs from the others.
Analysis of interconnected fiber network is discussed in section 5.4.3. However, the diffusion
coefficient values are all within the same order of magnitude which supports the validity of a
diffusion based mechanism for water absorption. Since various fiber surface area fractions
and fiber surface area to volume rations were assessed, there is a range for the diffusion
coefficient at each fiber volume fraction. As expected, the difference in matrix materials does
not influence the diffusion coefficient, as the determined values are within the same order of
magnitude.

Although Fickian diffusion accurately predicts water absorption from 0 - 100 hours,
it does not adequately predict the mass gain after the initial exposure, as seen inFigure 5.22.
This result was expected as Fick’s first law is based on the diffusion of one substance through
another (such as water through natural fiber), rather than a system with two phases, one of
which is partially interconnected allowing additional absorbed water. Therefore, the simple
solution of a first order Fickian diffusion is not sufficient for long term water absorption
prediction for short natural fiber reinforced biocomposites as it does not account for

continued water absorption nor accounts for quantities of fiber loss.
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Figure 5.22 Fickian Diffusion for characteristics curves after 9 weeks immersed. Fickian diffusion is
unable to predict long term immersion for HH45 (purple diamond filled), HW45 (blue circle filled) and
LW30 (maroon circle unfilled) all 4 cut specimen type.

5.4.2.2 Dual Phase Fickian Diffusion Model

Others in literature such as Celino [4] have utilized dual phase Fickian diffusion to capture
absorption of water of natural fibers in immersion conditions. Limited differences were found
compared to Fickian diffusion. Dual phase Fickian diffusion was assessed for biocomposite
water absorption due to description of two phase absorption. Dual Phase Fickian Diffusion
adequately fits the majority of the specimen types up until 500-1500 hours consistently, as
shown in Figure 5.23. Micrograph in Figure 5.3, and gravimetric data are consistent in the
support of two absorption rates. The material is not homogenous with two main structural
morphologies: one absorption rate for through the “skin” material structure and another

absorption rate through thickness of the bulk material.

However, the dual phase Fickian diffusion model shown in Figure 5.23 does not account for
fiber loss, or gradual continued uptake of water past the initial 500 hours for all biocomposite
scenarios. Previous research lacked long term data to expose this inconsistency. Therefore,

the prolonged effects of water absorption have not been well understood. Due to the
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extended duration of immersion data in this study, a modified dual phase absorption model is

proposed which builds on the knowledge of molecular diffusion.
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Figure 5.23 Dual Fickian Diffusion curve fit for characteristics curves are unable to capture continued
water absorption LW30 (maroon circle unfilled) and HH45 (purple diamond filled) continued
decrease.

5.4.3 INTERCONNECTIVITY

Permeation is the process of a liquid passing through a secondary phase and is a plausible
phenomenon of mass transport in biocomposites if the liquid-transporting materials’
structure, fibers are interconnected. The interconnected structure would allow the water to
permeate through the biocomposite by pathway of the natural fibers. The extent of
interconnectivity of the biocomposite variations was assessed to determine if percolation was
a plausible mechanism. The average fiber water content was calculated from experimental
absorption values with the assumption that all fibers absorb water if an interconnected
structure exists. The calculation for average fiber water content is given in Equation 5.2. The
calculated average fiber water content was compared to the potential theoretical maximum
water content for each fiber shown in Table 5.2. The water content at 97% relative humidity

was determined by the methodology in section 2.2.7. Utilization of the maximum water
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content at 97% relative humidity is a valid comparison due to the unknown level of restraint

from the matrix on the fiber attributed from fiber swell during water absorption.

Percent Average Mass Gain/
100

_ *MAyg composite
W. C-exptll - )

MAvyg.composite*Wriber

Table 5.2: Maximum Water Content of Natural Fibers

Water Content of Fiber, W.C.fiber (%)
Liquid Immersion | 97% Relative Humidity
Hemp 63 %* [4] 354 %

Wood Pulp 30.1%

*denoted as absorption, however this was the maximum water content value prior to desorption

Calculated average experimental water content compares to the maximum water content at
97% RH for the same fiber type is illustrated in Figure 5.24 and Figure 5.25. For wood pulp,
interconnectivity is unlikely to exist as the calculated experimental fiber water content is less
than the water content experienced at 97% relative humidity. The absence of
interconnectivity for wood pulp translates to the fact that the fiber was well distributed
throughout the matrix. From visual assessment, the wood pulp fibers were not well dispersed
as shown in Figure 5.2 potentially limiting the ability for the fibers to be interconnected. For
hemp fiber, variations LH45, HH45 and HH30 demonstrate the potential for an
interconnected fiber structure due to an average fiber water content equal to or greater than
the fibers content at 97% relative humidity. LH45 has the highest probability of having an
interconnected structure due to its highest average fiber water content, as well as the results
for the maximum water absorbed demonstrates a parabolic increase rather than a linear
increase observed for the other material variations. Additional evidence for an
interconnected structure does not exist for HH45 or HH30. It is possible that some of fibers
are connected without an interconnected network through thickness. As for the remainder of
hemp reinforced specimens, interconnectivity does not exist due to well distributed and

dispersed natural fibers within the matrix.

158



35
{1} 099660 60606000593 66660050000 0IBBEEEHENEAG0AC0AEEG Maximum g gy
25+

20 A

Average Fiber Water Content [%]
>
1
L}
L]
&
o

0 T T ' T e T ' T T u 1

0 5 10 15 20 25 30
Percent Accesible Fiber Area [%]

Figure 5.24 Experimentally calculated average fiber water content for wood pulp reinforced
biocomposites, HDPE (filled) and LDPE (unfilled), relative to the maximum possible fiber water
content in 97% relative humidity (dotted line). HW45 has the highest probability of possessing an
interconnected fiber network.
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Figure 5.25 Experimentally calculated average fiber water content for hemp fiber reinforced
biocomposites, HDPE (filled) and LDPE (unfilled), relative to the maximum possible fiber water
content in 97% relative humidity (dotted line) and liquid immersion (dashed). The average fiber water
content for LH45, HH45 and HH30 variations demonstrate greater water content than observed at
97.3% relative humidity which may suggest the possibility of an interconnected fiber network.

5.4.3.1 Limitation of Florescent Macrophotography

Florescent macrophotography was selected to assess the depth of absorbed water. An LH45

square specimen was sectioned in the width-thickness plane half way along its length as
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shown in Figure 5.26 after immersed in UV dye for 1.5 years due to its’ likelihood of having an
interconnected fiber structure as discussed in the previous section. The resultant cross
sectional image was inconclusive for fiber interconnectivity as the dye was not observed

throughout the specimen but only around the perimeter. Only fibers in direct contact were

able to absorb water, as the white fibers identified did not absorb any UV dye

Figure 5.26 Cross sectional view of LH45 square geometry after immersed in UV dye for 13,176 hours
(1.5 years), specimen thickness 3.11mm. Minimal dye penetration observed around the perimeter.

The penetration depth of a particle calculated from the diffusion coefficient is provided in
equation 5.3 [5-7], where Ax is the depth of absorbed water, D is the diffusion coefficient, and

t is the duration of time exposed.
Ax =+2+*D+*t (5.3)

The calculated depth of absorbed water after 100 hours of immersion, a fraction of the total
time immersed, was 1.30mm based on a diffusion coefficient of 2.34x106¢ mm?2/s. The
estimated maximum depth of dye penetrated after 13,176 hours from Figure 5.26 estimated
less than 0.5mm, approximately a third of the 100 hour immersed calculated depth. The
difference in molecular size of the Xanthene dye, 250 Angstroms, compared to water, 18
Angstroms, limited the penetration depth due to two reasons:
1. The natural fiber acts as a filter of the dye, as the molecular diameter of dye is greater
than the porosity found within the fiber.
2. The interfacial space between the natural fiber and the matrix is smaller than the
molecular diameter of the dye.
Immersion in UV dye does not map the location of absorbed water in biocomposites but does

demonstrates the size limitation of the contribution of natural fiber and fiber-matrix interface
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porosity on water absorption. More advanced mapping the final state of water absorption
ingress would provide additional evidence to assess the water absorption. It is recommended

to conduct either micro CT or MRI for three-dimensional assessments.
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5.5 DUAL PHASE DIFFUSION ABSORPTION WITH DECAY MODEL

A proposed model has been developed to account for dual phase diffusion as well as fiber
degradation for agri-fiber thermoplastics. The general form of the Dual Phase Diffusion
Absorption with Decay model is detailed in Equation 5.3 and was empirically fitted to all 84
biocomposite absorption curves with a RZpor between 0.96 - 1.00. The equation includes
initial water absorption and long term water absorption as well as mass decay from fiber loss.

Percent Mass Gain = A*(1-e®") + C*(1- e®") - E*(1-e*")

Initial Abserption Long Term Absorption Fiber Loss
{A) Magnitude of initial water absorbed (C) Maximum magnitude of water absorhed ~{E} Magnitude of fiber dissolution
{B} Rate of initial water absorption {D} Bulk biocomposite diffusion rate {F} Rate of fiber dissolution (54)

where e = Euler’s number (correct to five decimal places 2.71828)

16
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N
1

Percent Mass Gain [%]

0 1000 2000 3000 4000 5000 6000 7000
Immersion Time [hours]

Figure 5.27 Representative water absorption curves isolated from HH45 (purple diamond filled),
HW45 (blue circle filled) and LW30 (maroon circle unfilled) all 4 cut specimen type.

The dual phase diffusion absorption with decay model for agri-fiber thermoplastics was
applied to all the long-term absorption curves in this study and representative curves to
demonstrate the empirical fit are shown in Figure 5.27. The model provides the ability to
predict both continued gradual increase (LW30 - unfilled maroon circles) as well as dominate
absorption followed by decay (HH45 - filled purple diamond). Both these material responses

could not be predicted by any other model found in the literature, including the dual phase
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diffusion model, as the mass gain and mass loss phenomena occur simultaneously -albeit at

different rates due to the different mechanisms.
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Figure 5.28 Model Dual Phase Absorption and Decay decoupled to show each function separately (left).
Each term within the equation has been isolated to illustrate the contribution of decay, as
well as the inability of only growth to predict the absorption curve (see Figure 5.28). The
initial absorption (blue short dot), occurs nearly instantaneously similar to the Fickian
diffusion coefficient. The bulk absorption (blue long dash) models the longer exposure
absorption. The combination of both absorption terms allows for the prediction of the
maximum water absorbed. The decay function was previously ignored and demonstrates the
slow rate of fiber removal. This decay term outlasts the absorption. At a point, the ingress of
water is less than the material lost. Although water may continually penetrate, the fiber loss
becomes the dominant factor with long term immersion.

The following sections explain how each model parameter represents the
phenomenological process throughout water absorption in natural fiber reinforced

biocomposites.

5.5.1 INITIAL MASS ABSORPTION TERM

The initial water absorption phase is modelled by two parameters A and B. Parameter A
represents the magnitude of mass gain during the initial absorption whereas parameter B
reflects the rate at which the absorption occurs. The contribution of the term occurs within

the first 50 hours of immersion, as shown in Figure 5.29 for each representative curve.
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Figure 5.29 Contribution of initial absorption (blue short dash), bulk absorption (blue dash), and fiber
decay (red dash) in the first 125 hours of absorption for the three characteristic curves; a) LW30, b)
HW45 and c) HH45.
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Parameter A: Initial magnitude of water absorbed

The initial magnitude of water absorbed correlates linearly with the percentage of surface
accessible fiber as shown in Figure 5.30. The more surface accessible fiber the greater the
driving force of water into the biocomposite. Therefore, the initial flux of water into the
biocomposite is controlled by the structure of the biocomposite expressed as the surface
accessible fiber ratio. These findings support conclusions drawn from the fluorescent
macrophotography work, as the UV dye intensity increased as a result of flux of water into the

biocomposite through the natural fiber as evidenced by an increase in dye concentration.
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Figure 5.30 Linear dependency of parameter A on the accessible surface area fiber fraction of the
biocomposite for a) hemp fiber variations and b) wood pulp variations.

The linear relationship is dependent for fiber type.

For hemp fiber,

Parameter A = 0.11*Fiber Surface Area Fraction (5.5)
For wood pulp fiber,

Parameter A = 0.085*Fiber Surface Area Fraction (5.6)

The relative contribution of the initial magnitude of water uptake to the maximum water
absorbed is constant for all geometries and fiber contents as shown in Figure 5.31. The initial
magnitude of water uptake determined by parameter A is approximately a fifth of the

maximum water absorbed; slightly greater for LDPE. The scalability from parameter A to
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maximum water absorbed serves as an excellent approximation for the worst absorption case

to predict the greatest degradation in mechanical properties expected.
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Figure 5.31 Relative contribution of parameter A compared to the maximum water absorbed for all
specimen geometries.

Parameter B: Initial biocomposite diffusion rate

The initial biocomposite diffusion rate, Parameter B, represents the first 50 hours of
immersion. Parameter B displays a positive correlation with both percent of accessible
surface fiber fraction in Figure 5.32 and ratio of surface area fiber to biocomposite volume in
Figure 5.33. The more fibers present at the surface relative to the volume of the specimen, the
higher the flux of water. When the fiber content increases to the point where fiber-fiber
connectivity exists (potentially through thickness), as with LH45 (purple open diamonds) a
relationship between fiber surface area fraction nor the ratio of accessible surface area fiber
to specimen volume is sufficient for parameter B.

The rate of initial absorption, parameter B, relates to the fraction of fibers accessible to
immediately absorb water relative to the volume of composite, i.e. it's relative effect on
overall mass gain. The structure of the material dictates the rate of absorption independent of
fiber or matrix type. Therefore, parameter B is a reflection of the materials structure as

described in equation 5.7.
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Figure 5.32 Parameter B as a function of accessible surface area fiber fraction for a) hemp fiber
variations and b) wood pulp variations for all specimen geometries.

General increase in the initial water absorption rate with an increase in the ratio of surface

accessible fiber to biocomposite volume as represented in 5.7 and shown in Figure 5.33.

Parameter B = 5.8186 E-06 * e17.977*Accessible Fiber Area/ Volume (5.7)
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Figure 5.33 The biocomposite initial absorption rate is controlled by the ratio of surface accessible
fiber to specimen volume, with the exception of LH45 variations due to suspected interconnected fiber
network. Dashed line is a best-fit curve, Eq. 5.7.
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5.5.2 BULK WATER ABSORPTION MAGNITUDE AND RATE

Long term water absorption is modelled by parameter C (magnitude) and D (rate). The
contributions of these two parameters occur over the duration of absorption and are

dependent on fiber surface area fraction and correlated to traditional diffusion coefficient.

Parameter C: Magnitude of water absorbed over long term immersion

Parameter C reflects the bulk absorption that continuously occurs as the specimen is exposed
to the immersion environment. Within the model, C predicts the experimental maximum
amount of water absorbed with a near 1:1 ratio for all specimen types as illustrated in Figure
5.34. The prediction of maximum water absorbed is significant since it translates into the
maximum deterioration of mechanical properties outlined in section 4.6. For designers this
prediction of maximum water absorbed allows them to account for worst-case mechanical

performance for increased product safety.

207 Parameter C = 0.963*Maximum Water Absorptio
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Figure 5.34 Experimental correlation between maximum water absorbed and model parameter C.
Due to the importance of the prediction of maximum water absorption a relationship must be
determined relative to material structure or composition to avoid the requirement for long
term immersion studies. A linear relationship exists between volume fraction of fiber and
maximum water absorbed, except LH45 variations, as shown in Figure 5.35. The higher the
fiber volume fraction the greater the maximum amount of water absorbed. Hemp fiber

fractions absorb more water than wood pulp and therefore have larger values of C.
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Parameter C is dependent on the quantity of fiber. For the LH 45 a sharp increase is observed
in the amount of water absorbed hypothesized due to interconnectivity of natural fibers
providing more capacity within the fibers to absorb and retain water. The effect of
interconnectivity for LH45 has also been supported in section 0. The interconnectivity for
other biocomposite variations does not seem to exist based on a linear relationship with the
amount of water absorbed to the quantity of fiber. Hemp fibers absorb approximately double
the magnitude of water as wood pulp. The linear relationship is dependent on fiber type and

volume fraction, with the exclusion of fiber interconnectivity is as shown in Figure 5.35,

equation 5.8 and 5.9.
For hemp fiber reinforced,
Parameter C = 41.79 * Fiber Volume Fraction (5.8)
For wood pulp reinforced,
Parameter C= 24.61 * Fiber Volume Fraction (5.9)
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Figure 5.35 Parameter C assessed as a function of fiber volume fraction for a) hemp fiber variations
and b) wood pulp variations for all specimen geometries. Dashed lines are best-fit curves as shown in
equations 5.8 and 5.9 respectively.

With respect to the physical phenomenon, for water to be absorbed into the bulk of the
material, the water must first diffuse through the fibers at the surface which act as a gate into
the biocomposite. The maximum water absorption is dependent on the content of fiber
available to absorb water such as the ratio of accessible fiber surface area, SAr to the volume
of specimen available as shown in Figure 5.36 and equation 5.4 and 5.5. The parameter does

have some dependence on matrix type without the fiber interconnectivity, as shown in the
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top of Figure 5.36. The linear relationship is dependent on fiber type as well as the ratio of

surface accessible fiber to volume of specimen.

For hemp fiber reinforced:

Parameter C =84.6 * Surface Accessible Fiber/Volume Specimen (5.10)
For wood pulp reinforced:
Parameter C = 39.0 * Surface Accessible Fiber/Volume Specimen (5.11)
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Figure 5.36 Parameter C assessed as a function of ratio of fiber accessible surface area fraction to
specimen volume as a function of matrix type a) LDPE b) HDPE as well as a function of fiber type c)
hemp variations and d) wood pulp variations. Dashed lines (c and d) are best-fit curves as shown in

equations. 5.10 and 5.11 respectively.

The magnitude of maximum water absorption is fiber dependent although there are some

influences where the LDPE variations are slightly less than the comparative HDPE variation.
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The relationship, relative to the volume of specimen, allows for future assessments with

different geometries since fiber connectivity can influence the relationship.

Parameter D: Bulk Biocomposite Diffusion Rate

Once the initial water diffuses into the surface fibers, the water continues to diffuse into the
bulk material, albeit at a rate slower by two orders of magnitude. Since only the natural fibers
absorb water, the bulk diffusion rate is a measure of the rate of diffusion within the fiber as
well as between fibers. The bulk biocomposite diffusion rate dominates long term water
absorption. The long term diffusion rate is dependent on the fiber type and content. Hemp
fiber reinforced biocomposites demonstrate a higher bulk diffusion rate than wood pulp
biocomposites as shown in Figure 5.37. For hemp fiber, a near exponential relationship is
found between parameter D and fiber volume fraction. Wood pulp variations have an
incremental linear correlation of bulk diffusion rate, parameter D, with fiber volume fraction,

with the exception of HW45 variations.
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Figure 5.37 Parameter D assessed as a function of fiber volume fraction for a) hemp fiber variations
and b) wood pulp variations for all specimen geometries. At higher fiber volume fractions, an
exponential relationship remerges in the bulk diffusion rate, variations HH45, HH30, LH45 and HW45.

The difference in response from HH45, HH30, LH45 and HW45 indicates a structural change
between the natural fibers within the biocomposite. The addition of fibers increases the
capacity for water to be absorbed and increases the likelihood for fiber interconnectivity. It is
theorized that incremental increases in bulk diffusion rate relates to the incremental addition
of fiber without change to the extent of fiber to fiber interconnectivity. Conversely an
exponential relationship between bulk diffusion rate and an increase in fiber fraction like

indicates of fiber to fiber interconnectivity. An interconnected network provides additional
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pathways for water to absorb and therefore increases the bulk diffusion rate. Hemp fibers
have long hair like structures and are more likely than wood pulp to entangle to create
interconnected pathways. The size effect of the fiber structure alone may explain the delay in
the exponential increase for wood pulp. Fiber to fiber interconnection is the beginning of
interconnectivity, where as it is hypothesized through thickness fiber interconnectivity is
observed for LH variations.

Fiber volume fraction is not an accurate predictor of bulk absorption rate due to a lack of
representation of the structure created from the volume fraction of fibers present. Both fiber
surface area fraction and the ratio of fiber surface area fraction to specimen volume were
assessed to determine a relationship between material structure and bulk absorption rate.
Similar trends are seen in both fiber surface area fraction and ratio between fiber surface
area fraction and the volume of the specimen, shown in Figure 5.38. A linear relationship still
exists for wood pulp and a near exponential relationship for hemp fiber. While neither
property displays a worthwhile correlation, it does support the assertion that at medium
(blue) and high (purple) volume fractions fiber to fiber connectivity exists for the ratios

examined.
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Figure 5.38 Parameter D assessed as a function fiber surface area fraction (a & b) and ratio of fiber
accessible surface area fraction to specimen volume (c & d) as a function of fiber type for hemp
variations (a & c) and wood pulp variations (b & d).

The diffusion coefficient conveys information about the initial rate of absorption relative to
the maximum absorbed water at maximum time. Since it is not practical to obtain
experimental long-term absorption rates due to the required immersion duration a
correlation factor between parameter D and the diffusion coefficient has been determined for
interconnected and distributed fiber structures. As a rule of thumb parameter D nearly has a
1:1 ratio with diffusion coefficient for interconnected structure and a constant bulk diffusion
rate for non- connective structures. The relationships based on material structures are:

For interconnected variations: LH45, HH45, HH30 and HW45

Parameter D = 0.9325 * |Diffusion Coefficient (mm2/s)| + 1.2 *10-7 (5.12)

For dispersed and distributed variations:

Parameter D = 0.0472* |Diffusion Coefficient (mm?2/s)|+ 1.09 *10-7 (5.13)
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Figure 5.39 Bulk biocomposite absorption rate is dependent on diffusion coefficient of the

biocomposite if there is an interconnected structure. Dashed lines: interconnected (Eq. 5.12) and
dispersed and distributed (Eq. 5.13).
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5.5.3 LONG TERM FIBER DECAY

The phenomenon of fiber degradation due to water immersion was discussed in section 0.
The surface accessible fibers are degraded by a combination of dissolution and/or biological
organism attack, as shown in Figure 5.13, and Figure 5.14. An increase in mass loss was
observed in Figure 5.15, as the fiber content increased. Since mass loss occurs at the surface of
the specimen, mass loss was dependent on the accessible fiber at the surface of the
biocomposite, and is confirmed by the linear relationship between mass loss and fiber surface
area fraction in Figure 5.40. The impact of decay is minimal for low fiber fraction
biocomposite due to a lower percentage of natural fiber exposed on the specimen surface.
LDPE based biocomposites generally lost less natural fibers than HDPE after 1 year of

immersion.
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Figure 5.40 Percent mass loss for a) hemp variations and b) wood pulp variations (right) as a function
of percent fiber surface area for all specimen geometries. Note: LW cut geometries are not included.

Parameter E: Predicted Magnitude of Mass Loss

The magnitude of mass loss due to fiber loss is represented by parameter E within the model,
shown in Figure 5.41. Unfortunately, the duration of drying time was insufficient to accurately
determine the final dried mass, as discussed in 0 and is demonstrated by the variability
between parameter E and percent dried mass. The scattered data centralizes near zero
change in mass after immersion and zero parameter E for low fiber content variations. The
lower magnitude of the mass loss is correlated with a lower percentage of surface accessible
fiber. The greater fiber volume fraction correlates with a larger E parameter, as higher fiber

contents increase the likelihood of degradation and removal of the fiber.
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Figure 5.41 Parameter E variables for a) hemp fiber variations and b) wood pulp variations for all
specimen geometries.

Wood pulp demonstrates little variation in parameter E since mass loss after immersion was
assessed as negligible. The general shape of the absorption curves confirms that significant
decay does not occur in wood pulp biocomposites, unlike the decay experienced by hemp
fiber variations in Figure 5.10. Hemp experiences more degradation as the fiber is more
soluble in water than wood pulp since hemp fiber has not been chemically purified by the
pulping process and has a chemical composition of hemicellulose, lignin and extracts. Hemp
fiber therefore has a greater ability to dissolve and/or biodegrade. Also, for biocomposites
with interconnected fiber networks the mass loss was not only limited to surface fibers.
However, since LH45 has been theorized to have through thickness interconnectivity, as
referenced in section 0, the variation was not included in the linear analysis but is displayed

to illustrate the difference.
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Figure 5.42 Parameter E as a function of accessible surface area fiber fraction for a) hemp fiber
variations and b) wood pulp variations for all specimen geometries. Dashed lines: are for equations
5.14,5.15 and 5.16 for LH, HH and Wood Pulp respectively.

Since mass loss is synonymous with fiber lost from the surface, parameter E plotted relative
to fiber surface area fraction is shown in Figure 5.42. As previously determined mass loss
occurs at the surface of the specimen and therefore parameter E is graphically compared
against fiber surface area fraction. The fiber surface area has little to no effect on parameter E
and remains fairly constant for each material variation, other than LH45 which has through
thickness fiber connectivity. Therefore, parameter E is dependent on fiber type with the

following constants given:

LH=0.65 (5.14)
HH =2.75 (5.15)
Wood Pulp = 0.69 (5.16)

Parameter F: Predictive Mass Loss Rate of Fiber

Within the model, Parameter F reflects the rate of mass loss of fiber. The rate was difficult to
predict since only two points, prior to immersion and after immersion are relative. Therefore,
the rate of fiber mass loss was inferred throughout immersion from relative losses in mass in
the absorption curve. Reference the future work section for methodologies to predict mass

loss of fibers from biocomposites.
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a) LDPE variations b) HDPE variations
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Figure 5.43 Parameter F as a function of fiber volume fraction by both matrix type a) LDPE and b)
HDPE as well as by fiber type c) Hemp fiber reinforced and d) Wood pulp reinforced for all specimen
geometries.

Parameter F ranges from 2E-8 to 4E-7 %/s, with the exclusion of three data points of HW45
as illustrated in Figure 5.43. An increase in fiber volume fraction results in a greater range of
the rate of fiber loss rather an increase in the rate itself for all material variations. The rate of
fiber loss is dependent on matrix type. LDPE demonstrated a constant rate of fiber loss of
1.2E-07 %/s, whereas for HDPE demonstrated an increase in fiber loss rate with increase
fiber volume fraction for both fiber types. The differences observed support the theory that

the lower matrix material modulus better allows for fiber swelling during water immersion.

The ranges observed for parameter F within each fiber volume fraction were not attributed to
the accessible fiber fraction, as shown in Figure 5.44. Parameter F is constant for hemp fiber

and is independent of fiber surface area fraction. The rate of fiber degradation slightly
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increased for hemp reinforced HDPE to 1.5E-07 %/s compared to 1.2E-07 %/s for LH
variation. For HW an increase in accessible fiber surface area resulted in an increase rate of
fiber loss. The increase in fiber loss rate was attributed the inability of HDPE to deform to
allow for fiber swell during absorption, hence large clumps of wood pulp were removed. As
the accessible fiber surface area increased, so did the number of locations for this mechanism

to take place and hence an increase in rate was observed.
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Figure 5.44 Parameter F as a function of accessible surface area fiber fraction for a) hemp fiber
variations and b) wood pulp variations for all specimen geometries.

The rate of fiber mass loss is dependent on matrix type, fiber type and fiber surface area

fraction and the relationships graphically displayed in Figure 5.44 are given below.

LDPE based Parameter F = 1.2*%10-7 (5.17)
HH Parameter F = 1.5%10-7 (5.18)
HW Parameter F = 2.8*%10-7 * Fiber Surface Area Fraction (5.19)

Future work is required to better understand the mechanism of fiber removal. The

significance of fiber loss can be attributed to the degraded mechanical properties after

immersion.
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5.6 MODEL FUNCTIONALITY

The applicability of the model is demonstrated when utilized in conjunction with the

predictive normalized mechanical properties established in Section 4, equations 4.7 to 4.11.

The predicted mass gain would be plugged into each relative equation at the immersion time

of interest for the percent of the retained property.

Percent Mass Gain = A*(1-e®") + C*(1- e®") - E*(1-e*")

Initial Absorption Long Term Absorption Fiber Loss
(A} Magnitude of initial water absorbed (C) Maximum magnitude of water absorbed {E} Magnitude of fiber dissolution
(B} Rate of initial water absorption {D} Bulk biocomposite diffusion rate {F} Rate of fiber dissolution (5_4)
% Normalized Tensile Modulus = 100e -0-1048 *Percent Mass Gain (4.7)
% Normalized Tensile Yield Strength = 100 - Percent Mass Gain*3.06 (+0.04) (4.8)
% Normalized Ultimate Tensile Strength = 100 - Percent Mass Gain*1.82 (+0.08) (4.9)
% Normalized Elongation at Break = 100 + Percent Mass Gain*9.47 (+0.26) (4.10)

Magnitude {% Mass Gain}

A= Hemp fiber
Wood pulp
C= Hemp fiber

Wood pulp

Hemp fiber
Wood pulp

E= LH
HH

Wood pulp

OR

Parameter A = 0.11*Fiber Surface Area Fraction
Parameter A = 0.085*Fiber Surface Area Fraction
Parameter C = 41.79 * Fiber Volume Fraction

Parameter C = 24.61 * Fiber Volume Fraction

Parameter C =84.6 * SA Fiber/Volume Specimen
Parameter C = 39.0 * SA Fiber/Volume Specimen

Parameter E = 0.42 (except LH45)
Parameter E = 2.03

Parameter E = 0.69
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Rate {%/s

B= All Biocomposites

Parameter B = 5.82 E-06 * e17-977*Accessible Fiber Area/Volume (5.7)
D= Interconnected

Parameter D = 0.93 * | Diffusion Coefficient (mm?2/s)|+1.2 *10-7 (5.12)

Dispersed and Distributed

Parameter D = 0.0472* |Diffusion Coefficient (mm?2/s)|+ 1.09 *10-7 (5.13)

F= LDPE based Parameter F = 1.2*10-7
HH Parameter F = 1.5%10-7
HW Parameter F = 2.8*10-7 * Fiber Surface Area Fraction

The advantages of the model include:

1. The ability to assess the initial diffusion coefficient and apply it to determine the other
coefficient for initial and long term absorption rates, respectively, parameter F and B.

2. The importance to experimentally determine surface accessible fiber volume fraction
as the effective fiber content for water absorption and the importance of fiber volume

fraction for mechanical properties.

The limitations of the model are relative to the kinetics, magnitude and mechanism of fiber
loss. Fiber loss during immersion was not studied as a function of immersion time. The

reasons for the models limitation include:

1. The data which pertains to fiber decay was only assessed after 6552 hours of
immersion rather than as a function of immersion time. The mathematical function to
predict fiber loss was assumed exponential; analogous to absorption water.

o Atlow fiber fractions, the fiber loss does not have a significant impact on the
water absorption. However, it should be determined at what fiber content or
surface accessible fiber area does the fiber decay influence gravimetric
measurements of water absorption.

2. Only two fiber types were assessed. The fiber decay properties are likely akin to

absorption properties (fiber type dependent).
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3. A range of melt flow index (MFI) and polyethylene molecular weight distributions
should be looked at to be able to decipher if it is the MFI influencing the fiber
structure or if it is the molecular weight contribution to the dependency of diffusion

coefficient or a combination of both.
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5.7 CHAPTER SUMMARY

A comprehensive long term, 6552 hours, water immersion study investigated two matrices,
(LDPE and HDPE), three fiber contents, four distinct surface area to volume specimen ratios,
and four types of manufactured surfaces. The advantage of the large dataset limited common
issues found within the literature such as using a consistent manufacturing method and
validation of the fiber contents. The following clear trends emerged from the large volume of

data:

Initial absorption

(1) The initial flux of water absorption increases as a function of surface accessible
fiber. The flux was visualized from an increase in UV dye on the surface of
specimens and seen as an increase in mass absorbed as a function of immersion
time. These findings support the main mechanism of water absorption to be
through the natural fiber. The utilization of back scattered SEM was proven to be a
useful technique for assessment of accessible fiber ratio on a molded or machined
surface.

(2) Pseudo-Fickian to Fickian diffusion values were established for all biocomposite
variations. An increase in fiber content resulted in the specimens’ n value increase
to 0.5, Fickian diffusion. These findings support that molecular diffusion is the
fundamental process of water absorption.

Long term absorption

(3) Long term immersion data was required due to durations required for mass gain
to plateau. An inaccurate determination of maximum water absorption impacts
the assessment of the mode of diffusion as well as influencing the diffusion
coefficient.

(4) Fiber interconnectivity was proven by both:

a) An exponential increase in diffusion coefficient with increase fiber fraction.
The exponential increase in diffusion coefficient with increased fiber fraction
conveys that not only are the additional fibers absorbing water but also
forming pathways to connect an even greater percentage of the fiber content
to absorb water.

b) The averaged water content per volume fraction of fiber assessed the relative

amount of water for each specimen type relative to fiber saturation point in a
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high humidity environment. Specimen types at fiber contents with an average
water content greater than experienced at high humidity environments were
confirmed as having interconnected fiber networks within the material.

c) The extent of fiber dispersion and distribution from manufacturing techniques
has a significant influence on long term immersion due to the potential for
interconnectivity.

(5) Fiber decay was confirmed as a function of immersion time, from both gravimetric
data and back scattered SEM analysis of the biocomposite surface. Fiber decay has
been mentioned as a mechanism but a predictive model has never incorporated
this mechanism. It is theorized that the extent of fiber decay may be dependent on
the fiber network where water can wash out soluble compounds through the
interconnected pathways.

All of the findings lead to a new model to predict long term water absorption data for natural
fiber reinforced polyethylene biocomposites. The model builds from established principles
such as Fickian diffusion with the diffusion coefficient assessed as well as expands the work
from Wang on the importance of accessible fiber ratio. The proposed model in conjunction
with the correlations established in section 4 for degradation of mechanical properties will

help aid material designers in the prediction of long term biocomposite properties.
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6 ] C O N C LU S I O N S Processing Structure Property Performance |

A comprehensive gravimetric and mechanical dataset were used to evaluate and analyze the impact

of long term water immersion on hemp fiber and wood pulp reinforced polyethylene
biocomposites. Water absorption was observed for all biocomposite specimens. Absorbed water
relative to the specimens’ mass correlated with an observed trend in mechanical tensile property
degradation. The prediction of absorbed water within a biocomposite can also predict the
mechanical performance of the material.

The two fiber types were selected to compare the difference between a chemically refined
cellulose fiber (wood pulp) and a mechanically processed agriculturally produced fiber(hemp).
Despite differences in chemical composition both fibers had similar densities (1.55 g/cm3 and 1.53
g/cm3) and responded phenomenologically similar with absorbed water. The use of two types of
polyethylene, low density and high density, allowed for the investigation of the influence of matrix
permeation rates with the same chemical composition and the removal of assumption regarding the
interfacial bonds based on chemical differences.

Three fiber contents were studied to determine its impact on both water absorption and
mechanical properties over the range of processable volume fractions of fiber by extrusion and
injection molding. The determined volume fraction of fiber based on the manufactured specimen,
rather than an estimation from the material mass balance during manufacturing is a unique aspect
of this study. Different specimen geometries were also assessed to explore both surface area to
volume ratios and the effect of machined surfaces to simulate after part finishing. For the same
material variation, the act of machining a molded specimen increased the surface accessible natural

fiber and therefore increased the water absorbed.

6.1 WATER ABSORPTION

Water absorption in polyethylene based biocomposites is dependent on the content of natural fiber,
as polyethylene absorbs significantly smaller amounts than natural fibers. Water absorption has
typically been modelled over short durations (0-100 hours). Due to the environmental need for
sustainable materials long term models in different environmental conditions are required to
predict material performance. The proposed “dual phase absorption with decay” model leverages

information obtained from short term model into a long term model, represented in equation 5.3.
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The model has three terms to present the three stages observed in water immersion environments

1) initial absorption 2) long term absorption and 3) fiber loss.

Percent Mass Gain = A*(1-e®") + C*(1-e®") - E*(1-e™)

Initial Absorption Long Term Absorption Fiber Loss
(A} Magnitude of initial water absorbed {C) Maximum magnitude of water absorbed {E} Magnitude of fiber dissolution
(B} Rate of initial water absorption {D} Bulk biocomposite diffusion rate {F} Rate of fiber dissolution (6 4_)

An overview of all the parameters relative to either magnitude and rate of absorption are

summarized in Table 6.1.

Table 6.1 Summary of model parameter as a function of material variation

Hemp fiber = 0.11 * Fiber Surface Area Fraction
A
Wood pulp = 0.085 * Fiber Surface Area Fraction
Hemp fiber =41.79 * Fiber Volume Fraction
= Wood pulp = 24.61 * Fiber Volume Fraction
15
= G} C OR
—
5 é Hemp fiber = 84.6 * SA Fiber/Volume Specimen
T
= S Wood pulp =39.0 * SA Fiber/Volume Specimen
LH =0.42 (except LH45)
E | HH =2.03
Wood pulp =0.69
B | All = 5.82 E-06 * e17.977*Accessible Fiber Area/Volume
. Interconnected = 0.93 * |Diffusion Coefficient (mm2/s)|+1.2 * 10-7
=
5 D =0.0472 * |Diffusion Coefficient (mm2/s)|+ 1.09 * 107
v 9 Dispersed & Distributed
-*C-‘G wn
~ 3
= LDPE based =1.2*107
N
- F | HH =1.5*107
HW =2.8* 107 * Fiber Surface Area Fraction

Water absorption of natural fibers allow for tailored degradation rates. Natural fibers can control
the water absorption by the selection of natural fiber type, percent volume fraction of fiber, and the
extent of additional surface preparation after molding. The relative fraction of absorbed water is
dependent on:

1. Percentage of surface accessible fiber.

2. Volume fraction of fibers connected to the surface accessible fibers.
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3. Water capacity of the fibers, based on fiber type (internal structure, chemical composition,
closed-pore porosity, etc.)

4. The extent of interfacial bonding, both physical and/or chemical, to restrain the fiber within
the biocomposite to limit magnitude of mass loss by mechanical removal from swelling.

The rate at which water ingresses into the material is dependent on:

1. The rate of initial water absorption is dependent on the ratio of surface accessible fiber area
to biocomposite volume for all material variations.

2. The rate of bulk water absorption is dependent on the fiber structure within the
biocomposite. Interconnected versus dispersed and distributed microstructures have two
separate long term absorption rates based on the diffusion coefficient of the biocomposite.

3. The diffusion coefficient is dependent on the percent of surface accessible fiber.

4. Natural fibers’ dissolution rate into the aqueous medium.

6.2 MECHANICAL PROPERTIES

Overall, the addition of either hemp fiber or wood pulp to both types of polyethylene increased the
tensile modulus and tensile yield strength. The addition of hemp and wood pulp fiber had minimal
effect on ultimate tensile strength, except for HW variations which experienced a decrease with
increased fiber content. Both elongation and toughness decreased with increased natural fiber, due
to the brittle nature of the natural fiber. The reinforcement effect was more pronounced in the
weaker matrix material, LDPE.

A direct correlation between relative mechanical properties and the percent water
absorbed was demonstrated in Chapter 4. The normalized mechanical properties for both hemp
fiber and wood pulp deteriorate as a function of percent mass gain of water. The effect of absorbed
water was the same for both types of polyethylene. The predictive degradation equations 4.78 to

4.10 are graphed in Figure 6.1.

% Normalized Tensile Modulus = 100e -0-1048 *Percent Mass Gain (4.7)

% Normalized Tensile Yield Strength = 100 - Percent Mass Gain*3.06 (+0.04) (4.8)
% Normalized Ultimate Tensile Strength = 100 - Percent Mass Gain*1.82 (+0.08) (4.9)
% Normalized Elongation at Break = 100 + Percent Mass Gain*9.47 (+0.26) (4.10)
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Figure 6.1 Overview of all the normalize mechanical properties as a function of water absorbed, a) Modulus,
b) yield tensile strength c) elongation at break and d) ultimate tensile strength. The degradation of
mechanical properties are dependent on the water absorbed within the specimen for all material variations.
The colors designate the relative amount of fiber content, target 15 wt% low= green, target 30 wt% medium
= blue and target 45 wt% high = purple.

The degradation in mechanical properties due to absorbed water, were not fully recovered once the
specimens were dried. A permanent loss in modulus was experienced for all biocomposite
variations. The higher fiber contents experienced greater permanent modulus loss. With respect to
strength, yield and ultimate tensile, wood pulp variations were able to recover unlike higher fiber
contents of hemp fiber reinforced biocomposites. Toughness remained nearly unchanged compared

to elongation at break which experienced an increase for hemp fiber specimens.
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6.3 SUMMARY
A predictive methodology was created for engineers to use natural fiber reinforced polyethylene

biocomposites with tailored degradation rate in a water immersion environment. Water
absorption was the focus to lay the foundation for future work on design of biodegradable
materials, since the majority of biodegradation processes require the presence of water. Absorbed
water has proven to degrade the mechanical properties of biocomposites. The tensile mechanical
properties were shown to degrade as a function of absorbed water. The correlation developed
applies to both matrix types and fiber types. Since the prediction of mechanical degradation was
dependent on the quantity of water absorbed within the material, a predictive long term water
absorption model was developed. The absorption model included the addition of a fiber loss term
to dual Fickian diffusion model to account for the loss of material from the surface of the
biocomposites. The other parameters in dual Fickian diffusion were linked back to quantifiable
material structure parameters such as fiber volume fraction, accessible fiber surface fraction of the
surface area fraction of fiber relative to the volume of the specimen. The mechanical correlations
and predictive water absorption model used in combination allows for the prediction of both long

term water absorption and long term mechanical properties in an immersion environment.

The model has the ability to be applied to other biocomposite systems as long as the inputs
are obtained. Inputs of the model include material characterization to determine the fiber volume
fraction as well as the accessible surface fiber on the composite and baseline absorption (<100

hours) and mechanical tests of the manufactured biocomposites.

Assessment of Fiber and Assessment of Accessible
Biocomposite Density Surface Fiber

Fiber Weight Fraction Fiber Volume Predictive Water Predict Normalized
(wt %) Fraction (vol %) Absorption Curves Mechanical Properties

Fickian Diffusion Mechanical Properties
Coefficient without water immersion

Figure 6.2 Overview of how fiber weight fraction can be translated into predict models of normalized
mechanical properties from characterization of the material (purple boxes) and performance (blue boxes)
completed within this work.
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The predictive methodology allows a range of composites to be tailored for both short term and
long term applications. The accomplished research objectives are listed below with reference to the
section. The listed contributions of the research are:

1. Comprehensive long term data set of both mechanical properties and water absorption for
an array of fiber types as well as fiber contents for future research. (Appendix C and
Appendix D)

2. Established the requirement and method to evaluate fiber volume fraction of manufactured
biocomposite specimens. (Chapter 4)

a. Examination and comparison of processing effects on natural fiber density.

3. Developed constitutive governing mathematical relationships to quantify the degradation of
tensile mechanical properties dependent on the quantity of water absorbed from
immersion environments. (Chapter 4)

4. Developed a mathematical model to predict Kkinetics of water absorption of a biocomposite
as a function of immersion time to account for matrix type, fiber type, fiber volume fraction,
surface accessible fiber, and accessible fiber surface area to specimen volume (Chapter 5)

a. Refined the assessment of accessible fiber ratio parameter.
i. Developed method to assess surface accessible fiber fraction and highlighted
the differences with as molded versus cut surfaces.
b. Confirmed diffusion-based water absorption mechanism.
Natural fiber degradation captured into a long term water absorption model.
d. Model correlates short term experimental data into extrapolated long term

prediction of water absorption to avoid the requirement for long term studies.

All of these contributions lead to an improved understanding of water ingress and transport in
biocomposites. The research brings designers one incremental step closer to the utilization of

biocomposites rather than traditional non-degradable non-renewable plastics.
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7. FUTURE WORK

While some questions have been answered regarding how biocomposites absorb water and the
subsequent degradation of mechanical properties, other questions have been uncovered. Below are
areas to be further explored with the field broken down by processing, structure, property, material

characterization and performance.

Processing

1. Determine the impact on mold flow index on the percent accessible fiber on the surface on
the specimen by utilizing the same fiber type with a varied MFI values. From the work
conducted it is theorized that the higher the MFI at medium to high fiber contents, increases

the percentage of the surface covered.

Structure
2. Determine the impact of material isotropy on the water absorption model.
a. Isotropy occurs during injection molding. There is a difference between the outer
skin and the inner core of the material. Also for high fill fraction there is a perceived

change in fiber fraction as a function of distance from the injection gate

3. Determine a conclusive experimental method to determine fiber distribution and
orientation in the specimen as well as fiber interconnectivity. Suggested methods include:

a. Deuterium tracing

b. Micro computed tomography (microCT) to not only image the fiber distribution,
dispersion and fiber orientations but also to validate the assumption of neglible
pore content within the fiber structure.

c. Magnetic resonance imaging of specimens after immersion for one year. The
imaging should provide an image of all natural fibers interconnected after
immersion.

d. Modelling fiber injection molding flows, and simulations on how the natural fibers
loss length after travelling through an screw based machine.

It is suggested that future work be conducted on modelling “fiberflow” within
thermoplastic systems to determine fiber orientation to predicted fibers on the

surface. The ability to model and predict the natural fiber present at the surface of
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the mold would enable mold designers to either tailor the biocomposites
susceptibility to environmental attack (mainly water absorption and biological

attack to the fibers) through the natural fibers present at the surface.

4. Determine the extent of natural fibers’ structure on impact of biocomposite water
absorption and its’ subsequent influence on mechanical properties.

a. Conduct a similar study with other types of natural fibers to assess other natural
fiber structures and compare the parameters. Hemp and wood pulp were similar
densities and therefore structures, whereas rice husks or wheat straw have
different morphological properties and is likely an additional factor to be accounted

for when modelling both water absorption and its effect on mechanical properties.

Material Characterization

5. Development of a standard method to determine fiber volume fraction for natural fiber
thermoplastic biocomposites. Evidence provided for nitrogen pycnometry for this method
to determine fiber and biocomposite densities. More fiber and matrices combinations are

required to establish this as a standard method to determine fiber volume assessment.

Mechanical Property Modelling
6. Micro-mechanical model relating known properties of fibers to the overall biocomposite.

7. Long term viscoelastic property assessment to predict how the material responds after

prolonged use for practical application.

Moisture Absorption Modelling
8. Moisture absorption as a function of temperature was not conducted a part of this study.

9. Refine the decay function by exploration of fiber loss in different environments as well as
with different matrix materials and fiber types.
a. Determine the magnitude of mass loss at multiple intermediate steps to validate the

model and mechanism predicted
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A. APPENDIX: BIOCOMPOSITES MANUFACTURING PARAMETERS

A.1 CALIBRATION FEED RATE FOR MATRIX AND FIBER
The auger type feeders utilized demonstrated a linear relationship between average mass

rate (g/min) to dial setting for all polymer and fiber types. An example calibration curve has
been shown in Figure A.1. In order to establish each feeder’s relationship for a particular
material type, a minimum of 5 replicate mass samples were taken in 20 second intervals at a
minimum of 7 dial settings surrounding the dial setting selected. The mass samples were
obtained a minimum 1 hour after the gravimetric feeders had warmed up and been
operational. The slope was used to determine the dial setting to both produce targeted fiber
fraction and quantity of biocomposite manufactured. The target quantity of manufactured
biocomposite mass was between 3.00 - 5.00 kg/hr dependent on the target fiber fraction. The
plastic feed rate was kept constant, 0.35 or 0.4, within each matrix fiber combination to limit

experimental error in one of the gravimetric feeders.
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Figure A.1 Example Calibration Curve of High Density Polyethylene Pellets
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The equations A.1 to A.3 illustrate the relationship between mass flow and dial setting by the
slope of the calibration curve where subscripts m refers to matrix material and frefers to
fiber. For a specific matrix mass flow rate, the fiber dial setting was calculated to achieve the

target weight fraction of fiber, W

My, = dialy, * i, (A1)
. MW

me = W—mf (A.2)
hy .

— = A.
oy dials (A.3)
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Where: m = mass flow
U = slope of calibration curve

dial = dial speed setting

For both fiber types the gravimetric feed was calibrated at half increments. An example
calibration curve is shown in Figure A.2 for pelletized - Wiley milled wood pulp fiber. Natural
fibers, unlike polymer pellets, may have a critical dial speed where the auger spins more
quickly than the fiber can fall onto the screw due the fibers lightweight fluffy nature. The full
range was explored to ensure the fiber dial speeds set with a minimum 1 dial increment

buffer.
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Figure A.2 Example of Wood Pulp Pelletized and Wiley milled gravimetric calibration curve with the
error bars graphed with the standard deviation.
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A.2  ADDITIONAL FIBER PROCESSING INFORMATION
The optimized fiber processing trails assessed different methods of fiber compaction to

enable the fiber to be gravimetrically fed. The fiber form had to pass both conditions to be

considered as a viable option to manufacture the biocomposite:

1. Repeatable fiber mass feed rate where the standard deviation represented less than
10% of the total fiber feed rate measured in 20 second intervals.
2. Slowly fed the processed fiber at very low fiber volume fractions to assess visually if

the fiber form had changed form, as shown in Figure A.3.

Velco Punched

Figure A.3 Example of visual assessment between variations fiber forms of wood pulp (top down) velco
punched, steam pelletized and pelletized without addition of moisture extruded with HDPE. From this
trail, pelletized without moisture was selected to have promise dispersing into the melt. The black
arrows point to locations with noticeable fiber clusters.
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A.3 SUMMARY OF EXTRUSION PARAMETERS

Table A.1 - Summary of Extrusion Parameters
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A.4 SUMMARY OF INJECTION MOLDING PARAMETERS

Table A.2 - Summary of Injection Molding Parameters
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A.5 NITROGEN PYCNOMETRY SENSITIVITY OF MINIMUM VOLUME
To verify the required internal volume of sample for the pycnometer, the pycnometer was ran

at various fraction of the sample chanmber occupied. The testing protocol at each occupied
volume fraction were taken as per section 3.2.1. Stainless steel (302) ball bearings were used
as the material and were incrementally added into the chamber to obtain minor incremental
changes in chamber occupation fraction. The reported average density and corresponding
standard deviation at 2% chamber fill was much larger than after the sample occupied 5% or
greater of the chamber volume. Once the chamber was approximately 7.5% filled, the change
in deviation of the sample remained constant. in the measof the measurements taken of the
population decreased used as the material of choice due to the high tolerane wwith the same

operating parameters of the pycnometer.
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Figure A.4 Example calibration curve of high density polyethylene pellets.
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B. APPENDIX: STATISTICAL ANALYSIS OF UNCERTAINTY

This appendix quantifies the doubt surrounding each measurement and the propagated
uncertainty in calculated properties. The quantification of doubt was conducted in
accordance with A Beginner’s Guide to Uncertainty of Measurement [1] and Combined Standard
Uncertainty and Propagation of Uncertainty [2]. Uncertainty for critical measurements such as
weight for analysis of percent weight gain, density to determine fiber fraction, and
mechanical properties were assessed. An overview of the types of experimental uncertainty
and those types which can be numerically quantified are indicated in Table B.1. The sources

of uncertainty indicated will be explored in each section.

Table B.1 Overview of Quantifiable Uncertainty of Experimental Results

Fiber Volume | Weight Gain Mechanical Properties
Sources of Fractl.on , , , .
Uncertainty Density Percept Weight | Dimensions | Displacement
(g/cm3) Gain (%) (mm) (mm)
a) Instrl}ment Yes Yes Yes Yes
Uncertainty
b) Env1r9nmental Yes No No No
Uncertainty
c) Sampling Issues No Yes No
d) Item Issue No No No
Y.
e) Operator Error / No €s No
Skill No
f) Measurement No No
Process / Protocol
g) Calibration
Uncertainty ves No No Yes

B.1 DENSITY MEASUREMENT - UNCERTAINTY ANALYSIS
This section compares three quantitative uncertainties and the corresponding impact on the

reported uncertainty of Fiber Volume Fraction (V;):
1) Uncertainty based on the calibration reference
2) Potential Impact from Temperature
3) Combined Uncertainty from the statistical results of the measurement
4) Combined Uncertainty from the uncertainty in each measurement from

instrumentation
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1. Calibration Uncertainty

The standard reference material, Lead Silica Glass Mass Density Standard, used to
calibrate the pycnometer and supplied by NIST is certified with a confidence level of 95% to *
0.000033g/cm3 the average density. This uncertainty in density of measured fiber, matrix and
composite density propagated into volume fraction results in the reported Vr with a range of
0.02-0.03vol% from the reported value. Therefore, this accumulated uncertainty is negligible

to the reported volume fraction of fiber.

2. Environmental Uncertainty based non-isothermal operating condition

The sensitivity analysis below illustrates the relative density change corresponding to
an incremented ambient chamber temperature deviation between pressure recordings.
Increments of 0.1°C, 1°C, 5°C and 10°C were chosen to demonstrate the effect on density, as
illustrated in Table B.2. The impact of a slight temperate deviation can potentially result in a
drastic influence on density measurement and therefore the calculation of fiber volume
fraction. However, the realistic possibility of the temperature changing more than 0.1°C

within a measurement is highly unlikely.

Table B.2 Variation in Density with an Ambient Air Temperature deviation during measurement

AT (°C)
0.1 1.0 5.0 10.0
AP, (kPa) 0.1167 0.2335 | 1.1675 | 2.3350
A HDPE 0.0001 0.0002 | 0.0010 | 0.0021
P Hemp Fiber 0.0187 0.0379 | 0.2111 | 0.4930
(g/cm3)
HH45 0.0054 0.0109 | 0.0569 | 0.1199

The calculations used to determine the pressure change are shown in Equation B.1 to B.2.
Equation B.3 details where the change in pressure due to temperature, APAT, impact the

density calculation from the experimental results.

Py _ P

T = T_z (B.l)
p, =22 (B.2)
T
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(B.3)

Pr — Pro
Mass

([(pF - pFO) * Vieference chamber] - [(pl + APAT - pIO) - (pF - pFO)] * Vsample chamber)

Density =

Due to the importance of ambient chamber temperature on the density measurement, a
cooling fan was installed within the machine to minimize the impact of Environmental
Uncertainty. Therefore this type of uncertainty is negated from uncertainty analysis of

determination of volume fraction due to experimental controls to minimize the impact.

3. Combined Uncertainty from the reported densities (Statistical results)

Evaluation of each fiber type, matrix and biocomposite variation by nitrogen
pycnometry resulted in a statistical normal distribution of densities of the sample. The
compounded uncertainty has been determined for each biocomposite variation based on its
constituent components. The calculation for fiber volume fraction, Equation B.4, determines
the calculation required to assess combined uncertainty as outlined in Equation B.5. The

range of associated uncertainty for fiber volume fraction, u(Vy), ranged from 0.00049 -

0.00136 vol%.
Pc—Pm
= — B.4
Y PF—Pm (B4)
2 2 2
( u(pfr)
u(Vy) = [%‘:)] + 2% [%;") + [p—ff (B.5)
Where:

standard deviation of p.

u(p,) = N ,wheren = 30 (B.6)

4. Combined Instrumentation Uncertainty in Density Determination

The raw data required to calculate density was captured by a pressure gauge (pycnometer)
and a gravimetric scale. The combined uncertainty from both instruments were evaluated

according to Equation B.8 based on the calculation of raw data in Equation B.7.

<[(pF_pF0)*Vreference r:hamber]_[(pl_plo)_(pF_pFO)]*Vsample chamber)
PF—PFo

Density = (B.7)

Mass
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Therefore Uncertainty of a density measurement u(p): (B.8)

= \/6 * [u(p)]Z + [u(vsaml’le Chamber)]2 n [u(vreference chamber) ? 124 [ u(p) ]2 + [ u(m) ]2

vsample chamber Ureference chamber paverage maverage
Where:
u(p) = manufacturer's equipment uncertainity of pressure = 0.001psi
Paverage = Average Pressure Reading (assumed as 5.5 psi for analysis)
u(m) = manufacturer'sequipment uncertainity of mass = 0.0001g
Maverage = Average Pressure Reading (assumed as 5.5 psi for analysis)

standard deviation

u(vreference chamber) = N ,Wheren =5 & stdev = 0.020905 cm?
n
standard deviation 3
u(vsample chamber) = N ,Wheren =5 & stdev = 0.034327 cm
n

The combined uncertainty from instrument sources is 0.002862 g/cm3 for all reported
densities. The propagation of this uncertainty to fiber volume fraction produces a range of
uncertainty between 0.93209 - 0.97742 vol% of fiber for all composite material variations.
Instrumental uncertainty is the most significant for density. Therefore, both fiber volume

fraction and experimental densities will display this uncertainty in all of the results.

B.2 WEIGHT MEASUREMENTS & NORMALIZED WEIGHT GAIN
The analysis below concludes that the statistical variation of water uptake within a material

variation due to inherent specimen to specimen variability is greater than either 1)
instrument uncertainty or 2) impact of possible residual surface water during measurement

on Percent Weight Gain.

1. Combined Instrumentation Uncertainty of Percent Weight Gain

The impact of the combined instrumentation uncertainty is assessed to determine the
additive magnitude of uncertainty inherent within all percent weight values. The calculation
for percent weight gain, Equation B.9, determines the calculation required to assess
combined uncertainty as outlined in Equation B.10. The range of associated uncertainty for

percent weight gain, u(w;), ranged from 0.00325 -0.03183 %.
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w,= "% 100 (B.9)

w(W) = /3*[@]2 *100 (B.10)

u(w) = manufacturer's equipment uncertainity of mass = 0.0001g

Where:

w = Specimen Weight - utilized heaviest specimen (HH45 Flexural bar - 5.3255g) and
lightest specimen (LDPE square - 0.5442g) to determine the range of impact

2. Sensitivity Analysis of Residual Water Layers

The uncertainty related to the quantity of residual water remaining on the specimen surface
during gravimetric measurement. Since the measurements were taken by the same operator
with the same supplies with a specific protocol the magnitude of uncertainty is repeatable.
This combination of uncertainty types is present within all gravimetric measurements for all

samples, therefore does not impact the results of the study.

The sensitivity analysis evaluates the impact on percent weight gain corresponding to an
incremental thickness of residual water on the surface during gravimetric measurement.
Increments of 0.01pm, 0.1pm, 1pm and 10pum were chosen to demonstrate the effect on
percent weight gain, detailed in Table B.3. Material variations, LDPE and HH45 were chosen
to capture the extremes of the specimen weight. Even with 10um of water thickness on the

surface area of the specimen, the standard deviation of percent weight gain is greater.

Table B.3 Variation in Percent Weight Gain with assumed residual water thickness

Thickness of Water (um)
Specimen Type 0.01 0.1 1 10
LDPE Square 0.001 0.010 0.096 0.956
Percent Weight Flexural Bar 0.000 0.001 0.012 0.121
Gain (%) HH4S Square 0.001 0.008 | 0.081| 0.811
Flexural Bar 0.000 0.001 0.010 0.100
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B.3 MECHANICAL PROPERTIES - UNCERTAINTY ANALYSIS
The below analysis illustrates that the natural scatter present within the population of each

material variation is greater than either uncertainty from calibration or instrument
measurement. For comparison purposes the smallest standard deviation for yield strength is
0.019 MPa (HH30 at 26 weeks immersion) and 0.001 GPa (LDPE at 24 hours immersion) for

tensile modulus.

1. Calibration Uncertainty on Strength and Modulus

The mechanical testing machine and associated equipment used are annually certified
by ASTM E4-13Annex A1.3 [3] to manufacturers specification. The calibration certifies the
equipment within * 1% accuracy, 1% repeatability and zero return tolerance. For HH45 the
greatest value in ultimate tensile strength and modulus, results in a standard deviation of
0.26 MPa and 0.0990 GPa which is far below 1% accuracy. Therefore, this accumulated
uncertainty is negligible to the reported values for mechanical properties strength and

modulus.

2. Combined Instrumentation Uncertainty on Strength and Modulus

The range of uncertainty for strength, dependent on material variation is 0.00167 - 0.00172
MPa. When compared to the 95% confidence interval of the sample population ranges from
0.10 MPa (L) to 1.53 MPa (HW30). Hence combined instrumentation uncertainty is captured

within the natural statistical scatter of the data.

Strength
Force
O, = — - B.11
¢ Widthcrossection*tRiCKNESScross section ( )
u(o,) = J [u(F)]Z + [u(width)]z + [u(thickness) 2 (B.12)
¢/ F width thickness )
Where:

u(F) = manufacturer's equipment uncertainity of Force = 0.15

u(dimension) = manufacturer's equipment uncertainity of dimension = 0.005
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The range of uncertainty for modulus based on combined instrumentation uncertainty ranges

from 0.000018 GPa - 0.000141 GPa nears closer to the statistical variation within the
population ranging from 0.011 GPa (L) to 0.174 GPa (HW30).
Modulus
_ 03— 01
o= 2 (B.13)
u(oo)]? u(e)]?
'LL(EC) = 2 % [U_r;] + 2 * [T] (314)
Where:

u(e) = manufacturer's equipment uncertainity of strain = 0.0001 mm/mm

u(o.) = calculated uncertainity in Equation B. 12
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C. APPENDIX: MECHANICAL PROPERTY DATA LIBRARY

This appendix serves as a compilation of all tensile test data. Seven specimens were tested for
each condition. The average and standard deviation are reported for tensile yield stress at
2%, stress at maximum load, modulus, strain at break and toughness as well as the number of
included fractured specimens. The order of the results presented includes: matrix material
Table C.1, hemp reinforced biocomposites Table C.2 and Table C.3 followed by wood pulp
reinforced biocomposite Table C.4 and Table C.5.

Table C.1 Matrix Material - LDPE and HDPE

Immersion | Tensile Stress at | Tensile Stress Modulus Tensile Strain | Toughness
Time 2% Yield at Max Load at break
(hours) (MPa) (MPa) (GPa) (%) N
Avg Stdev Avg Stdev Avg | Stdev | Avg Stdev | Avg Stdev
0 5.86 0.08 12.60 0.32 0.03 0.00 170.67 7.70 32.60 2.1
24 5.97 0.15 12.37 0.10 0.03 0.00 169.99 5.03 32.00 1.36
168 5.84 0.14 1237 | 021 | 0.03 | 0.00 | 17558 | 6.80 | 3347 | 1.48
) 336 5.97 0.09 12.48 0.25 0.03 0.00 153.14 | 12.74 | 29.50 272
g 672 5.92 0.16 12.52 0.10 0.03 0.00 172.52 4.60 33.03 1.1
— 1344 6.07 0.12 12.61 0.12 0.03 0.00 165.08 4.36 32.19 1.26
4374 5.86 0.05 12.27 0.09 0.03 0.00 167.85 | 11.18 | 32.29 2.41
6578 6.00 0.08 11.08 0.10 0.03 0.01 138.45 | 17.30 | 32.16 0.73
6552 5.62 0.20 12.73 0.44 0.03 0.00 172.59 | 10.33 | 33.62 2.40
0 15.55 0.21 19.78 0.19 0.53 0.01 Did not break
24 15.38 0.25 19.44 0.25 0.54 0.03 Did not break
168 16.16 0.22 20.16 0.16 0.60 0.04 Did not break
| 336 15.93 0.13 20.20 0.20 0.55 0.01 Did not break
g 672 15.92 0.23 20.04 0.27 0.57 0.01 Did not break *see footnote
=1 1344 16.02 0.35 20.07 0.32 0.58 0.03 Did not break
4375 15.53 0.18 19.57 0.19 0.56 0.04 Did not break
6578 15.70 0.13 19.64 0.11 0.55 0.02 Did not break
6552 15.12 0.25 19.48 0.13 0.49 0.06 Did not break

*inconclusive as only 1 out of 7 specimens was tested to maximum load frame extension
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Table C.2 Hemp Reinforced LDPE Biocomposites

Immersion | Tensile Stress | Tensile Stress Modulus Tensile Strain Toughness
Time at 2% Yield at Max Load at break
(hours) (MPa) (MPa) (GPa) (%) ()]
Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev
0 7.86 0.07 10.97 0.20 0.12 0.03 | 51.27 | 13.08 | 9.53 2.64
24 7.92 0.04 11.11 0.05 0.11 0.01 57.74 | 5.24 11.42 1.01
168 7.59 0.20 10.82 0.14 0.11 0.02 | 5236 | 7.49 9.63 1.42
n 336 7.74 0.07 11.01 0.05 0.11 0.01 5412 | 7.07 10.34 1.41
E 672 7.65 0.11 11.15 0.20 0.11 0.01 56.11 7.40 10.73 1.54
= 1344 7.74 0.09 11.30 0.09 0.11 0.01 55.89 | 7.58 10.88 1.61
4373 6.88 0.43 10.38 0.63 0.09 0.01 61.36 | 10.92 | 11.77 | 2.25
6553 6.92 0.04 10.74 0.10 0.09 0.01 63.14 | 6.04 11.97 1.20
6552 7.99 0.47 11.15 0.11 0.10 0.01 59.03 | 3.80 11.33 | 0.82
0 11.89 | 0.14 12.74 | 0.21 0.72 0.02 6.81 0.53 1.47 0.30
24 11.63 | 0.16 12.69 | 0.12 0.69 0.02 7.14 0.30 1.43 0.15
168 10.89 | 0.28 11.99 | 0.28 0.62 0.05 6.99 0.83 1.32 0.25
o 336 11.04 | 0.07 12.35 | 0.06 0.62 0.03 7.98 1.05 1.52 0.32
AL 672 10.98 | 0.10 12.37_ | 0.11 0.61 0.02 7.86 0.92 1.48 0.31
— 1344 10.91 | 0.23 1256 | 0.25 0.59 0.03 8.01 0.72 1.59 0.26
4397 9.94 0.25 12.28 | 0.09 0.48 0.04 10.36 | 1.99 2.12 0.49
6553 9.44 0.20 12.23 | 0.18 0.40 0.05 11.83 | 2.85 2.44 0.67
6552 11.03 | 0.15 12.31 | 0.14 0.59 0.03 8.58 1.30 1.62 0.47
0 11.74 | 0.52 11.91 | 0.24 1.59 0.09 3.63 0.21 0.46 0.13
5 11.27 | 0.22 11.28 | 0.22 1.41 0.05 3.03 0.22 0.54 0.07
24 11.15 | 0.19 11.26 | 0.17 1.32 0.08 3.52 0.36 0.64 0.14
168 9.65 0.11 10.15 | 0.10 0.90 0.05 4.45 0.40 0.77 0.09
=% 336 9.35 0.30 10.22 | 0.26 0.76 0.05 5.06 0.35 0.96 0.10
E 672 8.00 0.18 9.55 0.18 0.51 0.04 6.28 0.71 0.93 0.23
1344 7.05 0.14 9.39 0.15 0.36 0.01 8.06 0.50 1.21 0.19
4373 6.64 0.11 8.86 0.13 0.33 0.02 8.08 0.95 1.16 0.23
6553 6.67 0.08 8.80 0.11 0.35 0.02 7.69 0.51 1.06 0.13
6552 9.61 0.08 10.27 | 0.10 0.79 0.03 4.82 0.42 0.72 0.18
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Table C.3 Hemp Reinforced HDPE Biocomposites

Immersion | Tensile Stress | Tensile Stress Modulus Tensile Strain Toughness
Time at 2% Yield at Max Load at break
(hours) (MPa) (MPa) (GPa) (%) ()]

Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev

0 17.60 | 0.17 19.09 | 0.13 1.26 0.03 8.94 0.91 2.93 0.30
24 17.64 | 0.06 19.16 | 0.03 1.28 0.01 7.61 0.27 2.45 0.14
168 16.65 | 0.21 18.42 | 0.24 1.13 0.06 8.37 1.54 2.68 0.47

| 336 1758 | 0.31 19.22 | 0.30 1.22 0.04 8.00 1.00 2.53 0.58
E 672 17.07 | 0.12 18.97 | 0.13 1.11 0.03 8.35 1.09 2.68 0.43
Tl 1344 16.92 | 0.11 18.94 | 0.1 1.06 0.04 8.80 1.75 2.77 0.70
4370 15.33 | 0.12 17.89 | 0.12 0.81 0.02 10.86 | 1.21 3.35 0.43
6553 1424 | 0.16 17.34 | 017 0.73 0.04 10.29 | 1.83 2.97 0.67
6552 16.19 | 0.17 18.52 | 0.14 0.98 0.04 8.80 1.03 2.75 0.32

0 19.09 | 0.52 18.79 | 0.71 2.34 0.14 3.16 0.46 1.02 0.20
24 18.95 | 0.22 19.40 | 0.27 2.15 0.05 3.84 0.47 1.25 0.33
168 17.01 0.26 17.94 | 0.35 1.58 0.10 4.75 0.55 1.48 0.23

= 336 16.53 | 0.22 17.58 | 0.21 1.49 0.12 4.52 0.49 1.30 0.10
| 672 15.04 | 0.47 17.05 | 0.20 1.07 0.12 5.73 0.99 1.60 0.44
| 1344 13.72 | 0.24 16.38 | 0.29 0.78 0.06 7.42 1.04 1.98 0.33
4370 13.63 | 0.33 15.94 | 0.19 0.82 0.11 7.00 0.73 1.75 0.34
6553 13.43 | 0.02 15.83 | 0.10 0.78 0.02 7.26 0.59 1.98 0.19
6552 16.35 | 0.48 17.68 | 0.48 1.39 0.09 4.89 0.51 1.42 0.16

0 18.82 | 0.26 19.27 | 0.26 3.13 0.10 2.69 0.29 0.89 0.20

5 18.08 | 1.79 18.88 | 0.13 3.13 0.20 2.61 0.28 0.94 0.16
24 1719 | 0.13 1749 | 0.11 2.10 0.08 2.67 0.23 1.02 0.22

" 168 13.03 | 0.17 1457 | 0.15 0.92 0.05 5.92 0.50 1.49 0.28
<| 336 12.08 | 0.19 14.02 | 0.18 0.76 0.06 6.63 0.91 1.58 0.43
% 672 11.70 | 0.18 13.67 | 0.16 0.71 0.03 6.34 0.27 1.69 0.13
1344 12.01 | 0.17 13.85 | 0.13 0.77 0.04 6.46 0.43 1.61 0.19
4369 11.93 | 0.15 13.75 | 0.16 0.77 0.08 6.74 0.46 1.77 0.10
6553 12.31 | 017 1415 | 0.22 0.81 0.02 6.53 0.51 1.66 0.24
6552 15.64 | 0.42 16.47 | 0.44 1.49 0.09 4.20 0.38 1.09 0.23
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Table C.4 Wood Pulp Reinforced LDPE Biocomposites

Immersion | Tensile Stress | Tensile Stress Modulus Tensile Strain Toughness
Time at 2% Yield at Max Load at break
(hours) (MPa) (MPa) (GPa) (%) ()]

Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev

0 8.73 0.06 11.67 | 0.34 0.20 0.04 30.31 | 5.36 6.07 1.22

24 8.88 0.11 11.68 | 0.17 0.20 0.02 29.98 | 2.18 6.16 0.50
168 8.39 0.09 11.46 | 0.21 0.17 0.01 31.90 | 4.14 6.34 0.91

| 336 8.46 0.07 1151 | 0.07 0.18 0.01 31.42 | 246 6.39 0.58
E 672 8.23 0.20 30.65 | 6.08 0.17 0.03 33.60 | 6.45 6.74 1.37
—| 1344 8.23 0.07 11.62 | 0.17 0.17 0.02 31.72 | 4.75 6.39 1.04
4372 7.87 0.13 11.32 | 0.11 0.17 0.02 31.31 | 5.01 6.31 1.11
6553 7.68 0.23 11.26 | 0.19 0.16 0.02 31.94 | 590 6.27 1.29
6552 8.25 0.09 1128 | 0.14 0.17 0.02 3423 | 6.23 6.70 1.31

0 10.69 | 0.24 11.08 | 0.36 0.56 0.02 6.79 0.54 1.22 0.21

24 1093 | 0.14 12.12 | 0.13 0.60 0.04 6.54 1.02 1.20 0.28
168 10.206 | 0.08 1158 | 0.14 0.52 0.03 7.26 0.89 1.13 0.32

2 336 10.28 | 0.19 11.73 | 0.20 0.53 0.01 7.10 0.50 1.19 0.26
= 672 10.02 | 0.25 1179 | 0.22 0.50 0.02 8.19 0.73 1.46 0.24
—| 1344 9.87 0.12 11.76 | 0.15 0.50 0.02 8.04 0.94 1.45 0.22
4372 9.60 0.15 11.96 | 0.12 0.46 0.01 9.12 0.49 1.73 0.13
6553 9.24 0.34 11.76 | 0.26 0.41 0.02 9.11 1.20 1.64 0.30
6552 10.83 | 0.43 11.93 | 0.17 0.54 0.03 6.80 1.33 1.20 0.37

0 12.08 | 0.56 1214 | 0.56 0.92 0.06 3.63 0.21 0.68 0.17
24 12.01 | 0.29 1214 | 0.30 0.96 0.02 3.62 0.26 0.63 0.23
168 11.08 | 0.38 1124 | 045 0.86 0.03 3.80 0.23 0.65 0.10

w0 336 11.23 | 0.14 1150 | 0.23 0.87 0.02 4.11 0.34 0.74 0.13
= 672 10.63 | 0.25 10.96 | 0.29 0.82 0.02 3.86 0.30 0.63 0.13
—| 1344 10.65 | 0.27 1114 | 0.34 0.81 0.02 4.38 0.44 0.76 0.15
4371 9.46 0.54 1044 | 0.74 0.64 0.02 5.11 0.37 0.85 0.19
6553 8.84 0.21 10.14 | 0.28 0.54 0.03 5.81 0.34 1.03 0.16
6552 11.72 | 0.33 11.92 | 0.28 0.84 0.05 3.84 0.42 0.64 0.17
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Table C.5 Wood Pulp Reinforced HDPE Biocomposites

Immersion | Tensile Stress | Tensile Stress Modulus Tensile Strain Toughness
Time at 2% Yield at Max Load at break
(hours) (MPa) (MPa) (GPa) (%) ()]

Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev | Avg Stdev

0 14.99 | 0.14 17.30 | 0.22 0.89 0.04 8.87 1.56 2.48 0.51

24 15.20 | 0.25 17.37 | 0.24 0.97 0.07 7.32 1.00 1.85 0.56
168 15.44 | 0.27 17.61 0.38 0.95 0.07 7.92 1.49 2.34 0.49

n| 336 15.71 0.19 17.77 | 0.14 0.97 0.02 7.58 0.34 2.16 0.15
E 672 1559 | 0.15 17.76 | 0.25 0.95 0.05 7.97 0.78 2.21 0.34
| 1344 1559 | 0.08 17.84 | 0.12 0.92 0.04 8.47 0.80 2.37 0.49
4398 1549 | 0.26 1748 | 0.35 0.94 0.09 7.54 1.33 2.12 0.54
6564 14.98 | 0.26 16.86 | 0.33 0.93 0.08 7.74 1.84 2.16 0.61
6552 15.07 | 0.15 17.61 0.30 0.88 0.07 15.07 | 0.15 2.46 0.54

0 15.91 0.27 16.51 0.31 1.53 0.10 4.54 0.69 1.28 0.20

24 15.60 | 1.24 16.59 | 1.33 1.38 0.14 5.06 0.54 1.35 0.23
168 15.71 0.32 16.59 | 0.24 1.41 0.07 5.10 0.42 1.47 0.12

S 336 15.88 | 0.16 16.89 | 0.18 1.37 0.12 5.13 0.63 1.36 0.22
=| 672 1540 | 0.18 16.47 | 0.17 1.27 0.08 5.53 0.66 1.59 0.25
T| 1344 15.35 | 0.18 16.05 | 0.34 1.39 0.09 4.58 0.69 1.24 0.25
4398 1424 | 0.14 15.54 | 0.11 1.04 0.06 6.12 0.46 1.69 0.20
6564 13.93 | 0.37 15.51 0.48 0.92 0.06 6.93 0.73 1.93 0.27
6552 15.13 | 0.16 16.62 | 0.21 1.17 0.10 5.99 0.63 1.74 0.19

0 15.61 0.10 15.87 | 0.21 1.81 0.09 3.61 0.46 0.94 0.18
24 15.69 | 0.33 16.00 | 0.41 1.85 0.11 3.54 0.53 0.88 0.20
168 14.89 | 0.18 15.41 0.26 1.56 0.08 4.13 0.58 1.03 0.35

w 336 14.82 | 0.25 15.25 | 0.34 1.59 0.12 3.74 0.52 0.84 0.25
=| 672 14.02 | 0.25 1456 | 0.43 1.44 0.14 3.94 0.71 0.92 0.21
T| 1344 13.78 | 0.15 1452 | 0.29 1.27 0.09 4.42 0.55 1.00 0.17
4373 11.83 | 0.17 13.06 | 0.26 0.89 0.03 5.40 0.44 1.12 0.15
6564 12.37 | 0.14 13.41 0.27 0.99 0.07 5.07 0.87 1.07 0.23
6552 1443 | 0.18 1513 | 0.30 1.41 0.05 3.91 0.30 0.99 0.13
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D. APPENDIX: WATER ABSORPTION DATA LIBRARY

This appendix serves as a compilation of all water absorption data. The duration, hours, of
immersion along with the average mass gain and standard deviation are reported for each

material variation and specimen type. The order of the results presented includes:
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Table D.1 Water Absorption for LDPE specimen types

010 000 07949 S0°0 60°0- 07949 ¥0°0 o 02L29 ¥0°0 o 07949 200 L0°0- 0799 8200 700 9€L8
800 €0°0- 0'¥659 900 €00~ 0'¥659 S00 €00~ 0'v659 S0°0 €00~ 0'v659 €00 100 07659 200 9700 89¢Y
800 €0°0- 0'80TS 800 200" 0'80TS ¥0°0 S0°0- 0'80TS ¥0°0 S0°0- 0'80TS €00 100 0'80TS €L0°0 8600 Tt
8T'0 00 0'685€ S00 200 0'685€ 00 100 0'685€ 00 100 0'685€ SO0 0’0 0685€ €00 900 [44°)
90 950 6'T0€C 6T°0 800 6'10€C 6T°0 €00 6'T0€C 6T°0 €00 6'T0€C 100 000 6°T0€C 6€0°0 €€0°0 0S
800 100 §'S8T 00 200 §'S8T S0°0 600 S'S8T S0°0 600 S'S8T 200 0T'0 §'S81 9200 100 9€€
9%20°0 61°0- 02559 £0°0 600 891 €10 810 891 €00 120 891 €00 10 8,91 ozo 8¥'0 8,91 6100 Lv0'0 89T
[4440)} 800 0'8£59 ST0 €00 8611 110 T€0 6611 670 780 6'6TT 670 780 6'6TT 670 S80 6611 €€0°0 €200 00T
€LT0°0 900~ 9'ELEY 7o 800 T €10 €10 T 900 9T'0 T 900 9T'0 T L00 870 T ST0°0 9000 (44
96000 000 0'vPeET L00 00 08y L00 ST0 %14 8T'0 Yo %14 8T'0 Yo 114 00 ot'o 1%:14 9200 00 8y
6200 100 0°¢L9 S0°0 600 e S¢o €0 e L00 800 ove L00 800 ove 8T'0 100 o've T¢00 <000 S¢
S200°0 000 09ge 7o 9,0 €LT 00 T10°0- VLT S00 00~ VLT S0°0 00~ VLT 200 100 S'LT 00 000 S'eT
100 100 0891 00 90 89 w0 900 89 S0°0 S00™- 89 S0°0 S0°0- 89 00 000 89 S¢0°0 1100 oy
€900°0 100 o've 9T'0 SO0 0¢C 9z'0 STO0 TC €00 100~ TC €00 100~ TC L00 00 T SC0°0 2000 0¢C
000 000 00 000 000 00 000 000 00 000 000 00 000 000 00 000 000 00 000 000 00
A9p31S ssep au], A9p31S SSep awl], A9p1S SSep awl], A9p1S Ssep o], A9p1S Ssep awl], A9P3IS ssey auiL], A9P1S ssep au],
S[ISUdL- T m) oN-1 ) Suo 1-1 ny 3oys z- 1 m) p-1 a1enbs-

) 3uotz- 1]

223



Table D.2 Water Absorption for HDPE specimen types
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Table D.3 Water Absorption for LH15 specimen types
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Table D.4 Water Absorption for LH30 specimen types
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Table D.5 Water Absorption for LH45 specimen types
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Table D.6 Water Absorption for HH15 specimen types
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Table D.7 Water Absorption for HH30 specimen types
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Table D.8 Water Absorption for HH45 specimen types
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Table D.9 Water Absorption for LW15 specimen types
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Table D.10 Water Absorption for LW30 specimen types
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Table D.11 Water Absorption for LW45 specimen types
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Table D.12 Water Absorption for HW15 specimen types
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Table D.13 Water Absorption for HW30 specimen types
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Table D.14 Water Absorption for HW45 specimen types
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E. APPENDIX: WATER ABSORPTION MODEL PARAMETERS

This appendix serves as a full library of water absorption model parameters for all 84

material biocomposite variations.

Table E.1 Hemp fiber reinforced LDPE specimen model parameters

Model Parameters

A B C D E F R2por

Tensile 0.34 | 7.79E-06 | 1.78 | 8.65E-08 | 0.38 | 8.71E-08 | 0.990

No Cut 0.51 | 4.09E-06 | 3.00 | 6.11E-08 | 0.40 | 6.47E-08 | 0.983

» | 1 Longitudinal Cut | 0.46 | 1.71E-05 | 1.76 | 8.24E-08 | 0.22 | 8.47E-08 | 0.968
% 2 Latitudinal Cut 0.34 | 1.38E-05 | 1.70 | 9.29E-08 | 0.30 | 8.90E-08 | 0.991
2 Longitudinal Cut 1.12 | 4.34E-06 | 3.78 | 1.49E-08 | 0.40 | 4.19E-08 | 0.971

4 Cut 0.60 | 1.54E-05 | 2.42 | 9.53E-08 | 0.91 | 9.38E-08 | 0.971
Square 0.46 | 1.64E-05 | 2.34 | 1.76E-07 | 0.56 | 1.75E-07 | 0.984
Tensile 0.97 | 8.51E-06 | 4.89 | 8.21E-08 | 0.62 | 8.29E-08 | 0.994

No Cut 1.21 | 7.10E-06 | 443 | 6.85E-08 | 0.32 | 6.66E-08 | 0.982

o | 1 Longitudinal Cut | 1.58 | 1.00E-05 | 5.12 | 8.32E-08 | 0.42 | 8.46E-08 | 0.985
% 2 Latitudinal Cut 0.99 | 2.40E-05 | 4.81 | 7.84E-08 | 0.74 | 7.88E-08 | 0.970
2 Longitudinal Cut | 1.75 | 1.15E-05 | 5.20 | 1.28E-07 | 0.46 | 1.17E-08 | 0.981

4 Cut 1.75 | 1.51E-05 | 5.26 | 1.11E-07 | 0.10 | 1.43E-07 | 0.986
Square 1.27 | 2.29E-05 | 6.28 | 1.94E-07 | 0.18 | 1.98E-07 | 0.990
Tensile 2.60 | 1.01E-04 | 15.18 | 2.87E-07 | 2.80 | 3.50E-08 | 1.000

No Cut 1.66 | 4.86E-04 | 16.06 | 4.82E-07 | 2.92 | 5.56E-08 | 0.999

» | 1 Longitudinal Cut | 2.18 | 5.84E-04 | 17.85 | 5.48E-07 | 3.83 | 1.40E-07 | 0.999
% 2 Latitudinal Cut 1.65 | 6.11E-04 | 16.20 | 5.18E-07 | 2.41 | 9.32E-08 | 0.999
2 Longitudinal Cut | 2.85 | 5.63E-04 | 16.02 | 7.77E-07 | 2.41 | 6.97E-08 | 0.998

4 Cut 2.85 | 5.59E-04 | 16.63 | 7.67E-07 | 2.75 | 8.87E-08 | 0.996
Square 2.63 | 7.12E-04 | 14.35 | 8.82E-07 | 3.77 | 1.30E-08 | 0.999
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Table E.2 Wood Pulp reinforced LDPE specimen model parameters

Model Parameters

A B C D E F R2por

Tensile 0.32 | 1.02E-05 | 1.83 | 1.00E-07 | 0.29 | 1.00E-07 | 0.993

No Cut 0.30 | 7.48E-06 | 2.24 | 9.85E-08 | 0.73 | 6.62E-08 | 0.996

1~ | 1 Longitudinal Cut | 0.45 | 8.26E-06 | 3.07 | 1.29E-07 | 1.52 | 1.40E-07 | 0.995
‘% 2 Latitudinal Cut 0.36 | 5.46E-06 | 2.30 | 9.86E-08 | 0.74 | 8.86E-08 | 0.998
2 Longitudinal Cut | 0.49 | 2.83E-05 | 1.89 | 1.56E-07 | 0.26 | 1.56E-07 | 0.993

4 Cut 0.45 | 3.62E-05 | 1.89 | 1.72E-07 | 0.35 | 1.71E-07 | 0.994
Square 0.38 | 2.99E-05 | 2.26 | 2.23E-07 | 0.47 | 2.28E-07 | 0.996
Tensile 0.69 | 9.21E-05 | 3.72 | 1.05E-07 | 0.66 | 1.05E-07 | 0.995

No Cut 0.69 | 1.01E-04 | 3.62 | 1.08E-07 | 0.64 | 1.06E-07 | 0.994

o | 1 Longitudinal Cut | 0.85 | 1.39E-04 | 3.62 | 1.19E-07 | 0.53 | 1.17E-07 | 0.995
% 2 Latitudinal Cut | 0.66 | 9.33E-05 | 2.99 | 1.08E-07 | 0.11 | 1.07E-07 | 0.993
2 Longitudinal Cut | 1.04 | 2.33E-04 | 4.19 | 1.64E-07 | 0.77 | 1.65E-07 | 0.984

4 Cut 1.15 | 1.19E-04 | 3.36 | 1.33E-07 | 0.00 | 7.07E-09 | 0.983
Square 0.96 | 1.65E-04 | 4.59 | 1.85E-07 | 0.57 | 1.85E-07 | 0.988
Tensile 1.40 | 1.25E-04 | 5.56 | 1.65E-07 | 1.29 | 2.07E-07 | 0.984

No Cut 1.40 | 1.40E-04 | 5.31 | 1.32E-07 | 0.90 | 8.83E-08 | 0.991

» | 1 Longitudinal Cut | 1.50 | 1.75E-04 | 6.05 | 1.47E-07 | 0.86 | 1.28E-07 | 0.993
% 2 Latitudinal Cut 1.42 | 1.48E-04 | 5.64 | 1.35E-07 | 1.06 | 1.33E-07 | 0.989
2 Longitudinal Cut | 1.75 | 2.80E-04 | 6.84 | 1.61E-07 | 1.33 | 1.34E-07 | 0.993

4 Cut 1.80 | 3.23E-04 | 7.97 | 1.94E-07 | 2.76 | 1.94E-07 | 0.984
Square 1.55 | 2.26E-04 | 6.37 | 2.54E-07 | 0.66 | 2.54E-07 | 0.988
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Table E.3 Hemp fiber reinforced HDPE specimen model parameters

Model Parameters

A B C D E F RZpor

Tensile 0.51 | 9.52E-05 | 6.52 | 5.82E-08 | 2.70 | 1.92E-08 | 0.998

No Cut 0.55 | 6.56E-06 | 5.93 | 1.07E-07 | 1.71 | 2.12E-07 | 0.994

1~ | 1 Longitudinal Cut | 0.67 | 6.86E-06 | 6.23 | 1.34E-07 | 2.14 | 2.16E-07 | 0.995
% 2 Latitudinal Cut 0.56 | 3.39E-06 | 594 | 1.17E-07 | 1.98 | 2.43E-07 | 0.995
2 Longitudinal Cut | 0.81 | 1.23E-05 | 4.71 | 1.29E-07 | 1.26 | 2.82E-08 | 0.993

4 Cut 0.71 | 2.86E-05 | 4.61 | 1.64E-07 | 1.97 | 1.23E-08 | 0.995
Square 0.66 | 1.35E-04 | 4.79 | 1.79E-07 | 2.00 | 2.86E-08 | 0.993
Tensile 2.24 | 7.08E-08 | 9.00 | 4.64E-07 | 2.51 | 2.78E-08 | 0.994

No Cut 0.62 | 5.35E-05 | 8.46 | 4.77E-07 | 1.70 | 5.08E-08 | 0.999

o | 1 Longitudinal Cut | 1.65 | 1.45E-05 | 11.00 | 3.30E-07 | 0.80 | 3.30E-07 | 0.999
% 2 Latitudinal Cut 0.63 | 5.17E-05 | 9.88 | 4.27E-07 | 2.69 | 1.28E-07 | 0.999
2 Longitudinal Cut | 1.25 | 5.36E-05 | 9.44 | 6.59E-07 | 2.26 | 1.62E-07 | 0.999

4 Cut 1.26 | 4.97E-05 | 9.79 | 6.45E-07 | 2.58 | 2.03E-07 | 0.999
Square 091 | 1.00E-04 | 7.75 | 1.02E-06 | 2.23 | 4.16E-08 | 0.988
Tensile 0.95 | 8.72E-05 | 15.08 | 1.22E-06 | 2.55 | 4.00E-07 | 0.992

No Cut 1.44 | 8.39E-05 | 13.73 | 1.31E-06 | 2.13 | 2.44E-07 | 0.999

1~ | 1 Longitudinal Cut | 1.70 | 8.92E-05 | 13.36 | 1.81E-06 | 1.66 | 1.96E-07 | 0.999
% 2 Latitudinal Cut 1.38 | 8.91E-05 | 13.61 | 1.36E-06 | 1.99 | 2.37E-07 | 0.999
2 Longitudinal Cut | 1.70 | 8.92E-05 | 13.86 | 1.81E-06 | 1.66 | 1.96E-07 | 0.999

4 Cut 1.88 | 1.20E-04 | 13.40 | 2.70E-06 | 1.66 | 7.95E-08 | 0.999
Square 245 | 1.50E-04 | 12.75 | 2.13E-06 | 2.73 | 5.49E-08 | 0.999
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Table E.4 Wood Pulp reinforced HDPE specimen model parameters

Model Parameters

A B C D E F R2por

Tensile 0.42 | 1.39E-05 | 2.07 | 2.81E-08 | 0.17 | 2.94E-08 | 0.959

No Cut 0.22 | 5.08E-06 | 1.13 | 8.16E-08 | 0.40 | 1.05E-09 | 0.990

1~ | 1 Longitudinal Cut | 0.26 | 3.97E-06 | 1.25 | 8.55E-08 | 0.12 | 8.49E-08 | 0.993
% 2 Latitudinal Cut 0.20 | 4.79E-06 | 1.27 | 8.09E-08 | 0.08 | 8.46E-08 | 0.988
2 Longitudinal Cut | 0.27 | 2.27E-05 | 1.53 | 1.32E-07 | 0.35 | 1.34E-07 | 0.989

4 Cut 0.33 | 3.57E-05 | 1.57 | 1.32E-07 | 0.35 | 1.33E-07 | 0.989
Square 0.29 | 8.88E-05 | 1.71 | 1.33E-07 | 0.40 | 1.31E-07 | 0.993
Tensile 0.62 | 6.21E-06 | 3.91 | 1.20E-07 | 0.38 | 1.22E-07 | 0.990

No Cut 0.49 | 9.17E-06 | 4.18 | 1.13E-07 | 0.25 | 1.15E-07 | 0.994

o | 1 Longitudinal Cut | 0.64 | 1.05E-05 | 4.02 | 1.29E-07 | 0.23 | 6.51E-08 | 0.993
% 2 Latitudinal Cut | 0.46 | 9.43E-06 | 4.10 | 1.09E-07 | 0.08 | 4.50E-08 | 0.994
2 Longitudinal Cut | 0.77 | 1.69E-05 | 4.03 | 1.98E-07 | 0.16 | 1.87E-07 | 0.991

4 Cut 0.79 | 1.91E-05 | 3.98 | 1.98E-07 | 0.28 | 1.89E-07 | 0.990
Square 0.63 | 9.85E-06 | 4.67 | 1.82E-07 | 1.75 | 2.68E-08 | 0.997
Tensile 1.08 | 6.41E-05 | 7.28 | 1.99E-07 | 1.29 | 1.00E-07 | 0.99

No Cut 1.73 | 2.70E-06 | 7.01 | 2.50E-07 | 1.50 | 5.11E-07 | 0.993

1~ | 1 Longitudinal Cut | 1.01 | 2.12E-05 | 7.35 | 3.51E-07 | 0.99 | 3.54E-07 | 0.993
% 2 Latitudinal Cut 1.93 | 2.25E-06 | 6.89 | 2.26E-07 | 1.50 | 5.43E-07 | 0.993
2 Longitudinal Cut | 1.20 | 2.81E-05 | 6.71 | 4.60E-07 | 0.37 | 4.53E-07 | 0.992

4 Cut 1.26 | 3.16E-05 | 7.09 | 4.53E-07 | 0.45 | 4.48E-07 | 0.994
Square 1.12 | 9.98E-06 | 6.56 | 3.75E-07 | 1.18 | 2.29E-08 | 0.997
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F. APPENDIX: SURFACE EXPOSED FIBER — BACK SCATTERED
SEM IMAGE ANALYSIS RESULTS

This appendix presents the full data set of the assessed surface area of fiber on each type of
surface, F.1, and the calculated surface area of fiber for each specimen type, F.2. The four
surface types have been classified as: As-molded, As-molded perimeter, Latitudinal cut and
Longitudinal cut were imaged by back scattered scanning electron microscopy (BS-SEM) with
the micrographs analyzed according to section 2.2.6 methodology. Each type of prepared

comprises one or more of the 7 specimen types.

F.1 ASSESSMENT OF PERCENT FIBER ON MANUFACTURED SURFACES

The results within are presented for all fiber fractions for each matrix fiber combination, such

as LH, LW, HH and HW.

Table F.1 Percent Fiber on each surface type for Hemp fiber reinforced LDPE

Surface Area Percent Fiber Number of

(%) Micrographs
Average Stdev n
As-molded 2.90 0.69 18
1 | As-molded Perimeter 3.02 0.77 10
E Transverse cut 16.28 9.12 27
Longitudinal cut 20.23 2.01 20
As-molded 8.03 1.88 20
S | As-molded Perimeter 7.24 0.78 12
E Transverse cut 27.93 9.38 25
Longitudinal cut 32.04 2.77 20
As-molded 15.70 2.32 20
£ | As-molded Perimeter 20.70 2.11 13
E Transverse cut 37.13 2.55 20
Longitudinal cut 47.93 1.16 20
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Table F.2 Percent Fiber on each surface type for Wood Pulp reinforced HDPE

Surface Area Percent Fiber Number of

(%) Micrographs
Average Stdev n
As-molded 5.18 1.07 20
£ | As-molded Perimeter 3.97 0.74 12
E Transverse cut 19.23 8.09 30
Longitudinal cut 24.75 2.75 20
As-molded 9.75 1.30 20
S | As-molded Perimeter 8.53 1.48 12
E Transverse cut 31.30 8.25 29
Longitudinal cut 31.03 4.77 20
As-molded 21.56 2.30 20
£ | As-molded Perimeter 17.52 1.62 11
E Transverse cut 34.80 8.04 27
Longitudinal cut 37.68 3.26 20

Table F.3 Percent Fiber on each surface type for Hemp fiber reinforced HDPE

Surface Area Percent Fiber Number of

(%) Micrographs
Average Stdev n
As-molded 4.47 0.85 22
2% | As-molded Perimeter 1.87 0.50 12
% Transverse cut 24.12 5.23 26
Longitudinal cut 21.72 2.18 12
As-molded 8.07 1.17 14
S | As-molded Perimeter 9.66 1.29 12
_.E_ Transverse cut 34.20 6.75 30
Longitudinal cut 36.07 2.62 9
As-molded 12.42 1.35 12
% | As-molded Perimeter 15.56 2.22 12
E Transverse cut 45.68 8.48 29
Longitudinal cut 44.43 2.78 10
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Table F.4 Percent Fiber on each surface type for Wood Pulp reinforced HDPE

Surface Area Percent Fiber Number of

(%) Micrographs
Average Stdev n
As-molded 2.46 0.44 16
2 | As-molded Perimeter 0.67 0.30 12
E Transverse cut 18.24 5.84 18
Longitudinal cut 14.34 3.06 15
As-molded 4.76 0.89 17
& | As-molded Perimeter 2.89 0.66 12
E Transverse cut 29.54 4.46 21
Longitudinal cut 19.72 2.24 16
As-molded 5.78 1.70 23
2| As-molded Perimeter 8.09 1.33 12
E Transverse cut 35.84 5.07 21
Longitudinal cut 35.54 4.83 19
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F.2 CALCULATED SURFACE AREA OF FIBER

The calculated accessible fiber for each specimen type were calculated using ( F.1 to (F.8. The

dimensions referenced in each equation are relative to the measured dimensions of each

specimen type: length (1), width (w) and thickness (t). The area fraction of fiber on the surface

is denoted as 4;.

Surface Area Of Fiber Tensile’ = SAperimeter + 2 % SAss Moldea * AfAM

* A
f aM Perimeter

Surface Area of Fiber yocye = 2% lxw+ 21 *t) + Z*W*I*AfAM

* A
f aM Perimeter

Surface Area Of Fiber 1 Longitudinal Cut

=(*t+2xw=t) +2*W*l*AfAM

* Af . +lxtx Af o
AM Perimeter Longitudinal Cut

Surface Area Of Fiber 2 Transverse Cut
= 2 *W ok L AfLatitudinalCut + 2 * l * L AfAs Molded—-Perimeter + 2 * l Wk AfASMaldEd

Surface Area of Fiber ; jongitudinai cut

=Zxwxtx AfAM Perimeter +2x (W * l) * AfAM +2x (l * t) * AfLongitudinal Cut

Surface Area of Fiber 4oy =2 *w *t * AfLatitudiml cue T 2xw*l* AfAM

2xlxtxA
+ fLongitudinal Cut

(F.1)

(F.2)

(F.3)

(F.4)

(F.5)

(F.6)

Surface Area Of Fiber Square = 2xwt* AfLatitudinalCut +2xlxtx AfAs Molded—Perimeter T2xlxw AfAs Molded

Percent Surface Area of Fiber [%] = _Surface Areariper _ . 1)

Surface Areaspecimen

1 A Solidworks model was created based on the tensile specimen model parameters. The model was used to
calculate the Perimeter and SA of the top of the specimen. These values were used for all material variations.

(F.7)

(F.8)
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Table F.5 Total Calculated Accessible Fiber for Hemp reinforced LDPE specimen types

Accessible Fiber

PercenF Surface SA Fiber SASpeET;;I/l‘r;S;eCimen Sf(f{y;gi;?e
Area Fiber (%) (mm?2)
Tensile 2.92 183.53 0.79 0.02
No Cut 2.93 115.62 0.83 0.02
1n | 1 Longitudinal Cut 4.84 167.49 0.85 0.04
; 2 Transverse Cut 3.20 115.62 0.82 0.03
2 Longitudinal Cut 7.24 217.58 0.90 0.07
4 Cut 7.47 216.60 0.90 0.07
Square 4.76 26.79 0.94 0.04
Tensile 7.89 496.04 0.79 0.06
No Cut 7.87 316.90 0.82 0.06
o | 1 Longitudinal Cut 10.55 379.11 0.84 0.09
; 2 Transverse Cut 8.29 316.90 0.81 0.07
2 Longitudinal Cut 14.08 429.68 0.90 0.13
4 Cut 14.46 416.87 0.90 0.13
Square 10.68 59.24 0.94 0.10
Tensile 16.61 1046.95 0.78 0.13
No Cut 16.77 677.36 0.82 0.14
1n | 1 Longitudinal Cut 19.88 716.96 0.84 0.17
; 2 Transverse Cut 17.11 677.36 0.82 0.15
2 Longitudinal Cut 2411 746.50 0.88 0.21
4 Cut 2442 716.65 0.87 0.21
Square 19.53 110.74 0.93 0.18
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Table F.6 Total Calculated Accessible Fiber for Wood Pulp reinforced LDPE specimens

Accessible Fiber

PercenF Surface SA Fiber SASpeET;];r/l\r;sﬁedmen SA{{X?:;;T“
Area Fiber (%) (mmz2)
Tensile 4.96 311.64 0.79 0.04
No Cut 4.92 195.96 0.82 0.04
.~ | 1 Longitudinal Cut 7.25 246.94 0.85 0.06
S | 2 Transverse Cut 5.23 195.96 0.81 0.04
~ | 2 Longitudinal Cut 10.15 305.95 0.89 0.09
4 Cut 10.40 301.42 0.89 0.09
Square 6.92 38.97 0.94 0.06
Tensile 9.53 599.61 0.79 0.07
No Cut 9.49 379.25 0.82 0.08
o | 1 Longitudinal Cut 11.95 420.25 0.85 0.10
| 2 Transverse Cut 9.95 379.25 0.82 0.08
~ | 2 Longitudinal Cut 15.08 459,93 0.90 0.14
4 Cut 15.54 449.84 0.89 0.14
Square 12.56 69.84 0.93 0.12
Tensile 20.82 1312.03 0.78 0.16
No Cut 20.69 833.02 0.82 0.17
1 | 1 Longitudinal Cut 22.82 809.28 0.84 0.19
= | 2 Transverse Cut 21.04 833.02 0.82 0.18
~ | 2 Longitudinal Cut 25.53 777.93 0.90 0.23
4 Cut 25.83 747.03 0.90 0.23
Square 22.71 128.75 0.93 0.21
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Table F.7 Total Calculated Accessible Fiber for Hemp reinforced HDPE specimens

Accessible Fiber

Percent Surface SA Fiber SASPEET;I;{)\I;S)peCimen Sl?f{yg;:;‘en
Area Fiber (%) (mm?2)
Tensile 4.00 251.30 0.79 0.03
No Cut 391 155.28 0.82 0.03
| 1 Longitudinal cut 6.04 211.86 0.85 0.05
% 2 Transverse Cut 436 155.28 0.82 0.03
2 Longitudinal Cut 8.77 268.38 0.89 0.08
4 Cut 9.14 267.09 0.89 0.08
Square 6.71 37.41 0.94 0.06
Tensile 8.36 525.64 0.79 0.07
No Cut 8.41 335.49 0.82 0.07
o | 1 Longitudinal Cut 11.34 404.41 0.85 0.10
% 2 Transverse Cut 8.91 335.49 0.82 0.07
2 Longitudinal Cut 15.05 461.45 0.90 0.14
4 Cut 15.46 445.26 091 0.14
Square 11.94 66.81 0.94 0.11
Tensile 12.99 817.75 0.79 0.10
No Cut 13.09 527.54 0.82 0.11
1~ | 1 Longitudinal Cut 16.52 574.05 0.84 0.14
T | 2 Transverse Cut 13.71 527.54 0.82 0.11
= 2 Longitudinal Cut 21.17 613.39 0.90 0.19
4 Cut 21.72 591.36 091 0.20
Square 17.55 98.82 0.93 0.16
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Table F.8 Total Calculated Accessible Fiber for Wood Pulp reinforced HDPE specimens

Accessible Fiber

PercenF Surface SA Fiber SASpeET;];r/l\r;sﬁedmen SA(fl/yg:;;‘en
Area Fiber (%) (mmz2)

Tensile 2.13 134.00 0.79 0.02

No Cut 2.07 80.68 0.82 0.02

1n | 1 Longitudinal Cut 3.52 123.38 0.85 0.03
g 2 Transverse Cut 2.43 80.68 0.83 0.02
T2 Longitudinal Cut 5.39 160.74 091 0.05
4 Cut 5.71 165.78 0.90 0.05
Square 431 24.02 0.94 0.04
Tensile 4.42 277.78 0.79 0.03

No Cut 4.35 171.84 0.82 0.04

o | 1 Longitudinal Cut 6.19 214.90 0.85 0.05
g 2 Transverse Cut 4.89 171.84 0.82 0.04
T2 Longitudinal Cut 8.44 256.83 0.90 0.08
4 Cut 8.95 260.40 0.90 0.08
Square 7.86 43.99 0.93 0.07
Tensile 6.20 390.23 0.79 0.05

No Cut 6.28 249.47 0.82 0.05

1n | 1 Longitudinal Cut 9.35 330.16 0.85 0.08
§ 2 Transverse Cut 8.66 249.47 0.82 0.05
T2 Longitudinal Cut 13.27 404.08 0.90 0.12
4 Cut 13.81 400.77 0.90 0.12
Square 10.32 58.14 0.93 0.10
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