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ABSTRACT

Natural fibres have been shown to offer a good potential in replacing or
supplementing synthetic fibres in composite material applications. To fully utilize
these new materials in design, however, engineering models of the mechanical
behaviour need to be developed and validated. In this research, the moisture
absorption and mechanical behaviour of hemp-fibre-reinforced polyethylene
composites at various fibre volume fractions were investigated and modelled. In
terms of environmental exposure, the effects of fibre volume fraction (vf) and
matrix crystallinity along with matrix stiffness and contraction on the mechanisms
of moisture sorption were investigated. The maximum amount of absorbed
moisture (Mimax) Was determined for each fibre volume fraction. The composite
diffusion coefficient (D) was measured to distinguish the ability of water
molecules to diffuse into the biocomposite. The increase in the matrix crystallinity
level in addition v of the tested composites increased the moisture absorption
rate. Fickian diffusion was found to be the dominant moisture diffusion
behaviour. The stress-strain behaviour of the hemp fibre composites were
analyzed and modelled for both monotonic (rate dependent) and cyclic loading
conditions. An exponential model was developed to simulate the monotonic
stress-strain uniaxial behaviour. A strain rate hardening detected and a model was

developed by applying the nonlinear form of Norton-Hoff rheology model for

viscoplastic material to simulate the relationship between the strain rate (€*) and
each mechanical property of the tested composites. The strain rate hardening

model was later incorporated with an exponential model to develop a new general

il



stress-strain model to simulate the monotonic tensile behaviour of the tested

natural-fiber-reinforced composites. The developed new model took into account

the effect of & and vf of the composite as well as the effect of moisture
absorption. Fatigue tests were also performed at two fibre volume fractions as
well as the reinforced polymer under both wet and dry conditions. The fatigue
strength of the polymer was slightly improved by addition of hemp fibers; though,
the sensitivity of the developed fatigue life curves did not change. A generalized
model was developed using the normalized fatigue life diagrams. These diagrams
were normalized by a new developed modified stress level (Sy,). The previously
developed strain rate hardening model was then incorporated into the fatigue
model to capture the effect of the changes in the loading rate. The new fatigue
model was capable of predicting the fatigue life at different frequencies (),
fatigue stress ratios (R), fatigue stress amplitudes (Ac) and vy. Additionally, the
fatigue model succeeded to simulate the degradation effect of moisture absorption
on the fatigue strength. The new developed models provide essential tools for
designers to incorporate this new material into a new generation of reliable

products.
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CHAPTER 1: INTRODUCTION

1.1 RESEARCH MOTIVATION

The demand for Natural Fibre Reinforced Polymers (NFRPs) has increased
rapidly in the last few years in applications such as interior parts for automobiles,
packaging, and construction industries [1, 2]. This growing demand is based on
the fact that natural fibres have many advantages over synthetic fibres [1, 3, 4] :

1. Low density with reasonable mechanical properties;

2. Environmental benefits (sustainable, lower inherent energy to produce);

3. Lower cost;

4. Health benefits (less harmful to workers), and less wear to manufacturing

equipment than glass fibres.

While natural fibre composites offer a number of benefits, full utilization in
industrial applications is still limited due to a lack of an established supply chain,

standardization, and available test data for a variety of composite formulations.

1.2 RESEARCH OBJECTIVE AND APPROACH

This study focuses on experimentally characterizing the tensile monotonic
and fatigue behaviour of biocomposite materials. Additionally, as natural fibres
are hydrophilic in nature, the sorption and diffusion mechanisms were
experimentally investigated and modeled to provide a better understanding of the
monotonic and cyclic behaviour of NFRPs under wet conditions. In addition, this
study also models the monotonic and cyclic loading behaviour of these NFRPs.
The proposed models capture the failure of short NFRPs under monotonic and
cyclic loading using the minimum number of destructive tests to calculate the
models’ parameters. Therefore, this research aims to develop mechanical
behaviour models that form an engineering tool in which new products of NFRPs
can be designed for reliable service. To achieve this goal, three elements are

integrated in this research to study and model the mechanical behaviour of



NFRPs: 1) hydrophilic nature and absorption mechanism; 2) monotonic behaviour

and strain rate effect; and 3) cyclic behaviour. (see Figure 1.1). The following

approach was proposed to develop the research based models:

1.

Review the literature to better understand the monotonic and cyclic

behaviour of NFRPs and the methods that might be suited to model this

behaviour.

Perform isotherm sorption tests to understand the kinetics of water

sorption for natural fibre reinforced polymers;

Perform monotonic and cyclic tests to investigate the mechanical

behaviour of the tested composites;

Develop constitutive models to simulate the monotonic and cyclic

behaviour of NFRPs. This includes the following steps:

Develop an exponential model to represent the monotonic
behaviour of unreinforced polymer matrix and NFRPs, based on
the monotonic tests analysis;

Introduce the effect of fibre volume fraction in the monotonic
exponential model;

Investigate and introduce the effect of strain rate in the model;

Use mechanistic models to simulate the relation between
developed monotonic and cyclic models’ parameters and fibre
volume fractions. Additionally, other mechanistic models will be
used to simulate some of the mechanisms of NFRPs behaviour
under cyclic loading;

Combine the provided mechanistic models with an analytical
solution in order to predict NFRPs monotonic cyclic behaviour;
Introduce the effect of fatigue stress ratio (R) in the developed

fatigue model. Furthermore, the effect of approximated strain rate,



corresponding to the fatigue load ramping, will also be taken into
consideration;

- Introduce the effect of moisture degradation to the developed
monotonic and cyclic models by adding a moisture effect

parameter via other sets of experiments.

Hydrophilic Nature
And Absorption Mechanism

Comprehensive

Monotonic'and
Monotonic Behaviour

and
Strain rate Analysis

Engineering Mg

Cyclic Behaviour
Analysis

Fig. 1.1 Schematic Diagram represents the three elements forming this

research to develop comprehensive monotonic and cyclic models.

1.3 THESIS ORGANIZATION

In addition to the introduction and conclusions chapters, six other chapters
are included in this study. Chapter 2, A Review of Aspects Affecting Performance
and Modeling of Short-Natural-Fiber-Reinforced Polymers Under Monotonic and
Cyclic Loading, discusses 4 main aspects related to NFRPs: 1) effect of the
hydrophilic nature of natural fibers on the mechanical behaviour of NFRPs; 2)
effect of manufacturing and processing parameters on the mechanical behaviour
of short NFRPs; 3) monotonic behaviour of short NFRP and its modeling; 4)
cyclic behaviour of short NFRP and its modeling. From Chapter 2, it was found
that statistical and empirical modeling techniques are highly suited to model the
complex mechanical behaviour of NFRPs; therefore, semi-analytical modeling
techniques were developed in this study to incorporate different mechanistic

models into analytical techniques to best model both monotonic and cyclic



behaviour of NFRPs. Chapter 3, Isotherm Moisture Absorption Kinetics in
Natural-Fiber-Reinforced Polymer under Immersion Conditions, investigates the
kinetics of moisture sorption of NFRPs under immersion conditions to provide a
better the understanding of water and moisture sorption behaviour of NFRPs;
additionally, the matrix stiffness and its contraction effect are investigated, and
the NFRPs diffusivity is evaluated and modeled to characterize the ability of
liquid molecules to diffuse into these composite at different hemp fiber volume
fractions. Chapter 4, Characterization and Modeling of Strain Rate Hardening in

Natural-Fiber-Reinforced Viscoplastic Polymer, investigates and models the

effect of strain rate (&') on the mechanical properties of short NFRPs at different
fiber volume fractions (vf). Chapter 5, Uniaxial Tensile Behaviour Modeling of
Natural-Fiber-Reinforced Viscoplastic Polymer Based on Normalized Stress-

Strain Curves, develops a semi-analytical monotonic model for short NFRP based

on a better understanding of monotonic behaviour mechanism and the effect of ¢
on the mechanical properties of the tested composites. Chapter 6, Fatigue of
Natural Fiber Thermoplastic Composites, investigates the fatigue behavior of
NFRPs using fatigue-life (S-N) curves at different fiber volume fractions, and
develops a fatigue life model that is capable of predicting the fatigue behaviour of
short NFRPs at different fiber fractions and fatigue stress ratios under dry and wet

conditions.



CHAPTER 2: A REVIEW OF ASPECTS
AFFECTING PERFORMANCE AND MODELING
OF SHORT-NATURAL-FIBER-REINFORCED
POLYMERS UNDER MONOTONIC AND CYCLIC
LOADING CONDITIONS’

ABSTRACT

The use of short natural fibers as reinforcing fibers was hampered by
uncertainties associated with the performance of these developed short-fiber-
reinforced composites. Much of this uncertainty comes from an unclear
understanding of different aspects controlling the properties and the behaviour of
natural fibers and their developed composites. This study provides a benchmark
review that highlights several factors affecting the performance of Short-Natural-
Fiber-Reinforced Polymers (SNFRPs). Additionally, the study also reviews the
research related to the short term (monotonic) and the long-term (cyclic)
behaviour as well as the potential monotonic and life prediction models and

techniques suited for SNFRPs.

" This is a modified version of a paper that was published as Ahmed Fotouh, J. D. Wolodko, M. Lipsett, “A Review of
Aspects Affecting Performance and Modeling of Short-Natural-Fiber-Reinforced Polymers under Monotonic and
Cyclic Loading Conditions”, Journal of Polymer Composites, Mar. 06", 2014, DOI:
10.1002/pc.22955.
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2.1 INTRODUCTION

The demand for the use of natural-fiber-reinforced polymers (thermoset and

thermoplastic) has been increasing rapidly [1]. Applications of these composites

include variety of interior parts for automobiles, packaging, and components used

in the aerospace and construction industries [1, 2]. Compared to synthetic fibers

(e.g. glass fibers, one of the most important synthetic fibers), natural fibers

provide many features:

1.

They feature a low density and acceptable mechanical properties (see
Table 2.1); hence, there will be lower fuel consumption if the natural fiber
composite is used for parts in the aerospace and automobile industries.
They are an economical and sustainable source of fibers, rendering the
composite product toward being an ecological and, most likely, a
biodegradable material, depending on the matrix [1, 3].

They are easier to manufacture with lower production energy use; for
example, the energy needed to produce 1 Kg of flax-fiber mats is about
9.55MJ/Kg, which is 83% less than the energy needed to produce 1 Kg of
glass-fiber mats [1].

They offer less abrasive wear to the processing machine parts [4].

They avoid many of the health and ecological problems caused by
synthetic fibers, such as the hazard of small particles emitted during

manufacturing, skin irritation, renewability and recyclability [1, 4, 5].

Natural fibers can be divided into two main categories [6, 7]: 1) longitudinal

fibers (outer/bast fibers); and radial fibers (inner/radial fibers). While the radial

fibers are considered compressive load-bearing cells, the outer fibers, which are



longer and have a vertical orientation, are much more capable of withstanding the
longitudinal loads (tensile) in their axial direction, [6]. The outer fibers are more
commonly used to produce reinforced polymers with a higher longitudinal
strength, but this longitudinal strength is reduced by increasing the percentage of

the radial fibers in the reinforcing fiber mix [7].

The different types of natural fibers used in natural-fiber-reinforced composites
applications can be divided into four main categories [1, 5, 8]:

1. Bast Fibers (e.g. Hemp, Flax, Kenaf...etc.);

2. Cereal straws (e.g. wheat, Triticale,....etc. );

3. Leaf fibers (e.g. Abaca, Sisal .....etc.)

4. Wood.

Most of the natural fibers used in reinforcing polymers are short randomly
oriented fibers. These short natural fibers are commonly used over the long
natural fibers for the following reasons: 1) most natural fibers are processed from
agricultural crops or waste, which are chopped into smaller sizes; and 2) it is
much easier to introduce short fibers to an inexpensive technique such as injection
molding.

With regard to the mechanical behaviour (monotonic and cyclic) of Short-
Natural-Fiber-Reinforced Polymers (SNFRPs), there are few studies investigating
these topics, especially the cyclic behaviour. That could be attributed to the level
of complexity that is associated with SNFRPs. The lack of studies investigating
the monotonic and cyclic behaviour of SNFRPs, and the factors affecting these
behaviors, is one of the factors hindering the broader application of these newly
developed materials. The current study presents a benchmark review of the aspect
affecting the mechanical behaviour of SNFRPs as well as the possible modeling
techniques that are suited to model and simulate both monotonic and cyclic

behaviours of SNFRPs.



Table 2.1 Mechanical properties of main natural and synthetic fibers [1, 8]:

Tensile Elastic
Density Elongation
Fiber 3 strength Modulus
(g/cm”) (%)
(MPa) (GPa)
Cotton 1.5-1.6 7.0-8.0 400 5.5-12.6
Jute 1.3 1.5-1.8 393-773 26.5
Flax 1.5 2.7-3.2 500-1,500 27.6
Hemp 147 2.0-4.0 690 70.0
Kenaf 1.45 1.6 930 53.0
Ramie 1.5 3.6-3.8 400-938 61.4-128.0
Sisal 1.5 2.0-2.5 511-635 9.4-22.0
Coir 1.2 30.0 593 4.0-60.0
Softwood
Kraft 1.5 4.4 1,000 40.0
(wood)
E-glass 2.5 0.5 2,000-3,500 70.0
S-glass 2.5 2.8 4,570 86.0
Aramid 1.4 3.3-3.7 3,000-3,150 63.0-67.0
Carbon
1.4 1.4-1.8 4,000 230-240
(standard)

2.2 EFFECT OF THE
NATURAL FIBERS

HYDROPHILIC NATURE OF

Normally, the moisture sorption in composites is divided into three main
mechanisms [2, 9-11]: (I) micro-gaps in polymer chains; (II) interfacial fiber-
matrix gaps by capillary action; (III) micro-voids in the polymeric matrix. By
using short natural fibers to reinforce polymers, another sorption mechanism was
added as a result of the hydrophilic nature of these fibers that absorb moisture [2,

8, 12-18]. It might be difficult to evaluate the exact contribution of each sorption



mechanism in the overall sorption process; however, the overall integrated effect
of all sorption mechanisms can be estimated as a diffusion process [2, 9-11, 13,

15, 19-24].

2.2.1 Construction and Hydrophilic Nature of Natural Fibers

Generally, four main elements make natural fiber a hydrophilic material [2, 8,
12-18]. These elements are [8, 12, 16-18]: 1) cellulose; 2) hemicellulose
(pentosan); 3) pectin; and 4) lignin. The effect of each element on natural fiber
properties varies depending on the percentage of that element in the natural fiber;
this in turn depends on the type of natural fiber and cultivating techniques [12,
16]. In general, natural fiber can be considered as an amorphous structure of
hemicellulose and lignin that is reinforced by micro cellulose fibers [8, 16, 18].
Table 2.2 shows the percentages of the main constitutive elements of some of the
natural fibers that commonly used. From Table 2.2, the highest percentage is for
cellulose, which is the main element that is responsible for strengthening the

natural fibers [8, 16, 18].

Table 2.2 Percentage of main components forming some commonly used

natural fibers [8, 25, 26]:

Fiber Cellulose | Hemicellulose Lignin Pectin
Fiber flax 71% 18.6%-20.6% 2.2% 2.3
Seed flax 4347 24-26 21-23 -

Hemp Bast | 75%-78.3% 4%-5.4% 2%-2.9% | 2.5%-4%
Jute 45%-71.5% 12%-26% 13.6%-21% ] 0.2%
Kenaf 31%57% | 21.5%—23% 15%—-19% -
Ramie 68.6%91% | 5%—-16.7% | 0.6%—-0.7% 1.9%
Sisal 73.1% 13.3% 11% 0.9%

On the molecular scale, cellulose is a semicrystalline polysaccharide [8, 12, 27]
containing a large number of hydroxyl groups (OH), which gives the natural fiber
its hydrophilic property [8, 18, 28]. On the other hand, hemicellulose has an open

structure of fully amorphous polysaccharide, and has a lower molecular weight



than cellulose [8, 12, 29]. This open structure of hemicellulose contains many
hydroxyl (OH) and acetyl (C,H30) groups, which renders the hemicellulose
partially soluble in water and makes it capable of absorbing moisture from the
environment [8, 29]. Therefore, hemicellulose is the main element in natural
fibers that is responsible for biodegradation, thermal degradation and moisture
sorption [16]. Lignin, on the molecular scale, is mainly formed by an organic
polymer compound of phenylpropane units (CoH;;), which have an amorphous
structure [8, 27]. Lignin is a thermally stable element that has a limited effect on
natural fiber water sorption; however, lignin is degradable by Ultraviolet (UV) [8,
12, 16, 29]. The fourth main element forming natural fibers is pectin, which is a

polysaccharide that holds fibers together, and is soluble in water [8, 12, 16, 30].

2.2.2 Effect of the Hydrophilic Nature of Natural Fibers on the
Composite Strength

As a result of the hydrophilic nature of natural fibers, Short-Natural-Fiber-
Reinforced Polymers (SNFRPs) absorb moisture from the air or from being in
contact with water or moisture [2, 12-15]. As shown in Figure 2.1, while almost
no moisture is absorbed by unreinforced polyethylene matrices with different
crystallinity [31-33], the amount of moisture absorbed by their natural-fiber-
reinforced composites varies depending on the natural fiber volume fraction and
the crystallinity/density of the matrix; the higher the natural fiber volume fraction
and the lower the matrix crystallinity/density, the higher the absorbed moisture
will be with time [34]. Therefore, moisture sorption in SNFRP (with untreated
fibers) mainly depends on [2, 15, 18, 29, 34, 35]: 1) the type of natural fibers; 2)
the amount of fiber volume fraction; 3) the emersion condition temperature and

time, and 4) the matrix crystallinity level.
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Fig. 2.1 Typical absorbed moisture percentages of short-hemp-bast-fiber-
reinforced High Density Polyethylene (HDPE) and Low Density Polyethylene
(LDPE) at different hemp fiber weight percentages [34].

Moisture absorption reduces the overall strength of the natural-fiber-reinforced
composites, as it reduces the natural fiber strength [2, 12, 15]. Additionally, water
or moisture absorption causes natural fibers to swell [2], reducing the interfacial
strength between the natural fibers and the polymer matrix; as a result, fibers are
easily separated from the matrix [2], as shown in Figure 2.2. This figure shows
the fracture surface of a tensile-tensile fatigue test specimen of 20% hemp-
reinforced HDPE that was immersed in water for 35 days; the image reveals that
most of the hemp fibers were separated from the matrix; this can be attributed to
the weakening effect of moisture absorption on the fiber-matrix interfacial
strength [36, 37]. This weakening effect of moisture absorption reduces the
overall strength of natural-fiber-reinforced composites [37], as shown in Figure

2.3. As moisture absorption reduces the monotonic strength of SNFRPs, it reduces

11



Fig. 2.2 Scanning Electron Microscope (SEM) image of a tension-tension
fatigue fracture surface of short-hemp-bast fiber-reinforced HDPE (20%
hemp-reinforced HDPE) immersed in water for 35 days; the fatigue test was
performed at maximum fatigue stress of 19 MPa with frequency f=3.0 Hz

and fatigue stress ratio R=0.1 [36].
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Fig. 2.3 Typical plot of the effect of strain rate on maximum tensile stress of
hemp-fiber-reinforced HDPE (20% hemp with 80% HDPE) at different

strain rate values after being immersed in water for 35 days [37].
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Fig. 2.4 Typical S-N curves for short hemp-fiber-reinforced HDPE (20%
hemp with 80% HDPE) shows the effect of moisture absorption on SNFRP
fatigue strength after immersing in water for 35 days; the test was performed
under tension-tension loading conditions at ratio (R) = 0.1 and fatigue

frequency (f)=3.0 Hz. [36, 38].

their fatigue strength [38], as indicated by the fatigue-life (S-N) curves shown in
Figure 2.4. The S-N curves in Figure 2.4 represent the relationships between the
maximum applied fatigue stress and the natural logarithm of the corresponding
life cycles (N) for 20% hemp-reinforced HDPE before and after immersing in
water for 35 days. At a very high applied maximum fatigue stress, N is equal to
one (i.e. In(N) is equal to zero); and by decreasing the amount of applied
maximum fatigue stress, N is increased. Figure 2.4 shows degradation in the
fatigue strength after immersing the specimens in water; this can be attributed to
the weakening effect of the absorbed moisture [38], which was discussed

previously.

13



2.2.3 Effect of Natural Fiber Chemical Treatment and Coupling

In natural-fiber-reinforced composites, the hydrophilic (polar) nature of
natural fibers is different from the hydrophobic (non-polar) nature of typical
polymer matrix materials such as polyethylene. Therefore, another factor affecting
the application of SNFRPs is their weak fiber/matrix interfacial strength [7, 39].
There are two main methods of enhancing the bonding between natural fibers and
the polymer matrix. The first is to use one of the fiber chemical treatments to
increase the strength of the fibers as well as to clean and roughen the surface to
place single fibers in direct contact with the matrix and to create a mechanical
bond [8, 40]. Alkali treatment is considered one of the most important treatments
used to increase the strength of natural fibers [41-43]. This treatment increases the
fiber strength by removing the non-cellulose contents, which are about 23%-31%
of hemp fiber [41-43]. When Alkali treatment is used, single fibers are exposed to
a direct contact with the matrix, creating superior interfacial properties with
matrix and increasing the strength of the composite material. Furthermore,
alkaline treatment of natural fibers reduces the differences in inner-fiber
orientations, giving fibers the capability to produce more elongation [43]. There
are a number of other fiber chemical treatments, including Silane treatment, which
creates much stronger connection between fiber and matrix than alkaline
treatment with a higher thermal stability [8, 44-46], and Acetylation treatment,
which increases the composite bio-resistance, thus increasing the temperature of
bio-degradation, but produces less strength than Silane treatment [47, 48]
Benzoylation, Permanganate and Isocyanate treatments are also used to improve

the fiber strength and its adhesion with the matrix [8].

The second method of increasing the interfacial strength is to use a polymer
coupling agent (Co-polymer), as it improves the chemical bonding between the
natural fiber and the polymer matrix [8]. The use of a coupling agent increases the
overall strength of SNFRPs [43]; as, by increasing the interfacial strength between

the fibers and the matrix, it transfers a greater load to the fibers, which increases
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their overall strength [7]. The preferable coupling agent is chosen according to: 1)
the type of the matrix; and 2) the overall effect of the coupling agent on the
strength of the SNFRP [7].

2.3 EFFECT OF MANUFACTURING AND PROCESSING
PARAMETERS

2.3.1 Effect of the Length, Diameter and Volume Fraction Fibers

The average length (L¢) and diameter (dy) of short fibers interact to affect the
mechanical properties. In general, there is a certain critical fiber length (L) that
represents the optimum effective length of short fibers; if Ly is shorter than L.,
failure tends to occur at the fiber/matrix interface; otherwise, if Ly is longer than
L., failure tends to occur in the fiber itself [49]. There is a correlation by which

the L. can be determined, as follows [49]:

where o, is the ultimate tensile strength of the fibers, and t is the fiber/matrix

interfacial shear strength or the matrix shear strength, whichever is smallest.

The amount of fiber volume fraction affects the over all strength and stiffness of
the reinforced composites [38, 50-52]. The strength of a reinforced polymer can
be calculated using the following rule of mixture [42, 49, 53-55]. Equation 2.2
represents one of the forms of the rule of mixture assuming a constant interfacial

strength, and neglecting the effect of the fiber length [53]:

0,0, Vi TO, (1-V0) terrrreentinnenennenneneennnsnennssnesnesnessscssesssessssssssssessassssssaes 2.2
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where o, is the ultimate tensile strength, vris the fiber volume fraction, , and o,

is the matrix ultimate tensile strength.

Based on equation 2.2, the effect of the fiber strength increases when the fiber
volume fraction (Vy) is increased, which means that the strength of the reinforced
composites increases as well; this holds true up to a certain fiber volume fraction
(around 40% for natural fibers [7, 42]), after which the composites starts to lose
its integrity and its ability to sustain a load [7, 42]. However, when the fiber
volume fraction is increased, the modulus of elasticity continues to increase [7].
On the other hand, when the fiber content is increased, the elongation and the

impact strength of the reinforced composites decrease [7].

A formula similar to equation 2.2 can be reformulated to evaluate the stiffness as

follows [53]:

B =E,V,HE, (1-V}) worveereesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssseens 2.3

where E, is the strength of the composite, Ey is the strength of the fibers and E,, is

the strength of the polymer or the matrix.

2.3.2 Effects of Processing Parameters

The composite processing temperature can greatly affect the mechanical
properties of the reinforcing natural fibers. It should be kept around 150°C for a
long processing time; however, it can be raised up to around 200°C for a short
processing time [39]. At high temperatures (higher than 150°C) over long
processing times, there is a possibility of degradation in the lignocelluloses of the

natural fibers or a poor adhesion between the fibers and the matrix [1, 39].

In general, processing speed also can affect the mechanical properties of an short-

fiber-reinforced polymers. In the case of injection moulding, the injection speed
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affects the orientation of the short fibers, which affects the mechanical properties
[56]. At high injection speeds, the fibers do not distribute well, and matrix rich
regions appear, which reduces the strength of the specimen [56]. At low injection
speeds, by contrast, the orientation of the fibers at the outer skin of the produced
part is parallel to the direction of the injection flow, and the orientation at the
center of the part is normal to the direction of injection or randomly distributed [6,
49, 56], which reduces the strength of the produced part [56]. Therefore, the
strength of reinforced composites is higher in the molding direction than in the
direction normal to the molding direction for thin specimens (i.e. with thicknesses
around 2.5mm) [57]. There is a certain maximum injection speed at which the
fibers are well distributed randomly across the section, and the structure is nearly
homogeneous; in this case, the strength of the produced part is at the maximum

[56].

For thermoplastics with a semicrystalline structure, it is possible that different
types of spherulitic structures occur throughout the thickness of produced fiber-
reinforced polymers. The cross section morphology changes throughout the
thickness according to the cooling rate; the areas near the surfaces with high
cooling rates have a fine spherulitic structure, while the core zone with a low
cooling rate have a coarser spherulitic structure, which can be identified through
its contents of more voids and even holes in some extreme conditions [6]. The
coarse spherulitic structure has a lower strength, a lower elongation and a lower

fracture toughness than other spherulitic structures with a fine structure [6].

There are some other features that appear as a result of processing parameters;
these include voids, matrix-rich zones, fiber-rich zones and bent fibers. These

features may affect the mechanical behaviour, depending on how extreme they are

[6].
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2.4 MONOTONIC BEHAVIOUR

2.4.1 Effect of the Amount and Type of Short Fibers

Adding natural or synthetic fibers to polymers typically increases their
monotonic strength and stiffness [41, 58-62], as shown in Figures 2.5 and 2.6,
respectively. However, unlike the behavior of long-fiber-reinforced polymers,
which are fiber dominated, the mechanical behaviour of SNFRPs is mainly driven
by the matrix material, specially the matrix/fiber interfacial strength [38, 50, 62].
To illustrate, the curves in Figures 2.5 and 2.6 are almost parallel in each other,

which implies that the slope of the curves (i.e. the sensitivity of curves) is matrix-

dominated.
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Fig. 2.5 The effect of strain rate on maximum tensile stress of unreinforced

HDPE, 20% and 40% hemp-reinforced HDPE [38, 50].
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Fig. 2.6 The effect of strain rate on Young’ modulus of HDPE unreinforced

HDPE, 20% and 40% hemp-reinforced HDPE [50].

2.4.2 Monotonic Behaviour Modeling

The rule of mixture is used extensively to evaluate the strength and the
stiffness of short fiber reinforced polymers. The following equation is one of the

forms representing the rule of mixture [42, 49, 54, 55]:

0.y =0 5 VNN 10,0 (1V0) cerreenenecteneicntenenennnnssenessessessessnsssssnsssssesessesaes 24
L
n= 211 for L, <L,
N 25
n,=1-—= for L.>L,
2L,

where 6, is the ultimate tensile strength, vris the fiber volume fraction, n, is the

fiber length efficiency factor, 1, is the orientation factor (equal to 1 if fibers are

19



aligned), L. is the fiber critical length represented in equation 2.1, and o, is the

matrix ultimate tensile strength.

In some cases, a term related to the fiber/matrix interfacial shear strength (tsy) is
added to equation 2.4 to represent the effect of the interfacial shear strength as

follows [6]:

Lo o U VAR 0 4 P O (VR e O O 2.6

where o is a factor which is a function of L. .

The stiffness can be also modeled using the rule of mixture similer to the one

represented in equation 2.4, as follows [42, 55]:

) DN TN 1 P S OO 2.7

where E. is the strength of the composite, Er is the strength of the fibers and E,, is
the strength of the polymer or the matrix.

Other models were developed to consider the viscoplastic characteristic of the

matrix and how the monotonic behaviour gets affected by the loading strain rate

(€*). The model in equation 2.8 is a nonlinear one-dimensional interpretation for
Norton-Hoff rheology model for viscoplastic material [38, 50, 63-67]. In this
model, both unreinforced HDPE and hemp reinforced HDPE are assumed to be

nonlinear viscoplastic materials.

o, =k, (@)m“ s O (- 2.8
ox

where, k, is a material constant, (Ou/0x)is the velocity gradient normal to the cross

section plane, and m, is behaviour index (or strain rate sensitivity) [66]. The material
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parameters, K, and m,, are considered functions of natural fiber volume fraction, and

they can represented as follows [38, 50]:

1
o= o eestsstststetsats sttt st sa st s s a s sa st s R sa s bt SR b s b s sb s sbs b s u e us b 2.9
a, tb, (vp)*
where ay, by and ¢y are matrix properties; and
1
o reeeeereseererresseresseressarssssesssaressanessarsesarsrsserasaressarssnnsessaneses 2.10

where a,, by, and c,, are matrix properties

2.5 FATIGUE BEHAVIOUR

As noted previously, adding short or long fibers to a matrix improves the
tensile and compressive strength of this matrix; additionally, adding short fibers to

a polymeric matrix improves its fatigue strength [41, 58-62].

It is wrong to consider a certain or a global relationship that can represent both the
failures of long or short reinforced polymers and the failure of metallic material,
especially when it comes to a complicated mechanical behaviour such as fatigue
[68]. This is due to the complex geometry of the reinforced composites and their
complex damage progression; this complexity increases when one accounts for
the stress concentration coming from the short fibers and the fiber/matrix interface
[69]. For SNFRPs, the complexity of stress distribution is expected to increase
due to the inconsistent fibers geometry and distribution within the stressed section

[38].

In short-fiber-reinforced polymers, fatigue damage occurs because of damage
accumulation and stiffness degradation through the stressed section; in addition,

the damage is multi-directional [68, 70]. This kind of damage is different from the
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localized single macro-crack propagation type that occurs in metals [68, 70-72].
Short-fiber-reinforced polymers damage accumulation includes [70, 71, 73, 74]:
1) debonding that takes place because of microvoids initiation and propagation
around the ends and the surface of fibers; 2) fiber failure that might or might not
occur depending on the type of fibers used; and 3) matrix cracking that takes
place in the matrix itself. All of the previous damage accumulation mechanisms
might function independently or interactively [59]. Figure 2.7 shows the fracture
surface of 20% hemp-reinforced HDPE under tensile- tensile fatigue loading; the
image shows a distinguished matrix-fiber interfacial separation (IS) as well as
matrix failure (MF) and fiber failure (FF) [36]. Therefore, as a result of these
many damage accumulation mechanisms taking place during the fatigue loading,
it can be concluded that the fatigue fracture of short-fiber-reinforced polymers has
some sort of a statistical nature. Statistical functions are thus among the most
common functions used to represent the fatigue behaviour of fiber-reinforced
polymers; additionally, empirical forms conducted from experimental data are

widely used to simulate fatigue behaviour [36, 59].

Behaviour under compression fatigue loading is another difference between
composites and metals. The compressive strength of a composite, unlike that of
metals, is lower than its tensile strength, and it depends on the reinforcement
materials [59, 68]; this rule is the same under fatigue loading [68]. Furthermore,
there is a possibility of failure during compressive fatigue loading, which is not
likely to happen in metals [59, 68]. This can be attributed to the fact that under
compressive loading, whether the fibers are long or short, the fibers do not have
much effect on the behaviour of composites, as the significant factors controlling
the compressive behaviour in composites are: 1) matrix modulus and strength; 2)
fiber/matrix interfacial strength; and 3) fibers misalignments [75]. Therefore, in
some compressive applications of composite materials, the ratio between fatigue
strength and ultimate tensile strength may not exceed 0.3 [68]. Additionally, there
is always a risk of buckling when entering the compression zone, and more

precautions are needed in order to stop the occurrences of buckling [59]. The
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longitudinal natural fibers used to reinforce polymers are more suited to
longitudinal tensile loading [6, 7, 53]. Therefore, it might be advisable to use
SNFRPs under tensile loading conditions for both monotonic and cyclic loading

[38, 50, 76].

Fig. 2.7 Scanning Electron Microscope (SEM) image of a tension-tension
fatigue fracture surface of short-hemp-bast-reinforced HDPE (20% hemp-
reinforced HDPE); the fatigue test was performed at maximum fatigue stress
of 19.8 MPa with frequency f=3.0 Hz and fatigue stress ratio R=0.1. The
image shows different types of failure mechanisms: matrix-fiber interfacial

separation (IS); matrix failure (MF); and fiber failure (FF) [36].

Similar to monotonic behaviour of SNFRP, the fatigue tests on SNFRPs showed
that the fatigue sensitivity (i.e. the slope and the shape of the S-N curve) is
controlled by the matrix material, regardless of the type of fibers used, assuming a
good fiber/matrix adhesion [38, 62], as shown in Figure 2.8. The curves in Figure
2.8 illustrate the relationships between the maximum applied fatigue stress and

the natural logarithm of the corresponding life cycles (N) for unreinforced HDPE
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as well as 20% and 40% hemp-reinforced HDPE. Generally, the fatigue strength
increases by increasing the fiber percentages, and this creates a set of parallel S-N
curves (i.e. matrix dominated behaviour). However, it should be mentioned that
the S-N curve of the unreinforced HDPE shows a ductile-brittle behaviour causing
the curve to be shifted after N= 10,000 cycles [38]; this can be attributed to the
appearance of crazing, which increases the fracture toughness of the specimens
[62]. The matrix-dominated behaviour recorded in Figure 2.4 can be attributed to
the fact that short fibers used in reinforcing are very short (i.e. less than
millimeters), with a length/diameter ratio ranging around 10; therefore, neither the
type of short fibers nor the percentage amount used has much effect on the
sensitivity of reinforced composites behaviour [62]. However, fatigue sensitivity
is sometimes affected by the used fiber type, which can be explained by the

amount of debonded fibers that is varied from type to another during failure [62].
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Fig. 2.8 S-N curves for unreinforced HDPE, 20% and 40% hemp-reinforced
HDPE at stress ratio R=0.1 and fatigue frequency =3 Hz [38].
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2.5.1 Time-Dependent Effect

For fatigue loading of thermoplastic polymeric-based composites,
viscoelasticity and loading rate effects should be considered or controlled during

experiments [57, 59, 62, 71].

During the fatigue test, the effect of viscoelasticity is reflected in an increase in
temperature (autogenous temperature) [71]. To reduce or to control the
autogenous temperature effect, the fatigue test should be done within a frequency
at which there is a limited raise in the specimen temperature during the test [59,
62]. For a ductile matrix, the limit of recommended frequency is around 2 or 3
Hz; however, for a brittle matrix, the limit of recommended frequency can be

raised to reach between 5 and 10 Hz [57, 62].

Fatigue tests at different load amplitude under constant frequencies will lead to
different loading rates [59, 62]. To eliminate the effect of different loading rates,
there are two solutions:

1. Each fatigue test (i.e. each test point on the fatigue life curve) is conducted
at a different frequency, depending on the maximum fatigue stress level at
each test [62] (i.e. the higher is the applied fatigue stress, the lower is the
frequency used in the fatigue test);

2. The fatigue life curve conducted at a constant frequency might be
normalized by the fatigue strength of one fatigue life cycle; this procedure
is highly effective after eradicating the effect of autogenous temperature

[59].

2.5.2 Fatigue Modeling and Life Prediction

The complex nature of fatigue behaviour makes it difficult to reach an
analytical model to simulate this fatigue behaviour (see section 2.4). Therefore,

the fatigue models are usually built on empirical forms conducted from
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experimental data. There are two main methodologies used to analyze and predict
the fatigue behaviour (they are used for metals and composites as well) [3]:

1. The first methodology, fracture mechanics, predicts fatigue damage using
empirical equations of crack growth, which is generally assumed to be
under linear elastic mechanics;

2. The second methodology is based on the use of stress-life (S-N) curves
and fatigue damage accumulation (such as residual strength and stiffness
degradation); sometime this methodology is referred to as the safe life

technique.

2.5.2.1 Representation of stress/strain-fatigue life curves

As noted previously, fatigue failure in short-fiber-reinforced composites has a
complex nature as a result of damage accumulation and stiffness degradation, and
it is a multi-directional damage [68, 70]. Therefore, the modeling technique using
fatigue life curves is one of the most suited techniques to studying the fatigue

behaviour of SNFRP under cyclic loading.

Stress based:

S-N curves are considered to be the most popular method of characterizing the
fatigue behaviour of materials [60]. The power law is commonly used to describe

the S-N curves to predict the fatigue strength for certain numbers of cycles [57]:

0,0 =0 1N ittt a s sbe b s bbb s s b aae 2.11

max

where o is the maximum cyclic stress, o', is the fatigue strength coefficient,

X

N is the number of cycles to failure under o and r is the fatigue strength

max

exponent.
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There are some other simple laws that were conducted to represent the

relationship between o, and N based on data regression from S-N curves; one

of these laws is as follows [59]:

G, =0, “BIOZN crrtrtiteeenenenintcnnncnnenenenisnnsssesesessssssssssssssssssessases 2.12

where, 6, 1s the monotonic ultimate tensile strength, and B is a constant.

Equation 2.12 can be adjusted to deal with a normalized fatigue stress as follows

[59, 77]:

0, /0, =1 D I0ZN wererrrenininictennennennessenennesnsessessessessssssssssssessssessesseases 2.13

To get a better representation of the S-N curve, instead of fitting the S-N curve in
a liner equation as in equation 2.12, a polynomial equation can be used as follows

[59]:

G, =0, D TOGNFCIOZN)’ cervureuncrsresnesessenserssesessessassssssessessasssssssssenssssssssessess 2.14
Which means that N can be represented as a polynomial function of ¢, [59]:
LOENZA1D 6, 1C(0,, )7 sersersersessesssssssessessassessessessesssssssssssssassassassessassassssssseses 2.15

Strain based:

One of the most important relationships that were developed for strain controlled

fatigue tests is the Manson-Coffin relation.

As illustrated in Figure 2.9, the total fatigue strain (Ag ) is equal to the summation

of both elastic (Ag,) and plastic (Ag,) strains [78]:
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Fig. 2.9 Fully reversed (R=-1) steady state (40% - 50% of Ny) stress-strain
loop [78].

The Manson-Coffin relation can be represented as follows [78, 79]:

Ae_o,

> T8 (2N)PHE L(ZN)S eurerrerresnessssssssssessessessessassessasssssssssssssassassasssssessassssssssss 2.17

) . ) o .
where Ag/2 is strain amplitude (g,), Ef and ¢ are one-reverse intercepts of

elastic and plastic curves respectively with total strain amplitude axis (see Figure
2.10), N is the number of cycles to failure under A¢ , and b and c are the slope of

elastic and plastic curves respectively, as shown in Figure 2.10.
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Fig. 2.10 Schematic diagram of fatigue test representing the total strain
amplitude, plastic and elastic strain [79, 80].

The parameters b and ¢ can be approximately calculated as a function of the cyclic

strain hardening exponent (n'), as follows [80]:

D11'C tereeeereeecereeecreeecreneesseesseesersssessesesssssssssssssssesssssssssssssssssssssssssssssesssnssssnesssanes 2.18

Fatigue modeling using the strain control test is a good approach, especially if the

fatigue amplitude is hitting the plastic zone with a small gap between o, and

max

yield strength o, and large gap between ¢, (i.e. the strain produced by o, )
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and & (i.e. the strain produced byc, ). However, for compliant materials such as

polyethylene, the cyclic fatigue loops with tensile stress limits under strain control
will shift such that compressive stress limits emerge throughout the fatigue cycles

as a result of the fatigue creep or fatigue accumulative strain.
2.5.2.2 Damage accumulation and strength/stiffness degradation

Damage accumulation is considered to be one of the failure measurements of
fatigue. In the following sections, some of the rules and the parameters used to

asses the fatigue damage accumulation will be discussed.
Miner’s rule:

One of the most basic damage accumulation rules is Miner’s rule, which assumes

linear damage accumulation as follows [81-83]:

Miner’s rule assumes that a failure will occur when the sum of the number of
cycles (n;), at certain loading conditions, divided by the number of cycles to fail

(N,), under the same loading conditions, is equal to one [81-83]. There are many

non-linear forms that have been developed from Miner’s rule, such as [59]:

Z[ A, [;_j +B, (;—ﬂ ............................................................................ 2.21

where, A is the damage scale, and A; and B; are constant. At failure, B; is

negative and A is equal to unity for failure.

Residual strength:
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Based on the damage accumulation phenomenon, one of the theories of fatigue
failure is that failure occurs when the residual strength of specimens is reduced to
the value of the applied stress [82]. Therefore, it was important to formulate some
equations to predict failure using residual strength; in these equations, failure is
assumed to occur when the residual strength is equal to the applied stress. One of

the most frequently used formulas is as follows [82]:
6,70, [IHIN-DE| srersrnsnncsssnssnscsssssnnssssmssnssssssssssssssssssssssssssssssssssssssssssssssssssssses 2.22

where, o, is the residual strength, o, the stress range, and N is the number of

cycles to failure, while f and s are functions of the stress ratio (R).

Stiffness degradation:

Stiffness degradation was also introduced as a measure for damage accumulation.
Stiffness degradation can be represented by one of three parameters [61, 84-86]:
1) fatigue modulus, F(n); 2) secant modulus, S(n); and 3) elastic modulus, E(n).
Figure 2.11 shows a schematic diagram illustrating the three stiffness degradation
parameters. Stiffness degradation models are designed to model fatigue failure
using measurements of these macro-scale properties (i.e. fatigue modulus, secant

modulus, and elastic modulus) [87, 88].

31



[1h] al
-
=
%
b= S(n)
< F(n)
&
E(n)
1
0123 n n+l £ (n)
Strain

Fig. 2.11 Schematic diagram of stiffness degradation parameters [61, 84].

In the case of fiber-dominated composites, the stress-strain relationship is almost
constant, which makes it easy to measure E(n) [61, 89]. On the other hand, for the
matrix- dominated composite or SFRP, the stress-strain relationship is nonlinear
[61, 89], which makes it more difficult to measure or calculate E(n). Furthermore,
the behaviour of a matrix-dominated composite is controlled by the matrix
material, which sometimes has a constant value of S(n) through the fatigue cycles,
as shown in Figure 2.11. Therefore, it is advisable to avoid the use of either E(n)
or S(n) to represent the stiffness degradation in matrix-dominated composites.
However, while E(n) and S(n) do not give a real indication of stiffness
degradation, the Fatigue modulus (F(n)) can be an alternative solution,
representing two damage phenomena occurring during the fatigue test [79]:

1. Stiffness Degradation: causes an incremental relative movement between

the top and the lower points in the fatigue hysteresis loops.
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2. Fatigue Creep: appears through an incremental shift of the hysteresis loops
due to the accumulative strain that is added after each fatigue cycle as a

result of using a compliant matrix material, as shown in Figure 2.11.

Damage factor:

The damage accumulation can be evaluated by using a damage factor (D), which

can be a function of the stiffness (E) as follows [83, 90]:

where, E(n) is the elastic modulus of damaged specimen, which is a function of n

(number of fatigue cycles). E is the undamaged elastic modulus of the specimen.

Additionally, D can also be defined as a function of the number of fatigue cycles

[83, 90]:

1

D=1-[1-£}p+ﬁ oo e e s s ettt 2.24
N

where, n is the number of cycles for damage D, N is the number of cycles to

failure, and p and  are material constants.

2.5.2.3 Constant life diagrams

For the most part, life diagrams are constructed from fatigue test data in order to
be used as a design tool. Life diagrams come in different forms, but all of them
are formulated between two axes: 1) fatigue stress amplitude; and 2) mean stress
[59]. All such diagrams aim to assign failure/safe design boards [59]. It is

important to clarify that there is no an actual physical fatigue limit, especially for
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polymeric composite materials; however, 10° and 10" cyclic lives have been used

widely as a fatigue limit for a long time for several applications [91].
2.5.2.4 Micromechanical modeling

The mechanical properties of any material are highly affected by its
microstructure. Micromechanical models were proposed to simulate the mutual
effect among the constituent elements forming the composites. However, there are
some serious obstacles facing microscale modeling of SFRPs; the main obstacle is
the fact that it is extremely difficult to quantify the distributions and orientations
of actual fibers. In order to compensate for this deficiency in microstructure

controllability, some assumptions should be made:

1. The constituent elements have a random distribution, regardless of the
meaning or causes of this distribution [92].

2. The random distribution of the constituent elements will form some sort of
homogeneity or regularity allover a certain volume of the material; this
assumption will give satisfactory results as long as there is no concern
about failure in the microscale (i.e. localized failure such as microcracks)

[92].

For SNFRPs, the nature of natural fibers makes it extremely difficult to assign
certain values for fiber geometrical features (e.g. diameter, length and
orientation), which even adds more obstacles toward including natural fibers into

a micro mechanical model.
2.5.2.5 Energy method modeling

The energy method has been used as one of the methods of predicting the damage
accrued during cyclic loading. Many approaches have been proposed to evaluate
fatigue damage using the energy method [59, 68, 70, 71, 93]. Some of these

approaches are developed based on elastic and plastic strains, and they require
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some parameters to be calculated using fully reversed strain-controlled fatigue
tests [59, 68, 93]. Other energy methods work to evaluate the energy based on the
failure modes that occur during fatigue loading; however, it is not totally accurate,
in the case of SFRPs, to identify a particular failure mode (i.e. matrix cracking,
interfacial cracking or fibers failure) as being responsible for failure at any time
during a fatigue test [59, 68, 70, 71]. Sometime it is difficult to estimate the
amount of energy released near the beginning or the end of the fatigue test,
because the energy method is mainly a linear method [73, 84]. Additionally, when
using the energy method, it is difficult to differentiate accurately between energy
causing the fatigue failure and energy lost due to radiation, conduction and

convection [84, 86, 94].

2.5.2.6 Statistical and empirical modeling

When it comes to SNFRPs, there is no consistent geometry that can be assigned to
the fibers inside the matrix. Additionally, the level of randomization of natural
fibers inside the matrix is not consistent, and it is highly dependent on many
factors such as the percentage of natural fibers in the composite and the
manufacturing process of the SNFRP constitutive materials. Therefore, the
statistical and empirical models are highly suited to model SNFRP and SFRP

mechanical behaviours, especially cyclic behaviours [38, 50, 59].

Mechanistic models can be used instead of using empirical models [38, 50], as the
mechanistic models capture the mechanism by which the experimental data of the
tested variables respond [95]. Recently, the mechanistic models were used
successfully along with semi-analytical approaches to reach comprehensive
mathematical expressions that accurately simulate the fatigue behaviour of
SNFRPs under different loading conditions[38]. Equation 2.25 presents one of the
fatigue models that was developed using mechanistic models, it calculates the

maximum applied fatigue stress (omax) under certain number of cycles to failure
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(N); the model takes into consideration the fatigue stress ratio (R) and fatigue

frequency (f) [38].

mg—mg+1
Mg l—mg

(mg—mg+1
2k, (411zzf(1-R)] ' (n In(N)-1)

S | rrrrrrreeeeereennnneennnnne 2.25
Omes 1 In(N) (1+R)-2

where ke, ks, m; and m, are parameters measured from monotonic test, and they

are functions in fiber volume fraction (vy) [38].

2.6 CONCLUSIONS

The current study reviewed the aspects affecting the mechanical behaviour of
Short-Natural-Fiber-Reinforced Polymers (SNFRPs). On the other hand, the study
also reviewed the monotonic and cyclic behaviour of these composites along with
the various possible modeling techniques that are suited for modeling and

simulating both monotonic and cyclic behaviours of SNFRPs.

There are many factors and aspects that might affect the behaviour of SNFRPs.
These factors include the hydrophilic nature of natural fibers; the difference
between hydrophilic natural fibers and hydrophobic polymeric matrixes; and the
different parameters that characterize manufacturing and process of natural fibers
and their SNFRPs. As usually the natural fibers used in SNFRPs are more suited
to support tensile longitudinal loading, it is recommended to use the products of

SNFRPs in tensile loading applications.

Different models and modeling techniques were reviewed from perspective of
modeling both monotonic cyclic behaviours. Rules of mixture as well as rheology

models integrated with mechanistic models were among the models that are used
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to model the monotonic behaviour. On the other hand, there was a wide variety of
models and techniques that are used to model the fatigue life under cyclic loading.
It 1s concluded that statistical and empirical models as well as models that were
developed using mechanistic modeling approach are more suited to model the
mechanical behaviour of SNFRPs; this is due to the high statistical nature
associated with the mechanical behaviour of SNFRPs, as there is a large number
of factors that act independently and/or interactively to define the mechanical

behaviour of these SNFRPs.

More studies should be conducted focusing on the analysis and modeling of both
monotonic and cyclic behaviours of SNFRPs. The models thus developed from
these studies will be the basis for an engineering design tool, which will help the
products of SNFRPs to evolve from being more eco-friendly products to being

reliably engineered and designed products.
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CHAPTER 3 ISOTHERM MOISTURE

ABSORPTION KINETICS IN NATURAL-FIBER-

REINFORCED POLYMER UNDER IMMERSION
CONDITIONS'

ABSTRACT

In Natural-Fiber-Reinforced Polymer (NFRP), absorption of water or
moisture is a significant issue in maintaining strength and stiffness. To enhance
the understanding of water and moisture sorption behaviour, the kinetics of
moisture sorption in NFRPs are investigated under immersion conditions.
Samples of hemp-bast-fiber-reinforced polyethylene are prepared using an
injection moulding technique at different hemp fiber volume fractions (v¢). The
samples are then immersed in water for 274 days. Moisture content and uptake
rate are analyzed at different fiber volume factions and matrix crystallinity
percentages. A simplified 2-D contraction model is developed to investigate the
contraction effect on the moisture uptake; it shows that a matrix with high
crystallinity has more stiffness contraction on the reinforcing natural fibers, which
limits the maximum amount of the absorbed moisture. The Fickian diffusion is
found to be the dominant absorption behaviour, shifting toward pseudo-Fickian or
anomalous diffusion depending on the natural fiber volume fraction and the
crystallinity percentages of the matrix. The NFRPs diffusivity is evaluated and
modeled to characterize the ability of liquid molecules to diffuse into these

composite at different hemp fiber volume fractions. Both the crystallinity

T This chapter is a modified version of a paper that was published as Ahmed Fotouh, J. D. Wolodko, M. Lipsett, “Isotherm
Moisture Absorption Kinetics in Natural-Fiber-Reinforced Polymer under Immersion Conditions”, Journal of

Material Composites, May 15®, 2014, DOIL: 10.1177/0021998314533366.
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percentage of the matrix material and the volume fraction of the reinforcing fibers

were found to interactively affect the sorption kinetics of the tested NFRPs.

KEYWORDS

Natural-Fiber-Reinforced Polymer (NFRP), Moisture diffusion behaviours,

Matrix crystallinity, Fiber volume fraction, Matrix/fiber contraction.

3.1 INTRODUCTION

Natural fibers are generally hydrophilic materials [1-5], comprising mainly
cellulose, hemicellulose (pentosan), pectin, and lignin [1, 6-9]. Each component
affects the overall properties of natural fibers according to their respective mass
fractions, which vary according to fiber types as well as growing and harvesting
processes [1, 6]. On the microscale, natural fibers are cellulose microfibrils
reinforcing an amorphous matrix structure of hemicellulose and lignin [6, 10].
Cellulose is a semicrystalline polysaccharide [1, 7, 11]. The cellulose is
responsible for strengthening natural fibers [7, 9]; and the high percentage of
hydroxyl groups (OH) in the cellulose gives the fiber its hydrophilic propriety [7,
9, 12]. Hemicellulose is a fully amorphous polysaccharide that has a lower
molecular weight than that of cellulose [1, 7]. Because hemicellulose has an open
structure containing many hydroxyl (OH) and acetyl (C,H3;O) groups,
hemicellulose is partially soluble in water; and it absorbs moisture from air [7,
13]. For this reason, hemicellulose is the main contributor to biodegradation,
thermal degradation, and moisture sorption in natural fibers [6, 10]. By contrast,
lignin has an amorphous structure, which is mainly formed by a natural polymer
formed by phenylpropane units (CoH;;) [7, 11]. Lignin has a small effect on
moisture sorption and is thermally stable, but it is prone to degradation by
ultraviolet light [1, 6, 7, 13]. Pectin is a polysaccharide that is soluble in water;

and it is also responsible for holding fibers together [1, 6, 7, 14].
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Natural-Fiber-Reinforced Polymer (NFRP) contains natural fibers, which are
hydrophilic, that are embedded in a polymer matrix, which is usually
hydrophobic. This difference in the nature of the materials causes some
challenges for expanding the production of NFRPs, and the main challenge is
moisture that is absorbed by natural fibers. Moisture sorption in NFRP depends on
the type of natural fibers, the amount of fiber volume fraction, and the
surrounding condition temperature [3, 5, 9, 13, 15]. Additionally, there is another
uninvestigated factor that could affect the moisture absorption; this factor is the
level of crystallinity in the polymeric matrix. In a NFRP, natural fibers gain
moisture from the air or from contact with water or other liquids [1-5]. Moisture
sorption causes fibers to swell [3], weakening fiber strength and causing fibers to
separate from the matrix, thereby reducing the overall strength of the NFRP [1, 3,
5].

The objective of the present work is to provide a better understanding of moisture
sorption in natural-fiber-reinforced polymers, by investigating moisture sorption
kinetics at different hemp bast fiber volume fractions. Furthermore, the effect of
matrix crystallinity is also investigated by testing natural-fiber-reinforced
composites at two different crystallinity percentages of polyethylene matrixes;
High Density Polyethylene (HDPE); and Low Density Polyethylene (LDPE).
LDPE as a polymer has a high number of short methylene (CH,>) side chains,
which prevent an LDPE polymer from crystallizing to the same degree as in an
HDPE polymer; on the other side, an HDPE polymer contains a smaller number
of longer CH; side chains, giving HDPE a relatively high crystallinity percentage
[16, 17].

3.2 EXPERIMENTS AND METHODOLOGY

3.2.1 Material Selection for Experiments

Hemp bast fibers (USO14) were used as the natural reinforcing fibers in the

experiments, as they are well suited for longitudinal (tensile) loading [18, 19].
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This can be attributed to the high percentage of cellulose found in the hemp bast
fibers, as shown in Table 3.1; the variation in the percentages of hemp fiber
constituents can be attributed to: the accuracy of the testing methods, the maturity
level of the hemp plant, and the type of hemp crop as well as the harvest time in

the season.

The high cellulose percentage provides hemp bast fiber with good mechanical
properties, making it a good candidate to replace synthetic fibers, such as glass
fibers, in some applications [20]. Table 3.2 shows the mechanical properties of

typical hemp bast fibers.

Table 3.1 Percentage of main components forming hemp bast fiber at

maturity [21, 22]:

Fiber Cellulose | Hemicellulose | Lignin Pectin
Hemp Bast | 75%-78.3% 4%-5.4% 2%-2.9% | 2.5%-4%

Table 3.2 Mechanical properties of hemp bast fiber [3, 7, 20, 23-25]:

Tensile strength | Elongation | Young’s modulus | Density
(MPa) (%) (GPa) (g/cm’)
| Hemp Bast 550-900 1.6-4 60-70 1.48

Fig. 3.1 Decorticated hemp bast fibers (black line is 5.0 mm)
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(@ (b)

Fig. 3.2 Pellets of (a) hemp bast fibers and (b) 20 wt% hemp-fiber-reinforced
HDPE (black line is 5.0 mm)

In the current experiments, hemp bast fibers with a length of 5 mm were isolated
using a short fiber decortication system at Alberta Innovates Technology Futures
(AITF), in Edmonton, Alberta. A photograph of the decorticated fibers is shown
in Figure 3.1. Hemp fibers were subsequently pelletized, as shown in Figure 3.2-a,
in order to feed the fibers in the extruder system for compounding. These pellets

were dried at 100° C for 12 hours.

Hemp pellets and polyethylene pellets were compounded (mixed) and
continuously extrude. An example of the compounded pellets is shown in Figure
3.2-b. Figure 3.3 shows the main components of the NFRP pellets production line:
(1) Control Unit (2) HDPE Pellets Feeder (3) Natural Fiber Pellets Feeder (4)
Batch Mixture Extruder (5) Cooling Water Bath (6) Pelletizer.

Hemp fibers and Low Density Polyethylene (LDPE) were mixed at various hemp
weight percentages: 10 wt%, 20 wt%, 30 wt% and 40 wt%. This corresponds to
6.3%, 13.3%, 20.6% and 29.1% of fiber volume fractions (v¢), respectively, based
on measured density of the component. Separate compounded material was also
prepared with hemp fibers mixed and High Density Polyethylene (HDPE) at 20
wt% and 40% hemp fibers (corresponding to 13.5% and 30.1% of fiber volume
fractions, respectively). Table 3.3 shows the mechanical and physical properties

of the matrix materials used in this study.
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Fig. 3.3 NFRP pellet production line: (1) Control Unit (2) HDPE Pellets
Feeder (3) Natural Fiber Pellets Feeder (4) Batch Mixture Extruder (5)
Cooling Water Bath (6) Pelletizer.

Table 3.3 Mechanical and physical properties of HDPE and LDPE:

Property HDPE LDPE Test Method
: 3 3 ASTM
Density 0.943 g/cm 0.911 g/cm D1505
- Density;
.. - X-Ray;
Crystallinity [16, 26] 70-90% 40-50% i
Calorimetry.
Melt mass flow rate (MFR) ASTM

7.5 g/10min | 12 g/10min

(190°C/2.16Kg) D1238
ASTM

Hardness (Shore D) 67 47 D2240
Tensile Strength at 24 MPa (at 9 MPa (at ASTM
yield(50mm/min) yield) break) D638
Stiffness (Young’s modulus) ASTM
(50mm/min) 1.8 GPa 0.1 GPa D638
Elongation at yield 0 o ASTM
(50mm/min) % 129% D638

43



3.2.2 Test Specimens and Procedures

Test specimens were manufactured using an injection moulding process using
a Battenfield 100 injection moulding machine. Table 3.4 shows the different
injection pressures used to produce the test specimens. The injection pressure was
found to increase with increase volume fraction of fibers (vf) as a result of
changing flow characteristics of polymer/fiber blends. All test measurements were
taken based on the average readings from 5 test specimens. The moisture sorption
amount (M), is evaluated by calculating the change in the sample mass with

respect to its original mass according to the following formula:

R LT 3.1
W,

o

where W, is specimen mass at time t and W, is the initial dry mass of the

specimen before it is immersed in water.

The specimens were immersed in water for 274 days to allow for moisture
sorption under immersion conditions. As shown in Figure 3.4, sample mass
measurements were taken at different time intervals to allow for moisture to be
absorbed between readings. All tests were performed in a controlled environment,

at a temperature of 23 + 2° C and relative humidity of 50 + 5%.

44



Table 3.4 Injection pressure used to produce testing samples:

Material Injection pressure
Unreinforced LDPE 700 (4.83)
Unreinforced HDPE 800 (5.52)

10% (wt%) hemp-LDPE 800 (5.52)
20% (wt%) hemp-LDPE 800 (5.52)
30% (wt%) hemp-LDPE 900 (6.21)
40% (wt%) hemp-LDPE 1000 (6.89)
20% (wt%) hemp-HDPE 800 (5.52)
40% (wt%) hemp-HDPE 1300 (8.96)

Saaa s aoa s af)

C=MNWRAUE~NOO=2MNWRAND~CWOO

Order of Test

T T T T T T 1

0 1000 2000 3000 4000 5000 6000 7000
Time at Which Test Was Performed (hr.)

Fig. 3.4 Mass measurement intervals

3.3 RESULTS AND ANALYSIS OF MOISTURE SORPTION
BEHAVIOR

Figure 3.1 show the moisture absorption behaviour of the tested NFRPs and
their matrixes. No absorbed moisture was detected for unreinforced LDPE or
unreinforced HDPE, which indicates that the reinforcing hemp fibers were
responsible for the moisture sorption in the tested hemp-fiber-reinforced

polymers. The maximum moisture uptake rate was recorded for 40% hemp-

45



HDPE; those of the 40% hemp-LDPE and 30% hemp-LDPE followed. The
fraction of hemp fibers in 20% hemp-LDPE and 20% hemp-HDPE was not
sufficiently large to demonstrate the sorption behaviour of 40% hemp composites;
in fact, the sorption behavior was similar for both 20% hemp-LDPE and 20%

hemp-HDPE composite samples, as shown in Figure 3.1.

The theoretical amount of moisture that can be absorbed by reinforcing natural
fibers can be evaluated by calculating the absorbed moisture as a percentage of

the reinforcing natural fibers weight as follows:

M=l 100 0 srererereresses s sresre s st sresre oo 3.2

f

where My is moisture sorption as a percentage of natural fiber contents at time t,
M; is the moisture sorption at time t, and W is the fiber mass percentage in the

specimen.

At room temperature, hemp bast fibers can absorb moisture in quantities of up to
67%-70% of the weight of dried fibers after immersing in water for 3 days [27].
From equation 3.2, the theoretical amount of absorbed moisture by hemp fibers in
a polyethylene matrix declines to a value of 28% after being in water for 274
days, as shown in Figure 3.6. This reduction in the total absorbed moisture by the
fibers can be attributed to the reduced exposure of fibers to water transport due to
isolation of fibers in the matrix. This lack of complete interconnectivity between
fibers as well as constraining the fiber swelling by the surrounding matrix will

alternately reduce the total amount of moisture absorption.
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Fig. 3.5 Moisture sorption (M) of tested matrixes and composites at different
hemp fiber weight percentages; errors bars are equal to + the standard

deviation (S.D.) calculated from experiments.

The leaching effect for 40% hemp-HDP and its fast absorption rate can be seen by
the dip in the curve in Figure 3.6. The moisture sorption rate increases as the fiber
volume fraction (vy) is increased, as shown in Figure 3.6; the same behaviour was
noticed in Figure 3.1. For 40% hemp-HDPE, Figure 3.6 shows that the moisture
sorption reaches a maximum and then decreases by about 2.96 %. This drop in the
weight percentage is near the value of the soluble pectin percentage shown in
Table 3.1. Additionally, there was a clear discoloration in the soaking water
containing 40% hemp-HDPE samples, which is another indication that the drop in
the sorption curve in Figures 3.1 and 3.6 was due to the leaching out of the
soluble substances that are contained in the hemp fibers. Furthermore, the high

sorption rate of 40% hemp-HDPE allows more hemp fibers to be involved in the
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leaching process in a smaller period of time compared to the one for other

composites, and that leads to this noticeable leaching effect for 40% hemp-HDPE.

30.00 -
25.00 -
20.00 -
15.00 -
10.00 -

5.00 -

000 ¥ "F—— 1 —

0 10 20 30 40 50 60 70 80 90
Time'? (hi?)

-#-10% (wt%) hemp-LDPE -4+ 20% (wt%) hemp-LDPE

30% (wt%) hemp-LDPE -+ 40% (wt%) hemp-LDPE
—+—20% (wt%) hemp-HDPE —<-40% (wt%) hemp-HDPE

Ms (%)

Fig. 3.6 Moisture sorption as a percentage of fiber weight (M) of tested
composites at different hemp fiber weight percentages; errors bars are equal

to * the standard deviation (S.D.) calculated from experiments.

Figures 3.7 and 3.8 show the maximum moisture absorbed as a percentage of the
weights of tested composite samples (Muax) and a percentage of the reinforcing
natural fibers’ weights (Mimax), respectively, at different hemp-fiber weight
percentages. Figure 3.7 shows that, even though the volume fraction of hemp
fibers in 40% hemp-HDPE is slightly higher than that of 40% hemp-LDPE, the
Mimax absorbed by 40% hemp-LDPE (11.06%) is higher than that absorbed by
40% hemp-HDPE (8.80%). Figure 3.8 shows that the Minax for both 40% hemp-
LDPE (27.66%) and 30% hemp-LDPE (25.87%) are much higher than that of
40% hemp-HDPE (22.00%); however, the volume fraction of the hemp fiber (v¢)

48



in 40% hemp-HDPE is higher than that of those in 40% hemp-LDPE and 30%
hemp-LDPE.

12.00 - 11.06%

10.00 -

8.00 - I

6.00 -

Mirax (%)

3.75%
4.00 -

200 1 1.07%

0.00 -

W 10% (wt%) hemp-LDPE @ 20% (wt%) hemp-LDPE
@ 30% (wt%) hemp-LDPE W 40% (wt%) hemp-LDPE
W 20% (wt%) hemp-HDPE W 40% (wt%) hemp-HDPE

Fig. 3.7 Maximum moisture absorbed (Mm,y) of tested composites at
different hemp fiber weight percentages; errors bars are equal to + the

standard deviation (S.D.) calculated from experiments.

These differences in the sorption levels for both Mymax and Mimax shown in
Figures 3.7 and 3.8, respectively, could be explained within the context of the
matrix stiffness and the matrix-fiber contraction forces, as both of these factors
are expected to control the swelling level of the reinforcing natural fibers; hence,
they will affect the maximum amount of the absorbed moisture (i.e. Mmax and
Mifmax). Moreover, Figure 3.8 shows that fibers within the same matrix absorbed
similar amount of moisture. However, the connectivity between fibers is reduced
by decreasing fiber volume fraction (vy); therefore, within the same matrix, the
values of Mimax absorbed by fibers was found to increase with increasing the

value vy, as shown in Figure 3.8.
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Fig. 3.8 Maximum moisture sorption as a percentage of fiber weight (Mfmax)
of tested composites at different hemp fiber weight percentages; errors bars

are equal to + the standard deviation (S.D.) calculated from experiments.

3.4 CONSTRAINTS OF MATRIX CRYSTALLINITY

The matrix stiffness as well as the matrix-fiber contraction can provide a
possible explanation to the variation in the maximum amount of the absorbed
moisture between LDPE and HDPE matrices. The higher crystallinity level in the
polymer, the higher is the polymer stiffness, and the more is the resistance to
swelling [28]. The stiffness factor affects the maximum amount of absorbed
moisture by applying constraints on the swelling of natural fibers within the
matrix. To illustrate, the more stiffness the matrix has, the more constrained the
swelling of natural fibers will be; this limits the value of Mynax and the Migmax, as
the scenario involving the 40% hemp-HDPE composite (with the higher

crystallinity and stiffness) demonstrated, as shown in Figures 3.7 and 3.8.
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Another factor that affects the levels of Mimax and Mismax 1S the contraction forces
applied on the natural fibers by the matrix. To investigate the effect of this
contraction factor, a simplified two dimensional (2-D) contraction mode has been

developed.

3.4.1 2-D Matrix-Fiber Contraction Model

The 2-D contraction model developed in this study simulates the natural
fiber and the surrounding matrix by taking the form of two cylinders, a solid fiber
cylinder inside a matrix cylinder. After contraction, a contact pressure (P.) is
developed on the interface between the fiber and the matrix, as shown in Figure

3.9.

The constitutive equations of the principal stresses for a cylinder under internal
and external pressure, shown in Figure 3.10, are represented as in equations 3.3

and 3.4 [29].

2 2 2.2

o _EPPy B (PioP) 33

I T ey ————————————— :
o i o i

where o, is the radial principal stress at any radius r, rj is the internal radius, r, is

the outer radius, p; is the internal applied pressure, and p, is the outer applied

pressure.
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Matrix

Fig. 3.9 Contact pressure generated as a result of contraction on the outer

surface of the fiber and the inner surface of the matrix.

Fig. 3.10 Schematic Diagram of a cylinder under internal and external

pressure.

2 2 2.2
_i’pt’p, 5L (piep,)
S T B e sl N 3.4
Lo r°(r,” 1)

where oy is the hoop principal stress at any radius r.
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Based on equations 3.3 and 3.4 at p, is equal to zero, the equations of stresses,
generated at the surface of the fiber as a result of the P, are represented using

equations 3.5 and 3.6.

where o, 1s the radial principal stress at the surface of a fiber with radius R, and

P. is the interfacial pressure due to the contraction.

where o is the hoop principal stress at the surface of a fiber with radius R.

Using equations 3.3 and 3.4, the principal interfacial stresses of the matrix are
represented in equations 3.7 and 3.8.

O . T oD rteeeerreeeneneeessesesneeesssessssssessesassrsssssssessesasaresssssssssessssnsnssssssssesassranssssssssesas 3.7

m C

where 6., is the radial principal stress at the inner radius R of the matrix.

P (R*+r’
Cem:% .............................................................................................. 3.8

where G, 1s the hoop principal stress at the inner radius R of the matrix, and r, is

the outer radius of the modeled matrix cylinder.

The total interfacial contraction-displacement (A) can be calculated as a result of
the interaction between the fiber contraction displacement (d¢) and the matrix
contraction displacement (0y,), which are shown in Figure 3.11. The mathematical

expression of A is represented by equation 3.9.
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Fig. 3.11 The displacements of unrestrained fiber and matrix due to

contraction.

The generalized constitutive equation of stress-strain relationship is represented in

equation 3.10 [30].

where g;j is the strain for the i and j coordinates, oj; is the corresponding stress for
the 1 and j coordinates, E is the stiffness coefficient (Young’s Modulus),v is the
Poisson's ratio, o4, is the summation of normal stresses, and §;; is the Kronecker's

delta.

Using equations 3.5, 3.6 and 3.10, the constitutive equation of & can be

represented as in equation 3.11.
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where Es is the stiffness coefficient of the fiber, and vy is the Poisson’s ratio of the

fiber.

Based on equations 3.7, 3.8 and 3.10, equation 3.12 can be developed as the

constitutive equation of dy,..

where E,;, is the matrix stiffness coefficient, and vy, is the Poisson’s ratio of the

matrix.

A can be expressed as in equation 3.13 by using equations 3.9, 3.11 and 3.12.

2+ 2
AR [ R 1B, (1v,) | e 3.13
EE | "1 R

A can be approximately calculated in terms of thermal displacement as in equation

3.14.

AT, (Y (5, R) V(R ) wrrvvereeeeeeseseeesesssssssssssmmssssssssssssssssssssssssssssssssssssssssssses 3.14

where T, is the temperature difference causing the contraction, yn, is the matrix

thermal expansion, and yris the fiber thermal expansion.

By using equations 3.13 and 3.14, an expression was derived to calculate the

value of P; this expression is demonstrated in equation 3.15.

po LEE(r (R)R) 3.15

¢ 2+ 2
R(E{Rzé"zme+Em(l—vf)J
r -

[
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In equation 3.15, the value of P, is affected by two matrix parameters, the thermal
expansion coefficient and the stiffness. Generally, due to the higher crystallinity
of HDPE, its thermal contraction coefficient is lower than the thermal contraction
coefficient of LDPE; however, the stiffness of HDPE is higher than the stiffness
of LDPE. The values in Table 3.5 were selected for the parameters in equation
3.15 to assess which matrix, the HDPE or the LDPE, causes more contraction
pressure (P.) on the fibers. The Poisson’s ratio of hemp fibers (vy) is very difficult
to measure [31]; therefore the value of P, will be calculated at three values of vy,

0.0, 0.25, 0.35, as shown in Table 3.6.

Table 3.5 Selected values for parameters in equation 3.15:

par::Ilther The value
Ta 20°C
Ym 150 p strain/ °C (HDPE), 200 p strain/ °C (LDPE) [32]
Ve 20 p strain/ °C [33]
R 1 unit.
T 2 units
Vi 0.47 (HDPE), 0.49 (LDPE) [34]
En From Table 3.3: 1.8GPa (HDPE), 0.1 GPa (LDPE)
Er From Table 3.2: 65 GPa.

The changes in the value of v did not significantly affect the values of P, as
shown in Table 3.6. The calculated values of P, demonstrate more contractions in
the case of the HDPE matrix, and this is another explanation for limiting the
values of Miynax and Mismax for HDPE natural-fiber-reinforced composites more
than those for LDPE composites. To illustrate, by increasing the contraction
pressure of HDPE matrix, the swelling of hemp fibers is limited due to the
generation of more constraining surrounding pressure, and that leads to limiting
the values of Minax and Mismax for HDPE natural-fiber-reinforced composites, as

shown in Figures 3.7 and 3.8.
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Table 3.6 Estimated values P, ad different values of vy:

The value The estimated values of P, The estimated values of P,
of vy For HDPE matrix (MPa) for LDPE matrix (MPa)
0.00 2.162 0.166805
0.25 2.192 0.166825
0.35 2.172 0.166847

3.5 ANALYSIS AND MODELING OF ISOTHERM SORPTION
KINETICS IN NFRP

3.5.1 Effect of Matrix Crystallinity on the Absorption Behaviour of
NFRP

Figure 3.12 shows that at the beginning of the experiments, the sorption
capacity (L&=M¢/Mu.) increases with the increase of the natural fiber volume
fraction (Vy), with the highest capacity seen in the 40% hemp-HDPE sample. For
10%, 20% and 30% hemp-LDPE, sorption capacities are similar; however, the
sorption capacity for 30% hemp-LDPE is slightly higher because of the fiber
volume fraction is higher than those of the 10% and 20% hemp-LDPE samples.
20% hemp-HDPE has the lower sorption capacity (Ls). This can be attributed to:
the constraints generated by the HDPE matrix; as well as the limited amount of

fibres in the matrix.
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Fig. 3.12 Sorption curves of short term sorption for the tested NFRPs.

One possible explanation for the significant increase in the short term absorption
of 40% hemp-HDPE is the formation of the shrinkage micro-voids as a result of
the high crystallinity level in HDPE. To illustrate, when a linear polymer such as
polyethylene cools down, the polymer chains are aligned in plates known by
crystalline lamellae [35]. As a result, spherical semicrystalline regions
(semicrystalline structure) of the crystalline lamellae (with low specific volume)
within amorphous structure (with high specific volume) are formed in the polymer
[35, 36]; therefore, polymers with a semicrystalline structure tend to have smaller
specific volumes (relatively higher densities) than do polymers with an
amorphous structure [35, 37], and this difference in the specific volumes is
decreased by decreasing the level of crystallinity [37]. As a result of this
difference in specific volume between the crystalline lamellae and the amorphous
structure, negative pressure micro voids are formed during the crystallization
shrinkage within the semicrystalline polymers at the interface between the

crystalline lamellae and the amorphous structure [36, 38-44]. The negative
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pressure formed in this shrinkage voids could reach values between -5 and -20

MPa [39].

As the HDPE has a high crystallinity level than the crystallinity level in the
LDPE, it is reasonable to assume that shrinkage micro voids are more likely to be
formed in HDPE (higher crystallinity) than in LDPE (lower crystallinity) [43].
Therefore, it is logical to assume that the relatively high adsorption of the 40%
hemp-HDPE, as shown previously in Figure 3.12, is a result of increasing the
negative pressure effect generated from the relatively high number of micro voids
in the HDPE matrix. There is another factor that increased the effect of the
shrinkage vacuumed micro voids in the 40% hemp-HDPE; this factor is the
decompaction of the reinforcing fibers after the release of the applied moulding
pressure [45]. As the matrix-fibers mix is moulded under a relatively high
pressures (see Table 3.4), the fibers store some elastic energy due to their
compaction [45]. After removing the moulding stress, the released forces from
fibers decompaction causes the shrinkage micro voids to grow into larger voids;
additionally, the released compaction forces can produce new cavitation micro
voids [45]. On the other hand, even though the NFRPs of both 20% hemp-HDPE
and 40% hemp-HDPE shared the same HDPE matrix, the sorption rate was far
higher for 40% hemp-HDPE, as shown in Figure 3.12. This can be attributed to
two factors: 1) increasing the fiber volume fraction from 13.5% for 20% hemp-
HDPE to 30.10% for 40% hemp HDPE; 2) increasing the moulding pressure of
40% hemp-HDPE, which also increased the decompaction of the fibers, especially
with the relatively high volume fraction (30.10%). Therefore, the 20% hemp-
HDPE composites did not demonstrate sorption behaviour similar to the sorption
behaviour of 40% hemp-HDPE. in the end, it should be mentioned that hypothesis
of the effect of the shrinkage micro-voids on the absorption rate needs to be
investigated further using specialized characterization techniques, such as
Scanning Electron Microscope (SEM) [46, 47]. This is outside the scope of the

current study.

59



3.5.2 Modeling of Isotherm Absorption Kinetics in NFRP

Generally, there are three possible factors causing moisture sorption in
synthetic Fiber-Reinforced Polymers (FRP) [3, 48-50]:

1) polymer chains micro-gaps;

2) interfacial gaps between fibers and matrix through capillary action;

3) matrix micro-voids.
Each factor forms an individual sorption mechanism. For hydrophilic natural-
fiber-reinforced polymers, the moisture absorbed by natural fibers is an additional
sorption mechanism. As it is difficult to determine how much each sorption
mechanism contributes to the overall sorption process, the overall integrated
effect of all previous mechanisms can be evaluated as a diffusion process [3, 48-

50].

To estimate the short-term diffusion process kinetics (i.e., up to My/Mn=0.6
[51]), the sorption curves in Figure 3.12 can be simulated using an empirical
power law equation [3, 51, 52]. The sorption curve power law equation can
represent either linear or non-linear diffusion processes, using the following

expression [3, 51-54]:

where Ls=My Muax 1s the sorption level (also known by sorption capacity) at a
given temperature, t is sorption time, ks is material parameter at a given
temperature, and ng is the sorption index at a given temperature. When ng=0,

k=Ls.

Diffusion process can be described using equation 3.16 based on the value of the
sorption index (ns) [3, 51-53, 55]. In case I (classical/Fickian diffusion) for ng=0.5,
the amount of diffusion flux of moisture mass is proportional to the moisture

concentration gradient in sorption direction. In case II (non-Fickian diffusion) for
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ne=1.0, the diffusion occurs at a constant rate. In case III (anomalous diffusion)
for 0.5<n¢<1.0, the diffusion is nonlinear with time. There are also two subcases:

pseudo-Fickian for ng< 0.5, and supercase Il for ng>1.0.

The values of ks and ng in equation 3.16 found using the data shown in Figure 3.12

are presented in Table 3.7.

Table 3.7 k; and n, for hemp-fiber-reinforced polyethylene:

10% 20% 30% 40% 20% 40%
(Wt%) (wt%) (wt%) (wWt%) (wt%) (wt%)
hemp- hemp- hemp- hemp- hemp- hemp-
LDPE LDPE LDPE LDPE HDPE HDPE
ks
(S™) 7.10 10.9 5.40 6.76 2.48 0.69
x 10
ng 0.428 0.401 0.450 0.457 0.488 0.667

As Table 3.7 reveals, most ng values are in the region of a value of ng=0.5, which
is the value for Fickian diffusion. The values of ng for hemp-fiber-reinforced
LDPE range between 0.40 and 0.457. Since the values of ny for LDPE natural-
fiber-reinforced composites are all less than 0.5, the behaviour appears to shift
toward pseudo-Fickian diffusion. The value of ng for 20% hemp-HDPE is 0.488,
which is nearly 100% Fickian diffusion; for 40% hemp-HDPE, the value of ns is
0.67, indicating a swing toward anomalous diffusion. The physical causes of
pseudo-Fickian diffusion are not exactly known. However, elastic stresses, caused
by natural fiber swelling, might be one of the causes [3, 54], because these elastic
stresses affect the free surface, which in turn affects the diffusion coefficient of
the medium [56]. The value of ng for 20% hemp-LDPE is lower than the value of
ns for 10% hemp-LDPE. This can be attributed to the greater effect of the swelling
stress in 20% hemp-LDPE due to the higher value of the hemp fiber volume
fraction for 20% hemp-LDPE. With more fibers to swell in 20% hemp-LDPE, the
resultant residual stress increases, which affects the developed residual stresses.
However, by increasing the fiber volume factions in 30% and 40% hemp-LDPE,

the diffusion behaviour changes to provide a more Fickian diffusion. As the fiber

61



volume fraction increases in 30% and 40% hemp-LDPE, the fiber randomization
level is increased, thereby increasing the level of homogeneity in the diffusion

process and making it much closer to Fickian diffusion.

For 20% hemp-HDPE, the value of ns jumps to 0.488 from 0.40 for 20% hemp-
LDPE, prompting the diffusion behaviour to provide almost 100% Fickian
diffusion. This can be attributed to the use of HDPE as a matrix; to illustrate, as
HDPE is stiffer and causes more contraction on the fibers than LDPE, the effect
of fiber swelling is reduced, which makes the diffusion behaviour in 20% hemp-
HDPE is almost 100% Fickian. By increasing hemp fiber volume fraction in 40%
hemp-HDPE, the diffusion behaviour shifts toward anomalous diffusion. As a
result of the high fiber volume percentage in 40% hemp-HDPE and its high
absorption rate caused by the effect of vacuumed micro voids, which is enforced
by the decompaction forces, the diffusion behaviour of 40% hemp-HDPE shifts

toward anomalous diffusion.

3.5.3 Diffusivity Evaluation and Modeling

As illustrated in Figure 3.1, there was no significant moisture absorbed by the
unreinforced LDPE or HDPE, and hence the diffusion coefficients for both LDPE
and HDPE are relatively very low (varied between 1.3 to 10 x10™® mm*/sec for
LDPE and HDPE [57]); therefore, the diffusion coefficient can be considered a
direct measure of the diffusivity of hemp-fiber-reinforced polyethylene. A
simplified form of the solution for Fick’s second law equation can be used to
estimate the diffusion coefficient (D), for short term sorption time (i.e. up to Lg <

0.6) [51, 58], as follows [2, 3, 5, 51, 58, 59]:
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where, L; is sorption level (MyMimax), ho is the specimen initial thickness (mm), t

is sorption time (sec.), and D, is the diffusion coefficient (mm?/sec.).

For Fickian diffusion with a linear relation between L and %3 , D is assumed to be
constant with time (t) as well as with the initial thickness (h,); therefore, the

following partial differential equation can be developed from equation 3.17:

L. ). . .
where, (6 : j is the slope of the linear relation between Lg and NG

ot

From equation 3.18, the diffusion coefficient (D) can be found:

D=(@]2 (23%)2 ....................................................................................... 3.19

Fick’s second law (as well as its simplified solution in equation 3.17) were mainly

developed for short term Fickian diffusion [51, 58], in which there is a linear
relationship between Lg and Jt. To verify the fact that Fickian diffusion is the
dominant diffusion behaviour in short-term sorption, the relations between Lg and

Jt have been plotted as shown in Figure 3.13.

The plot of experimental data points in Figure 3.13 shows good linearity between
L, and</t for all samples of the tested NFRPs. The coefficient of determination

(R?) was used to assure the linearity of L/t relations plotted in Figure 3.13
[60].
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Fig. 3.13 linear relationships of the experimental points of L, and its

corresponding t"* for short term sorption.

Table 3.8 shows very high values for R* which provides a very high confidence in
the linearity of Ls- Jt relations. Therefore, the hypothesis that Fickian diffusion is
the key diffusion behaviour in short-term sorption can be assumed to be valid.
Equation 3.5 is thus applicable in calculating the diffusion coefficient for hemp-
polyethylene composites. Diffusion coefficient values (D) calculated using

equation 3.5 are represented in Table 3.9.

Table 3.9 shows a general trend: D increases as the fiber volume fraction
increases. The 40% hemp-HDPE has the highest diffusivity. This may be due to
the 40% hemp-HDPE: 1) having the highest hemp fiber volume fraction of
samples tested; and 2) using HDPE as a matrix, as the voids in the HDPE matrix
and the relatively high decompaction forces promote the sorption rate of the large
amount of hemp fibers in 40% hemp-HDPE. These factors all made the hemp
fibers in 40% hemp-HDPE act like a sponge to absorb a significant amount of
moisture in a short time. This also explains why the diffusion behaviour tends to

shift from Fickian diffusion toward anomalous diffusion for 40% hemp-HDPE.
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The value of D, for 20% hemp-HDPE is 30% lower than that of 20% hemp-
LDPE. This is probably because the moisture sorption capacity (L) at this early
sorption stage is lower for 20% hemp-HDPE than for 20% hemp-LDPE, given
that the HDPE matrix has a higher stiffness and a higher contraction on the fibers
than the LDPE matrix. Therefore, the diffusivity of 20% hemp-HDPE was less
than that of 20% hemp-LDPE, especially when the decompaction forces were
suppressed because of the low amount of hemp in 20% hemp-HDPE, which also
limited the tendency of the cavitation voids in the HDPE matrix to increase the

diffusivity.

Table 3.8 The Goodness of the liner fit for data pints in Figure 3.13:

10% 20% 30% 40% 20% 40%
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
hemp- hemp- hemp- hemp- hemp- hemp-
LDPE LDPE LDPE LDPE HDPE HDPE
Goodness
of the liner
fit for L,-
\/{ 0.9847 0.9718 0.9938 0.9962 0.9966 0.9753
relation
(R%)

L
Table 3.9 Values of ( oL, ] and D for hemp-fiber-reinforced polyethylene:

ot
10% 20% 30% 40% 20% 40%
(wt%) (wWt%) (wt%) (Wt%) (wt%) (wt%)
hemp- hemp- hemp- hemp- hemp- hemp-
LDPE LDPE LDPE LDPE HDPE HDPE

( oL, j
ot 2.4546 2.4924 2.5588 3.6753 2.0779 6.2038
(Sec-oAs)
x 10*
D
(mmz/sg:c) 21.294 21.955 23.141 47.741 15.260 136.025
x 107
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3.6 CONCLUSIONS

The moisture sorption behaviour of hemp-fiber-reinforced HDPE and LDPE
was investigated under immersion conditions in water. Increasing the hemp
volume fraction increased the moisture take-up rate. Increasing the crystallinity in
addition to the fiber volume faction increased the moisture sorption rate for the
tested NFRPs. A simplified 2-D contraction model was developed. The model
showed that the matrix with a higher crystallinity (higher stiffness) created a
relatively high contraction in the reinforcing fibers, which can explain why the
maximum amount of moisture absorbed by the tested NFRPs was increased by
decreasing the crystallinity percentage of the matrix material for the same hemp
fiber weight percentage. Therefore, it can be concluded that the moisture
absorption of NFRPs depends mainly on two factors: 1) the natural fiber volume

fraction; 2) the matrix crystallinity level.

The dominant moisture diffusion behaviour for hemp-fiber-reinforced
polyethylene was found to be Fickian diffusion, in which the flux of the diffused
moisture mass is proportional to the moisture concentration gradient in the
diffusion direction. The diffusion behaviour shifts toward pseudo-Fickian by
decreasing the hemp fiber for LDPE as a matrix, and it shifts towards anomalous
diffusion by increasing the hemp fibers using HDPE as a matrix. The diffusivity is
estimated based on the calculated diffusion coefficient using Fick’s second law.
Diffusivity increased when the hemp volume fractions were increased. In
addition, in 40% hemp, diffusivity was significantly increased by using the HDPE
as a matrix; this can be attributed to: 1) the slightly larger amount of hemp fibers
included in 40% hemp-HDPE; and 2) possible effect of the negative pressure

voids, which was elevated as a result of the increase in decompaction forces.
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CHAPTER 4: CHARACTERIZATION AND
MODELING OF STRAIN RATE HARDENING IN
NATURAL-FIBER-REINFORCED POLYMER*

ABSTRACT:

The effect of strain rate (&) on the mechanical properties of short-hemp-
fiber-reinforced High Density Polyethylene (HDPE) is characterized and modeled
at different values of € and hemp fiber volume fraction (v¢) under dry and wet
conditions. Based on the experiments, a generalized comprehensive power law
model is developed to predict the behaviour of the mechanical properties as
functions of vg, € and moisture absorption. It is demonstrated that the developed
model successes to accurately simulate the effects of vy, & and moisture
absorption on the mechanical properties of the natural-fiber-reinforced composites

as well as the unreinforced polymer.
KEYWORDS:

Natural Fibers; Viscoplastic Polymer; Strain Rate Hardening; Modeling; Moisture
Effect.

* This chapter is a modified version of a paper that was published as Ahmed Fotouh, J. D. Wolodko, M. Lipsett,
“Characterization and Modeling of Strain Rate Hardening in Natural-Fiber-Reinforced Viscoplastic Polymer”, Journal of

Polymer Composites, Feb. 06", 2014, DOT: 10.1002/pc.22894.
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4.1 INTRODUCTION

The importance of using natural fibers as reinforcing fibers in composites
has increased considerably in the last decade [1, 2]. This is a result of natural
fibers having many favorable properties compared to synthetic fibers [1, 3-5].
This increasing demand for natural fibers as reinforcing fibers is a motivation for
studies not only to characterize and investigate the properties of natural-fiber-

reinforced polymers, but also to model these properties.

The behaviour of short-fiber-reinforced polymer material is dominated by the
material properties of the matrix [6-8]. Therefore, if the properties of the matrix
polymer are affected by the strain rate (€"), the properties of the developed short-
natural-fiber-reinforced polymer will be consequently affected by ¢°. The present
study investigates the effect of € on the mechanical properties, maximum tensile
stress (oy) and its corresponding strain (g,) along with Young’s modulus (E), of
short-hemp-fiber-reinforced High Density Polyethylene (HDPE). Samples are
tested at different hemp fiber volume fractions (vy). Tests are performed at
different & using monotonic uniaxial tensile stress. Some of the specimens are
immersed in water for 35 days to assess and model the effect of wet-service

conditions.

4.2 MATERIALS AND TESTING PROCEDURES

Short, hemp-bast fibers and HDPE were mixed at two fiber weight
percentages: 20% and 40%. Based on the measured densities of the hemp-bast
fiber and HDPE (1.475 g/cm® and 0.924 g/cm’, respectively), the corresponding
fiber volume fractions (vy) were determined to be 13.5% and 30.1% for 20% and

40% weight fractions, respectively..

Test specimens were produced using an injection molding process according to

ASTM D638 Type 1 configurations with 50 mm gage length. The overall
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dimensions of the tensile test specimen are shown in Figure 4.1. Tensile tests were
performed at different engineering strain rates of 0.13, 0.50, 1.00, 2.00, 6.00, 8.00,
10.00 and 14.00 min”', corresponding to elongation speeds of 6.50, 25,
50,100,300,400,500 and 700 mm/min, respectively. Monotonic uniaxial tensile
tests were performed using an Instron 8501 universal testing machine with an
extensometer mounted to the test specimens to monitor changes in the strain

during the test.
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Fig. 4.1 Schematic diagram showing the overall dimensions of D638 Type 1

configuration with 50 mm gage length.

20% hemp-HDPE was selected to test the effect of moisture absorption on the
behaviour of the mechanical properties. Tensile test specimens were immersed in
water for 35 days prior to mechanical testing. While there was no water absorbed
by the unreinforced HDPE, the specimens of 20% hemp-HDPE absorbed
approximately 2.4% of its dry weight.

Each monotonic tensile test was repeated three times for homogeneous
unreinforced HDPE. On the other hand, each monotonic tensile test was repeated
five times for 20% and 40% hemp, because the samples were expected to have
more variability due to the level of the heterogeneity of the material. Failure
criteria were assigned depending on the failure mode. For tested unreinforced
HDPE, the failure mode was ductile, and necking was considered to be the failure

point at which the maximum engineering tensile stress (c,) was measured. The
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strain values corresponding to the measured values of o, were considered to be
the maximum tensile strains (&). For 20% and 40% hemp-HDPE, the failure
criterion was a brittle fracture on the macro scale; the maximum tensile stress
before failure was assumed to be oy, and its corresponding engineering tensile
strain was assumed to be gy. For both of the elastic and the brittle failure modes,
Young’s Modulus (E) was defined as the tangent elastic modulus of the

engineering stress-strain curve.

4.3 EFFECT OF STRAIN RATE AND FIBER VOLUME
FRACTION

The results of o, from the monotonic tensile tests for the unreinforced
HDPE as well as the short-hemp-reinforced composites are shown in Figure 4.2.
The bars indicate the range of test results for each condition. Figure 4.2 shows
consistent general behaviour at which the increase of strain rate (&) increases the
resulting oy This phenomenon is known as strain rate hardening, in which the
strength of the material is increased by increasing the strain rate (&) or forming
speed [9]. On the other hand, there is a slight increase in the value of 6, when the
hemp fiber weight percentage is increased. Additionally, Figure 4.2 demonstrates
that oy-€" relationships for the unreinforced HDPE and the developed composites

are parallel.
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Fig. 4.2 The effect of strain rate on the maximum tensile stress (o) of

unreinforced HDPE, 20% hemp-HDPE and 40% hemp-HDPE.

As a result of strain rate hardening, the values of tangent Young’s modulus (E) of

the unreinforced HDPE and the reinforced composites increase as €' increases, as

shown in Figure 4.3. A significant increase in E was recorded as a result of
increasing the hemp fiber weight percentage. Similar to o-€" relationship, Figure

4.3 shows that E-¢" relationships for unreinforced HDPE and the tested short

hemp-HDPE composites behave in a parallel fashion.
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Fig. 4.3 The effect of strain rate on the Young’s modulus (E) of unreinforced

HDPE, 20% hemp-HDPE and 40% hemp-HDPE.

In contrast to the effect of & on both o, and E, the increasing of strain rate &
reduces the value of the maximum tensile strain (&), as shown in Figure 4.4. This
reduction in the elongation is expected as a result of the increase in E and oy (i.e.
as a result of strain rate hardening). Figure 4.4 shows that, for unreinforced HDPE

and HDPE-composite samples, the maximum tensile strain (g,) decreases when
¢" is increased. This effect can be attributed to the increase that occurs in both oy
and E as a result of increasinge’; additionally, there is a parallel trend in the

curves in Figure 4.4 in a manner similar to the 6,-€" and E-¢" relationships.
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Fig. 4.4 The effect of strain rate on maximum tensile strain (g,) of

unreinforced HDPE, 20% hemp-HDPE and 40% hemp-HDPE.

4.4 EFFECT OF MOISTURE ABSORPTION

Figure 4.3 shows the effect of moisture absorption on o for 20% hemp-
HDPE at different values ofe’. Hemp-bast fibers are natural fibers that have a
hydrophilic nature [2, 10-13]. Moisture absorption causes natural fibers to swell
[2], which increases the interfacial stress between the fiber and the matrix and can
cause fibers to separate from the matrix; as well, absorbed moisture weakens
natural fibers [2, 10, 13]. Therefore, after moisture was absorbed, o, values of
20% hemp-HDPE dropped even below the o, values of the unreinforced HDPE,

as shown in Figure 4.3.
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Fig. 4.5 The effect of strain rate on the maximum tensile stress (o) of

unreinforced HDPE, 20% hemp-HDPE with and without moisture.

Figure 4.6 shows the effect of moisture absorption on the &, of 20% hemp-HDPE

at different values of €’. The g, values of 20% hemp-HDPE after 35 days in water
were higher than the original g, values of 20% hemp-HDPE, likely as a result of
the weakened interfacial fibre/matrix bonding due to swelling as well as the
degradation of fiber strength due to moisture absorption. On the other hand,
Figure 4.7 shows that E did not change for 20% hemp-HDPE after immersing in
water for 35 days.
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Fig. 4.7 The effect of strain rate on the Young’s modulus (E) of unreinforced

HDPE, 20% hemp-HDPE with and without moisture.
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4.5 MODELING OF STRAIN RATE HARDENING

4.5.1 Model Development

4.5.1.1 Effect of strain rate on maximum tensile stress

For both unreinforced and reinforced HDPE, Figures 4.2 and 4.3 show that

ouw-€ relationships, without and with moisture effect, form a set of convex
parallel curves. Therefore, one single equation can be used to represent all curves
in both Figures 4.2 and 4.3. To simulate this type of behaviour, the non-linear
one-dimensional interpretation of Norton-Hoff rheology model for viscoplastic
material can be applied [14-18], as the matrix of HDPE has a viscoplastic
properties [19]. The viscoplastic rheology model of Norton-Hoff can be

represented as follows:

where o, is the maximum tensile stress (MPa) at strain rate & (min™') and

constant temperature, k; is a material constant (MPa.min™ ), and m, is a
behaviour index for o, (dimensionless). k; and ms can be considered to be

functions of hemp fiber volume fraction (vy).

The Harris mechanistic model, part of yield models [20, 21], can be applied to
represent the relationships amongst the calculated k; and m, values and v¢ [7, 8].
However, even though the Harris model is highly suited mechanistic model to
simulate the effect of vy on both monotonic and cyclic behaviour of short-natural-
fiber-reinforced composites [7, 8], a more simplified model can be proposed for
monotonic applications to reduce the number of parameters required for the Harris
model; hence, a simplified linear model can be proposed to simulate the effect of
ve on the monotonic behaviour of natural-fiber-reinforced polymer. In this

proposed linearized model, k, and m, can be represented as follows:
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Ko =Ko (14, V) wesseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 4.2

where kg, is ks for the matrix polymer (MPa. min™ ), v¢ is the hemp fiber volume

fraction, and a, is a dimensionless matrix-dependent parameter; and

L T T 4.3

where mg, i1s m; for the matrix polymer (dimensionless), and a_is a

dimensionless matrix-dependent parameter.

The estimated solutions of parameters in the linearized model system are

presented in Tables 4.1 and 4.2.

Table 4.1 Values of the parameters ks, and a, from equation 4.2:

Parameter Estimated Value
Koo 23.6 (MPa.min™ )
ay, 0.287 (dimensionless)

Table 4.2 Values of the parameters mg,, and a, from equation 4.3:

Parameter Estimated Value
Mgo 0.066 (dimensionless)
a, 0.822 (dimensionless)

The effect of moisture absorption can be introduced as a coefficient that is
expected to be a function of matrix crystallinity, natural fiber volume fraction, and
moisture absorption rate. Because hemp fibers are the main cause of moisture

absorption, the moisture coefficient will be assumed to affect v¢ terms in equations
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4.2 and 4.3; hence, these equations can be rewritten as shown in equations 4.4 and

4.5, respectively:

O O T 4.4

where w, is a moisture absorption coefficient (dimensionless). For 20% hemp-
HDPE immersed in water for 35 days w, = -0.114. For dry conditions (no

moisture), w, is assumed to be 1.00 for this analysis.

L T e T 4.5

wherew  1s a moisture absorption coefficient (dimensionless). For 20% hemp-
HDPE immersed in water for 35 days, w,, =~ -1.881. For dry conditions, w,, is

assumed to be 1.00.
4.5.1.2 Effect of strain rate on Young’s modulus

Figures 4.3 and 4.7 reveal that E-¢' relationships form a set of convex
curves for both unreinforced and reinforced HDPE, without and with the effect of

moisture, respectively. For convex curves, a power mechanistic model, similar to

the one used in equation 4.1, can be used to simulate E-¢' relationship [21] as

follows:

e o N 4.6
where E is Young’s modulus (GPa) at strain rate & (min"') and constant

temperature, kg is a material constant (GPa. min™ ), and mg is the dimensionless

power law index for E.
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Because all of the E-& curves in Figures 4.3 and 4.7 can be assumed to be
parallel to each other, equation 4.6 can be used to represent this family of curves.
As well, kg and mg in equation 4.6 can be assumed to be functions of the hemp
fiber volume fraction (v¢) as well as the moisture absorption effect. Using a linear

model, kg and mg can be represented as follows:

where kg, is kg for the matrix polymer, a,, is a dimensionless matrix-dependent

parameter, and w, is a dimensionless moisture absorption coefficient; and

s B T 4.8

where mg, is mg for the matrix polymer, a, is a dimensionless matrix-dependent
parameter, and w, is a dimensionless moisture absorption coefficient. The

estimated values of the parameters in equations 4.7 and 4.8 are in Tables 4.3 and

4.4, respectively.

Table 4.3 Values for parameters kg, and a, in equation 4.7:

Parameter Estimated Value
KEo 1.36 (GPa.min™ )
Ay, 6.82 (dimensionless)

Wi ~ 1.00, because the change in E behaviour
(w,, assumed to be 1.00 | was insignificant after the specimens were
immersed in water

in dry testing conditions)
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Table 4.4 Values for parameters mg, and ap, in equation 4.8:

Parameter Estimated Value
Mg, 0.112 (dimensionless)
a, -1.53 (dimensionless)
W

~ 1.00, because the change in E behaviour
was insignificant after the specimens were

1.00 in dry testing immersed in water
conditions)

(w,, 1s assumed to be

4.5.1.3 Effect of strain rate on maximum tensile strain

Similar to the relationships discussed previously, the &, -& relationship

can be represented using the same power law expression:

where g, is the strain corresponding to oy at strain rate € (min'l) and under a

constant temperature, and, as previously defined, k. is a material constant

(min™ ), and m is a dimensionless power law index.

Like the previous relationships found for o,-¢" and E-¢°; equation 4.9 can be
used to represent the family of curves in either Figure 4.4 or Figure 4.6. The

corresponding linearized model yields the following expressions for k. and m:

K, =K (198, Wi Vi) crenienieiiiiisssnsssssesssssseses 4.10
and
L T e R 4.11
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For 20% hemp-HDPE immersed in water for 35 days, the estimated values for

moisture absorption coefficients in equations 4.10 and 4.11 are as follows: o, ~
0.616; o, = 1.384; W, = 0.739; W, ~ -9.338, respectively. For dry conditions,

all of the moisture absorption coefficients in equations are assumed to take the
value of 1.00. Tables 4.5 and 4.6 represent the estimated values for the rest of the

parameters in equations 4.10 and 4.11.

Table 4.5 Values for parameters k¢, and a, in equation 4.10:

Parameter Estimated Value

Keo 0.094 (min™)
a, -2.50 (dimensionless)

Table 4.6 Values for parameters m,, and a, in equation 4.11:

Parameter Estimated Value
Mg, -0.060 (dimensionless)
a, -0.278 (dimensionless)

4.5.2 Generalized Comprehensive Model

As illustrated in equations 4.1, 4.6 and 4.9, the form of the power law can be
used to represent the effect of the strain rate hardening on the tested composites.
Therefore, a general comprehensive power law model can be introduced to
integrate all of the developed models in one general model; this general model can
simulate the relationship between ¢ and the mechanical properties of a
viscoplastic matrix reinforced by short natural fibers; the general power law

model can be represented as follows:

oKy, (E)™ worvenseesssssssnseesssssssmssnssssssssmssnesssssssmssessssssssmssesssssssmssessssssssssasssssen 4.12
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where & is the strain rate (min'), ¥ is an arbitrary variable representing the
mechanical properties (i.e. oy, €y and E ), ky is a composite parameter that is a
function of the matrix and the short natural fiber volume fraction (v¢), and my is
the power law index that is defined as a function of the matrix polymer and vr.
The dimensions of ¥, ky and my, for different mechanical properties, are
illustrated in Table 4.7. The parameters and the variables in Table 4.7 were

defined in the previous section.

Using the simplified linearized form, the parameters ky and my in equation 4.12
can be represented as a function of the matrix polymer, v¢, and the moisture

absorption effect, as follows:

where A is a variable that represents ks, ms, kg, mg, ke or mg, A, is the value of
variable A for the used matrix, a, is a matrix-dependent parameter, and wp is a
moisture absorption coefficient. The variables and parameters represented by A,
ap and wy are tabulated in Table 4.8, and they were defined in the previous

section.

Table 4.7 Variables and parameters represented by ¥, ky and my:

Variable ¥ Parameter ky | Power Law Index my
Gut Ko mgy
(MPa) (MPa.min™ )| (dimensionless)
E kg mg
(GPa) (GPa.min™ ) | (dimensionless)
Eut ke m,
(dimensionless (mm/mm)) (min™ ) (dimensionless)

82



Table 4.8 Variables and parameters represented by A, Ay, ay and wy:

Variable A Parameter A, Parameter a, Parameter wy
ks Koo Ay, Wi,
(MPa.min™ ) | (MPa.min™ ) | (dimensionless) | (dimensionless)
Mg Mo A, W,
(dimensionless) | (dimensionless) | (dimensionless) | (dimensionless)
kg Keo ay, Wi,
(GPa.min™) | (GPa.min™) | (dimensionless) | (dimensionless)
mg MEgo Ay Wi,
(dimensionless) | (dimensionless) | (dimensionless) | (dimensionless)
ke Keo ay Wi,
(min™ ) (min™) (dimensionless) | (dimensionless)
me Meo A, Wi,
(dimensionless) | (dimensionless) | (dimensionless) | (dimensionless)

4.5.3 Model Comparison with Experiments

Figures 4.8 and 4.9 represent the values of o, from experiments and from
the developed power law model. There is a good match between o, measured
from experiments and o, calculated from the model for unreinforced HDPE and
40% hemp-HDPE, shown in Figure 4.8, and 20% hemp-HDPE with and without

moisture, shown in Figure 4.9.
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For Yong’s modulus (E) modeling shown in Figure 4.10, there is a very close
match between the values of E measured from experiments and the values
calculated from the power law model for unreinforced HDPE and 40% hemp-
HDPE. As it was discussed previously, there was no significant change in the
values of E after absorbing moisture; therefore, the values of E were calculated
from the model did not changed after absorption. As a result, one simulation curve
represented the behaviour of E for 20% hemp-HDPE before and after the moisture
absorption, as shown in Figure 4.11; this is due to the assumption that the
moisture coefficient did not change in the model either before or after the

absorbed moisture (i.e. it remained equal to one).
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O O O U O g O O,
[ T W T T SR S
*
*
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—
o

+ Experiments (Unrinforced HDPE) — Model (Unrinforced HDPE)
4 Experiments (40% HEmp-HDPE) — Model (40% HEmp-HDPE)

Fig. 4.10 E from experiments and calculated from the power law for

unreinforced HDPE and 40% hemp-HDPE.
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Fig. 4.11 E from experiments and calculated from the power law for 20%

hemp-HDPE with and without moisture.

Figures 4.12 and 4.13 show a very good match between the values of &, measured
from experiments and the values calculated from the developed model for
unreinforced HDPE and 40% hemp-HDPE as well as 20% hemp-HDPE with and

without moisture, respectively,
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Fig. 4.13 g, from experiments and calculated from the power law for 20%

hemp-HDPE with and without moisture.
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There are some limited deviations between the simulated date from the developed
power law model and the date from the experiments. This deviation can be caused
as a result of many factors that act individually or interactively to produce these
deviations. These factors are: the randomization level of the natural fibers within
the matrix; the random orientation and complex geometry of the short natural
fibers within the matrix; and the error due to the accumulative approximation
taking place during the nonlinear regression process used to evaluate the

parameters of the developed model.

4.6 CONCLUSIONS

In this study, the effect of the strain rate (&) on the mechanical properties,
maximum tensile stress (oy) and its corresponding strain (&) along with Young’s
modulus (E), of short-hemp-fiber-reinforced HDPE was experimentally

investigated and modeled under normal and wet conditions.

Both unreinforced HDPE and hemp-HDPE composites showed a strain rate

hardening behaviour as € increased.

A generalized power law model was developed to simulate the relationship of o,

ewt and E with €. The results from the developed model had a very good match
with the experiments for both the unreinforced HDPE and the hemp-HDPE
composites. As the developed model is validated for different types of
polymer/fiber combinations as well as different loading conditions, this model
will enable the effect of & and vf as well as moisture absorption to be
incorporated into other empirical or physics-based models to predict monotonic or
cyclic behaviours of these type of composites. In this way, new products of
natural-fiber-reinforced composites can be selected appropriately for reliable

product design.
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CHAPTER 5: UNIAXIAL TENSILE BEHAVIOUR
MODELING OF NATURAL-FIBER-REINFORCED
POLYMER USING NORMALIZED STRESS-
STRAIN CURVES?

ABSTRACT

The monotonic uniaxial tensile behavior of hemp-fiber-reinforced High
Density Polyethylene (HDPE) was investigated at different values of hemp fiber
volume fraction (vf) and strain rate (&'). A normalized stress-strain family of
curves was generated. An exponential normalized monotonic model was
developed. A general uniaxial monotonic model was developed from the
normalized model to simulate the stress-strain relationship at different values of
¢" and v¢. A modified Harris mechanistic model and a linear model were proposed
to incorporate the effect of vf and the absorbed moisture into the developed

model.
KEYWORDS

Natural Fiber Composites, Normalized Stress-Strain, Strain Rate, Monotonic

Modeling, Fiber Volume Fraction, Moisture Effect.

S This chapter is a modified version of a paper that was published as Ahmed Fotouh, J. D. Wolodko, M. Lipsett, “Uniaxial
Tensile Behaviour Modeling of Natural-Fiber-Reinforced Viscoplastic Polymer Using Normalize Stress-Strain

Curves”, Journal of Material Composites , Aug. 21%, 2014, DOI: 10.1177/0021998314547427.

&9



5.1 INTRODUCTION

Natural-Fiber-Reinforced Polymer (NFRP) has a very promising industrial
future, especially because of the many advantages that natural fibers have over
synthetic fibers [1-5]. However, in order to ensure the commercial viability of
NFRP, engineering models simulating its mechanical behaviour need to be
developed and validated. Additionally, the effect of moisture absorption forms
another potential challenge to the expansion of NFRP applications [5-13].
Therefore, in order to permit this expansion, more research should be undertaken
to study and model the mechanical behaviour of NFRP under normal and different

environmental conditions.

In this study, a generalized monotonic semi-analytical model is developed to
simulate the uniaxial tensile behaviour of hemp-fiber-reinforced HDPE using
normalized engineering stress-strain curves to eliminate the effect of strain rate
(¢’). Later, the effect of ¢ is reintroduced to the model using different power
models that represent the proposed relationships between & and the maximum
engineering tensile strength (o) as well as the corresponding strain (g,). As a
result, a generalized semi-analytical stress-strain model is developed to simulate
the monotonic behaviour of NFRP. The new developed model takes into
consideration the effect of: (1) strain rate, ¢'; (2) natural fiber volume fraction, vy;
and (3) absorbed moisture on the monotonic behaviour of NFRPs. The developed
model can serve as an engineering design tool that designers can use to

incorporate NFRPs into reliable and well designed products.

5.2 TESTING PROCEDURES AND MODELING CRITERIA

5.2.1 Testing Materials and Procedures

The short hemp bast fibers and High Density Polyethylene (HDPE HD306)

were compounded using a Haake Rheomix PTW 24/40 twin screw extruder at two
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fiber weight percentages of 20% and 40%, corresponding to fiber volume
fractions (v¢) of 13.5% and 30.1%, respectively. Table 5.1 represents the physical

and mechanical properties of the HDPE used as a matrix.

Table 5.1 Physical and mechanical properties of the HDPE matrix material:

Property HDPE Test Method
_ 0.943 £0.02 g/cm’
Density ASTM D1505
(5 tested samples)
Melt mass flow rate (from
manufacturer table) 7.5 g/10min ASTM D1238
(190°C/2.16kg)
Tensile strength at yield 24 +£0.26 MPa
ASTM D638
(50mm/min) (3 tested samples)
Stiffness (Young’s modulus) 1.8 +£0.143 GPa
ASTM D638
(50mm/min) (3 tested samples)
Elongation at yield 9+0.43 %
. ASTM D638
(50mm/min) (3 tested samples)

Tensile test specimens were designed according to ASTM D638 Type 1 with 3
mm thickness and 50 mm gauge length, as shown in Figure 5.1. These specimens

were manufactured using an injection moulding process. Tensile tests were

carried out at different engineering strain rates (€") of 0.13, 0.50, 1.00, 2.00, 6.00,
8.00, 10.00 and 14.00 min'l, corresponding to 6.5, 25, 50, 100, 300, 400, 500 and
700 mm/min of elongation speeds, respectively. An extensometer with a gage
length of 50 mm was attached to the test specimen during the tensile tests to
measure the strain that developed during the tests. Figure 5.2 shows the loading
set for one of the uniaxial tensile test experiments. Three samples were used for
each tensile test of the unreinforced HDPE; however; five samples were used for
each tensile test of HDPE biocomposites. The moisture effect on the mechanical
behaviour was investigated using 20% hemp-HDPE test specimens that were

immersed in water for 35 days.
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Fig. 5.1 Schematic diagram of the tensile test specimen configurations.

Fig. 5.2 Loading set for a uniaxial tensile test showing the extensometer

mounted on the tensile test specimen.

5.2.2 Failure and Modeling Criteria

The failure criteria were chosen based on observed behaviour. For unreinforced
HDPE, which failed in a ductile manner, the selected failure criterion was the point of
necking, and the maximum engineering tensile strength (o) and its corresponding

strain (g,) were measured at this necking point, as shown in Figure 5.3-a.
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However, for the 20% and 40% hemp-HDPE, the failure criterion was fracture, and Gy
and &, were measured at the pint with maximum stress before fracture, as shown in
Figure 5.4-a. For investigation and modeling purposes, the whole engineering
stress-strain curves in Figures 5.3-a and 5.4-a were reduced to the simulation
zones only, as shown in Figures 5.3-b and 5.4-b, respectively. These stress-strain
simulation zones were the zones that were analyzed and modeled in this study.
The tangent Young’s modulus (E) was evaluated using the tangent linear elastic

modulus, and it was considered the stiffness measure of the tested materials.
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Fig. 5.3 (a) A part of typical engineering stress-strain diagram and (b) its

reduced simulation zone for unreinforced HDPE at an elongation rate of 1

min’.
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Fig. 5.4 (a) A typical engineering stress-strain diagram and (b) its reduced

simulation zone for 20% hemp-HDPE at an elongation rate of 1 min’.

5.3 NORMALIZED UNIAXIAL STRESS-STRAIN
BEHAVIOUR

Form the conducted monotonic tensile tests, and according the failure

criteria stated previously, Table 5.2 illustrates the measured values of Gy, €, and E

of the tested materials at different values of strain rate (') for the unreinforced
HDPE, 20% hemp-HDPE, 40% hemp HDPE and 20% hemp-HDPE immersed in
water for 35 days. The results in Table 5.2 show that adding hemp fibers
increased the values of o, and E, while the over all values of g, was decreased;
on the other hand, the moisture absorption reduced the values of o, as a result of

the weakening effect of the absorbed moisture on the reinforcing hemp fibers
[14].

By normalizing the curves in Figure 5.5 (i.e. dividing each point in the stress-
strain curve by its o, and its corresponding &), all curves were combined in one
normalized curve (shown in Figure 5.6). Therefore, it can be concluded that the
matrix material is homogeneous, and the effect of strain rate can be eliminated
through the normalization of stress-strain curves. In Figure 5.5, the strength (o)

and the stiffness (E) (i.e. Young’s modulus) of the unreinforced HDPE were
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increased consistently by increasing the tensile strain rate (€'); by contrast, a
consistent decrease in the maximum tensile strain (g,) was produced by
increasing the tensile strain rate (&'). The same phenomenon was recorded for
20% hemp-HDPE, 40% hemp-HDPE and 20% hemp-HDPE immersed in water
for 35 days, as shown in Figures 5.7, 5.8 and 5.9, respectively. This phenomenon

is known as the strain rate hardening process; in it, the strength and the stiffness

are increased by increasing €' [14, 15].

The normalized curves formed a range of curves, as shown in Figures 5.10, 5.11
and 5.12 for 20% hemp-HDPE, 40% hemp-HDPE and 20% hemp-HDPE
immersed in water for 35 days, respectively. This can be attributed to the reduced
homogeneity in the tested samples as a result of introducing the hemp fibers to the

matrix during the manufacturing process.

The normalized curves of 20% hemp-HDPE immersed in water for 35 days (in
Figure 5.12) converge more closely than the normalized stress-strain curves of the
dry 20% hemp-HDPE shown in Figure 5.10. This can be attributed to the
weakening effect of moisture absorption on the natural fibers within the matrix, as
a result of the hydrophilic nature of natural fibers [5-9]. The strength of natural
fibers is weakened due to the moisture absorption; additionally, the fibers swell
which increases the interfacial matrix/fiber stress [5, 6, 9]. Therefore, the effect of
natural fibers was reduced after moisture absorption, causing the normalized

stress-strain curves to converge, as shown in Figure 5.12.
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Table 5.2 Measured 6y, €, and E for the Tested Unreinforced HDPE and

Other Composites:
. Average Average
. < Standard Standard | Average E| Standard
Material ; Out Eut
(min™) (MPa) Error of o (mm/mm) Error of g,] (GPa) |Error of E
0.5 22.31 0.175 0.0996 0.0020 1.440 0.020
1 23.61 0.174 0.0963 0.0029 1.590 0.096
2 25.19 0.227 0.0885 0.0003 1.520 0.117
[Unreinforced|
HDPE 6 26.25 0.109 0.0873 0.0017 1.730 0.176
8 27.11 0.104 0.0870 0.0003 1.910 0.053
10 27.54 0.192 0.0857 0.0012 1.970 0.224
14 28.32 0.147 0.0836 0.0018 2.080 0.146
0.5 22.53 0.057 0.0639 0.0024 2.140 0.108
1 23.91 0.080 0.0602 0.0026 2.450 0.061
20% 2 25.65 0.155 0.0563 0.0005 2.490 0.120
Hemp- 6 26.64 0.131 0.0556 0.0009 2.570 0.034
HDPE
8 27.38 0.103 0.0537 0.0004 2.760 0.061
10 27.86 0.099 0.0502 0.0011 2.940 0.080
14 29.54 0.180 0.0464 0.0020 3.110 0.096
0.13 23.13 0.113 0.0260 0.0011 3.920 0.036
0.5 24.58 0.129 0.0248 0.0001 4.050 0.061
40% 2 26.53 0.167 0.0235 0.0003 4.320 0.005
Hemp-
HDPE 6 28.47 0.133 0.0203 0.0005 4.610 0.016
8 29.35 0.150 0.0204 0.0015 4.830 0.052
14 30.18 0.173 0.0230 0.0001 5.140 0.075
1 23.01 0.084 0.0703 0.0015 2.380 0.115
20%
Hemp- 2 24.67 0.235 0.0675 0.0033 2.590 0.101
HDPE
immersed in 6 25.33 0.243 0.0609 0.0026 2.640 0.166
Watzr for351 10 26.45 0.117 0.0595 | 0.0014 | 2.920 0.072
ays
14 27.36 0.182 0.0565 0.0013 2.970 0.101
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Fig. 5.8 Stress-strain curves for 40% hemp-HDPE, generated at different ¢.
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Fig. 5.9 Stress-strain curves at different ¢ for 20% hemp-HDPE immersed

in water for 35 days.

1.2 7
11 — 25mm/min
7
[ — 50mm/min
n 0.8 1
2 — 300mm/min
w
[
2 0.6 — 400mm/min
]
I — 500mm/min
g 0.4 4
5 — 700mm/min
z
0.2 1
O 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Normalized Tensile Strain

Fig. 5.10 Normalized stress-strain curves for 20% hemp-HDPE, generated at

different ¢°.
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100



The normalized stress-strain curves of the unreinforced HDPE and the normalized
stress-strain curves of 40% hemp-HDPE were plotted together, as shown in
Figure 5.13, while the average of the normalized curves in Figures 5.6, 5.10 and
5.11 were plotted together in Figure 5.14. As shown in Figures 5.13 and 5.14,
adding more natural fibers shifted the normalized stress-strain curve downward
(i.e. the normalized elastic modulus, E,.m, was reduced); this means that at the
same applied stress, the resulting strain decreases by adding natural fibers, from
which it can be concluded that when the amount of the natural fibers is increased,
the elongation decreases, while the strength and stiffness increase, as recorded

previously in Table 5.2.
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Fig. 5.13 Normalized stress-strain curves of unreinforced HDPE and 40%

Hemp-HDPE, generated at different ¢".
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Fig. 5.14 Normalized stress-strain curves of unreinforced HDPE, 20% and

40% Hemp-HDPE, generated at different <.

To understand the effect of moisture absorption on normalized stress-strain
behaviour, the average of the normalized curves in Figures 5.6, 5.10 and 5.12 are
represented in Figure 5.15. Figure 5.15 shows that the normalized elastic modulus
(Enorm) of 20% hemp-HDPE increased as a result of absorbing moisture. This
means that the generated strain is increased under a certain amount of stress due

to the weakening effect of the absorbed moisture.
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Fig. 5.15 Normalized stress-strain curves generated at different ¢ for
unreinforced HDPE, 20% Hemp-HDPE and 20% hemp-HDPE immersed in

water for 35 days.

5.4 MODELING THE UNIAXIAL STRESS-STRAIN
BEHAVIOUR OF NFRP

5.4.1 Modeling the Normalized Monotonic Tensile Behaviour of
NFRP

As demonstrated in Figures 5.6, 5.10, 5.11 and 5.12, the developed
normalized strain (&,om) can be assumed to be growing exponentially with the
applied normalized uniaxial stress (Gnorm). This exponential relationship can be

simulated using an exponential differential equation as follows:
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where ¢ and & are dimensionless constants, Gpom 1S the normalized monotonic

stress (i.e. Oporm= 0/0yt) (Which is dimensionless), and €y 1S the corresponding

dimensionless normalized monotonic strain (i.€. €yorm= &/€ut).

A normalized stress-strain exponential model can be developed by solving the

differential equation 5.1 as follows:

G =E[ D-E ™ [eurrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 5.2

where &,c and b are dimensionless constants, Guom 1S the dimensionless

normalized monotonic stress, and &pom 1S the corresponding dimensionless

normalized monotonic strain.

By applying the boundary conditions in Figures 5.6, 5.10, 5.11 and 5.12, equation

5.2 can be represented as follows:

where ¢ is a dimensionless constant, G,om 1S the dimensionless normalized

monotonic stress , and €,om 1S the dimensionless normalized monotonic strain.

The value of the tangent modulus of the normalized stress-strain curve at the zero
point (E,om) can be calculated by differentiating the model in equation 5.3,

creating a model to calculate Eom as follows:

where E,om 1s the dimensionless tangent modulus of the normalized stress-strain

curve at zero point, and ¢ is a dimensionless constant.
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As it was assumed previously that the effect of strain rate (&) can be eliminated
by using the normalization of stress-strain curves, it can be concluded that the
only effect remaining is the effect of the fiber volume fraction (vy). Therefore, the
parameter ¢ in equation 5.3 can be assumed to be a function of the fiber volume
fraction (vf). To simulate this relationship, a modified Harris yield mechanistic
model was proposed. The Harris model, a more simplified version of Holiday’s
yield model, is considered to be one of the most important parametric approaches
for yield relationships [16, 17]. Additionally, the Harris model is highly suited as
mechanistic to simulate the effect of v¢ on the monotonic and the cyclic behaviour
of NFRP [18, 19]. The Harris model was modified in order to give a more

physical meaning to the parameters, as follows:

where vr is the hemp fiber volume fraction, a is the value of the arbitrary variable

“Y” at vr equal zero, and b and z are matrix parameters.

As it was mentioned previously that moisture was absorbed as a result of adding
natural fibre to the matrix, the effect of moisture absorption can be represented as

a factor that affect the v¢; therefore, equation 5.5 can be reformulated as follows:

a

o rtttsiststestssssas st as et bt sRssRs s OSSR RS RS sH LRSS RS SRS S RSOOSR OSSR SRS SES SRS RS 5.6
l+ab o (v,)’

where ® is a moisture absorption coefficient.

Using the modified harries model in equation 5.6, the c-vy relationship can be

represented as follows:

GO et se s st sa e s e s e st s s ss s semne 5.7

C:
1+ COBCO‘)C (Vf)\uC
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where ¢, is ¢ for the unreinforced matrix polymer (which is dimensionless), 3. and
y. are dimensionless matrix-dependent parameters, and . is another
dimensionless parameter that has been added to the Harris model as a moisture
absorption coefficient to incorporate the effect of moisture absorption. The
estimated values for the parameters in equation 5.7 can be evaluated using the
Levenberg-Marquaredt method, which is a modified version of the Gauss-Newton
method [16]. The values of the parameters in equation 5.7 are represented in

Table 5.3.

Table 5.3 Values for parameters c,, B., Y. and o, in equation 5.7:

Parameter Parameter Value
Co 5.624 (dimensionless)
Be 0.215 (dimensionless)
Ve 1.455 (dimensionless)
OR . .
(for dry conditions) 1.000 (dimensionless)
(O

(20% hemp immersed | -1.790 (dimensionless)
In water for 35 days)

To simplify and reduce the number of parameters in Harris model, another
linearized model was proposed to simulate the relationship of c-v¢. The simplified

linear model can be represented as follows:

C=C, (1A, W, V) crrrrrernesunnnnnnnnnnsncsnessnssessnssessnssnssssssssssssessessassasssssassasssessessesses 5.8

where ¢, is ¢ for the unreinforced matrix polymer, v¢ is the hemp fiber volume
fraction, a. is a dimensionless matrix-dependent parameter, and w, is a
dimensionless parameter added to the linear model as a moisture absorption
coefficient in order to incorporate the effect of moisture absorption. The values

for the parameters c,, a. and w, in equation 5.8 are represented in Table 5.4.
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As ¢, in equation 5.7 and 5.8 represents the value of parameter ¢ in equation 5.3
for an unreinforced matrix polymer, the values of c, derived from both the
modified Harris model and the linear model, are extremely close to each other, as
shown in Tables 5.3 and 5.4, respectively. The values of ¢, in Tables 5.3 and 5.4
are very close to the experimental value of ¢, which is 5.624; however, the values
of ¢, derived from the modified Harris model are exactly the same as the

experimental value for c,.

Table 4 Calculated values of parameters c,, a. and w, in equation 5.8:

Parameter Parameter Value
Co 5.657 (dimensionless)
ac -0.578 (dimensionless)
O . )
(for dry conditions) 1.000 (dimensionless)
®Oc

(20% hemp immersed | -1.617 (dimensionless)
In water for 35 days)

5.4.2 Mathematical representation of strain rate effect on 6, and g

From the data in Table 5.2, and as it was mentioned previously, the
material strength is increased (i.e. it is resistance to deformation is increased) by
increasing €, which is known by strain rate hardening phenomenon [14, 15]. For
viscoplastic matrix such as HDPE [20], the strain hardening phenomenon can be
represented using the non-linear one-dimensional form of Norton-Hoff rheology

model for viscoplastic material [14, 19, 21-25] as follows:

Oy =KL (E)™ trrrrrrnnnennsnnnesnnninsnnsesnsscnssisssnssesnssssnsssssssssssnssessssssssssssssnsssssssssssnes 5.9
where oy, is the maximum tensile stress (MPa) produced by a strain rate &' (min™)

at a constant temperature, k; is a material constant (MPa. min™ ), and m;, is a

behaviour index for o, (dimensionless).
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Similar to the previous equations developed for parameter “c” as a function of the
fibre volume fraction (v¢), parameters in equation 5.9 can be assumed to be
functions of vy as well; using the modified Harris mechanistic model, equations

5.10 and 5.11 can represent k, and mg, respectively [14, 26].

k K e 5.10

’ 1- kcoBkG (DkG (Vf )Wk(S

where Kq, is k; for the unreinforced matrix polymer (MPa. min™ ), v¢ is the hemp

fibre volume fraction, B, 1s a matrix dependent parameters (MPa'. min™ ),
vy, is a dimensionless matrix dependent parameter, and ®, a dimensionless

moisture absorption coefficient; and

m = 0 et s s s s s s s s s s 5.11

o Ving
1+mcoBmc mms (Vf )

where mg, i1s ms; for the matrix polymer (dimensionless), B, and _ are
dimensionless matrix dependent parameters, and ®_ is a dimensionless moisture

absorption coefficient.

Using the data measured in Table 5.2, the estimated values for parameters in
equation 5.10 are represented in Table 5.5, while the values for the parameters in

equation 5.11 are tabulated in Table 5.6.

Using the simplified linearized model, the parameters in equation 5.9 can be also

represented as in equations 5.12 and 5.13 [14].

O O e 2 5.12
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where a, is a dimensionless matrix dependent parameter, and w, is a moisture

absorption coefficient; the values for parameters in equation 5.12 are represented

in Table 5.1.

Table 5.5 Calculated values of the parameters koo, B, , v, and o, in

equation 5.10:

Parameter Parameter Value
Koo 23.588 (MPa. min™ )
By, 0.060 (MPa™. min™)
Vi, 2.422 (dimensionless)
P, N 1.000 (dimensionless)
(for dry conditions)
o,
(20% hemp soaked | -1.790 (dimensionless)
In water for 35 days)

M =M (1A, W Vi) s 5.13

where a_ is a matrix dependent parameter, and w__ a moisture absorption

coefficient; Table 5.2 represents that values for parameters in equation 5.13.

A power law, similar to the one used to represent the relationship of oy-€°, can be
used to simulate the relationship between the tensile strain () and ¢°, as follows

[14, 19]:
EuTK(E)™  ——————— 5.14

where g, is the dimensionless strain corresponding to o, developed by strain rate
g' (min’') at constant temperature, k is a material constant (min™ ), and m is the

dimensionless power law index for .
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Table 5.6 Calculated values of the parameters mq, f,, v, and o, in

equation 5.11:

Parameter Parameter Value
Mo 0.068 (dimensionless)
B, -29.706 (dimensionless)
Vo, 1.954 (dimensionless)
O, o 1.000 (dimensionless)
(for dry conditions)
o,
(20% hemp soaked | -7.303 (dimensionless)
in water for 35 days)

Table 5.7 Calculated values of the parameters Kgo, a, and Wy in equation

5.12:
Parameter Parameter Value
Koo 23.588 (MPa. min" )
K, 0.287 (dimensionless)
W, . .
o 1.000 (dimensionless)
(for dry conditions)
Wi

(20% hemE) soaked | -0.114 (dimensionless)
in water for 35 days)

Similar to ks and m,, parameters k. and m; in equation 5.9 can be assumed to be
functions of fibre volume fraction (v¢), and they can be modeled using the

modified Harris model as in equations 5.15 and 5.16, respectively [14, 26].

k.= SRS, 5.15

8 1+ kSOBkE wkc (Vf )WkE

110



Table 5.8 Calculated values of the parameters mg, a,_ andw_ in equation

5.13:
Parameter Parameter Value
Mg, 0.066 (dimensionless)
a, 0.822 (dimensionless)
w ) .
Moo 1.000 (dimensionless)
(for dry conditions)
Wy
(20% hem}; soaked | -1.881 (dimensionless)
In water for 35 days)

where kg is ke for the matrix polymer (min™ ),B, 1is a matrix dependent

parameter (min™ ), y, is a dimensionless matrix dependent parameter, and ©,

is a dimensionless moisture absorption coefficient; and

m = D oo s s s s s smee s sme e s 5.16

& - m,
l—f—rns:oBms (DmE (Vf )W ’

where mg, is m, for the matrix polymer, B_ and vy _ are matrix dependent

parameters, and o, is a moisture absorption coefficient.

The values for parameters in equation 5.15 and 5.16 were estimated using

Levenberg-Marquaredt method as tabulated Tables 5.9 and 5.10, respectively.

By using the simplified linear model, the parameters k., and m. in equation 5.9 can

be also modeled as follows [14]:

O T T 5.17
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where a, is a matrix dependent parameter, and w, 1is a moisture absorption

coefficient; Table 5.5 represents the estimated parameters’ values;

Table 5.9 Values for parameters kg, , , v, and o, in equation 5.15:

Parameter Parameter Value
kso 0.095 (minms )
Py, 379.094 (min™)
Vi, 2.082 (dimensionless)
P, o 1.000 (dimensionless)
(for dry conditions)
@,
(20% hemp soaked 0.616 (dimensionless)
In water for 35 days)

M =M, (148, W Vi) v 5.18

where a_ is a matrix dependent parameter, and w_ is a moisture absorption

coefficient. The estimated parameters’ values are shown in Table 5.6.

Table 5.10 Calculated values of the parameters mg, f,, v, and o, in

equation 5.16:

Parameter Parameter Value
Meo -0.036 (dimensionless)
B, 11.449 (dimensionless)
Vi, 0.029 (dimensionless)
D, . 1.000 (dimensionless)
(for dry conditions)
®

m,

(20% hemIE) soaked | 1.384 (dimensionless)
In water for 35 days)
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Table 5.11 Calculated values of the parameters K, a, andw, in equation

5.17:
Parameter Parameter Value
kao 0.094 (l’l’linm5 )
a, -2.499 (dimensionless)
Wk . .
o 1.000 (dimensionless)
(for dry conditions)
Wy

(20% hemIE) soaked | 0.739 (dimensionless)
In water for 35 days)

Table 5.12 Calculated values of the parameters mg,, a, andw,_ in equation

5.18:
Parameter Parameter Value
Mg, -0.060 (dimensionless)
A, -0.278 (dimensionless)
W . .
e 1.000 (dimensionless)
(for dry conditions)
W

m,

(20% hemI; soaked | -9.338 (dimensionless)
In water for 35 days)

5.4.3 Generalized Modeling of Monotonic Uniaxial Tensile Behaviour
of NFRP

Taking into consideration the fact that 6,o:m= 6/6y: and €porm= €/€4t, €quation

5.3 can be represented as follows:
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where, o is the applied tensile stress (MPa), € is the corresponding tensile strain
(mm/mm, dimensionless), ¢ is a dimensionless constant (function in vy), oy is the
maximum or ultimate tensile strength (MPa), and g, is the tensile strain

corresponding to 6, (mm/mm, dimensionless).

By using the previously developed equations 5.9 and 5.9, the developed model in

equation 5.19 can be represented as follows:

ce

czkc(SJ Lo K™ 1 eeeeeeesssssssssnsasassssssnsasassssssasasasassssssnsnsasesssssssasasns 5.20
1-e*

Figures 5.16-a, 5.17-a, 5.18-a and 5.19-a depict the experimental stress-strain

behaviours versus the simulation results produced by the model in equation 5.20

at different values of applied strain rate (¢); the modified Harris model was used
to express the relationship between the parameters of the model and the natural
fiber volume fraction (v¢), including the moisture absorption effect. On the other
hand, in Figures 5.16-b, 5.17-b, 5.18-b and 5.19-b, the linear model was used as a
function that ties the model parameters to vy. Whether using the modified Harris
mode or the linear model, the simulated stress-strain behaviour produced by the
model in equation 5.20 shows a very close match to stress-strain behaviour
resulting from experiments, as shown in Figures 5.16, 5.17, 5.18 and 5.19 for

unreinforced HDPE, 20% hemp-HDPE, 40% hemp-HDPE and 20% hemp HDPE

immersed in water for 35 days at different values of ¢, respectively.
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Fig. 5.16 Measured and model stress-strain curves for unreinforced HDPE

(a) using the modified Harris model and (b) using the linear model, at

w
a

Monatonic Tensile Stress (MPa)

o

[
o

n
S

[

o

o

400mm/min and 25mm/min.

+ Measured Values at 500mm/min
I, — Model Values at 500mm/min
= Measured Values at 25mm/min

— Model Values at 25mm/min

0.03 0.04 0.05 0.06 0.07

Strain (mm/mm)

(@)

0.01 D.02

*
Monctonic Tensile Stress (MPa)

_R'=098
— e
e .
R'=099
/-’d_:_,dj~—.— - m b ¥
- Values at in

— Model Values at 500mmimin

= Measured Values at 25mm/min

— Model Values at 25mm/min

0.01

0.02

0.03 0.04 0.05 0.06 007

Strain (mm/mm)

(b)

Fig. 5.17 Measured and model stress-strain curves for 20% hemp-HDPE (a)

using the modified Harris model and (b) using the linear model, at

500mm/min and 25mm/min.
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the modified Harris model and (b) using the linear model.
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5.4.4 Generalized Stiffness Model

From equation 5.20, the tangent stiffness modulus (E) of the engineering

stress-strain curve can be represented using the flowing model:

E=[l = )i—“s'(m”s) ...................................................................................... 5.21
-C

€

where E is the tangent stiffness modulus (MPa), ¢ is the applied strain rate (min’
1), ks is a material constant (MPa.min™ ), m, is a behaviour index for oy

(dimensionless), k. is a material constant (min™ ), m. is the power law index for
&yt (dimensionless), and c is a parameter from the normalized monotonic model

(dimensionless).

Using equation 5.4, the stiffness model in equation 5.21 can also be represented as

follows:

The form developed in equation 5.22 can be represented in a general power law

form as follows:

where k; =E k—"z( ¢ j

k
) — —_
—,and m; =m_-m,.

"k, (e )k

€ €

Figures 5.20, 5.21, 5.22 and 5.23 depict the values of E resulting from

experiments and produced by the stiffness model developed in equation 5.21 at

different values of applied strain rate (&) and fiber volume fractions (vr). As
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previously shown, the parameters of the stiffness model in equation 5.21 (i.e. kg,
mg, ke, mg, and c¢) have been represented as functions of vy once by using the
modified Harris mode and another time by using the linear model. Whether the
modified Harris model or the linear model is used, the simulation results from the
stiffness model in equation 5.21 show a close match with the experimental results,
as shown in Figures 5.20, 5.21, 5.22 and 5.23 for unreinforced HDPE, 20% hemp-
HDPE, 40% hemp-HDPE and 20% hemp HDPE immersed in water for 35 days,
respectively. However, for 40% hemp-HDPE, the developed stiffness model

predicted a slightly higher stiffness than the stiffness measured in experiments at

higher values of €', as shown in Figure 5.22. This can be attributed to the
accumulative approximation during the nonlinear regression process used to

evaluate the parameters equation 5.21 for 40% hemp-HDPE samples.
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Fig. 5.20 The tangent stiffness modulus (E) resulting from experiments and

from the stiffness model for unreinforced HDPE.
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Fig. 5.22 The tangent stiffness modulus (E) resulting from experiments and

from the stiffness model for 40% hemp-HDPE.
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Fig. 5.23 The tangent stiffness modulus (E) resulting from experiments and
from the stiffness model for 20% hemp-HDPE immersed in water for 35

days.

5.5 CONCLUSIONS

Normalized Engineering stress-strain curves were developed and analyzed in
order to demonstrate the effect on the monotonic tensile behaviour of NFRPs of
adding short hemp natural fibers and moisture absorption. The normalized stress-
strain curves were capable of eliminating the effect of the applied strain rate
(€").An exponential model was proposed to simulate the normalized stress-strain

behaviour of NFRPs.

The new developed semi-analytical monotonic model was successful in
simulating the engineering stress-strain behaviour of NFRPs at different values of
strain rate (€") and short fiber volume fraction (v¢); additionally, the developed
generalized model was successfully capable of taking into consideration the effect

of moisture absorption due to the hydrophilic nature of the natural fibers.
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A generalized stiffness model was developed to simulate the tangent stiffness
modulus of the stress-strain curve (i.e. Young’s modulus (E)) of NFRPs. The
model showed a good match with the experimental values, taking into
consideration the effect of applied strain rate (&), short fiber volume fraction (vy)

and moisture absorption.
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CHAPTER 6: FATIGUE OF NATURAL FIBER
THERMOPLASTIC COMPOSITES™

ABSTRACT

The fatigue behavior of hemp-fiber-reinforced High Density Polyethylene
(HDPE) composites is investigated using fatigue-life (S-N) curves at different
fiber volume fractions. For this purpose, a new modified stress level is proposed
to normalize the developed S-N curves into one normalized S-N curve. A
generalized fatigue behaviour model is developed to simulate the fatigue-life
response of these composites. It is demonstrated that the developed model is
capable of predicting the fatigue behaviour of the natural fiber composites at
different fiber fractions and fatigue stress ratios, and is also capable of accounting

for the effect of moisture absorption.
KEYWORDS

Natural Fiber Composites; Fatigue; Mechanical Testing; Analytical Modeling;
Fractography.

6.1 INTRODUCTION

Composites are an important category of materials for engineering
applications. They form an essential part in the design process in many sectors,

including the automotive, marine and aircraft industries. Over the past decade,

** This chapter is a modified version of a paper that was published as Ahmed Fotouh, J. D. Wolodko, M. Lipsett, “Fatigue
of Natural Fiber Thermoplastic Composites”, Journal of Composites Part B: Engineering, Vol. 62, pp. 175-192, Jun.
20", 2014.
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there has been an increased demand for ‘“green” or natural-fiber-reinforced
composites. Natural fibers provide many advantages over synthetic fibers,
including low density (light weight), reasonable mechanical properties, and
environmental benefits (including sustainability and a lower carbon footprint) [1-
4]. However, the range of applications involving natural fiber composites in
engineering design is still limited due, partly, to a lack of understanding of the
long-term behavior of these materials especially under cyclic (fatigue) loading.
Like all composites, this can be attributed to the complex nature of how these
materials fail. Unlike monolithic materials (such as metals or polymers) where
failure is associated with the initiation and propagation of a dominant fracture
event, failure in composites is characterized by accumulation of multiple damage
modes including [5-10]: 1) debonding between the reinforcing fibers and the
polymer matrix; 2) fiber failure; and 3) matrix failure. These damage mechanisms
take place independently or, more commonly, in a synergistic manner [11, 12].
Natural fibers further complicate this behaviour due to variation in properties and

surface characteristics [13, 14].

Furthermore, natural fibers have a tendency to absorb moisture from air or direct
contact with water or other liquids due to their hydrophilic nature. Natural fibers
are mainly composed of three constituents: cellulose, hemicellulose and lignin
[14]. Cellulose, a semi-crystalline polysaccharide, is the main constituent of most
natural fibers, and is also the component responsible for its excellent structural
properties. Cellulose is also hydrophilic, and is the main cause of water uptake in
natural fibers. Hemicellulose is an amorphous polysaccharide, and is partially
soluble in water. Finally, lignin is a complex polymer which acts as a binder for
the other components (cellulose, hemicellulose and others) in natural fibers.
Lignin is mainly hydrophobic in nature. Studies on natural fibre composites have
shown that absorbed moisture weakens fibers and the bonding between the fiber-
matrix interface, resulting in an overall reduction in mechanical properties [15-

17].
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The fatigue behavior of fiber reinforced composites has been studied extensively
over the past four decades [5, 9, 10, 18, 19]. A majority of these studies, however,
are related to long-fiber composites made with glass, carbon and aramid fibers. A
smaller subset of studies has focused on the cyclic performance of short fiber
reinforced composites made from synthetic fibers such as glass and carbon.
Mandell et al. [18] conducted a comprehensive investigation of the fatigue
response of a variety of reinforced thermoplastics with both chopped glass and
carbon fibers. The authors showed that the fatigue behavior of the composite was
a function of the matrix properties (in particular, ductility), fiber type, and the
quality of the fiber/matrix interface. The response of carbon fiber composites
tended to be matrix and interface dominated, while glass fiber composites
exhibited more fiber dominated behaviors. Lavengood and Gulbransen [19]
studied the cyclic response of short fiber boron/epoxy composites and found that
fatigue life increased with increasing fiber aspect ratio (to a maximum). Harris et
al. [20] compared the fatigue life behavior of long versus short random fiber
composites with the same carbon/epoxy constituents. It was found that the long
fiber composites had better overall fatigue life properties than their short fiber
counterparts, but the fatigue sensitivity was greater (steeper decline over the

fatigue-life curve).

For natural fiber based composites, there has been a great deal of work focused on
determining static mechanical properties [21-25], but very limited studies related
to fatigue. Towo and Ansell [26] investigated the cyclic behavior of sisal fiber
reinforced thermoset composites under both tension-tension fatigue and fully
reversed loading. This study found that alkali treated fiber composites had better
fatigue performance due to improved fiber-matrix adhesion. Yang et al [30]
studied the flexural fatigue behavior of wood flour reinforced high density
polyethylene. In their study, a statistical model using a Weibull distribution was
developed to predict the fatigue behavior of these materials. Belaadi et al. [27]

studied the fatigue behavior of unreinforced sisal natural fibers, and found that
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conventional empirical fatigue-life models worked well to correlate fatigue

response.

In this current study, experiments were performed on natural-fiber-reinforced
thermoplastic composites under cyclic loading, and a new model was developed
which predicts the fatigue behaviour of these materials. This model predicts the
fatigue life of these materials as a function of loading condition, fiber fraction,
and moisture absorption. Fatigue stress-life (S-N) curves were used as a tool to

study and to model the fatigue behaviour of natural fiber composites.

6.2 EXPERIMENTAL BEHAVIOUR OF HEMP-
REINFORCED COMPOSITES UNDER MONOTONIC
AND CYCLIC LOADING

6.2.1 Materials and Methodology

In this study, a series of monotonic and cyclic tests were performed on test
specimens made from natural-fiber-reinforced thermoplastic composites. High
Density Polyethylene (HDPE) was used as the polymer matrix, and chopped
hemp bast fibers (<5 mm length) were used as the reinforcement. The HDPE
polymer (HD360) was supplied by M. Holland Company, and the hemp fibers
were grown and processed at Alberta Innovates — Technology Futures’ (AITF)
research facilities in Alberta, Canada. The bast fibers were extracted from hemp
stalks using a custom built, short fiber decortication system. Chopped bast fibers
used in this study were not modified or chemically treated. Table 6.1 shows the
mechanical and physical properties of the HDPE. The hemp fibers and HDPE
were mixed at two fiber fractions (weight percentages of 20% and 40%) using a
PTW 24/40 Thermo-Fisher-Scientific twin-screw extruder/compounder. The
density of the hemp bast fiber was 1.475 g/cm’ as measured using the
Archimedes’ method, modified for natural fiber applications [32]. This measured

density was found to be very close to values reported in the literature [33]. Based
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on the hemp fiber density, the estimated volume fiber fractions (vf) were
calculated to be 13.5% and 30.1% for the 20% and 40% weight fractions,
respectively. Test specimens, for both monotonic and fatigue tests, were
manufactured using a Battenfield 100 injection moulding machine according to
ASTM D 638-03 (Type I test specimen with 3 mm thickness and 50 mm gage
length — see Figure 6.1). All mechanical tests (monotonic and cyclic) were
performed using an Instron 8501 universal testing machine under controlled
ambient conditions (23°C and 50% relative humidity environment). Elongation
(up to 50%) was measured using an extensometer (50 mm gage length) attached

to the test specimen.

Table 6.1 Mechanical and physical properties of HDPE:

Property HDPE Test Method
0.943 +£0.02 g/cm’
Density ASTM D1505
(3 tested samples)
Tensile strength at yield 24 £0.26 MPa
ASTM D638
(50mm/min) (3 tested samples)
Stiffness (Young’s modulus) 1.8 +£0.143 GPa
. ASTM D638
(50mm/min) (3 tested samples)
Elongation at yield 9+0.43 %
ASTM D638
(50mm/min) (3 tested samples)

Melt mass flow rate (from
manufacturer table) 7.5 g/10min ASTM D1238
(190°C/2.16kg)
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Fig. 6.1 A schematic diagram of the specimen used in fatigue and monotonic

tests (all dimension in mm).

To investigate the effect of moisture absorption, 20% hemp-HDPE and
unreinforced HDPE specimens were immersed in water for 35 days, prior to
mechanical testing. After 35 days, the 20% hemp-HDPE specimens absorbed
approximately 2.4% of its original weight, while the unreinforced HDPE
specimen did not absorb any measurable amount of moisture. This demonstrates
that moisture uptake in these composites is entirely due to the presence of the

natural fibers.

Fatigue tests were conducted under tensile-tensile cyclic loading at two different
fatigue-stress ratios (R = min. fatigue load/max. fatigue load) of 0.1 and 0.8. All
fatigue tests were conducted under load (stress) control at a maximum frequency
(f) of 3 Hz (tests conducted at frequencies above 3 Hz had significant self-heating
or autogenous temperature effects. The fatigue stress levels used in the cyclic tests
were chosen based on percentages of the monotonic strength, and are follows:
80%, 70%,, 65%, 60%, 55% and 40% for unreinforced HDPE; and 85%, 80%,
75%,70%,65%,60%,55%, 50% and 40% for 20% hemp-HDPE; and 80%, 75%,
70%, 65%, 60%, 55%, and 40% for 40% hemp-HDPE; and 80%, 70%, 65%,
55%, 45% for 20% hemp-HDPE with moisture. Fatigue tests were repeated three

times at each stress.

127



In addition to the cyclic tests, a series of monotonic tensile tests were also
performed at a various strain rates to simulate the loading ramps under fatigue
conditions. The resulting monotonic data was used to develop the fatigue model in
subsequent sections. Initial attempts were made to conduct the monotonic tests
under stress control, but control problems were encountered at the high rates of
loading. As such, monotonic tests were subsequently performed under strain
controlled conditions to ensure repeatable and controllable responses. Based on
the stress and strain at failure from these strain based tests, an effective
(approximate) stress rate was calculated for each strain rate condition. Using this
method, the monotonic results from strain controlled tests were used to
approximately correlate the fatigue loading ramps under stress control (see

Sections 6.3.1 and 6.3.3). Strain controlled tests were conducted at engineering
strain rates (¢) of 0.13, 0.50, 1.00, 2.00, 6.00, 8.00, 10.00 and 14.00 min’,
which correspond to elongation speeds of 6.5, 25, 50, 100, 300, 400, 500 and 700

mm/min, respectively. Similar to the cyclic tests, all monotonic tests were

repeated at least three times with the final results being averaged.

For monotonic and fatigue tests, the failure criterion was defined based on the
observed failure modes. For unreinforced HDPE, the failure mode was found to
be ductile failure (with necking). As such, the point of necking was selected as
the failure criterion for monotonic tensile tests. The maximum engineering tensile
stress at necking was taken as the ultimate tensile strength (o), and its
corresponding engineering strain was considered to be the ultimate tensile strain
(euw). Similarly, the failure mode for cyclic loading of the unreinforced HDPE was
also necking measured at a 15% reduction in the fatigue stress amplitude during
the test. On other hand, the failure mode for the hemp-HDPE composites was
brittle for all of the hemp fiber fractions. As a result, the failure criterion for the
monotonic tensile tests was the maximum engineering tensile stress before brittle
fracture (instantaneous separation of specimen). This was considered the ultimate

tensile strength (o), while its corresponding engineering strain was considered as
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the ultimate tensile strain (gy). The failure mode of the hemp-HDPE composites

during cyclic tests was the number of cycles to brittle fracture.

6.2.2 Experimental Results

The fatigue-life (S-N) curves of the various materials and conditions tested
are shown in Figure 6.2. It can be seen that increasing the hemp fiber content
(20% to 40% weight fraction) results in a slight increase in the fatigue strength,
while exposure to moisture (for 20% weight fraction hemp) reduces the overall
composite fatigue strength. The latter is most likely due to the degradation of the
fiber-matrix interfacial strength and the fiber itself due to absorbed moisture [15-
17]. The fatigue-life response of the unreinforced HDPE, however, is observed to
somewhat intersect (cross) the curve of 20% hemp-HDPE after a fatigue life of
N=10,000 cycles. At this point, the observed material failure pattern of the
unreinforced HDPE changed from a ductile failure mode to a brittle one. This
type of observed fatigue behaviour can be attributed to crazing, and it is known as
a “ductile-brittle” fatigue failure system [18]. The fatigue-life response of 20%
hemp composite immersed in water (for 35 days) was lower than all of other
specimens tested. For all hemp-reinforced composites, the failure mode was
consistently brittle in nature, irrespective of fiber fraction or environment (wet or
dry). Also in Figure 6.2, the cyclic data shows good repeatability between
individual tests. In particular, there appears to be no effect of the noted failure

mode change on the repeatability of the results for the unreinforced HDPE.

It can also be observed that the fatigue sensitivity (i.e. the slope of S-N curve) is
relatively constant for all materials tested, implying that the behavior is "matrix
dominated" [11, 18]. This suggests that any model developed for these materials

must account for this mechanistic behavior.
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Fig. 6.2 Fatigue-life (S-N) curves for unreinforced HDPE, 20%, 40% Hemp-
HDPE and 20%Hemp-HDPE immersed in water for 35 days. R=0.1 and
fatigue frequency=3 Hz.

Figures 6.3-a and 6.3-b show two Scanning Electron Microscope (SEM) images
from the fracture surfaces of 20% hemp-HDPE (tested at a max. applied stress of
19 MPa., stress ratio of 0.1 and frequency of 3.0 Hz) . The fracture surfaces
demonstrate a number of failure mechanisms including fiber failure (FF), matrix
failure (MF) and interfacial separation (IS) between fibers and matrix. The images
also highlight the variability in fiber distribution and orientation which is expected
of compounded composites. Conversely, the fracture surface of 20% hemp-HDPE
immersed in water for 35 days is shown in Figure 6.4. Most of the reinforcing
fibers were separated from the matrix, which can be attributed to the weakening

of the fiber-matrix interfacial strength as a result of moisture absorption.
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(2) (b)

Fig. 6.3 Scanning Electron Microscope (SEM) images of fracture surfaces of
two fatigue samples for 20% hemp-HDPE at different magnifications: a)
470X and b) 120X. Both samples were tested at maximum applied fatigue
stress (Omayx) 0f 19 MPa. Different types of failure mechanisms are shown:

fibre failure (FF); matrix failure (MF); and interfacial separation between

fibres and matrix (IS).

Fig. 6.4 Scanning Electron Microscope (SEM) image of 20% hemp-HDPE
sample fatigue fracture surface immersed in water for 35 days under
maximum applied fatigue stress (6max) of 19.8 MPa. Interfacial separation is

noted by arrows.
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Fig. 6.5 Typical stress-strain responses of 20% hemp-HDPE composite for

various strain rates.

In addition to the cyclic testing data, monotonic stress-strain curves were
generated for the various materials at a number of strain rates. A typical plot is

shown in Figure 6.5 for 20% hemp-HDPE composites. It can be seen that
increasing the strain rate (¢) results in a general trend of increasing stress with

decreasing elongation at failure. For unreinforced HDPE, the failure mode was
observed to be ductile, while for all reinforced HDPS composites (wet or dry), the

failure mode tended to be brittle.

6.3 DEVELOPMENT OF A FATIGUE MODEL FOR
NATURAL-FIBER-REINFORCED THERMOPLASTIC
COMPOSITES

6.3.1 Mathematical Strain Rate Relationships for Monotonic Uniaxial

Tensile Loading

As mentioned in Section 6.2.1, monotonic tests were conducted to
approximate the loading ramps under cyclic loading. The results from these

monotonic tests (conducted under strain control) will be incorporated into the
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developed fatigue modeling through an approximate expression that will be
developed later in Section 6.3.3. As such, to incorporate the monotonic tensile test

results into the developed fatigue model, the relationship between the monotonic
engineering ultimate tensile stress (cy) and strain rates (&), as well as the
engineering ultimate tensile strain (g,) and strain rates (&'), were characterized at

different rates. These values were extracted from the stress-strain responses

previously discussed (see typical plot in Figure 6.5).

For unreinforced HDPE, 20% hemp-HDPE, 40% hemp HDPE and 20% hemp-
HDPE immersed in water for 35 days, Table 6.2 summarizes the following
properties from the monotonic tensile tests: 1) the maximum engineering stress
(i.e., ultimate tensile strength) (c,); 2) the corresponding engineering strain to Gy
(i.e., ultimate tensile strain) (gy); and 3) the tangent elastic modulus of the

engineering stress-strain curve (i.e., Young’s modulus) (E).

For short-fiber-reinforced thermoplastic ~composites, the mathematical

relationship of the oy-& curve can be represented using the non-linear one-
dimensional interpretation of the Norton-Hoff rheology model for viscoplastic

material, which can be represented as follows [28-30]:

where o, is the maximum tensile stress (MPa) produced by a strain rate € (min’

1), ks is a material constant (MPa.min™ ), and m, is a behaviour index for oy

(dimensionless).
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Table 6.2 Different measured values of 6, €,: and E for the tested materials:

Material I AV(esrflge Standard szrtage Standard AVfgage Standard
(min™") (Mf’a) Error of 6y (mm/umm) Error of & (GPa) Error of E

05 | 2231 | 0175 | 00996 | 0.0020 | 1.440 [ 0.020

1 2361 | 0174 | 00963 | 0.0029 | 1.590 | 0.096

2 2519 | 0227 | 0.0885 | 0.0003 | 1.520 | 0.117

Unrle{igf,oéced 6 2625 | 0109 | 00873 | 00017 | 1730 | 0.176
8 2711 | o104 | 00870 | 0.0003 | 1910 | 0.053

10 | 2754 | 0192 | 00857 | 00012 | 1970 | 0224

14 | 2832 | 0147 | 0.0836 | 0.0018 | 2.080 | 0.146

05 | 2253 | 0057 | 00639 | 00024 | 2140 o0.108

1 2391 | 0080 | 00602 | 0.0026 | 2450 | o0.061

2 2565 | 0155 | 00563 | 0.0005 | 2.49 | 0.120

Hemi(ﬁ/fDPE 6 2664 | 0131 | 00556 | 0.0009 |2.570 | 0.034
8 2738 | 0103 | 00537 | 0.0004 | 2760 | 0.061

10 | 2786 | 0099 | 00502 | 00011 | 2940 | 0.080

14 | 2954 | 0180 | 0.0464 | 00020 | 3.110 | 0.09

013 | 2313 | o113 | 00260 | 00011 | 3920 0.036

05 | 2458 | 0120 | 0.0248 | 0.0001 | 4050 | o0.061

40% 2 2653 | 0167 | 00235 | 00003 | 4320 | 0.005
Hemp-HDPE| ¢ 2847 | 0133 | 00203 | 0.0005 | 4610 o0.016
8 2935 | 0150 | 0.0204 | 0.0015 | 4830 | 0.052

14 | 3018 | 0173 | 00230 | 00001 | 5140 | 0.075

1 2301 | 0084 | 00703 | 00015 | 2380 | o0.115

Hemi(i/fDPE > | 2467 | 0235 | 00675 | 00033 [ 2590 | o101
immersedin| 6 2533 | 0243 | 00609 | 0.0026 | 2.640 | 0.166
forv?sti{ays 10 | 2645 | 0117 | 00595 | 00014 | 2920 | 0.072
14 | 2736 | 0182 | 0.0s65 | 00013 | 2970 | o.101

The relationship between g, and & can also be represented by a power law as

follows [31, 32]:
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where gy 1s the strain (dimensionless) corresponding to o, for an applied strain
rate & (min™), k is material constant (min™ ), and m, is the power law index for

€yt (dimensionless).

Parameters k, and m,; in equation 6.1, and k. and m; in equation 6.2, can be
represented as functions of fiber volume fraction (v¢) using the Harris mechanistic
yield model, which is a simplified version of Holiday’s yield model [31, 33, 34],

as follows:

k Ko e 6.3

’ 1- kcoBkG mkq (Vf )WkG

where kg, 1s k; for the unreinforced matrix polymer, vy is the hemp fiber volume

fraction, B, is a matrix-dependent parameter, y, is a matrix-dependent

parameter, and o, is a moisture-absorption coefficient; and

R s 6.4

X=m,, k,, m, 1+XOBX(DX (Vf )WX

where X, is the variable X for the unreinforced matrix polymer (variable X can be
ms, ke or mg), By is a matrix-dependent parameter for variable X, y, is a matrix-
dependent parameter for variable X, and o, is a term added to the Harris model

as a moisture absorption coefficient to include the effect of moisture absorption

for variable X.

Using the monotonic data in Table 6.2, the material constants (k; and ms in
equation 6.1 and k. and m, in equation 6.2) were estimated using the non linear

regression method of Levenberg-Marquardt which is a modified version of the
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Gauss-Newton method [33]. This non-linear regressions analysis was performed
using the commercial package MATLAB (version R2013a). These materials
constants were then used, with the associated values of fiber volume fractions (vy),
to estimate the values of parameters in equations 6.3 and 6.4. These are shown in

Tables 6.5, 6.4, 6.5 and 6.6 for ks, ms, k; and m, respectively.

Table 6.3 Calculated parameters for k; in equation 6.3:

qu Pararqeter ks Value Units
in equation 3
Koo 23.588 MPa. min™
By, 0.060 MPa’'. min ™™
Vi, 2.422 Dimensionless
Oy, 1.000 Dimensionless
o
) (For 20%_ hemp -1.790 Dimensionless
immersed in water
for 35 days)

Table 6.4 Calculated parameters for m, in equation 6.4:

For Paramet;r X=mo Value Units
in equation 4
Mg, 0.068 Dimensionless
Bun, -29.706 Dimensionless
Vi, 1.954 Dimensionless
O, 1.000 Dimensionless
(For 20% hemp -7.303 Dimensionless
immersed in water
for 35 days)
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Table 6.5 Calculated parameters for k. in equation 6.4:

For P aramet.er X=k; Value Units
in equation 4
Keo 0.095 min™:
Py, 379.094 min™
Wi, 2.082 Dimensionless
oM 1.000 Dimensionless
o,
~ (For 20% hemp 0.616 Dimensionless
immersed in water for
35 days)

Table 6.6 Calculated parameters for m; in equation 6.4:

For Parametg r X=m; Value Units
in equation 4

Mg, -0.036 Dimensionless
B, 11.449 Dimensionless
Vi, 0.029 Dimensionless
O, 1.000 Dimensionless
o,

~ (For 20% hemp 1.384 Dimensionless

immersed in water for

35 days)

6.3.2 Fatigue Life Relationships

As a consequence of the "matrix-dominated" behaviour in Figure 6.2, a
single model can be developed to represent the fatigue behaviour of both
unreinforced and reinforced materials. Assuming a linear fit for curves in Figure
6.2, the proposed relationship between maximum fatigue stress (Gmax) and cyclic

fatigue life (N) for each S-N curve can be expressed as follows:

G =0 = FI(N) eevreeeeeeeemmmmmmsssssssssssssssssssssessesssesssmmmmsssssssssssssssssssseseesesesssmmnns 6.5

max
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where omax 1S maximum fatigue stress, N is the number of fatigue life cycles to
failure, and 6 and 9 are material parameters which are functions of fiber volume

fraction (vy) and fatigue loading conditions and fatigue stress ratio (R).

The fatigue-life (S-N) curves in Figure 6.2 can be normalized by dividing the
maximum applied stress by the maximum stress for a one cycle lifetime (i.e. the
fatigue strength of one cycle). This latter value can be estimated by the monotonic
ultimate tensile stress (o) from a monotonic test that approximately produces a
stress rate similar to the fatigue stress loading rate [35-37] (see Section 6.3.1).
Since the fatigue-life curves in Figure 6.2 are seen to be parallel, the normalized
fatigue-life curves will form one curve which represents the whole family of
curves shown in Figure 6.2. For 20% hemp-HDPE, 40% hemp-HDPE and 20%
hemp-HDPE immersed in water for 35 days, the relationship between the
normalized maximum fatigue stress (stress level) and the corresponding function
of the number of cycles to failure (N) is shown in Figure 6.6, where the stress

level (q) can be represented as follows:

where, omax 1S the maximum applied fatigue stress at N cycle fatigue-life, and
omax1 1S the fatigue strength at one cycle fatigue-life. For this analysis, it is
assumed that Gyax1 can be approximated by the ultimate monotonic strength, Gy,

determined at a loading rate similar to the fatigue stress loading rate.
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Fig. 6.6 The relationship between the stress level (q) and number of cycles to
failure (N) for 20%, 40% Hemp-HDPE and 20% Hemp-HDPE immersed in
water for 35 days. R=0.1 and fatigue frequency=3 Hz (bands on data

represent the max/min limits).

Using the stress level (q) in equation 6.6 to plot the g-N relationship in Figure 6.6,
the linear model in equation 6.5 can be rewritten to simulate the relationship
between the stress level (q) and the cyclic fatigue life (N) in Figure 6.6 for all

tested natural fiber composites, as follows:

g =0 = K IN(N) creerrerensnnsnnssansssssanssasssssssssssssssssasssasssssssssssssssssssssassssssssssasssass 6.7

where q is the stress level at which the fatigue life cycle equals N, and o and k
are material parameters which are functions of fatigue-loading conditions (i.e.

frequency, f, and the fatigue stress ratio, R).

Given the boundary conditions of the data points of normalized curves in Figure
6.6, o in equation 6.7 is assumed to be equal to 1.0 (i.e. the maximum stress at a
life of one fatigue cycle is approximately equivalent to the monotonic stress), and
K is a material parameter that can be assumed to be a function of the fatigue stress

ratio (R) [37]. Therefore, equation 6.7 can be re-written as follows:
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J =1 = K IN(N) trreerierennsensnosansssssnssassssssssssassssssasssasssssssssssssssssssssasssassssssnsosas 6.8

where q is the stress level, and « is a material parameter which is a function of

fatigue loading and the fatigue stress ratio (R).

Based on equation 6.8 and the experimental data in Figure 6.6, the material
parameter (k) was found to be 0.0379 using best-fit linear regression. The
resulting coefficient of determination (R*-value) was 0.99, demonstrating a good

fit to the data.

In order to fully define equation 6.8, a large number of experiments are required
to characterize how the parameter k changes with the fatigue loading conditions,
such as the stress ratio (R) and the mean stress (c5,). However, to eliminate the
need to conduct further experiments, the effect of the fatigue loading conditions
can be introduced into the stress level (q) [37]. Based on this, a new modified
stress level (Sy), incorporating the effect of the fatigue loading conditions, can be

developed through the following derivation.
6.3.3 The Modified Stress Level and the Fatigue Model

Assuming that the fatigue stress (omax) at one cycle fatigue-life can be
approximated using the monotonic tensile strength (o) [35-37], the fatigue stress

Min. fatigue stress ¢

ratio (R= min ) has a value of zero and Gy, Will be equal to

max

Max. fatigue stress ©

out; hence, the following relationship can be developed:
o =0 -0, =0

m max a ut

where o, is the fatigue stress amplitude, and oy, is the mean stress. This equation

can be re-written in the following form:
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The expression in equation 6.10 is the normalization of the fatigue strength at one
cycle fatigue-life. This equation can now be generalized to form a new modified

stress parameter, as follows:

+0o .
§ = On = Ount0uy)2 ARG oo 6.11
G -0 6,0, 0m )2 2-(1-R)q

ut a

where Sy, is the new modified stress level, o, is the fatigue stress amplitude [c,
=(Omax-Omin)/2], Omax 1S the maximum applied fatigue stress, Gmin 1S the minimum
applied fatigue stress, o, is the monotonic ultimate tensile strength (i.e. fatigue
strength at one cycle), o, is the mean stress [6m,=(CmaxT0min)/2], R is the fatigue

stress ratio, and q is the fatigue stress level (qQ= Omax/ Ou).

By using the new modified stress level (Sn) in equation 6.11, the fatigue-life
curves in Figure 6.2 can be normalized as shown in Figure 6.7. From Figure 6.7, a

new linear model can be proposed, as follows:

S.=Y = NINN) eeeerrrnetrnnennnenenineaeninsssenssssessisssesssssssssssssssnens 6.12

where S, is the new modified stress level at which the fatigue life cycle equals N,

and y and n are fitting parameters.

Since the effect of fatigue-loading conditions has been introduced to S, in
equation 6.11, forming one normalized S-N curve, the parameter n in equation
6.12 can be assumed to be constant for all loading conditions. n is the slope,
which can be assumed to be a constant, and can also be referred to as a "fatigue
sensitivity index" for this specific polymer matrix. In addition, the new modified
stress level (S,,) in equation 6.11 is equal to one for a fatigue life of one cycle (i.e.

for q is equal to one); therefore, for the normalized curves in Figure 6.7, vy in
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equation 6.12 is equal to one. Therefore, the linear model in equation 6.12 can be

represented as follows:

S, 1= 1 IN(N) weerrrerririieneniisnnnnnesieinessisnsensesssssssesssssessssessessssessesssssssssssssens 6.13

Based on equation 6.13 and the experimental data in Figure 6.7, the fatigue

sensitivity index (1) was found to be 0.0517 using best-fit linear regression. The

resulting coefficient of determination (R*-value) was 0.99, demonstrating a good

fit to the data.
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Fig. 6.7 The relationship between the new modified stress level (S,,) and

number of cycles to failure (N) for 20, 40% Hemp-HDPE and 20% Hemp-

HDPE immersed in water for 35 days. R=0.1 and fatigue frequency=3 Hz

(bands on data represent the max/min limits).

Using equations 6.1, 6.5, 6.6, 6.11 and 6.13, a model can be developed to

calculate the maximum fatigue stress (Gmax) as follows:
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. - [cha‘m" (n ln(N)-l)J
™ [n(1R)in(N)-2]

......................................................................... 6.14

Equation 6.14 can be inverted to determine the fatigue life to failure (N) for given

loading conditions:

N 615

In(N) = T]|:k(,8°m° 'Ga:l

To incorporate the fatigue frequency (f), a relationship must be developed
between the monotonic tensile strain rate (&) and the fatigue frequency. For a
monotonic tensile test under strain control, an approximate stress rate (c°)

expression can be assumed to be a function of strain rate (&") as follows:

where t is the time needed to reach o, under strain-controlled monotonic loading

conditions.

For fatigue cyclic loading, the stress ramping rate (o°) can be represented at a
given fatigue frequency (f) and stress ratio (R) by the following expression:

0" =40, =210, (1-R) rrererrrrrnenrerinenennesnnnnsnsnnnssnssessssnssessesssssssesssssssssesnns 6.17

As mentioned in Section 6.3.1, the monotonic tensile strength (o), measured
under stress rates similar to those developed in the fatigue test, was assumed to
approximate the fatigue strength (cmax) at one cycle fatigue-life. Based on this
assumption, R in equation 6.17 will have a value of zero, and 6, Will be . By

equating equation 6.16 and equation 6.17, and using equation 6.2, the following
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expression can be assumed to approximately represent the monotonic strain rate

(¢7)in the terms of stress controlled fatigue loading conditions:

1

8% (ZK,E )T, covmsereeessssereessmsssseesssssssessssssssssssssssassssssssssssssessssssssssssssseee 6.18

where ¢ is the monotonic strain rate that is approximately corresponding to

fatigue frequency, f.

By using equation 6.18, the generalized fatigue model in equation 6.14 can be

represented as follows:

) [21% (2K, £ )i (n ln(N)-l)}

max IR (M) 2] ——— 6.19

Furthermore, by using equation 6.18, the fatigue stress life (N) model in equation

6.15 can be re-arranged as follows:

In(N) = [

6.3.4 Comparison of the Model with Experiments

In comparing the experimental results to the derived fatigue-life model, a
series of plots are provided. For clarity, the effect of fiber volume fraction,
moisture condition and fatigue loading condition (R value) are each plotted

separately from Figure 6.8 to Figure 6.11.
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Fig. 6.8 Measured and predicted fatigue-life (S-N) curves for 20% and 40%
hemp-reinforced HDPE at R= 0.1 and f= 3.0 Hz.
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Fig. 6.9 Measured and predicted fatigue-life (S-N) curve for unreinforced

HDPE at R=0.1 and f= 3.0 Hz.
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Fig. 6.10 Measured and predicted fatigue-life (S-N) curves for 20% hemp-
HDPE without and without moisture at R= 0.1 and f= 3.0 Hz.
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Fig. 6.11 Measured and predicted fatigue-life (S-N) curves for 20% hemp-
reinforced HDPE at two stress ratios (R=0.1 and 0.8) and f= 3.0 Hz.
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Figure 6.8 shows the comparison between the experimental data and the model for
both 20% and 40% hemp-HDPE composites. It can be seen that there is a good
correlation between the measured fatigue life behaviour and the values predicted
by the model in equation 6.19. Similarly, for unreinforced HDPE, the
experimental versus predicted values of the fatigue-life response shows good
correlation as shown in Figure 6.9. While the model does a good job representing
the general trend, it does not capture the slight change in slope observed at

approximately 10,000 cycles (observed change in failure mode).

For the hemp-HDPE composites with and without absorbed moisture (wet vs.
dry), the model again shows a reasonable fit to the experimental data, as shown in
Figure 6.10. The model is seen to capture the convergence of the wet and dry data
sets with increasing fatigue-life. It is clear that exposure to moisture and the
resulting degradation of the natural fibers is more detrimental in the low cycle
regime (i.e. at higher stress conditions) than it is at longer lives. This also
demonstrates the increased contribution of fiber loading at higher stress levels. At
longer fatigue-lives, the behavior becomes dominated by the properties of the
matrix. Further work, however, is necessary to better understand the root cause of

these damaging mechanisms.

Finally, the developed fatigue model in equation 6.19 was also used to predict the
fatigue behaviour of hemp-fiber-reinforced HDPE at two different stress ratios
(R=0.1 and 0.8). As shown in Figure 6.11, the model predict for both stress ratios
quite well, and captures the increase in the fatigue sensitivity (i.e the curve
become more steep) with increasing of the stress ratio (R) from 0.1 to 0.8. This is
the expected behaviour since the fatigue mean stress should increase with

increasing stress ratio.
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6.4 CONCLUSIONS

In this study, the fatigue behaviour of hemp-reinforced HDPE was
investigated. Overall, the addition of hemp fibers slightly improved the fatigue
strength of the polymer matrix, however, adding hemp fibers did not change the
sensitivity of the developed fatigue life curves. The observed fatigue failures
varied from a ductile-brittle behaviour for the unreinforced HDPE, to a consistent
brittle failure system for the reinforced composites. The fatigue strength after
water absorption was also found to be lower than the fatigue strength of both the
unreinforced matrix polymer and the dry hemp-HDPE composites. This was
attributed to the hydrophilic nature of the natural fibers which resulted in a

reduction of fiber and interfacial strength between the fibers and the matrix.

A new model was developed to predict the fatigue life of these natural fiber
composites. This model incorporates a new modified stress level (S;,), which was
used to normalize all fatigue life curves for different fatigue loading and
environmental conditions. The new fatigue model was developed using these
normalized fatigue life curves. In general, the developed fatigue model was
capable of predicting the fatigue behavior of the tested natural fiber composites at
different values of the fiber volume fraction (vf) and stress ratio (R), as well as

taking into consideration the effect of moisture absorption.
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CHAPTER 7: CONCLUSIONS

7.1 RESEARCH CONCLUSIONS

The moisture absorption of natural-fiber-reinforced polymer was
investigated using high density polyethylene (HDPE) and low density
polyethylene (LDPE) with different matrix crystallinity. The moisture absorption
rate was found to be affected by two factors: 1) the matrix crystallinity; and 2)
natural fiber volume fraction (vf). The maximum absorbed moisture was found to
be affected by the matrix stiffness and its contraction along with vg The
dominating moisture diffusion mechanism was found to be Fickian diffusion;
therefore, the flux of the diffused moisture mass can be assumed to be
proportional to the moisture concentration gradient in the diffusion direction. The
diffusion mechanism was found to shift toward pseudo-Fickian when the v¢ was
decreased in the LDPE composites. On the other hand, the diffusion mechanism
shifted towards anomalous diffusion by increasing v¢ in the HDPE composites.
The diffusivity of the tested composites was also investigated. The Diffusivity
increased by increasing hemp volume fractions. In 40% hemp, it was found that
the diffusivity increased considerably by using HDPE as a matrix; this can be
attributed to: 1) the slightly larger amount of hemp fibers included in 40% hemp-
HDPE; 2) the increasing effect of the negative pressure voids as a result of

increasing the crystallinity and the decompaction forces.

Uniaxial monotonic tensile tests under both normal and wet conditions were
conducted on unreinforced HDPE and HDPE reinforced with short hemp bast
fibers forming 20% and 40% of the total weight. In general, the addition of hemp
fiber reinforcement results in a slight increase in HDPE strength, compared to a
significant increase in stiffness. Exposure to moisture, however, results in a
decrease in strength relative to dry conditions. The effect of the strain rate (") on
the mechanical properties, maximum tensile stress (o) and its corresponding

strain (&) along with Young’s modulus (E), was investigated. Both unreinforced
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HDPE and hemp-HDPE composites showed a strain rate hardening behaviour as

¢ increased. The results of the tested composites showed that for short natural

fiber reinforced polymer, the mechanical behaviour is dominated by the matrix.

The effect of & on the mechanical properties was successfully modeled under

normal and wet conditions. Normalized Engineering stress-strain curves were

developed and analyzed in order to: 1) eliminate the effect of ¢'; and 2)
demonstrate the individual effect of adding short hemp natural fibers and moisture
absorption. Generalized empirical and semi-analytical model were successfully

developed to simulate the monotonic behaviour of the tested Natural-Fiber-

Reinforced Polymers (NFRPs) at different values of & and vy The developed
generalized models were successfully capable to simulate the effect of moisture
absorption on the monotonic behaviour of NFRPs. Different stiffness model forms
were developed to simulate the tangent stiffness modulus of the stress-strain curve
(i.e. Young’s modulus,E) of NFRPs; all models showed a good match with the

experimental values, taking into consideration the effect of applied strain rate

(¢€"), short fiber volume fraction (v¢) and moisture absorption.

Fatigue tests (under both dry and wet conditions) were conducted on the same
NFRPs that were tested for the monotonic behaviour investigations. In general,
the addition of hemp fiber reinforcement resulted in an increase in HDPE fatigue
strength; however, adding hemp fibers did not change the slopes of the fatigue life
(S-N) curves, as they were shown to be parallel for all hemp reinforced material
tested, suggesting that the fatigue behavior is matrix dominated under both dry or
wet conditions. Exposure to moisture, however, results in a decrease in fatigue
strength relative to the fatigue strength of both the unreinforced matrix polymer
and the dry hemp-HDPE composites. A new comprehensive fatigue model was
developed to predict the fatigue life of these natural fiber composites. This model
incorporates a new modified stress level (S,), used to normalize fatigue-life
curves for different fatigue loading and environmental conditions (i.e. dry and wet
conditions). The developed fatigue model was capable of predicting the fatigue

behavior of the tested natural fiber composites at different values of the fiber
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volume fraction (vy) and stress ratio (R), as well as considering the effect of

moisture absorption.

7.2 RESEARCH CONTRIBUTION

The investigations and the models developed in this study form one step
forward toward building a better engineering understanding of these new NFRP
products, and this will enable these products to be incorporated in the engineering
design process in a more reliable approach. This was achieved through the

following steps:

e Unique experimental monotonic and fatigue results of natural

fibre composites.

e Better understanding and modeling of the moisture absorption
in NFRPs including the effect of matrix crystallinity on the

absorption kinetic behaviour at different fiber volume fractious.

e A comprehensive power law model representing the effect of

strain rate (¢'), short fiber volume fraction (vf) and moisture

absorption on the mechanical properties of NFRPs.

e Comprehensive empirical and semi-analytical monotonic
models that were successfully developed to simulate the stress-

strain behaviour of NFRPs.
e Comprehensive fatigue life prediction model that was

developed to simulate the fatigue-life behaviour at different

loading and environmental (wet and dry) conditions.
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7.3 FUTURE WORK

This research can be expanded in the future to investigate the following

points:

e Investigating and modeling the effect of fiber length and

distribution on the mechanical behaviour of NFRP.

e Investigating and modeling the effect chemical treatment and
coupling agent on the mechanical behaviour, monotonic and

cyclic behaviour of NFRP.

e Better understanding of moisture absorption mechanisms in
NFRP, including the possible effect of shrinkage micro-voids

and injection/extrusion pressure.

e Expand the range of experiments to validate the developed

model as predictive models.

e Expand the range of the experiments under wet conditions to
better define the moisture absorption factor developed in the

models.

e Further experiments are to be conduct to determine whether or
not there is an effect for extrusion pressure on the mechanical

properties of the extruded unreinforced polymer.

e Studying the monotonic and cyclic behaviour using other
reinforcing natural fibre types such as :

1. Cereal straws (e.g. wheat, Triticale,.....etc. ).
ii. Wood (dust, fibre and pulp).
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Investigating the effect of micro fibres (e.g. delivered from
pulps) or Micro Crystalline Cellulose (MCC) on the
mechanical behaviour of NFRP. Preliminary SEM photos from
this current study have shown that micro-fibres might have
improved bonding and distribution in the matrix. Further

experiments are required to validate this observation.
Investigating the effect of using other types of fibre processing

and/or chemical treatments on the mechanical behaviour of

NFRPs.
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