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ABSTRACT

In recent years there has been a resurgence of interest in the usage of natural fiber
reinforced composites in more advanced structural applications. Consequently, the need for
improving their mechanical properties as well as service life and long-term behavior modeling and
predictions has arisen. In a step towards further development of these materials, in this study, two
newly developed biobased resins, derived from soybean oil, methacrylated epoxidized sucrose
soyate and double methacrylated epoxidized sucrose soyate are combined with untreated and
alkaline treated flax fiber to produce novel biocomposites. Vinyl ester reinforced with flax fiber is
used as control in addition to comparing properties of biobased composites against commercial
pultruded composites. Effects of alkaline treatment of flax fiber as well as addition of 1% acrylic
resin to vinyl ester and the two mentioned biobased resins on mechanical properties are studied.
Properties are evaluated in short-term and also, after being exposed to accelerated weathering (i.e.
UV and moisture). Moreover, long-term creep of these novel biobased composites and effect of
fiber and matrix treatment on viscoelastic behavior is investigated using Time-temperature
superposition (TTS) principle. Based on the results of this study, the TTS provides an accelerated
method for evaluation of mechanical properties of biobased composites, and satisfactory master
curves are achieved by use of this principle. Also, fiber and matrix treatments were effective in
increasing mechanical properties of biobased composites in short-term, and treatments delayed the
creep response and slowed the process of creep in composites under study in the steady state
region. Overall, results of this study reveal the successful production of biocomposites having
properties that meet or exceed those of conventional pultruded members while maintaining high
biocontent. Composites using treated flax fiber and newly developed resins showed less

degradation in properties after accelerated weather exposure. Procedures and methods developed
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throughout this study, as well as results presented are essential to further development of these
novel materials and utilizing them in more advanced structural applications. Results presented in
this dissertation have been published as 5 peer reviewed journal articles, 2 book chapters and have

been presented in 6 national and international conferences.
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1. INTRODUCTION

Due to their superior advantages, natural fibers such as kenaf, hemp, flax, jute, sisal and
nettle have been the center of attention as natural reinforcement in composite materials for the past
couple decades. While natural fibers offer competitive strength-to-weight ratio compared to
synthetic or mineral fibers, e.g. glass and basalt, other benefits include reduction in CO> emission,
less dependency on foreign oil resources, reduction in energy consumption and the most important
one, recyclability [1]. There have been numerous studies on natural fiber technology [2-4] as well
as their use as reinforcement in polymer composites [5-12].

One of the major platforms for natural fiber reinforced composites is in automotive industry
in parts such as door panels, headliners, interior parts in addition to underbody shields and covers.
Applications of natural fibers in automotive industry dates back to the 1940’s when Henry Ford
used hemp, wheat straw and soy resin reinforcement in manufacturing some parts for external
panels of automobile which had the impact strength 10 times greater than steel [13-16].

However, the growth of natural fiber/thermoplastic composites is somewhat restricted due
low degradation temperature of natural fibers. Extended exposure to high temperatures can result
in embrittlement of cellulose components and consequently can affect properties such as adhesion
bonding of fiber. Therefore temperature profile of composite processing as well as the temperature
of fiber surface treatment is matter of great importance [13].

1.1. Flax Fiber

Flax is a type of crop fiber which is grown both for fiber (linen) and for seed oil (linseed).
Planting of flax dates back 7000 years ago in Egypt, China and Persia. Canada currently leads the
world production of linseed. Flax is also planted in regions with temperate climate such as United

States, Russia, India, China and United Kingdom [17]. There are more than 180 species of flax



[18] and depending on the type of flax, the plant is usually sown between March and May and it
can reach heights of up to Im within 100 days. Up to 75% of the plant height will yield to fiber
[11].
1.1.1. Structure of Flax Fiber

Flax is a type of multicellular fiber in which its properties are defined by physical,
mechanical and chemical properties of the morphological constituents such as cellulose,
hemicellulose, lignin and pectin. Cellulose and hemicellulose constitute 70%-95% of the fiber
structure and the rest is pectin and lignin which will act as bonding agents [19, 20]. Depending on
the variety of flax, other elements can be present in flax structure such as wax, fat, protein,
inorganic salts, tannins and dyes [21].

Table 1 summarizes composition of different types of flax fiber reported in literature [22-
27]. Also, mechanical properties of flax fiber from literature are presented in Table 2. Pallesen
[28] conducted a study in 1996 that showed there are various agricultural factors that can affect
composition of flax fiber, such as soil quality, weather conditions, time of harvesting and one of
the most important of all, retting process. These factors can even vary for the same farm from year
to year [28]. This is the reason variations in cellulose content in different fibers are reported in
literature by different authors.

Table 1. Composition of flax fibers reported in literature (%) [22-27]

Reference Cellulose Hemi-cellulose Pectin Lignin Wax Water
[22, 24] 64.1 16.7 1.8 2 1.5 10
[23] 67 11 - 2 - -

[27] 73.8 13.7 - 2.5 - 1.7
[26] 71 19.6 2 2.2 1.5 -

[25] 60 25 - 8 2 -




Table 2. Literature values for flax fiber [29-35]

Material properties Flax compiled Flax [29] Flax[30] Flax [31] Flax [32-35]
Density (kg/m?) 1400 — 1500 1500 - 1400 -
Tensile modulus (GPa) 12 -100 100 389-69.2 50-70 12 -85
Tensile strength (GPa) 0.5-2 1.1 0.853-1.825 0.5-1.5 0.6-2
Max elongation (%) 1-4.11 - 243 -4.11 2-3 1-4
Transverse modulus (GPa) 9.7-17.1 - 9.7-17.1 - -
Shear modulus, G2 (GPa) 24-34 - 24-34 - -
Poisson’s ratio, vi2 0.183 - 0.131-0.183 - -

Similar to other natural fibers, flax does not have constant longitudinal dimensions (cross
section along its length). Hornsby ef al. [36], Morvan ef al. [37] and Stamboulis ef al. [38]
mentioned cross section of flax fiber as polygonal with 5 — 7 sides as it is shown in Figure 1. In
general fibers become thinner as one moves from root towards the tip. On average, the width of
fiber is 19 um and the length can be up to 33 mm [30]. However, it is important to note the
dispersal of the geometrical dimensions. The transverse and the longitudinal dimensions of the

fiber are in the range of 5-76 um and 4—77 mm, respectively [30, 39].

15kV  X1,300 10pm 15kV X300  20pm

.

> .
@ 15KV X1,500 10pm 715KV X1,000  10pm

Figure 1. SEM images of cross section of bundles of flax fiber
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As shown in Figure 2 there are several layers in a single fiber structure [30, 40-42]. In each
single fiber the first layer dispositioning during plant growth is a thin primary wall containing both
cellulose and hemicellulose and has a thickness of 0.2 um [43]. The secondary wall includes three
layers consisting of helically wound highly crystalline cellulose chains called micro-fibrils. These
micro-fibrils are made up of 30 to 100 cellulose molecule chains which are oriented with 10° angle.
Smaller micro-fibrillar angles result in a more rigid fiber [43]. Helically arranged crystalline
micro-fibrils of cellulose are held together by amorphous regions consist of hemicellulose and
lignin. Hemicellulose molecules are hydrogen bonded to cellulose forming a cellulose-
hemicellulose network. The middle layer of the secondary wall is thicker than first and third layer
and contributes to the strength of the fiber. According to Bledzki et al. [21] the secondary wall
contributes to up to 70% of the fiber young’s modulus, therefore Higher cellulose content will

result in higher tensile modulus [21].

Secondary

/ Wall

Primary

/ Wall

Figure 2. Structural constitution of single flax fiber [30, 40-42]

15KV, X2,500 10pm

The lignin network is hydrophobic and will act as a coupling agent increasing the stiffness
of cellulose-hemicellulose structure. This will reduce mechanical properties of the fiber as well as

interfacial properties of their composites.



As mentioned before, properties of flax depend on cellulose micro-fibrils and their
crystallinity. Cellulose is a natural polymer consist of D-anhydro-glucose, C¢H110s, joining by -
1, 4-glycosidic chains at C1 and C4 locations [44]. A repeating unit of cellulose is shown in Figure
3. Every repeating unit of cellulose has three hydroxyl groups attached to it. The ability of hydroxyl
group to form hydrogen bond leads to directing the crystalline packing. Amorphous regions are
formed by other molecules with less ordered arrangement. This molecular structure of cellulose
dictates its chemical and physical properties. The cellulose content of flax fiber will define the
properties of fiber and resultant composites [45]. Also, presence of three hydroxyl groups in each
repeating unit, will make cellulose a hydrophilic molecule [21, 46].

OH
OH

@)

HO
OH

Figure 3. Repeating unit of cellulose

Cellulose can be found in the forms of cellulose I, and cellulose Ig. Cellulose I, only exist
in some green algae while cellulose Ig can be found in plants or animals [47]. Hemicellulose or
polyose is a polymer containing a group of polysaccharides composed of 5-carbon and 6-carbon
ring sugars. While cellulose is a linear polymer, hemicellulose has pendant groups attached to its
backbone making it an amorphous polymer with shorter chains compared to cellulose [46].

As mentioned in Table 1 lignin will constitute 2-3% of flax fiber structure. Presence of
hydroxyl, methoxyl and carbonyl makes structure of lignin complex and hydrophobic [48].
Unlike lignin which will provide stiffness of the plant, pectin which is a type of

heteropolysaccaride provides the flexibility to the fiber [46].



1.2. Fiber Treatment and Mechanical Properties

Because of the inherent variations existing in natural fibers [49], the prospect of producing
composites using natural fibers poses significant challenges if uniform, quantifiable, reproducible
properties are desired [50]. In addition, resin-matrix compatibility issues are a universal hurdle to
the use of natural fiber in composites. This incompatibility stems from inherent properties of the
materials themselves. In addition, resins are hydrophobic in nature, while natural fibers are
hydrophilic. Overcoming this requires treating the fiber in order to modify its surface chemistry,
making it behave in a less hydrophilic manner where it interfaces with the matrix. Moreover, due
to high concentration of hydroxyl groups on the surface of the cellulose, good wet-out and matrix
adhesion are difficult to achieve with natural fibers in their virgin state [51].

In natural fiber reinforced composites, interfacial bonding between fiber and matrix plays
a critical role in final composite properties. Hydrophilic nature of flax fiber will lead to absorption
of moisture and the result would be presence of voids at the interface of fiber and matrix. Chemical
modifications such as alkaline, coupling agents, bleaching, and enzyme, peroxide treatments to
remove or reduce non-cellulose content will improve mechanical properties of resulting
composites by increasing bonding between the matrix and the fiber and reducing moisture
absorption of the fiber.

Belgacem et al. [52] reviewed different methods of natural fiber treatment. In their study,
authors concluded that the most effective methods are those that optimize the mechanical
properties of the resultant composites by giving continuous rise to covalent bonds between the
natural fiber surface and the macromolecular matrix. These methods also will reduce the amount

of moisture absorption by natural fibers.



1.2.1. Alkali Treatment

Alkali treatment, also known as mercerization, is removal of hydrogen bonding in the
structure of natural fiber. This will result in increase of amorphous cellulose. The alkali treatment
is a swelling reaction which can be expressed as the following reaction:

Fiber - OH + NaOH — Fiber - O"Na" +H,0 (1)

Cellulose as it occurs in nature has a monoclinic crystalline lattice of cellulose-I. By means
of different chemical or thermal treatments this structure can be changed into different
polymorphous forms. Cellulose-I, cellulose-II and alkali treated cellulose are shown in Figure 4

[46, 52, 53]. Based on Fengel et al. [54] concentration and type of alkali used for treatment affects

the degree of lattice transformation in cellulose-1I. Also, use of sodium hydroxide will result in

higher amount of swelling [54, 55].
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Figure 4. Crystalline lattice of cellulose I, cellulose II and alkali treated cellulose (redrawn from
[46, 52, 53])

Alkali treatment can serve two purposes. First, it will increase the surface roughness of the
fiber. This will enhance the interfacial adhesion between fiber and matrix or in other words it

increases the mechanical interlocking. Second, by increasing the amount of exposed cellulose to



the surface of the fiber, it increases the number of reaction sites and therefore increases better
adhesion between fiber and matrix [56, 57]

Van de Weyenberg et al. [58] studied the effect of alkali treatment of unidirectional flax
fiber on mechanical properties of their ensuing composites. They carried out fiber treatment on
aligned normal retted, scutched long flax fibers. The matrix used to make composite panels was
epoxy HM 533. For the purpose of alkali treatment, high purity NaOH pellets were dissolved in
distilled water to reach desirable concentration. NaOH solution was prepared with 1%, 2% and 3%
concentrations and flax fibers were soaked in the solution for 20 minutes at room temperature.
Then afterwards fibers were washed with water and acidified water and finally dried in the oven
at 80 °C for 8 hours. Unidirectional flax fiber reinforced composite panels were manufactured
manually as well as by use of a drum winder. The resulting composite plates had fiber volume
fraction of 40%. Mechanical properties of unidirectional composite panels were measured using
flexural and tensile testing. Results of their testing showed significant improvements in tensile and
flexural properties of treated fiber composites compared to untreated. The amount of increase for
both strength and modulus was about 30% [58]. Similar studies was carried out by Jahn et al. [59]
and Huo et al. [60] and better adhesion between fiber and matrix and increase in mechanical
properties of flax reinforced composites was reported.

1.2.2. Coupling Agents — Silane Treatment

A coupling agent contains chemical groups which react both with the fiber surface and the
polymer matrix. When coupling agent is used covalent and hydrogen bonds are formed that will
enhance the interfacial adhesion [61, 62].

The type of polymer matrix will define what type of coupling agent to be used to treat the

fiber. To perform the silane treatment of lingo-cellulosic fibers, first, an alkaline sodium hydroxide



bath is used to activate the OH group of cellulose. Silane is hydrolyzed in water and by reacting
with hydroxyl group of the fiber and forms a polysiloxane structure. This reaction is shown in
Figure 5 [53, 57, 63].

O-H
|
_ - Cellulose O —Si-CH=CH,
-~ |
— Cellulose —— O-H - O-H

0O-H
| O-H
|

T — Hemicellulose ——O -H + CH, =CH - Sl‘i -0-H — — —Hemicellulose O — Si — CH=CH,
|

O'H O'H

~ O-H

—— Lignn ——— O-H S~ |
=~ Lignin = o_gj— CH=CH,

Fiber Fiber |
O-H

Figure 5. Fiber reaction in silane treatment

Van de Weyenberg et al. [62] studied influence of processing and chemical treatment of
flax/epoxy composites. Their results revealed that higher retting degree of flax fiber results in
superior mechanical properties of their resultant composites. Authors also investigated effect of
silane treatment on mechanical properties of flax/epoxy composites. Table 3 shows the mechanical
properties of epoxy resin reinforced with untreated and treated flax fiber. As seen in Table 3, silane
treatment was effective on improving mechanical properties of flax/epoxy composites. With 1%
silane treatment longitudinal strength and modulus were improved 4.5% and 45% respectively.
Transverse properties showed the greatest amount of improvement by 110% for strength and 400%
in transverse modulus [62].

In another study Baley er al. [64] investigated the effect of chemical treatment of fiber,
sodium hydroxide as well as formic acid on adhesion of flax fiber — polyester resin composites.

Their results showed that the adhesion between flax fiber and the matrix was improved and



therefore they concluded that composites using treated flax fiber can compete with synthetic glass
fiber composites used in advanced industrial applications [64].

Table 3. Mechanical properties of epoxy composites, reinforced with untreated flax fiber vs

treated flax fiber [62]
Tensile strength Flexural strength Tensile modulus Flexural modulus
(MPa) (MPa) (GPa) (GPa)
untreated treated untreated treated untreated treated untreated treated
Longitudinal 133 139 218 228 28 41 17.7 26
Transverse 4.5 9.45 8 17 2.7 11 0.36 1.44

1.2.3. Acetylation

Acetylation treatment modifies surface of natural fiber in order to make it more
hydrophobic. This treatment includes reaction between OH group of lignin, hemicelluloses and
amorphous part of cellulose with acetyl group (CH3COQ"). This will result in non-polarity of fiber
surface and therefore fiber becomes hydrophobic [65]. It will also contribute to dimensional
stability of composites [40, 66, 67]. The reaction can be expressed as follow:

Fiber-OH + CH3CO — O -OC —-CH3 — Fiber — O — CO — CH3 + CH3COOH (2)

Adding acetyl group to the surface of the fiber can be done by using acetate including
acetyl chloride, acetic acid and acetic anhydride [68-70], or by use of valerate (C4H9COO-).
Although Acetylation is one of the most studied reactions of lingo-cellulosic materials [27], but
according to Alvarez et al. [71] it is not the most effective treatment. In their study authors
compared the effect of two common chemical treatments, alkaline and acetylation on improving
mechanical properties of natural fibers. To perform acetylation treatment, fibers were immersed
in glacial acetic acid at room temperature for 1, 4 and 24 hours. Then fibers were soaked in acetic
anhydride with two drops of sulfuric acid for 5 min. fibers were rinsed with distilled water and

finally dried in the oven at 60 °C. For alkaline treatment fibers were treated with 5% NaOH solution
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for 24, 48 and 72 hours at 5, 25 and 40 °C. Then samples were rinsed with distilled water and dried
at 60 °C. To evaluate mechanical properties of fibers and composites after treatment, mechanical
tests such as flexural, adhesion and impact tests were carried out on composite samples.

Based on the results of their study, the interfacial strength does not increase with alkali
treatment at room temperature. Authors justified the dispersion seen in the results with the
variations in the fiber diameter. Fourier transform infrared spectroscopy (FTIR) tests and SEM
images showed that the morphology of the fiber was changed due to the treatments, cellulosic
material was removed from surface of the fiber and pores were created. These effects led to a better
adhesion between the fiber and the matrix [71].

In other studies Bledzki et al. [8] and Zafeiropoulos et al. [72] found acetylation to be
effective in improving the fiber’s hydrophobic nature up to 65% for some natural fibers. Also
authors enhanced interface of flax fibers and polypropylene matrix. Stress transfer efficiency at
interface of fiber/matrix was also improved by acetilation [8, 72].

1.2.4. Enzyme Retting

One of the major processes for preparing bast fibers to be used as reinforcement in
composite materials, is retting process [28]. Retting which is the separation of fiber from non-fiber
tissues in the stem of the plant. Water-retting is one of the common methods used, however, water
retting produces environmentally unacceptable fermentation waste [73]. Fermentation waste and
high cost of drying were main reasons for researchers and industrial manufacturer to pursue other
methods of fiber retting [74]. An alternative method that has had long-term consideration is
enzyme-retting [75]. Research was initiated about a decade ago in the US to evaluate enzyme-

retting process for potential to be used in supplying a short staple flax fiber suitable to be blending
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with cotton in textile mills. The development of a cost effective, efficient enzyme-retting system
still requires additional studies and development [76].
1.2.5. Other Treatments in Literature

Dewaxing is another relatively simple fiber treatment which is accomplished by immersion
of fibers in equal parts alcohol and benzene [77]. Mohanty et al. [78] discussed treating natural
fibers with maleated forms of polypropylene and polyethylene. Wool and Thielemans [79]
reported that deposition of a layer of pine kraft lignin on natural fibers enhances their matrix
interactions. They suggested that direct reaction of fibers with the lignin would provide further
enhancement. They have also achieved improved fiber/matrix interactions by introducing
butyrated kraft lignin to the matrix material prior to composite fabrication [79]. Other methods for
chemically modifying natural fibers include benzoylation [80], and acrylation [81] as well as
treatment with permanganate [66], peroxides [82] and isocyanates [83]. In addition, cold plasma
treatment, corona discharge [84-87], dielectric barrier discharge [88], increase in surface carbonyl
group content and porosity of fibers by ultrasound treatment [89] and exposure to ultraviolet
radiation have also been shown to improve the polarity of natural fiber [90].

1.3. Vinyl Ester Resin

Vinyl Ester (VE) is a thermosetting resins, typically a di-ester containing recurring ether
linkage. The back bone of VE consist of methacrylate oligomer or acrylate and styrene as a
reactive diluent [91, 92]. Combination of these materials result in combined mechanical and
thermal properties of epoxy resins and unsaturated polyester resins which makes them a great
option for high performance fiber reinforced composites [93]. Methacrylate VE resins which
contain styrene are typically used in fiberglass reinforces plastics (FRP) and acrylate vinyl ester

resins are added during the formulation of UV-cure coatings [91].
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Cured VE resins have high resistivity towards solvents, acids and bases. Cured VE has
great resistance to degradation in corrosive environments and this makes them suitable for variety
of applications such as marine products, i.e. boats, tubs, swimming pools, sewer pipes and solvent
storage tanks [94-96]. Other applications of vinyl esters are in high-performance gel coats, pipes
and reaction vessels [97].

Properties of VE can be different depending on the type of epoxide molecule in the
backbone. Higher molecular weight proxide will provide higher toughness and resiliency but lower
solvent and heat resistance. Also, because of lower ester content and vinyl functionality, they have
greater resistance to hydrolysis and less shrinkage during cure.

Curing and cross linking process of VE resin initiate with reaction of double bond with a
free radical. The initiation step and concentration of free radical will determine the rate of curing.
Curing rate plays a fundamental role in VE process. Recently, there have been several studies on
cure kinetics of VE using calorimetry and infrared spectroscopy [98, 99].

In [100, 101] authors studied curing process of VE resins. In their studies they investigated
effect of factors such as catalyst type and level, laminate thickness and molding temperature on
curing behavior of standard vinyl ester and a novolac modified vinyl ester. In series of studies,
Han et al. conducted experiments to investigate the influence of prepolymer chemistry and
influence of degree of thickening on the chemorheology and cure behavior of VE resins [100, 102,
103].

Palmese et al. [104] studied cure behavior of VE resins when mixed with reinforcement
such as glass fiber. The results of their study showed that sizing and surface treatment of fibers
can affect cure characteristics of VE because it affects surface interactions between resin and

fibers. They used number of commercially sized fiber glass and VE resin systems to study these
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effects. The VE resin used contained 50 wt% styrene and 1.75 wt% proxide was used as initiator.
The fibers used were four different sized S-2 glass fibers. Neat and fiber reinforced systems were
cured and monitored in isothermal environments of 90, 100, 110 and 120 °C and total heat of
reaction was measured as a function of time. They Fourier transform infra-red (FTIR)
spectroscopy, surface energy measurement methods and differential scanning calorimetry (DSC)
were used to characterize fiber surfaces.

In [105] authors observed that sisal reinforced VE resin absorbed 24% less water compared
to epoxy resin reinforced with sisal. In addition, VE is one of the effective resins in filling up the
flaws of the flax fiber which will lead to better adhesion between fiber and matrix [106].

1.3.1. Treatment of VE Resin

In addition to treatment and modification of fibers, another approach to improve the
performance of the composite is to modify the matrix [107]. One method is addition of
compatibilizers to the resin in order to decrease the interfacial energy and improve the interfacial
adhesion of multiphase polymer [108]. For this method, chemical additives are added to the
polymer matrix using chemical or physical interactions to improve the adhesion with the fiber.
Addition of compatibilizer with the same repeat unit as the initial matrix will reduce the phase
separation of the thermoset resin and result in internal stress and improvement of mechanical
performance of the matrix [107, 109]. Huo et al. [106-108] used Acrylic Resin (AR) to manipulate
VE system in order to improve mechanical performance of natural fiber reinforced composites.
Acrylic resin is a highly viscous liquid, and is used particularly in combination with cellulose

nitrate [108].
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1.4. Natural Resins from Soybean Oil

The replacement of petroleum-based polymers with biobased counterparts is a recent
innovation in the field of “green composites” [64, 110]. Over the last decade, a broad range of
chemical routes to utilize natural triglyceride oils to create synthetic-like polymer structure as a
basis for coatings, inks, plasticizers, lubricants, and polymers materials has been developed.

Majority of natural resins are derived from botanical and animal oils and these natural oils
can be described as triglycerides [111]. The three-member cyclic ether of the epoxy functional
group is among the most useful of the potential products of olefinic fatty acids. Consequently,
epoxidation is the most common chemical alteration of natural oils [112]. When considering the
superlative abundance of soybean oil compared to other vegetable oils, epoxidized soybean oil
(ESO) is one of the most significant industrial compounds manufactured from vegetable oils [113,
114]. A depiction of the conversion of soybean oil into ESO can be seen in Figure 6 [115].
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Figure 6. Soybean oil epoxidation adapted from [38]

Much effort has been expended investigating methods of producing biobased resins with
respectable performance. Wool et al. pursued various methods of modifying epoxidized forms of
soy and other vegetable oils, including acrylation [116], maleinization [117], hydroxylation [118],
and phthalation [115]. Adekunle et al. produced methacrylated and acetic anhydride-modified
soybean oil [119]. Sithique et al. incorporated bismaleamides [120]. Thulasiraman et. al. reported

having created a chlorinated epoxidized soybean oil [121]. These modified ESOs are usually
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blended with up to 35 wt% petrochemical based monomers such as styrene [122]. Despite the
effort applied in this area, the results generally fail to produce competitive resins without
significantly diluting their biobased content. A notable exception, however, is the relatively recent
development by Webster et al. of an epoxidized sucrose ester vegetable oil resin, epoxidized
sucrose soyate, which exhibits exceptional performance [123, 124].

There were two biobased resins used in this study. First, methacrylated epoxidized sucrose
soyate (MESS) resin was made by the reaction of epoxidized sucrose soyate (ESS) and methacrylic
acid. ESS was synthesized from fully esterified sucrose soyate as reported previously in [42, 125,
126]. The second resin used was double methacrylated epoxidized sucrose soyate (DMESS). Both
of these resins were developed in the Department of Coatings and Polymeric Materials of NDSU
by Dr. Dean Webster’s research group.

1.5. Long-Term Behavior of Natural Fibers Reinforced Composites

As mentioned before, due to their advantages and also environmental concerns, biobased
natural fibers have been replacing synthetic and mineral fibers such as glass or carbon fibers as
reinforcement in polymer composites [127-131]. Flax fiber is one of the most popular
reinforcement materials in biobased composites. Some advantages of flax fiber is its low density
and high specific strength and stiffness, as well as its economically efficient engineering
applications [53, 132].

As a result of the viscoelastic nature of both the matrix [133] and the fiber [134], biobased
composites exhibit mechanical properties which are time dependent. In recent years there have
been numerous studies on viscoelastic behavior of biobased composites [125, 135-138]. Although
the service life of bio-composites needs to be adapted to a meet specific application [139], in

general, the increase in the interest in use of flax fiber reinforced composites in engineering
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applications calls for a minimum of 10 years as their guaranteed service life. Therefore, one
important aspect of engineering design development for these materials is long-term creep
behavior predictions [140]. In viscoelasticity, there are two common superposition principles that
are widely used to predict and model viscoelastic behavior of polymeric materials. The first one is
time-temperature superposition developed by Williams, Landel and Ferry (WLF) [141, 142], and
the other is the Boltzmann Superposition Principle [142-144]. The time-temperature superposition
(TTS) principle can be applied to generate a master curve to describe long-term time dependent
deformation based on short-term creep tests at different temperatures. Use of multi-frequency or
accelerated temperature measurements is an accepted way to accelerate the time-dependent creep
response of biobased composites. In recent years there have been various studies on viscoelastic
behavior of biobased composites [125, 135-138] and long term behavior of other polymers [145-
148]. Unfortunately, there are not enough studies on applications of mentioned superposition and
methods to predict the performance of natural fiber/thermoset resin composites.
1.5.1. Flexural Creep

Creep is a measure of stability of the material and it is of great importance for applications
where the material has to sustain load for a long period of time [149, 150]. Three-point bending is
one of the methods used to measure creep. Direct measurements of time dependence of strain can
be expressed in the form of creep compliance. Creep compliance J(z) (1/MPa) in flexure is defined

as time-dependent strain per unit stress and is calculated with the following equation [151]:

e(t) 4bd>D(t) (3)
o,  PIB

J@®) =
where D(?) is the instantaneous deformation, P is the applied load, b is the width of the specimen,
d is the depth of the specimen, and / is the support span. Each material has its own creep

compliance, as creep compliance is a material property [152]. In three-point bending, the neutral
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surface of the sample is assumed to be at the middle of the sample depth and the normal stresses
will be shifted from compressive stresses on the top surface of the sample to tensile stresses on the
bottom surface across the neutral plane. Also, it is assumed that the entire deformation is due to
flexural stress and the deformation due to shear is negligible [153].
1.5.2. Boltzmann Superposition Principle

The Boltzmann Superposition Principle indicates that the effect of mechanical history can
linearly be added to determine the total strain response of a single load. The main assumptions for
this principle are that (i) the strain of the material depends on the complete loading history of the
material, (i1) each loading event should be considered independent, and (iii) the total strain is the
addition of strains after each independent event. This principle is expressed with different
equations [154, 155]. John Ferry [142] used the following equation to find the total strain y(z) after

sequence of finite stress changes o; each at any given time u; :

u;=t

YO = ) at-u) )

u;=—00
where J is creep compliance. When performing creep tests at different temperatures, each
temperature step can be considered as a loading event. Therefore, strains from creep measurements
at different temperatures can linearly be added together to find the total strain [156].
1.5.3. Time-Temperature Superposition Principle (TTS)
1.5.3.1. Williams — Landel — Ferry Equation for TTS

The basis for time-temperature superposition is the Doolittle equation which relates

viscosity of a material, # , to the free volume fraction, £, and has the following form [157]:

Ae (B) (5)
= Xp(—
n p 7
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in this equation 4 and B are material constants. It is also known that free volume fraction is
dependent on temperature change [157]:
f=fo = (T =Tp) (6)

where a is the coefficient of thermal expansion of the material, and f is the free volume fraction
at time 7. The Doolittle equation expresses that the mechanical behavior of a viscoelastic material
at different time scales is equivalent to changing their temperatures [158], therefore the
temperature shift factor is defined as ar= #/50, where 7 is the material viscosity at 7y. By taking
logarithm of the two sides of this equation and substituting Equation (6) and Equation (5) into the

resulting equation we will have the WLF equation as follows [142]:

—Gi(T —To)

logar = o T 1)

(7

where C; and C> are empirical constants which depend on material type and reference temperature,
To.
1.5.3.2. Arrhenius Equation

Arrhenius relation or rate-process theory, describes the relation between rate of reaction
and temperature for many reactions. In the case of creep, Arrhenius equation defines the shift factor
as ratio of strain rate at an elevated temperature to strain rate at a reference temperature and has

the following form [159]:

&\ _E1 1 )]
In (?) =In(ar) =2 G=7)

where €, and € are strain rate at the reference temperature 7, (K) and arbitrary temperature 7" (K)
at which horizontal shift factor ar is desired, respectively. In this equation, E is the activation

energy (kJ/mol) and R is the universal gas constant (J/mol.K).
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Arrhenius equation assumes that creep mechanism remains unchanged at elevated
temperature 7, in other word, for Equation (8) to be valid, material phase transition should be
avoided and in creep process, glass transition temperature, 7, should not be traversed [156, 160].
1.5.3.3. Time-Temperature Superposition Assumptions

Williams et al. [141] and Ferry [142] developed the Time-temperature Superposition (TTS)
technique initially for amorphous materials above Tg. They mentioned that equations (7) and (8)
is valid in the range T¢+100 °, and below T, the log(ar) increases less rapidly with decreasing
temperature [141]. In literature, TTS has been applied to predict and model long-term behavior of
materials below Ty [161, 162], in the range including T, [163, 164] and above T, [165, 166]. TTS
is valid when temperature dependence of shift factors ar, is in the form such as WLF Equation (7)
or Arrhenius Equation (8), and ar has the same value for all viscoelastic functions. Landel and
Nielsen [149] and Tajvidi et al. [167] mentioned that TTS could be applied to semicrystalline and
crystalline polymers but vertical shift factors are also needed to generate a smooth master curve.
The vertical shift factors are the result of change in the structure, degree of crystallinity, and
molecular level of the material. Therefore, for TTS of thermoset resins to hold, one should make
sure that the resin is fully cured and there is no residual curing and cross-linking of the resin is
happening in the test temperature range. The creep test temperature range should be picked in the
range lower than degradation of the material being tested [97, 160, 167]. Also, TTS can be
applicable to semi-crystalline and crystalline materials if the creep test is conducted under low
strain to maintain the material response in the linear viscoelastic range [167, 168].

1.5.4. Creep Modeling
As the interest in natural fiber reinforced composites is growing, so is the necessity for

development of models and methods to predict and capture time-dependent properties of biobased
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composites [ 169]. These data and models are essential to the development of biobased composites
as they facilitate design engineers in the use of biobased composites in more structural applications
[170]. As mentioned previously, thermoset resins reinforced with flax fiber exhibit non-linear
behavior when subjected to loading [171, 172]. In addition, the inherent variation present in
natural flax fiber [173] as well as polymer matrices make design with of biobased composites a
complex task. Therefore empirical models and results are widely used to help designers for their
applications [174].
1.5.4.1. Nutting Power Law

Nutting [175] in 1921 proposed an empirical strain-stress-time model which showed good
agreement with steady state creep for metals:

&€ = koPt" 9)
where €€ is the creep strain, o is the applied stress, &, P and n are temperature-dependent material
constants. This model has been used by researchers for viscoelastic materials with satisfactory
results for short-term creep [167, 176-178].
1.5.4.2. Modification of Findley Power Law

According to Findley [152] the time-dependent creep compliance, J(z), of a material can
be represented by a power function as:

J=Jo+]J(®) =Jo+AL" (10)
where Jy is the time-independent or elastic creep compliance, A4 is the time-dependent coefficient,
t is the time and 7 is stress-independent coefficient. Creep compliance J(z) in flexure is defined as
the time-dependent strain per unit stress [ 151]. Therefore Equation (10) can be modified as follows
to represent the entire strain creep curve of a material, €, can be expressed as:

e=2¢gy+¢€(t) (1T)
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where g is the elastic strain, and &(t) is the time-dependent strain. From the definition of creep

compliance and Equation (10):

J(t) = % = At" (12)

Therefore, the modified Findley Power Law for strain creep can be presented as follows:
€ =gy + Aopt™ (13)
1.6. Density of Flax Fiber

Density is a fundamental physical property of reinforcement for composites. It appears
widely in calculations, which are mostly used for engineering designs. Determining the density of
fibers as reinforcement is important issue because beside mechanical performance it is the most
important factor that defines the potential application of the fiber as a lightweight construction
material [179]. In addition, density measurement in fibers can be used as useful tool of quality
control in their production process [180].

The density of homogeneous solid materials is generally straightforward to determine,
because it requires only measurements of weight (or mass) and of volume of a specimen. Flax fiber
requires a different method of density measurement because it is a porous material. In addition,
due to the discussed structure, surface morphology, and also, hydrophilic nature of flax fibers
[181], accurately measuring the density of flax fiber is a challenging task to accomplish. Currently
there are no standard test methods to suggest how to properly perform the density measurement of
flax fiber [182], and the lack of proper and universal method to measure density of flax fiber needs
to be addressed by developing a standard method and conditions to measure the density of flax

fiber.
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In this dissertation, a summary of the research on this issue in collaboration with
Composites Innovation Centre, Winnipeg, Manitoba, Canadato develop a standard test method for
measuring density of flax fiber under ASTM committee D17.13 will be presented.

In literature as well as previous studies related to flax fiber as reinforcement in composites,
different values have been measured and reported for flax fiber density. Tortora and Collier [183]
reported the value for density of flax fiber to be 1.54 g/cm?>. some other researchers such as Truong
et al. [182] have used this value as a reference for comparison for their work. Arbelaiz et al. [184]
used a value of 1.4 g/cm? for flax fiber in their study. Flax fiber density values and measurement
methods that other researchers from North Dakota State University’s Advanced Materials and
Composites Research Lab. have used and are reported in publications are as follows; Ehresmann
et al. [49] measured the density of flax fiber using Archimedes method and used canola oil as
immersion liquid. The reported values for flax fiber density are between 1.28-1.3 g/cm®. Shanshan
Huo [108] used Archimedes method with distilled water as immersion liquid and found the density
of linen flax fiber to be 1.42 g/cm?®; Whitacre et al. [181] used the value of 1.44 g/cm? for flax fiber
used in their studies; and Flynn et al. [185] used the manufacturer value of 1.5 g/cm? for their
study.

Truong et al. [182] reviewed five different methods of density testing for high-modulus
fibers. They mentioned methods to be i) linear density measurement [186], ii) Archimedes or
buoyancy method, iii) helium, pycnometry [187], iv) liquid pycnometry [187] and v) gradient
column pycnometry. Detailed explanation of each method is provided in [182, 188]. and Truong

et al. [182] used this value reported in mentioned study as a reference for their study.
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1.7. Objectives

The followings are set as objectives for this study:
1.7.1. Investigating the Effect of Mechanical and Chemical Processes on Performance of
Natural Fiber Reinforced Composites

The mechanical and cleaning process of flax fiber prior to use as reinforcement in
composite materials as well as increasing and modifying the adhesion between fiber and matrix
has been subject of many studies [45, 189-193]. A thorough understanding of different mechanical
and cleaning processes of natural fibers is valuable in development of their applications [130],
since they can target a specific mechanical property to be improved by use of a certain mechanical
process. In this study, short-term and long-term mechanical properties of biobased resins
reinforced with flax fiber fibers with different mechanical treatments are compared with
composites using Vinyl Ester (VE) as their matrix. Also, two methods of chemical treatments are
selected to investigate their effect on improving bonding between fiber and matrix and mechanical
properties in short-term and long-term. Results will provide better insight on modification methods
of flax fiber and success of mentioned methods on improving short and long-term performance of
biobased composites.
1.7.2. Predicting Long-Term Behavior of Natural Fiber/Thermoset Resins

Due to lack of research studies that investigate the modeling and long-term creep behavior
of long continuous natural fibers / thermoset resins, in this study, methods and models of predicting
long-term behavior of natural fiber/thermoset resins will be studied and investigated. Flax fiber
composites are processed with novel natural resins. In the first portion, applicability of existing
principles to natural fiber reinforced composites will be investigated. In the second portion,

frequency scans of the bio-composite are obtained at different temperatures and storage modulus
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and loss modulus are recorded and the application of horizontal and vertical shift factors to these
viscoelastic functions are studied.

As mentioned, there are numerous studies which investigate the effect of fiber treatment
on mechanical properties of resulting composites. However to the best of authors’ knowledge there
are not any studies that investigate the effect of these treatments on long-term creep behavior of
long continuous natural fibers/thermoset composites. Creep of fiber reinforced composites is a
complex phenomenon which depends on many factors such as elastic and fracture behavior of the
fibers, creep behavior of matrix, fiber-matrix interfacial properties, efficiency of load transfer from
matrix to fiber and even the geometry and arrangement of the fibers in matrix [170]. In the current
study, in connection with first objective, effect of two selected methods of treatment on mechanical
properties of flax reinforced composites in long-term are studied. Results will provide better
insight on which of the mentioned effective factors in long-term behavior is more prone to be
affected by these treatments. This information would be essential for engineers and designers for
the incorporation of biobased composites in more structural designs.

1.7.3. Developing Composites of Structural Quality from Renewable Resources

One aspect of developing biobased composites for structural applications is their endurance
and mechanical performance when exposed to weather conditions is the long-term (UV and
moisture). In this part of study, newly developed vegetable oil-based resins reinforced with
untreated and alkaline treated flax fiber are manufactured. Properties of these composites are
compared against those vinyl ester as their matrices. In addition, accelerated weathering are
performed on the manufactured composites to evaluate the mechanical properties after exposing
to UV and moisture. The results of this study will be vital to successful production of bio-

composites having properties that meet or exceed those of conventional available materials such

25



as pultruded members while having high biocontent, and therefore their further development to be
used in advanced structural applications.

1.7.4. Developing Standard Procedure and Novel Methods of Characterization of Flax
Fiber and Biobased Composites

Another difficulty posing challenge in the way of further utilization of natural fibers in
fiber reinforced composites is lack of advanced and standard characterization procedures.
Therefore, another objective for this study is set to develop a standard test method for measuring
density of flax fiber using buoyancy (Archimedes) method and advance method of void fraction
calculation for fiber reinforced composites.

First, an alternative standard method of density measurement is developed that can be used
in cases gas pycnometry is not available. It is expected that Archimedes method generates less
precise results and it can be used when less accurate results are sufficient. In this study, use of
Archimedes method as an easy, cheap method is introduced to measure the density of four different
types of flax fiber. ASTM E1169-14 is used to perform a ruggedness test on the method provided.
Until the date that the process of developing ASTM standard is completed and this test method is
available, the results provided in this study are vital to researchers and designers working with flax
fiber. In addition, a new advanced method of X-ray 3D imaging using Micro-CT scans employed
with a MATLAB image processing code was used to determine void fraction calculation of
biobased fiber reinforced composites. Until the date that the process of developing ASTM standard
is completed and this test method is available, the results provided in this study are vital to

researchers and designers working with flax fiber.
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2. RESEARCH METHODOLOGY

It is worth mentioning that throughout the experimental section of this study, all lab safety
protocols were complied with. All fibers, and all composite specimens were handles while wearing
nitrile powder free gloves. And they were always placed on clean surfaces. All fibers as well as
composites specimens were kept in lab controlled environment and dried and conditioned
consistently before any processing or testing and all fibers and specimens were stored in press-to-
close clear bags.

2.1. Material Used in this Study

2.1.1. Fiber

Based on the information provided in the introduction section and the advantages of flax
fiber as a viable form of reinforcement in composite materials, flax fiber was selected as the main
material for this study. Six different types of flax fiber were used in this study. Four types of linseed
flax, farmed and harvested by the University of Saskatchewan, Saskatoon, SK, Canada. Shive (i.e.
woody core of the flax stalk) was removed by passing the fiber through a pilot line eight times at
Biolin Research, Inc., Saskatoon, SK, Canada. Three different mechanical processes were carried
out (Type 1 through Type 4) in order to clean fibers and align them better for preparation to be
used as reinforcement [194]. One type of Chinese linen; retted and separated, with low shive
content (<5% by mass) (Type 5). Bidirectional and unidirectional flax fiber mats, Biotex®,
obtained from Composites Evolution, Chesterfield, UK (Type 6 and Type 7) were also used.
Different types of flax fibers used in this study are described in Table 4.
2.1.2. Enzyme

Enzyme used for the treatment of fiber was provided by Novozymes, Bagsvaerd; Denmark,

with the commercial brand of StickAway. The product details are presented in Appendix A.
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Table 4. Types of flax fiber used in this study

Fiber Type Description

Type 1 — Linseed flax No extra mechanical process was performed on fiber.

Type 2 — Linseed flax Fiber was combed ten times by “opener” machine in a rough
manner.

Type 3 — Linseed flax A 50/50 blend of optimally retted fiber and over retted fiber.

Type 4 — Linseed flax Fiber was passed through a pair of small fluted rollers ten

times to remove remaining shive.
Type 5 — Chinese Linen flax Water retted with low shive content

Type 6 — Bidirectional flax fabric  Biotex flax fabric, 2x2 twill, areal density of 400 g/m?
Type 7 — Unidirectional flax fabric Biotex flax fabric

2.1.3. Resin
2.1.3.1. Epoxy Araldite 8601

The first resin which was used as control, was Araldite 8601 crosslinked with Aradur 8602
(mixing ratio of 100 to 25 parts by weight). It is a commercially available epoxy/amine
combination formulated specifically by Huntsman Corporation (The Woodlands, TX) for VARTM
process. Properties of this epoxy resin from literature is provided in Appendix A [195, 196].
2.1.3.2. Vinyl Ester (VE)

The second resin used was a vinyl ester (VE) system Hydropel® R037-YDF-40 provided by
AOC resins. The hardener was a 2-butanone peroxide (Luperox® DDM-9) solution, which was
obtained from Sigma-Aldrich Co. Mixing ratio of VE and hardener is 100 to 1 weight parts.
Acronal® 700L was provided by BASF Aktiengesellschaft, Ludwigshafen, Germany. Acronal®
700L is a type of acrylic resin (AR), which is the copolymer from n-butyl acrylate and vinyl

isobutyl ether.
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2.1.3.3. Methacrylated Epoxidized Sucrose Soyate (MESS)

The synthesis of the MESS resin was achieved via ring-opening reaction of ESS with
methacrylic acid. The reaction was carried out at 90°C, using AMC-2 (source) as the catalyst and
hydroquinone as the inhibitor. The molar ratio of methacrylic acid (source) to epoxy was 0.8. The
procedure is as follows: ESS (1000.00 g), methacrylic acid (291.831 g, acid to epoxy ratio = (.8),
hydroquinone (source) (6.459 g, 0.5% of total weight) and AMC-2 (12.918 g, 1.0% of total weight)
were placed into a three-necked, round-bottomed flask equipped with a mechanical stirrer and a
thermocouple. The mixture was heated at 90°C for 24 h. The final resin appeared as a dark green,
viscous liquid. No further purification was carried out before incorporation into the composites.
The synthesis rout is presented in [123] and in Figure 7.

Procter & Gamble Chemicals (Cincinnati, OH, USA) provided the sucrose soyate (Sefose
1618U), which was the precursor of the starting material. Methacrylic acid and methacrylic
anhydride were purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). ATC-3 accelerator
was purchased from AMPAC Fine Chemicals (Rancho Cordova, CA, USA), is a 50% solution of
trivalent organic chromium complexes in phthalate esters. Hydroquinone was purchased from
Sigma Aldrich (St. Louis, MO, USA). All the reagents were used as-received. Epoxidized sucrose
soyate (ESS) was synthesized following the procedure in the literature [123]. The epoxy equivalent
weight of ESS, which was 246, was determined by epoxy titration according to ASTM D 1652.
2.1.3.4. Double Methacrylated Epoxidized Sucrose Soyate (DMESS)

Synthesis of DMESS is presented in Figure 8. The synthesis of DMESS resin was achieved
by the same reaction from ESS with methacrylic acid and subsequent methacrylation with
methacrylic anhydride. The reaction was carried out at 100°C, using ATC-3 as the catalyst and

hydroquinone as the inhibitor. The molar ratio of methacrylic acid to methacrylic anhydride was
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1:9 while the molar ratio of the methacrylating agents (methacrylic acid and methacrylic
anhydride) to epoxy was 0.8. The procedure is as follows: ESS (700.00 g), methacrylic acid (19.76
g), hydroquinone (1.04 g, 0.1% of total weight) and ATC-3 (10.38 g, 1.0% of total weight) were
placed into a four-necked reaction kettle equipped with a mechanical stirrer and a thermocouple.
The mixture was heated to 100°C followed by the dropwise addition (~0.25 mL/min) of
methacrylic anhydride (318.45 g). The final resin appeared as a dark green, viscous liquid. No

further purification was carried out before incorporation into the composites.

Methacrylic %HLO

0,
M 0 mﬂ Acid AMC-2
= Q.
s £ e K
[} Of"- ----- 0 .
Hydroquinone f
Jr-\_\_\_\_\_\_\_L 90°C, 24 hrs

OH Oﬁ

Figure 7. Synthetic route to MESS

The MESS and DMESS resins were too viscous to be used for thermoset formulations.
Therefore, styrene was introduced as a reactive diluent to reduce the viscosity, as well as a co-
monomer to increase the rigidity of the resulting thermosets. The resulting resins contained 30%
styrene. The resin was mixed with tert-butyl peroxybenzoate 98% (Luperox® P) as a high
temperature initiator and cumyl hydroperoxide 45% (Trigonox 239A) as a room temperature
initiator. The mixing ratio of Luperox® P, Trigonox 239A were 2 and 3 wt%, respectively. The
DMESS was also mixed with 2 wt% Luperox 10M75 (Tert-butyl peroxyneodecanoate). Styrene

and Luperox® P were purchased from Sigma-Aldrich Co. located in St. Louis, Missouri, USA.
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Cumyl Peroxide, commercially available as Trigonox 239A, was generously provided by
AkzoNobel Co., Amsterdam, Netherlands. Luperox 10M75 was obtained from Arkema®,

Philadelphia, PA.
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Figure 8. Synthetic route to DMESS

Table 5. Summary of resins used in this study

Weight  Cure

Resin Manufacturer Hardener/initiator ) ..
ratio condition

Post curing

Vinyl Ester ~ AOC Resins  Luperox DDM9 100 : 1 24 hrs 25 °C 12 hrs 80 °C

Epoxy 8601 Huntsman Aradur 8601 100:4  24hrs25°C 2 hrs 60 °C
Styrene 100 : 30

MESS NDSU Luperox P 100:2 2hrs175°C  None
Trigonox 239A 100:3
Styrene 100:30 1hr 70 °C

DMESS NDSU Luperox P 100:2 1hr 90 °C None

Luperox 10M75 100 :2 lhr 150 °C
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2.1.4. Fluids Used for Density Method Development

Five different types of fluids were used in the density measurement method development
study. Two types of canola oil were used, first grocery store grade with the commercial name of
Wesson was purchased from Walmart Super Center, and the second one, Canola Oil Certified
Organic, from Sigma Aldrich Company, St. Louis, MO, USA, with CAS Number 120962-03-0.
Similarly, two types of soybean oil was obtained, grocery store grade with commercial brand of
Crisco purchased from Walmart Super Center, and Soybean Oil from Sigma Aldrich Co., with
CAS number 8001-22-7. White mineral oil light was purchased from W.S. Dogde Oil Co.,
Maywood, CA, USA with CAS number 8042-47-5. Summary of fluids used in flax fiber density
measurement are presented in Table 6.

Table 6. Properties of fluids used for density measurement of flax fiber

Type of fluid Manufacturer CAS Number
Canola Oil - Grocery Store ~ Wesson -

Canola Oil — Certified Sigma Aldrich 120962-03-0
Soybean Oil- Grocery store  Crisco -

Soybean Oil - Certified Sigma Aldrich 8001-22-7
White Mineral Oil W.S. Dodge Oil 8042-47-5

2.2. Treatment Methods
2.2.1. Fiber Lipase Treatment
To find the most significant factor affecting the treatment of the fiber, a central composite
design with surface response was used as shown in Table 7. Two factors with three levels were
introduced as follows:
Factor 1: X1 = Set time. Levels= 24, 16 and 8 hours

Factor 2: X2 = Solution concentration. Levels = 35.2%, 25.2% and 15.2%
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Table 7. Design of experiment for lipase treatment of flax fiber

Sample No.  Set Time (hour) Solution Concentration (%) X1 X2 X1X2
1 8 15.2 -1 -1 +1

2 24 15.2 +1 -1 -1

3 8 35.2 -1 +1 -1

4 24 35.2 +1 +1 +1

5 16 25.2 0 0 0

6 16 25.2 0 0 0

7 16 25.2 0 0 0

Enzyme solution was diluted to the concentrations of 25.2% and 15.2%. Type 5 flax fiber
samples were cut, weighed and labeled. Each sample was soaked in the solution for 5 minutes.
Then samples were set at room temperature in sealed bags for the time periods mentioned in Table
7. Then afterwards, samples were rinsed with tap water and were placed in the oven for 24 hours
at 80° C to dry-off. Three smaller samples were picked from each of sample batch 1 through 7 for
staining and imaging.

2.2.2. Alkaline Treatment

To study the effect of chemical treatments on mechanical performance of flax fiber
reinforced composites, alkaline treatment was selected for treating flax fiber. In order to minimize
the effect of shrinkage of the fiber as the result of alkaline treatment [106], NaOH/ethanol solution
was used. To treat the fibers, approximately 35 g of NaOH pellets were placed in a 4000 ml beaker
and up to 3500 ml of 95% ethanol (100 ml/g NaOH) was added and the beaker was placed on a
stirring hotplate and the solution was brought to boil. Maximum of 50 g of Type 1, 6 and 7 fiber
per liter of solution were then submerged in the solution, the beaker was cover with aluminum foil
and a heavy glass lid for the period of two hours. After two hours of treatment, fibers were rinsed
off with cold tap water until there was no treatment solution residue left in the fibers. Fibers were

dried in a convection oven (Model 1370FM, VWR) at 60 °C for 12 hours.
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For the flax fiber fabric treatment, 9 layers of flax fiber fabric (Type 6, 7) were treated
together. In order to keep the alignment of fibers in place after treatment, a sheet of nylon release
peel-ply was placed between each layer of flax fiber as well as two slightly larger-cut sheets under
and over the stack of fabric. The edges of the oversized sheets of peel-ply were folded back and
clamped with small size binder clips. After treatment fibers were washed and rinsed with tap water
with the peel-ply sheet in place. The sheets were removed layer by layer right before fabrics were
processed to manufacture the composite plates. Figure 9 shows the fibers before, during and after

treatment process.

Figure 9. (a) Flax fiber fabric before treatment, (b) flax fiber fabric wrapped in nylon release
peel-ply sheets, (¢) flax fiber fabric submerged in 4000 ml beaker containing solution of NaOH
and 95% ethanol, and (d) flax fiber fabric after treatment (dried)
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2.2.3. Vinyl Ester Resin Treatment

1% acrylic resin was also added to the VE resin as a chemical additive to improve the
adhesion between the fibers and the resin. Flax/VE with 1wt% acrylic resin composites were also
processed by the processes explained in the next section.

2.3. Processing the Composite Panels

2.3.1. Hand Layup Compression Molding

Composite panels were manufactured using a hand-layup compression molding process.
To process the composite panels, in case of loose fibers, Type 1-Type 7 fiber roving was processed
with a manual drum carder machine model DC-P05-B/A from Strauch Fiber Equipment Co. shown

in Figure 10.

Figure 10. Carder machine used in this study and fiber before and after carding process

For each composite panel 50+4 g of fiber was run through carder machine once (500
revolutions). Figure 10 also shows fiber before and after going through carder machine.

Carded fibers were placed on a mold and 350 g of resin was poured onto the mold till fiber
was soaked in resin. A nonporous Polytetrafluoroethylene (PTFE) sheet was placed on top of fiber,
and a caul plate with dimensions of 200 mm X 150 mm was placed on top of fiber. The entire lay-
up was sealed under a layer of vacuum bagging film. The entire set-up was placed in a top bench
manual heated press, Carver Model 3856 (Carver Inc., IN, USA). Eight metric tons of force was

applied which resulted in 1.6 MPa pressure over the lay-up. VE soaked fibers were in the mold
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under mentioned pressure for 24 hours at room temperature and then post cured at 80 °C for 12
hours. MESS soaked fibers were in the heated press at 175 °C for two hours. DMESS soaked fibers
were under pressure for 1 hour at 70 °C, 1 hour at 90 °C and 1 hour at 150 °C. Cured and processed
composite panels were kept under mentioned pressures to cool down to room temperature before
they were removed from the press.

Schematic of the composite plate manufacturing layup is shown in Figure 11. The resulting
composite plates from this process had average thickness of 2.5 - 3 mm. Figure 12 shows

composite panels before, during and after processing.

‘Heated press plate

Sure

Caul plates
Vacuum bag /-

Tacky tape Résin soaked flax ﬁbél“ fabric

PTEF Sheets

A

£ "-‘Moli!smface"

ii{eated pressplate

Figure 11. Hand layup composite panel manufacturing layup

Figure 12. (a) Flax fibers soaked with resin and wrapped in bagging film, (b) panels in the heated
press, and (¢) a manufactured composite panel
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2.3.2. Vacuum Assisted Resin Transfer Molding (VARTM)

Vacuum Assisted Resin Transfer Molding (VARTM) was also used to manufacture
composite panels. VARTM method for manufacturing composite has been around for almost 50
years and it’s been continuing to develop to achieve better quality. It is an effective method to
lower tool costs in manufacturing complex-shaped composite parts, as well as lower void content
compared to other manufacturing methods [197-199]. In this process, the reinforcement is
assembled in a mold and is sealed inside a vacuum bag. The resin is transferred into the part
through a resin inlet under vacuum pressure. Vacuum Assisted Resin Transfer Molding (VARTM)
method was used to manufacture composite panels. The mold surface was waxed with mold release
agent and six layers of flax fiber mat (or 50 grams of linen flax) were stacked up on each other.
One layer of porous polytetrafluoroethylene (PTFE) and one layer of breather cloth was placed on
top of all materials. Finally, a layer of vacuum bagging film was applied. Vacuum pressure was
applied and resin was infused into the fiber. Once the resin was infused thoroughly and fiber was
soaked with resin, the inlet line was shut.

Composite panels using VE were under pressure for 24 hours at room temperature and then
post cured at 80 °C for 12 hours. For Epoxy resin, after 90 min the flow of the resin was stopped
and the material was left under vacuum for 24 hours and then post cured at 60°C for two hours as
recommended for this matrix. The panels using MESS resins were under pressure for 2 hours at
150 °C. DMESS soaked fibers were under pressure for 1 hour at 70 °C, 1 hour at 90 °C and 1 hour
at 150 °C. To avoid warpage, the panels were cooled down to room temperature under pressure.
Figure 13 shows a schematic of the setup for the VARTM process. Figure 14 shows VARTM

process, panels being heated and a typical manufactured composite panel. The final composite
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plate had a thickness of 3mm. Specimens were cut to size for mechanical testing using an Allied

diamond saw.

Resin flow
Vacuum bag

: Breather Cloth PTEF Sheet
/8 INIEN

RN ]

Tacky tape Resin inlet Flax Fiber fabric To overflow tank  Mold surface

Figure 13. Schematic of the VARTM set-up used to manufacture composite sample

Figure 14. (a) VARTM process, (b) panels in the heated press, and (c) a manufactured composite
panel
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In general, the VARTM method would yield composites with higher quality and higher
fiber volume fraction. However, due to higher viscosity of MESS and DMESS resins and high
temperature curing conditions, hand layup compression molding method was found to result in
less manufacturing complications when using mentioned resins and consequently resulted in more
consistent composite panels.

2.4. Characterization Methods
2.4.1. Characterization of MESS and DMESS

Fourier transform infrared spectroscopy (FTIR) was performed on the resins with a Thermo
Scientific Nicolet 8700 with a detector type of DTGS KBr under nitrogen purge. Diluted thin films
of the samples were applied on a KBr plate and the absorption spectra were taken with 32 scans at
a resolution of 4 cm™!'. Molecular weight of the resin was obtained using a gel permeation
chromatography (GPC) system (EcoSEC HLC-8320GPC, Tosoh Bioscience, Japan) with a
differential refractometer (DRI) detector. Separations were performed using two TSKgel
SuperH3000 6.00 mm IDx 15 cm columns with an eluent flow rate of 0.35 ml min~'. The columns
and detectors were thermostated at 40°C. The eluent used is tetrahydrofuran (THF). Resin samples
were prepared at nominally 1 mg ml™! in an aliquot of the eluent and allowed to dissolve at ambient
temperature for several hours and the injection volume was 20uL for each sample. Calibration test
of the resin was conducted using polystyrene standards (Agilent EasiVial PS-H 4ml). Proton
nuclear magnetic resonance spectroscopy (\H-NMR) was conducted with a Bruker system, Ascend
400 MHz magnet with an Avance III HD console (Bruker BioSpin Corporation, Billerica,
Massachusetts, USA), using CDCl; as the solvent. Acid number titration was carried out according
to ASTM D664. The viscosity of the resins was measured at 25°C using an ARES Rheometer (TA

Instruments) operating from 0.1 rad/s to 500 rad/s with 0.1% strain.
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Results of resin characterization are presented in Appendix B and C for MESS and
DMESS, respectively. Detailed analysis of the MESS resin can be found in the published work of
Yan and Webster [200]. Detailed analysis of the DMESS resin is currently under review for future
publications. Table 5 presents summary of all resins used throughout this study along with the
initiator/hardener and curing conditions for the resins.

2.4.2. Tensile Test

At least five tensile test specimens were prepared based on ASTM standard D3039. An
Instron 5567 load frame was used for the mechanical processes treatment study. Speed of cross-
head was set to 2 mm/min. Ultimate tensile strength and modulus of elasticity was calculated from
results of these tensile tests in accordance with ASTM standard D3039 [12]. Strain was measured
with MTS extensometer model 632.25B-20 until stress reached 70 MPa, at which the extensometer
was removed.

2.4.3. Short Beam Shear Test

Interlaminar properties were evaluated by means of short beam shear test in accordance
with ASTM D 2344 using an Instron 5567 load frame. Five samples were tested for each plate in
displacement controlled mode with the rate of displacement of cross-head set to 1 mm/min.

2.4.4. Flexural Test

Three-point bending tests were performed on five samples from each plate in accordance
with ASTM standard D790 [11]. The support span was set to 50 mm and cross-head displacement
rate was 3 mm/min. Maximum flexural stress and flexural modulus calculated according to ASTM

standard D790.
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2.4.5. Dynamic Mechanical Analyzer (DMA)
2.4.5.1. Creep Testing

Generally, simple equipment is used to measure creep in elastomeric materials. However,
in order to precisely record small deformations in rigid composite materials, a more advanced
machine is required. In this study Dynamic Mechanical Analyzer Q800 by TA Instruments was
used based on ASTM D2990 in flexural bending mode with constant stress of 14 MPa to perform
isothermal creep tests. Each sample was subjected to creep for 10 minutes and recovery for 10 min
at each temperature step. Starting test temperature was 30 ° C and ending temperature was 110 ° C
with temperature steps of 10 °C.

Both short-term and long-term creep tests were also performed with the same equipment
using a dual cantilever fixture. For short-term creep tests DMA was used in the creep TTS mode
at the same temperatures as frequency sweep tests. For frequency sweeps specimens were soaked
for 8 minutes at each temperature and then under constant stress of 4.5 MPa for 12 minutes. Long-
term creep test was also performed using a dual cantilever fixture and in the DMA creep mode.
One creep test was performed at 30 °C with the constant stress of 4.5 MPa for the 24 hours and
strain data was collected.
2.4.5.2. Frequency Sweeps

Frequency sweeps were performed using a Dynamic Mechanical Analyzer Q800 by TA
Instruments, New Castle, DE, based on ASTM D5418. A dual cantilever fixture was used to
perform tests in temperature step/strain mode with the strain amplitude of 0.1%. The frequency
range was 0.1-10 Hz in log mode with five measurements in each decade. Storage modulus, loss

modulus and tan § values were recorded at temperatures 30, 40, 50, 60 and 70 °C.

41



2.4.5.3. Glass transition temperature (Tg)

Glass transition temperature of fiber reinforced composite specimens was measured using
a dual cantilever fixture. A 1 Hz scanning frequency with the temperature ramp of 3 °C/min was
used to measure the T. of flax/vinyl ester as well as flax/MESS composite based on ASTM5023.
The T.of cured resin and composite sample was the peak of tand curve obtained from the results
of the tand DMA test.Figure 15 shows a selection of the equipment used for materials

characterization in this study.

Figure 15. Instron 5567 load frame in (a) tensile test, (b) flexural test, and (c) DMA Q800 with
dual cantilever fixture

2.4.6. Thermogravimetric Analysis (TGA)
In order to measure the degradation temperature of flax fiber as well as flax/VE composite,

Thermogravimetric Analysis (TGA) was conducted using a TA instrument TGA Q500 with inert
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atmosphere based on ASTM E1641. Specimens were heated from room temperature to 450 °C
with temperature ramp of 10 °C/min.
2.4.7. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was conducted on composite samples to evaluate
degree of cure of vinyl ester resin and make sure that no residual cross-linking is present in the
material. DSC Q1000 by TA instrument was used to run the analysis based on ASTME2160.
Approximately 20 mg samples of material were sealed in aluminum hermetic pans and samples
were analyzed under dry nitrogen purge. Samples were heated with the rate of 5 °C/min from 25
°C to 200 °C, and cooled down with the same rate to 25 °C.

2.4.8. Constituent Analysis

Constituent analysis was conducted at the Animal Science Department of NDSU using an
ANKOM 200 Fiber Analyzer (ANKOM Technology, Macedon, NY) following AOAC official
method 2001.11. The parameters analyzed included crude protein, neutral detergent fibers, acid
detergent fibers, acid detergent lignin, fat, starch, and dry matter content.

2.4.9. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images of treated and untreated flax fibers, cross
sections of flax fibers as well as fractured surface of tensile specimens for each test were captured
using a JEOL JSM-6490LV scanning electron microscope at an accelerating voltage of 15 kV.
2.4.10. Cross-Section Imaging of Fibers

Fibers were placed between two pieces of copper tape and cut with a razorblade to expose
the edge to be polished. The sample was then mounted to a brass or molybdenum block using 3M
XYZ-Axis Electrically Conductive Tape (Ted Pella, Redding CA). Surfaces were exposed using

a JEOL IB-09010CP Cross Sectional Polisher (JEOL USA, Peabody MA). Argon milling
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conditions were 5kV accelerating voltage for 2 hours or less. The edge of the sample was placed
perpendicular to the center of the beam and pivoted +/- 5° during polishing cycle.
2.4.11. Micro Computed Tomography Imaging (Micro-CT)

In order to visually and internally evaluate fiber matrix interaction and quality of
manufactured plates, 3D micro-CT scans were acquired using a General Electric 240 kV micro-
focus X-ray computed tomography system (v|tome|x micro-CT). This machine is shown in Figure
16.

In order to acquire 3D scans of the composite samples, small specimens were cut out of
manufactured samples using a diamond blade saw. The specimens were attached to a glass rod
using hot glue and placed into a GE Phoenix vjtome| x s X-ray computed tomography system
(MicroCT) (Wunstorf, Germany) equipped with a 180 kV high power nano-focus X-ray tube
xs/180nf and a high contrast GE DXR250RT flat panel detector. Nine hundred projections of each
sample were acquired at a voltage of 100 kV and a current of 150 mA using a molybdenum
target. Detector timing was 1000 ms and the total acquisition time was 1 hour and 6 minutes.
Sample magnification varied per sample and approximately 20x producing a voxel size range of
around10-12 microns. The acquired images were reconstructed into a volume data set using GE
datos|x 3D computer tomography software version 2.2 (Wunstorf, Germany). The reconstructed
volume was then viewed and processed using VGStudio Max by Volume Graphics (Charlotte,
NO).

2.4.12. Accelerated Weathering

A second set of panels was produced with the intent of weathering them prior to conducting

mechanical tests. The samples were placed into a QUV accelerated weathering chamber (Model

QUV/S, Q-Lab, Westlake, OH) and one side of them was exposed to alternating cycles of
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ultraviolet (UV) radiation and water condensation. 8 hours of UV exposure at 60 °C and 4 hours
of water condensation at 50 °C were used as suggested by ASTM G154. The chamber produced
an irradiance of 1.55 W/m?>nm using UVA-340 fluorescent lamps. Following 500 hours of
treatment, the samples were flipped and the other side was exposed to accelerated weathering in
an identical manner. Figure 17 shows accelerated weathering chamber as well as composite panels
placed inside the chamber. The same mechanical tests as described previously were performed on

five specimens from each composite plate.

Figure 16. GE Phoenix X-ray tomography system located at NDSU Electron Microscopy Center

2.4.12.1. Specular Gloss Testing

A micro-TRI-gloss meter (BYK, Columbia, MD) was used to measure the gloss of the
weathered samples at angles of 20°, 60°, and 85° based on ASTM D523 and ASTM D2457. These
measurements were made at 0, 250, 500, 750, and 1000 hours.
2.4.12.2. CIELab Color Space Test

In addition, the CIELab color space values of the weathered composites were measured

using a Macbeth Color-Eye 7000 (X-Rite Inc., Grand Rapids, MI) operating in reflectance mode
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based on ASTM D7856 and ASTM DG155. This data was used to calculate the color changes each

panel underwent as a result of weathering.

Figure 17. (a) QUV accelerated weathering chamber with water tank supply, and (b) composite
panels inside the chamber (UV lights off)

2.4.13. Density Measurement
2.4.13.1. Buoyancy Method

In order to make sure that all specimens used in this study had the same moisture content,
prior to all tests, all specimens were dried in a fan-assisted convection oven (from VWR Co.,
Randorm, PA, USA) at 80 °C for at least 16 hours. The first step was to determine the density of
the submersion fluid using a known standard density block. This step was done at the beginning
of each new batch of specimens, or when a new batch of immersion fluid was to be used, or there
was temperature change greater than +1°C. A clean and dry fluid container was filled
to 3/4 to 7/8 full with liquid and was allowed to come to temperature equilibrium. The balance was
tarred, and the weight of the standard block in air was recorded as Sui Then the standard block
was placed on the weighing basket and the submerged weight was recorded as Ssupmerges. With the

known density of the standard block, pg, the test fluid density, pf;,,;4 Was determined using the

following equation:
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Sair - Ssubmerged (14)
Pfluida = S Ps
air

To perform the density measurement using the Archimedes method the flax fiber specimen
was wrapped and ends were intertwined. The balance was tarred and the specimen was placed on
the weighing pan and weight of the specimen in air was recorded as Mair. The specimen was placed
onto the weighing basket, the fibers were submerged, and the weight was recorded as Mubmerged.

The density of flax fiber is calculated using the following equation:

Mg, (15)
= X Prluid

Pflax =
Mair - Msubmerged

After recording the specimen weight in air, the specimen was submerged in the immersion
fluid, the suspension wire was removed and the beaker was placed in the vacuum oven. After the
specified amount of time had elapsed, the container was removed from the vacuum oven and
placed on the bridge over the weighing pan of the balance. Then suspension wire and weighing
basket were put back in place, the balance was tarred again and a utensil was used to transfer the
specimen from the bottom of the beaker to the weighing basket without any parts of the specimen
being exposed to air. The submerged weight was then recorded. Components of Mettler Toledo
density measurement kit are presented in Figure 18.
2.4.13.2. Gas Pycnometry

A Quantachrome auto-pycnometer Ultrapyc 1200e (by Quantachrome Instruments,
Boynton Beach, FL, USA) was used to measure the density of flax fibers used in this study to be
used as reference based on ASTM D5550, ASTM D70 and ASTM B923. The test was performed
using a purge of dry nitrogen for 2.0 minutes. There were 10 runs for each specimen and there

were five specimens for each fiber type.
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weighing pan (dry )

Suspension wire

Weighing basket (submerged)

250 ml beaker placed on bridge

Bridge placed over weighing pan

Bracket attached to weighing pan

Weighing pan of METTLER TOLEDO
balance

Figure 18. Components of Mettler Toledo density measurement kit

2.4.14. Void Fraction Measurement
2.4.14.1. Conventional Method

For design purposes, also to compare properties of two laminates one should know the fiber
volume fraction of the composite. Mechanical properties of composite materials are highly
sensitive to fiber volume fraction [60, 106, 181]. Fiber volume fraction is defined as [201]:

volume of fiber (16)
volume of composite

V= Fiber volume fraction =

consequently, the void content of composite can be found [201]:

volume of voids (17)

V, = Void vol tion=1-V; -V, =
» = Void volume fraction S "™ ™ volume of composite

where 1}, is the matrix volume ratio.The void fraction of composite can be found by comparing
experimental fiber volume fraction and theoretical fiber volume fraction. The theoretical fiber

volume fraction is calculated by [181]:
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Vf _ Pr — Pm (18)
Pc — Pm

where, pr , p. and p,, are the density of fiber, composite and matrix, respectively. The
experimental fiber volume fraction is calculated by [181]:

V= e (19)
We Pr

where wy and w, are the weights of fiber and composite, respectively.
2.4.14.2. 3D Images Processing

A MATLAB® code was developed to read, analyze, and calculate the void volume in each
sample. The developed code is presented in Appendix D. The flowchart of how the MATLAB

code operates is presented in Figure 19.

CROP IMAGE

Figure 19. Flowchart of MATLAB code to calculate void fraction using 3D images of composite
specimens

A summary of characterization methods, equipment, conditions and standard test methods

used in this study are presented in Table 8.

49



Table 8. Summary of characterization methods, equipment and standards used in this study

Tests instrument conditions Standard
Tensile Instron 5567 With MTS extensometer 632.25B-20 ASTM D3039
Flexural Instron 5567 Cross-head speed 3 mm/min ASTM D790
Interlaminar shear  Instron 5567 Cross-head speed 1 mm/min ASTM D2344
Flexural bending, constant stress.
Creep — TTS DMA Q800, TA 30 °C-110 °C with 10 °C steps ASTM D2990
mnstruments
Creep for 10 minutes, recovery 10 minutes
Dual cantilever
Creep — 24 hours DMA Q800, TA At 30 °C constant temp. ASTM D2990
instruments
Constant stress of 4.5 MPa
Dual cantilever
Strain amplitude 0.1%
Frequency sweep DMA Q800, TA P . ’ ASTM D5418
Instruments 0.1-10 Hz in log mode
30 °C —70 °C (10°C steps)
Dual cantilever
1 H i
Glass transition T, D Q800 TA # Seanning ASTM D5023
Instruments 15 uN preload
25 °C—200 °C (3°C/min ramp)
TGA TGA Q500, TA 25 °C to 450 °C (10 °C/min ramp) ASTM El1641
Instruments
20 mg in aluminum hemeric pans
DSC DSCQ1000, TA Heating: 25 °C -200 °C (5 °C/min) ASTM E2160
Instruments
Cooled to 25 °C (5 °C/min)
Accelerated UVA -340 fluorescent
woatherin QUV/S, Q-Lab 8 hrs UV at 60 °C ASTM G154
& 4 hrs condensation at 50 °C
) Submerged in Soybean oil
Density - buoyancy Mettler Toledo 33360 ASTM E1169
Under 80 kPa vacuum
ASTM B923
Density — Gas Quantachrome auto- Dry nitrogen purge for 2 minutes
pycnometry pycnometer Ultrapyc 10 runs ASTM D70
1200e ASTM D5550
SEM JEOL JSM-6490LV 15 kV Voltage
i i JEOL IB-09010CP
Flber' cross section Argon milling with 5 kV for 2hrs
Imaging JEOL JSM-6490LV
Micro - CT GE Phenix (v|tome|x 180 kV nano-focus X-ray
micro-CT) Molybdenum target
20°. 60°. 85 | ASTM D523
icro- °, 60°, 85° angles
Specular gloss Micro-TRI gloss 8 ASTM D2457
meter, BYK 0, 250, 500, 750, 1000 hours
CIE Lab color Macbeth Color-eye ASTM D7856
) Reflectance mode
Space 700, X-Rite ASTM G155
Constituent ANKOM A200 Fiber 1 5 5 of fiber were tested AOAC 2001.11
analysis analyzer
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2.5. Flax Fiber Density Measurement Method Development Procedure
In order to develop the density measurement method, there were several factors that needed
to be determined, such as, type of immersion fluid, use of vacuum chamber, vacuum pressure,
duration of exposure to vacuum and minimum specimen size. During this study all of these factors
were taken into account and effect of each of them on density measurements of flax fiber was
studied. Table 9 presents all different variables and their different values (types) that were
investigated in this study.

Table 9. Parameters and their values and types that are investigated in development of density
measurement of flax

Variable Values/types
Specimen size 0.1, 0.25 and 0.5 grams
Immersion fluid Distilled water, canola oil (grocery store and lab grade), soybean oil

(grocery store and lab grade), mineral oil
Vacuum pressure 50 kPa, 90~100 kPa
Vacuum time 3, 6 and 10 minutes

First, distilled water and canola oil were used as immersion fluids without use of vacuum
chamber. Then, a vacuum chamber was used with two different pressures and use of canola oil as
immersion fluid. ASTM E1169-14 was followed to perform a ruggedness test to determine which
factors were significant in influencing the density results. With the parameters determined after
ruggedness test method, 5 different immersion fluids were used to perform density measurements
of flax fibers with established parameters from ruggedness tests. In each stage results were
compared to density of same type of flax fiber measured by gas pychnometery method as a
reference. Lab certified soybean oil was chosen as immersion fluid based on the results achieved

in the last set of tests and density of four different types of flax fibers were measured.
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As mentioned before, a Mettler Toledo 33360 density determination kit was used to
perform density measurements. In the experiments where use of vacuum oven was considered, a
Lab-Line Squaroid vacuum oven was used to pull vacuum on submerged specimens.

2.5.1. Use of Distilled Water as Submersion Fluid

The first set of data was acquired using five specimens tested in distilled water in ambient
pressure and allowed to sit under the water for various amounts of time (1, 3 and 6 minutes). The
density determination kit was set up using distilled water and the water’s temperature was
measured. Each flax specimen was between 0.1 g to 0.3 g. The specimens were rolled between
gloved hands in order to compact them enough to stay completely submersed in the test kit but not
so much as to trap large air bubbles inside. Specimens were first weighed in air and then submerged
in distilled water following the same details as explained in procedure section. Upon submerging
the specimens, an initial mass was recorded. The samples were allowed to sit in the basket for 1,
3 and 6 minutes and their masses at these times were recorded. The densities were calculated using
these two masses (dry and submerged) and the density of the distilled water at 23 °C.

2.5.2. Use of Canola Oil as Submersion Fluid

The same procedure was set up with canola oil. The only difference from the distilled water
was that the oil’s temperature was not measured but instead its density was measured using a
known standard density block.

Specimens were tested both with and without using a vacuum oven. After weighing the
specimens in air, they were submerged in canola oil and placed into a vacuum oven, the pump was
started and till the vacuum pressure reached 70 kPa. Specimens were held under vacuum for 6 to
7 minutes at this vacuum pressure. After removing the container from the vacuum oven there were

still mini air bubbles in suspension in the oil, which indicates that there was still air trapped in
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specimens as well. Therefore, second sets of tests were completed at higher pressure of 100 kPa.
After removal of the container from the vacuum oven, almost no bubbles were present in the oil
and those that were present could be brought to the surface and removed or burst in order to not
interfere with the measurements.

2.5.3. Ruggedness Test for Flax Fiber Density Measurements

ASTM E1169-14 limits the factors to have two levels only. Therefore the type of design
used for this study is known to be a Plackett-Burman design [202]. The levels are selected in a
way so that the measured effect is reasonably large compared to measurement error.

To perform ruggedness test for density measurement of flax fiber, four factors were
selected with two levels for each factor. Table 10 summarizes these selected factors.
Recommended design for four factors with two levels from ASTM E1169-14 is shown in Table
11[202, 203].

The design in Table 11 provides equal numbers of low and high level runs for every factor.
In other words, the designs are balanced. Also, for any factor, while it is at its high level, all other
factors will be run at equal numbers of high and low levels; similarly, while it is at its low level,
all other factors will be run at equal numbers of high and low levels. In the terminology used by
statisticians, the design is orthogonal. The tests should be carried out in a random sequence (not
the PB orders mentioned) in order to reduce the probability of encountering any potential effects
of unknown, time-related factors.

Table 10. Flax fiber density measurement ruggedness test factors, levels and description

Factor Symbol  Variable Units Level 1 (-) Level 2 (+)
A Vacuum Pressure kPa 50 90

B Vacuum Time minutes 6 10

C Weight of specimen grams 0.2+.04 0.5+.04

E Fluid - canola oil  mineral oil
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Table 11. Recommended design for four factors with two levels [202, 203]

PB Order Run # A B C E Test Result
1 2 1 1 1
2 4 -1 1 1 -1
3 6 -1 -1 1 1
4 8 1 -1 -1 1
5 5 -1 1 -1 1
6 3 1 -1 1 -1
7 1 1 1 -1 -1
8 7 -1 -1 -1 -1
Ave +

Ave -

Effect

In this table Ave + is the average of replicate averages corresponding to (1) and Ave — is
the average of replicate averages corresponding to (-1). The main effect row is the difference of

Ave + and Ave — for each column. Estimate of the standard error of an effect is calculated from

452y (20)
Serfect = [N xreps

with degree of freedom of (N — 1) X (reps — 1), and where N is the number of runs in the design,

[203]:

reps is the number of replicates of the design, and S, is the estimated standard deviation of the
test results.
2.5.4. Density Measurements with Different Fluids Using Vacuum Oven

After studying the results of ruggedness tests, five different fluids were selected and
minimum of ten specimens were tested for each fluid with the parameters determined by
ruggedness test. Parameters for this test are presented in Table 12. To measure the density of flax

fiber, same procedure was followed as explained in the procedure section.
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Table 12. Parameters used to establish test fluid for density measurement of flax fiber

Parameters Values/ types

Specimen’s mass 0.5+ 0.1

Immersion oil Grocery store canola oil, lab grade canola oil, grocery store soybean oil,
lab grade soybean oil, mineral oil

Vacuum pressure 90 kPa
Vacuum time 10 min
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3. RESULTS AND DISCUSSION

The abbreviations used for addressing the different composites and types of specimens

used in this study are presented in Table 13.

Table 13. Abbreviations used to describe the composites and specimens used in this study

Abbreviation Description

VE Vinyl ester resin

8601 Epoxy resin

MESS Methacrylated epoxidized sucrose soyate

DMESS Double methacrylated epoxidized sucrose soyate

AR Acrylic resin

VE+AR Vinyl ester containing 1% acrylic resin

Unt./VE Vinyl ester resin reinforced with untreated flax fiber

Unt./VE+AR Vinyl ester resin containing 1% acrylic resin reinforced with untreated flax
fiber

Alkaline/VE Vinyl ester resin reinforced with alkaline treated flax fiber

Alkaline/VE+AR  Vinyl ester resin containing 1% acrylic resin reinforced with alkaline
treated flax fiber

UTW-MESS Untreated, weathered flax fiber / MESS resin

TW-MESS Alkaline treated, weathered flax fiber / MESS resin

UTUW-DMEE Untreated, unweathered flax fiber / DMESS resin

TUW-DMESS Alkaline treated, unweathered flax fiber / DMESS resin

UTW-DMESS Untreated, weathered flax fiber / DMESS resin

TW-DMESS Alkaline treated, weathered flax fiber / DMESS resin

3.1. Lipase Treatment of Flax Fiber

Lipase treated fibers were stained and imaged under microscope and the results are shown

in Figure 20. Results revealed that fibers treated with lipase with 15.2% concentration and 24 hours

set-time had the cleanest surface.

Epoxy resin 8601 was reinforced with treated and untreated flax fiber and two composite

panels were manufactured to further assess the effect of treatment on mechanical properties of

resulting composites. Results of mechanical tests are presented in Table 14. As seen in Table 14,
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lipase treatment has improved flexural strength of the fibers, however, this gain was not
statistically significant. Also, it has minimal or no effect on flexural modulus and short beam
strength. On the other hand, it has decreased the tensile properties of the fiber significantly.
Therefore, although this method was helpful in cleaning up the surface of the fiber, it was decided

not to pursue this method further.
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Figure 20. Microscope images of enzyme treated flax fibers

Table 14. Mechanical properties of treated and untreated flax/8601 composites

Untreated flax/8601 Lipase treated flax/8601

Mean value Std. dev.  Mean value Std. dev.
Flexural strength (MPa) 123 8.90 130 7.90
Flexural modulus (GPa) 8.2 0.71 7.8 0.28
Interlaminar shear strength (MPa) 16.32 0.80 16 0.50
Tensile strength (MPa) 140.52 15.98 96.26 12.43
Tensile modulus ( GPa) 12.67 1.54 11.47 0.41
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3.2. Effect of Different Mechanical Treatments
3.2.1. SEM Images

Figure 21 shows SEM images of untreated and mechanically treated fibers. It is observed
that mechanical processes were successful to some extent in removal of waxes and pectin from
surface of the fibers. As seen, Type 2 and Type 4 fibers show cleaner surfaces compared to Type
1 (untreated). On the other hand, in Type 3, both clean fibers are seen as well as fibers covered in
waxes and impurities. One interesting observation seen in SEM images of Type 4 fiber is twisting
and entanglement of single fibers and formation of micro-bundles of fibers. The mechanical
process used on this type of fiber was use of a pair of fluted rollers. Use of fluted rollers also
resulted in less shive content compared to other types of fibers.

3.2.2. Mechanical Properties

To evaluate the effect of different mechanical processes of flax fibers on properties and
performance of their ensuing composites, mechanical properties of flax/VE and flax’MESS
composites were studied. VE and MESS resins were reinforced with Type 1, 2, 3 and 4 flax fibers.

Mechanical tests, i.e. tensile, flexural and ILSS were carried out using an Instron 5567 load
frame. Prior to testing, density tests were completed on three specimens from each sample and
fiber volume fraction of samples were calculated. Results are presented in Table 15.

To minimize the effect of variations in fiber volume fraction in different composite plates
on mechanical properties, all calculated mechanical properties were normalized to 35% fiber
volume fraction. Normalized averages of measured values are presented in Table 16. Radar plots
of mechanical properties are presented in Figure 22 and Figure 23 for flax/VE and flax/MESS
respectively. Because of the differences in the orders of magnitude of different properties, values

have been scaled up or down to show a side by side comparison.
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Type 1

Type 2

Type 3

Type 4

Figure 21. SEM images of flax fiber using four different mechanical processes

Table 15. Density of fibers, resins, composite panels and fiber volume fraction of manufactured

panels
Flax Fiber p ver (g/cm®)  Resin P resin (g/cm?) P composire (glem®) V(%)
Type 1 1.52 + 0.001 VE 1.09 £ 0.003 1.23 +£0.006 35.50
MESS 1.15+£0.002 1.10+0.024 31.43
Type 2 1.54 + 0.000 VE 1.09 £ 0.003 1.25+0.032 39.12
MESS 1.15+£0.002 1.11 £0.020 33.44
Type 3 155 + 0.000 VE 1.09 £ 0.003 1.22+0.020 37.84
MESS 1.15+£0.002 1.10£0.017 30.10
Type 4 1.54 + 0.000 VE 1.09 £ 0.003 1.25 £0.051 36.60
MESS 1.15+0.002 1.13+0.024 34.47
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Comparing tensile and flexural modulus of Type 1 and 4 composite plates, they showed
similar modulus. Type 4 fiber contained less than 5% shive, the cleanest fiber among these four
types, and this is reflected in strength of resulting composites in ultimate tensile stress and
maximum flexural stress. Observing the properties of Type 2 composites, the mechanical treatment
(combing fiber in a rough manner with opener machine has resulted in inferior tensile and flexural
strength and modulus compared to standard mechanical treatment (i.e. passing through pilot line).
However, the short beam strength of the resulting composite plate has been improved more than
15%.

Table 16. Normalized” mechanical properties of flax/VE and flax/MESS composites

Tensile Tensile Flexural Flexural Interlaminar

Strength Modulus Strength Modulus Shear Strength

(MPa) (GPa) (MPa) (GPa) (MPa)
Typel — VE 108.08+£2.27 1543 +045 124.77+3.15 9.30+0.08 12.39 £ 0.70
Typel - MESS  27.82 +1.61 1706+ 1.67 41.83+1.46 15.04+0.44 797 +2.66
Type2 — VE 93.92 +3.26 12.87+£0.45 11493 +554 8.85+0.71 13.06 £0.74
Type2 - MESS  42.01 +4.69 1430+ 0.41 61.92+6.83 1471+1.70 9.16+1.34
Type3 — VE 81.40+ 2.67 12.59+0.87 103.61+2.44 6.01+0.34 10.06 £ 0.46
Type3 - MESS  26.30 +5.61 12.87+1.26 35434597 9.59+0.55 428 +0.67
Type4 — VE 104.95 + 3.85 14.03+1.00 13196+3.37 8.51+1.13 10.82 +0.69
Typed4 - MESS  49.57 £5.78 16.41 £2.55 64.97+2.63 12.85+1.60 7.03+0.68

* All values are normalized to fiber volume fraction of 35%

Based on the results seen in Table 16, resulting composite panel from fiber Type 3 which
contains 50/50 blend of over retted fibers and optimally retted fibers, showed lower mechanical
properties compared to other three composite panels. This difference is more noticeable in flexural
modulus were the average measured value for flexural modulus is 6.01 GPa for flax/VE composite

samples, the lowest of all measurements. The same trend is observed for flax Type 3/ MESS resin

60



where all the mechanical properties are lower than other three types of fibers. The fiber used to
manufacture this composite panel was from straw that was over retted. This resulted in weaker,
shorter and finer diameter fiber. Although it is blended 50/50 with optimally retted fiber, still the
mechanical properties of resulting composite are inferior to that of others.

For tensile and flexural strength, fiber Type 4 showed comparable properties to
untreated/VE composites and better strength compared to untreated/MESS composites and other
types of fibers using MESS resin. This can be attributed to two factors, first, lower shive content
of fiber, as shive has lower strength compared to flax fiber [204] and second, twisting of fibers and
formations of micro-bundles as seen in SEM images. In composites using flax fiber reinforcement
with VE resin, untreated fibers showed higher strength than Type 2 fibers while composites using
MESS resin Type 2 fiber showed better strength. Moreover, it is observed that Type 2 fibers both
with VE and MESS resins showed 5% improvement in shear strength compared to untreated fiber
and 20% increase compared to Type 4 treatment.
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Figure 22. Mechanical Properties of flax/VE composites using four different types of flax fiber
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Tensile and flexural moduli of composites were decreased with mechanical processes. In
other word, for both VE and MESS resins, untreated fibers exhibited higher flexural and tensile
modulus. Comparing the overall results of two types of resins, composites using MESS resin
possess higher tensile and flexural modulus. On the other hand, they showed lower tensile, flexural
and interlaminar shear strength. This can be the result of higher curing temperature used for MESS
resin. As reported by Vold et al. [205], flax shive starts to degrade between 225 °C and 250 °C.
Composite panels using MESS resin were cured at 200 °C for two hours, and this can be the reason

for lower strength of mentioned composites due to start of degradation of shive content of the fiber.
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Figure 23. Mechanical Properties of flax/MESS composites using four different types of flax
fiber

3.3. Chemical Treatment of Flax Fiber
To compare the effect of chemical treatments on mechanical performance of flax fiber
reinforced composites, and based on preliminary studies and previous work of Huo et al. [106]
alkali treatment was selected as the method of treatment to be used for this study.
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Treated fibers were process as described in the processing the composite section and
mechanical tests were carried out to compare the effect of these treatments on mechanical
performance of ensuing composites.

The density of flax fiber was measured using immersion density technique and was
determined to be 1.42 = 0.02 g/cm?. The density of flax/VE composites were observed to be
between 1.19 g/cm? to 1.32 g/cm?® and the fiber volume fraction of the flax fiber composites were
found to vary between 35% And 39%. To make results of mechanical properties comparable, all
results were normalized to 35% fiber volume fraction.
3.3.1.1. Effect of Chemical Treatments on Fiber Morphology

To see the effect of mentioned treatments of the surface of flax fiber and see the changes
in the surface morphology, the treated fiber was studied using Scanning Electron Microscopy
(SEM). SEM images of treated and untreated fiber are presented in Figure 24 for linseed flax fiber
(Type 1) and in Figure 25 for composite specimens after tensile test. By comparing untreated and
NaOH treated fiber, it is observed that alkali treatment has been very effective in removing wax,
dye, ashes, oils and pectin from external surface of the fiber as expected [106, 206]. Also, addition
of NaOH to flax fiber promotes the ionization of the hydroxyl group to the alkoxide, in other words
it disrupts the hydrogen bonding in the network structure and increases the surface roughness. This
also can be seen in the Figure 24 (b). Alkali treatment can hydrolyze pectin and degrade lignin [58,
184, 206]. Acid treatment also has been very effective regarding removing any external wax and
oils. Based on SEM images, alkali treatment has resulted in a much cleaner surface, and from the
SEM images with higher magnification, it is observed that surface roughness is also increased.

This is consistent with observations of Valadez-Gonzalez et al. [57]. Increasing surface roughness
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will result in better interfacial bonding of fiber and matrix and will result in improved mechanical
properties.

For the flax fiber fabric (Type 6), the alkaline treatment was successful in removing
impurities and excess undesired residue from surface of the fibers. As mentioned before, chemical
constituent analysis revealed that alkaline treatment was successful in reducing amount of ash,
proteins and other impurities from the surface of the fiber and alkaline treatment resulted in 10%

cellulose content of flax fiber.

Figure 24. SEM image of linseed flax fiber, Type 1 a) untreated, b) NaOH treatment
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Figure 26. SEM images of (a) untreated, and (b) alkaline treated flax fiber fabric (Type 6)
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3.3.2. Effect of Chemical Treatments on Mechanical Properties
3.3.2.1. Linseed Flax Fiber (Type 1) Composites

Constituent analysis results of Type 1 flax fiber before and after alkali treatment are
presented in Table 17. Alkaline treatment was successful in reducing amount of ash, proteins and
other impurities from the surface of the fiber. In addition, as a result of this treatment the
percentage of cellulose has increased by 10%.

Table 17. Constituent analysis of untreated and alkaline treated Type 1 flax fibers

Cellulose Hemi Cellulose Moisture  Crude Protein  Crude Fat Ash  Other

Fiber

% % % % % % %
Untreated 79.56 8.76 2.33 2.44 0.40 1.59 0.73
Alkaline Treated 87.81 7.48 1.62 1.22 0.13 0.89 042

Table 19 and Figure 30 show the normalized interlaminar shear strength for untreated and
treated Type 1 flax fiber composites. These composites used VE and VE+AR as their resins.
Statistical analysis of data presented in Table 19 is shown in Appendix G. Both fiber and matrix
treatments were effective in increasing interlaminar shear strength. In other words, both treatments
were successful in improving bonding between fiber and the matrix as the fiber-to-matrix bonding
defines the interfacial and shear properties [207]. Comparing Unt./VE and Alkaline/VE
composites, gains of 70% is observed for alkaline treatment.

Table 18. Results of mechanical tests for untreated and treated Type 1 flax fiber with VE and
VE+AR resins (raw data)

Interlaminar

shear strength Tensile strength ~ Tensile Flexural strength ~ Flexural

(MPa) (MPa) modulus (GPa) (MPa) modulus (GPa)
Unt./VE 12.22 +0.92 100.49 +£11.02 13.71+2.10 153.25+£29.90 12.50 +£2.90
Unt./VE+AR 15.03 £ 0.95 101.71 £3.21 15.03 £2.12 14547 +£6.79 11.16 £0.70
Alkaline/VE 21.48 +1.37 108.33 £2.90 12.38+1.72 167.69 +10.56 11.13+1.19
Alkaline/VE+AR 18.89 +1.98 100.20 +£0.10 11.99+0.14 135.46 +17.23 11.67 +£0.94
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Addition of AR resin to VE has increased interlaminar shear strength by 30% for untreated
and alkaline treated flax fiber composites. An increase of over 80% in interlaminar shear strength
is observed for alkaline treatment with addition of 1% AR to VE. Alkaline treatment will hydrolyze
pectin in flax fiber and also remove waxes, dyes and ashes from the fiber surface to result in surface
roughness and potentially better adhesion between fiber and matrix [58, 206]. As also seen in Table
17, alkaline treatment of flax fiber has resulted in 55% reduction of ash on the surface of the fiber.

Table 19. Normalized” results of mechanical tests for untreated and treated Type 1 flax fiber with

VE and VE+AR resins
Interlaminar Tensile Flexural
shear strength  Tensile modulus Flexural modulus
(MPa) strength (MPa) (GPa) strength (MPa)  (GPa)
Unt./VE 12.22+092  10049+11.02 13.71+2.10 153.25+29.90 12.50+2.90
Unt./VE+AR 15.94+1.01 107.87 +£3.40 1594 +£225 154.29+7.20 11.84+0.75
Alkaline/VE 20.88+0.93  105.32+2.82 12.04+1.67 163.03+10.27 10.82+1.16

Alkaline/VE+AR 22.04 +£2.31 116.90+0.12 13.99 £0.17 158.04 £20.10 13.62+1.10
* All values are normalized to fiber volume fraction of 35%

Flexural properties of untreated and treated Type 1 flax fiber with VE and VE+AR resins
are presented in Table 19 and Figure 28. Based on statistical analysis presented in Appendix G,
the gains of flexural properties are not statistically significant. However, alkaline treatment has
improved the flexural strength by 5% compared to composites using untreated flax fiber. Addition
of the AR to the VE resin has resulted only in 2% improvement of flexural strength. Fiber treatment
or addition of AR to the matrix has resulted in decrease of flexural modulus. However, when both
treatments are combined, flexural modulus is increased by 5%. Similar results were observed in
the study done by Huo et al. [106, 108]. Alkaline treatment of North American (NA) flax had 5%-
10% increasing effect on flexural strength. Flexural modulus, on the other hand was decreased by

alkaline treatment. The decrease in flexural strength is attributed to the structural variation in the
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structure of flax fiber. This is the result of non-cellulosic content of the flax fiber and microfibrils

losing their resistance to deformation and elongation after treatment [208].
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Figure 27. Normalized plots of interlaminar shear strength for different composites

Tensile properties of untreated and treated Type 1 flax fiber with VE and VE+AR are
presented in Table 19 and Figure 29. Addition of AR to the VE resin has increased the tensile
strength between 8% and 11% for untreated and alkaline treated flax fiber composites,
respectively. However, based on results of statistical analysis, the only significant gain in tensile
properties is increase in tensile strength when both treatments are combined. This is the indication
that as expected, addition of AR has improved the efficiency of load transfer to the matrix [106].
Alkaline treatment has been effective in increasing tensile strength of the composite by 5% and
when combined with the addition of AR to the resin, the increase in tensile strength is 17%
resulting in the highest tensile strength. This increase in tensile strength can be attributed to the
enhanced crystallinity and structure of the cellulose after alkaline treatment as seen in Table 17

[209].
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Although the results of tensile modulus are ot statistically significant, reduction in tensile
modulus Tensile modulus has been observed in similar studies [106-108, 210]. This decrease is
attributed to the breakdown of the flax fiber after alkaline treatment [ 108], also structural variation

in natural fibers will lead to change in the tensile modulus after treatment [211].
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Figure 28. Normalized fleaxural strength and flexural modulus of untreated and treated Type 1
flax/VE composites
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Figure 29. Normalized tensile strength and tensile modulus of untreated and treated Type 1
flax/VE composites
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3.3.2.2. Flax Fiber Fabric (Type 6) Composites

An immersion density technique was used to measure the density of the composite plates
and cured resins. Density of cured VE, MESS and DMESS was found to be 1.15 g/cm?, 1.10 g/cm?,
and 1.07 g/cm’, respectively. The density of flax/VE, flax MESS and flax/DMESS composites
were between 1.28 g/cm?® to 1.33 g/cm?® and the fiber volume fraction of the flax fiber composites
were found to vary between 38% and 56%. In order to make the results of mechanical tests
comparable, all presented results are normalized to 50% fiber volume fraction. Normalized results
of mechanical tests, before and after treatment, as well as before and after weathering are presented
in Table 20. Same as previous studies [212], a target range for desired properties was defined based
on data for commercial pultruded fiberglass composites available in literature [68-71]. Statistical
analysis of data shown in Table 20 is presented in Appendix G.

Table 20. Normalized results of mechanical tests for untreated and treated, weathered and
unweathered flax fiber fabric composites

Tensile Tensile Flexural Flexural Interlaminar Shear
Strength Modulus Strength Modulus Strength
MPa GPa MPa GPa MPa
Target
Properties 200-225 16-18 200-225 11-13 25-30
UTUW-VE 182.79£15.00 22.76+1.08 181.53+£26.28 18.95+3.72 18.79+1.81
"§ TUW-VE 209.73+£27.46 26.96+3.88  279.03+27.38 25.35+£3.24 31.27£1.03
% UTUW-MESS 122.97+£2.56  19.23+1.72 136.25+7.09  17.86+4.99 11.68+1.07
S TUW-MESS 207.92+18.13  29.28+13.63 229.07+19.00 26.43+2.73 13.68 £0.51
% UTUW-DMESS  130.59+11.57 20.28+15.36 133.41+12.02 16.84+1.99 12.72+0.66
TUW-DMESS 150.39+£2.20  24.904+2.14  200.05+40.95 20.35+5.25 18.80+3.73
UTW-VE 137.71£7.53  26.49+1.36 161.90+£5.47  14.92+1.47 17.94+1.71
9 TW-VE 172.23+42.57 31.43£3.43  277.91£14.45 31.16+5.81 27.43+1.32
j:j UTW-MESS 45.36+3.33 12.92+1.35 105.27+44.86  10.04+1.19 9.40+0.95
§ TW-MESS 113.11x18.35 23.78+4.58 129.69+£19.00 18.91+2.97 11.63£0.67
2 UTW-DMESS 99.65+8.60 12.96+0.93 74.03+11.70  7.62+0.93 7.07£1.17
TW-DMESS 119.70+£12.58 17.10£3.15 120.87+£13.64 18.02+4.54 12.76+£2.42

* All values are normalized to fiber volume fraction of 50%
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Figure 30 show the normalized interlaminar shear strength (ILSS) for untreated and treated
flax fiber composites. In all three composites, fiber treatment was effective in increasing
interlaminar shear strength, however, based on statistical analysis, gains for shear properties of
composites using MESS resin was not significant. Based on the results, the treatment was effective
in improving bonding between fiber and the matrix as the fiber-to-matrix bonding defines the
interfacial and shear properties [207]. The biggest gain of ILSS was observed for flax-VE
composites with the value of 66%. This corresponds to a 70% improvement in ILSS after alkaline
treatment for flax-VE composites as observed in a linseed flax treatment. As expected, alkaline
treatment, by hydrolyzing pectin in flax fiber and also removing waxes, dyes and ashes from the
fiber surface has resulted in better adhesion between fiber and matrix due to increased surface
roughness [58, 206]. In addition, by employing alkaline treatment, the ILSS of flax-VE has
exceeded the maximum target properties and ILSS of flax/DMESS got very close to the range of

target properties.
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Figure 30. Normalized plots of Interlaminar shear strength for different flax fiber composites
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Flexural properties of untreated and treated flax fiber composites are presented in Figure
31. Alkaline treatment has improved the flexural properties. However, the gain in flexural modulus
of composites using flax/DMESS is not statistically significant. The biggest gain was for flexural
strength of flax-MESS resin, 68%, followed by 55% for flax-VE and 50% for flax-DMESS. With
this increase, flexural strength of all composites has met the target range set, and for flax-VE and
flax-MESS this value has exceeded the maximum benchmark. In similar studies [51, 60, 108] a
reduction in flexural modulus was observed after alkaline treatment. This is due to structural
variation present in structure of flax fiber such as presence of non-cellulosic content [208].
Observing the Figure 8, there is no reduction is flexural modulus in this case. Flexural moduli of
all composites were increased after alkaline treatment. Before and after fiber treatment, flexural
moduli are well above the maximum target value set, and after treatment almost in all composites,

the moduli are 200% of the maximum benchmark.
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Figure 31. Normalized fleaxural strength and flexural modulus of different flax fiber composites
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Tensile properties of untreated and treated flax fiber composites are presented in Figure
32. Alkaline treatment has increased the tensile strength between 15% and 68% compared to
tensile strength of composites using untreated flax fiber. This increase is between 25% and 73%
for tensile modulus. Same as before, the gains of tensile properties of composites using DMESS
resin is not statistically significant; this is due to bigger variance in measured values for
flax/DMESS resin. The increase in tensile strength can be attributed to the enhanced crystallinity
and structure of the cellulose, which is expected to happen after alkaline treatment [209]. In some
cases in similar studies [51, 106-108, 210], a decrease of tensile modulus was observed after
alkaline treatment of flax fiber. This decrease is due to the breakdown of the flax fiber after alkaline
treatment [108] which varies depending on structural variation in natural fibers [211]. However,
same as flexural modulus, no decrease in tensile modulus was observed after alkaline treatment.

All tensile moduli, before and after treatment are higher than the set target range as seen in Table
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Figure 32. Normalized tensile strength and tensile modulus of different flax fiber composites
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3.4. Long-Term Behavior of Flax Fiber - Creep

3.4.1. Thermal Analysis

Figure 33 shows tan § curves of cured VE resin and flax/VE composite. The peak position
and transition breath of tan § curves were determined using cross-link density. Ty of VE was
determined to be 127.83 °C and T, of flax/VE to be 126.85 °C. Huo et al. [106] reported T, of the
same VE resin (Hydropel® R037-YDF-40 with 30% styrene content from AOC resins) to be 128
°C and Herzog et al. measured T, of vinyl ester resin [213] to be 132.8 °C and cured VE + AR
(Hydropel® R037-YDF-40 with 30% styrene content with 1% Acronal® 700L ) is reported by Huo

et al. to be 126.85 °C [106].
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Figure 33. DMA plots of flax/VE and neat vinyl ester resin

Figure 34 shows the typical thermal behavior of flax fiber/VE and flax/VE+AR composite
as temperature is increased. Thermogravimetric curve in its original and differentiated state (DTG)
is presented. The peaks of DTG curve are marked at 298.87 °C, 368.37 °C and 415.96 °C and
correspond to the maximum changes in the slope of TGA curve. Up to 298.87 °C which is the
onset of the major weight loss the degradation in weight is 7.2%. The significance of TGA analysis

for this study is to make sure that the material under creep test is not degrading in the temperature
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range the tests is conducted. In the range between 30 °C — 110 °C that creep tests were carried out,
there is only 0.49% decrease in weight of specimen, which could be attributed to moisture and
unreacted monomers present in the material. Addition of AR to VE has not changed the

degradation temperature of flax/VE composites and it starts to degrade around 320 °C.
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Figure 34. TGA curves (a) in its original and differentiated state for flax/VE and (b) typical TGA
curves of flax/VE and flax/VE+AR

DSC tests were run in order to make sure there is no crosslinking or curing happening at
the temperature range that creep tests are performed. A typical DSC trace for heating of flax/VE

and flax/VE+AR are presented in Figure 35. As mentioned before, the creep measurements are

75



valid if there is no residual curing happening during creep tests and there is no structure change in
the material under study, and the specimen is not degrading in the temperature range.
The degree of cure of resin was calculated using the following equation [214]:

AHreaction - AHres (2 1)

AH reaction

Degree of cure =

where AH,qqction 1S the total heat of reaction and AH,..is the residual heat after curing. In Figure
35, there was some residual curing approximately around 136 °C and 138 °C and the degree of
cure for VE and VE+AR was calculated to be 99.40% and 99.61% respectively. Based on the
results from DSC and TGA, it is concluded that the material does not undergo any degradation or

crosslinking at the temperature range selected for the creep tests, i.e. 30 °C-110 °C.
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Figure 35. DSC trace for heating of flax/VE and flax/VE+AR from 25 °C to 200 °C

3.4.2. Generating Master Creep Compliance Curves
Static three point bending tests at room temperature as well as creep tests at different
temperatures were carried out on flax/vinyl ester composite samples. Three point bending tests

were performed on five samples using an Instron 5567 load frame in accordance with ASTM D790
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[215] to measure the flexural strength. The average flexural strength of the flax/vinyl ester
composite studied was found to be 153+29 MPa.

Creep compliance curves measured at different temperatures can be horizontally shifted in
reference to a specific temperature to generate a master compliance curve. A master compliance
curve provides information for the long-term behavior of a material at a reference temperature.

Creep behavior of flax/vinyl ester composite at different temperatures is shown in Figure
36. With constant stress, increasing temperature accelerates the rate that the samples are strained.
The strain curves for 30 °C and 40 °C are very similar and nearly coincide with each other. It is
from 40 °C and above that the difference between creep behaviors at different temperatures can be
distinguished from each other. As mentioned previously creep compliance J(?) is defined as ratio
of time-dependent strain to the constant stress applied. The creep compliance curves are shown in
Figure 37. As expected, by increasing temperature, the creep compliance is increased as well which
is a non-linear creep behavior from material results of change in time scale. The material creeps
faster at higher temperatures. This is consistent with the findings of creep behavior of flax fiber

reinforced composites as seen in other studies [162, 165] .
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Figure 36. Creep strains vs time at different temperatures for flax/VE composite
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Figure 37. Creep compliance curve at different temperatures for flax/VE composites

By observing creep compliance and creep strain curves, the 30 °C curve was selected as
the reference compliance curve and all other curves have been shifted to the right on time axis to
build the master curve for this experiment. A MATLAB® code was used to calculate shift factors
in order to minimize the difference between the shifted curve and the reference compliance curve.

The result of the shifted curves is shown in Figure 38.
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Figure 38. The master curve for creep compliance at 30 °C for flax/VE composites
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Temperature shift factors are plotted in Figure 39. Using least square method to fit
Arrhenius to the data in Figure 39, activation energy of flax/VE composites is calculated to be in

124.66 kJ/mol.
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Figure 39. Temperature shifts factors vs temperature difference

For the compliance master curve in Figure 38, the Findley Power Law equation (22) was

adapted. Calculated coefficients and the resulting equation is as:

J =100.8 + 0001325 X t5248 (22)

The fitted curve versus experimental data is shown in Figure 40. Despite the slight
deviation from experimental data in the early stages of creep, the simulated curve agrees with the
experimental results over time. Thus, there is an agreement between the Findley Power Law and
the experimental results.

Creep tests with constant stress were carried out at different temperature intervals on

flax/vinyl ester composite. A creep compliance master curve was generated by shifting creep
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compliance data along time scale in reference to a compliance curve at 30 °C. Activation energy
of the flax/VE composite was found to be 124.66 kJ/mol.
The coefficients in Findley Power Law were computed and a strong agreement between

experimental and simulated results was observed.
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Figure 40. The master curve of creep compliance for flax/VE composites at 30 °C and Findely
Power Law fit

The resulting master curve and power law equation provides accelerated creep
characterization up to 10'* seconds (20 years if we use temperature up to 100 °C). As a result, to
predict creep behavior of a flax/vinyl ester composite material in 20 years at 30 °C, one needs to
run creep tests at 100 °C for 10 minutes.

3.4.3. Calculation of Activation Energy for Flax/VE Composite

Horowitz and Metzger in 1963 [216] proposed a new method of calculating activation

energy from thermogravimetric curves. They mentioned that the activation energy can be

calculated from following equation [216]:
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( (Wo= WA\ _ET =) (23)
n<n<W_Wf>>_ RT,?

where W, is the weight at the beginning of the range, Wy is the weight at the end of the range, W

is the weight at absolute temperature T, and Ty is the reference temperature in such way that at T,

% = 1/e?. Figure 41 shows plot of ln(ln(%)) vs. (T; — T). For the TGA curve shown in
Figure 34, T; was found to be 385 °C. A straight line was fitted through data points using the
method of least squares. The slope of the straight line was found to be 0.036. Therefore, activation
energy based on Equation (23) was 129.587 kJ/mol. The value found in this study is in good
agreement with that found by other researchers for this material. Velde and Kiekens [217] used
the same method and they measured activation energy of six different types of flax fiber in the air

and in the nitrogen. Their average value of activation energy for flax fibers in nitrogen was 135.33

kJ/mol.
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Figure 41. Calculation of activation energy for flax/VE composite
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3.4.4. Effect of Chemical Treatment on Creep Behavior of Biobased Composites

Creep behavior of untreated and alkaline treated flax with VE and VE+AR composites are
presented in Figure 42. Similar to the work presented in [214] creep compliance master curves are
generated by shifting the individual creep compliance curves at different temperatures along
logarithmic time axis. The creep compliance curve at 30 °C was selected as the reference curve
and all other curves were shifted to the right. Resulting creep compliance master curves are
presented in Figure 43. The curves presented are normalized to 35% fiber volume fraction to be
comparable.

In Figure 43, up to 10*° and 10° seconds, can be considered as steady state creep for
Alkaline/VE and Unt./VE, respectively. For the composites with VE+AR resin up to 10 can be
considered as steady state region. The slope of the steady state region is the creep rate. Based on
the slopes calculated from the steady state of the curves, the highest to the lowest creep rates are
Alkaline/VE+AR, Unt./VE+AR, Unt./VE and Alkaline/VE, respectively. In general, composites
with neat VE have lower strain rates in the steady state region, but composites with VE+AR have
longer steady state region and the onset of tertiary state has been retarded.

As seen in Figure 43, the composite with alkaline treatment and addition of AR has the
lowest amount of creep after 10® seconds. This is consistent with results of chemical treatment
presented in previous sections. As discussed previously, alkaline treatment and addition of AR to
VE resulted in the highest amount of flexural modulus. However, after 10® the rate that the
composite with untreated fiber and VE resin starts to creep faster and the order of creep curves is
changed.

It is known that increasing the degree of crosslinking of a polymer pushes for the secondary

bonding between polymer chains and consequently the polymer becomes more resistant to creep
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[150]. Addition of AR to VE resin will result in decreasing cross-linking density of the matrix
[106], therefore it is expected for the composites using VE+AR to exhibit less resistance to creep.
Interestingly this is not the case here. As mentioned before, creep of fiber reinforced composites
is a complex phenomenon which depends on many factors such as creep behavior of matrix, fiber-
matrix interfacial properties and load transfer from matrix to fiber [170]. As observed in the results
of interlaminar shear strength, addition of AR to VE resin has resulted in an increase in the
interfacial bonding between fiber and matrix. In addition, as observed in the results of tensile
strength, addition of AR to VE increased the efficiency of load transfer to the matrix.
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Figure 42. Creep compliance of (a) Unt./VE; (b) Unt./VE+AR; (c) Alkaline/VE; (d)
Alkaline/VE+AR at different temperatures
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From the results presented in Figure 43, it is perceived that the resultant of the effects of
three factors (creep behavior of matrix, fiber-matrix interfacial properties and load transfer from
matrix to fiber) has been higher resistance of composite to creep after addition of AR to VE resin.
The results are consistent with findings of similar studies. Hue and Ulven [218] studied the effect
of addition of AR to VE on interlocking of flax fiber and resin. Based on their results, the AR
additive increased the coefficient of thermal contraction of VE during cooling. Also, the
compressive stresses on the interface of flax/VE in increased which leads to stronger mechanical

interlocking between fiber and matrix.
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Figure 43. Creep compliance master curves for untreated and treated flax fiber with VE and
VE+AR resins

According to William Findley [152], the time-dependent creep compliance of a material
can be represented by the Equation (10). For each generated master curve, Findley Power Law was
adapted and calculated coefficients and R-square of the fits are presented in Table 21.
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As mentioned, 4 is temperature-independent variable, so in the curve fitting process, A was
kept at a constant value of 0.00135 which was calculated for Unt./VE composites at 30 °C. As seen
in Figure 43, master curves for composites with VE resin are parallel to each other with the values
of stress-independent coefficient of n = 5.24 for untreated and » = 5.418 for alkaline treated flax
fiber. Likewise, curves for VER+AR reinforced with flax are parallel to each other with the values
of n=5.007 for untreated and » = 4.903 for alkaline treated flax fibers. Therefore, addition of AR
to VE has resulted in the reduction of the stress-independent coefficient.

Table 21. Parameters in Findley Power Law equation for different composites under study

Composite Jo(1/MPa) A n R-Square
Unt./VE 100.8 £ 1.4 0.00135 +0.003 524+0.154 0.9960
Unt./VE + AR 126.2+ 1.7 0.00135 +0.003 5.007 £0.012 0.9961
Alkaline/VE 117.5+1.2 0.00135 +0.003 5.418 £0.073 0.9966
Alkaline/VE + AR 112.8 +2.1 0.00135 +0.003 4.903 £ 0.082 0.9957

3.4.5. Frequency Sweep of Flax/VE

According to TTS assumptions, same shifting factors should be valid for all viscoelastic
parameters [157, 219]. To further validate this assumption of TTS principle foe flax/VE
composites, frequency sweeps of flax/VE specimens were conducted and storage and loss moduli
as well as tan § were measured. Results of frequency sweeps are presented in Figure 44. A
horizontal shifting of the storage modulus values was performed using TA Instruments Data
Analysis software. To perform the shifting process, storage modulus curve at 30 °C was selected
as the reference curve, and all other curves shifted to the left. In this process, loss modulus curves
and tan § curves were also shifted with the same values for shift factors. The resulting plots are

presented in Figure 45.
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Based on Figure 45, although a smooth master curve is obtained for storage modulus, the

curves for loss modulus and tan § are not satisfactory. This is indication of the fact that only one

set of horizontal shift factors is not enough for all three sets of curves.
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Figure 44. Frequency sweep of flax/VE composite at different temperatures
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Figure 45. Flax/VE master curves generated by horizontal shifting of storage modulus curve
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TA Instruments Data Analysis was employed to move curves simultaneously and shift
them both horizontally and vertically. Resulting master curves are presented in Figure 46. Much
smoother master curves are obtained with this approach. Based on these results it is valid to
conclude that vinyl ester resin reinforced with flax is thermoheologically complex material and to

generate a smooth master curve both horizontal and vertical shift factors are necessary [220].
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Figure 46. Flax/VE master curves obtained by horizontal and vertical shifting of the frequency
sweeps

Figure 47 shows creep data collected at different temperatures. Similar to the work of other
researchers for natural fiber/thermoplastics [221] and natural fiber/thermosets [214] whom only
have applied horizontal shift factors and neglect the application of shift factors to other viscoelastic
properties, strain curves are horizontally shifted in reference to the strain curve at 30 °C to generate
creep master curve presented in Figure 48. As observed, an acceptable smooth master curve is

obtained by this method.
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Now the horizontal shift factors obtained from shifting the storage modulus curve (Figure
45) will be applied. The results are presented in Figure 49. As seen, the creep curves do not
superimpose and no master curve is generated. Once more this is the indication that horizontal
shift factors are not solely sufficient to generate a master curve. In the next step, both horizontal
and vertical shift factors obtained from shifting storage, loss modulus and tan 6 curves (Figure 46)
are used to shift creep data and the result master curve shown in Figure 50. A smooth master curve
is obtained by this method. In addition, by comparing the master curve obtained by horizontal
shifting of creep data, with the curve obtained with horizontal and vertical shifts, it is perceived

that the latter covers wider range on the time axis.
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Figure 47. Creep strain vs time at different temperatures for flax/VE composites

As mentioned before, a creep test was performed at 30 °C for 24 hours to check the validity
of the obtained master curves. Creep data at 30 °C was used to find the parameters in Findley and
Nutting Power Laws. The parameters then were used to extrapolate the creep data to 24 hours.
Extrapolated curves and actual creep data for 24 hrs are presented in Figure 51. At longer times
there is deviation between both models and actual creep data. However, Findley Power Law stays
closer to the actual creep data. In addition Findley Power Law over estimates the strain creep

values therefore provides more conservative values of creep strain.
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Figure 48. Creep strain master curve at 30 °C obtained by horizontal shifting of creep data at
different temperatures for flax/VE composites
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Figure 49. Creep strain curves at different temperatures shifted by the horizontal shift factors
obtained from storage modulus master curve for flax/VE composites
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Figure 50. Flax/ VE creep strain master curve generated by horizontal and vertical shift factors
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Figure 51. Comparison of extrapolated creep data with Nutting and Findley Power Laws with
actual creep data for 24 hours for flax/VE composites
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Figure 52. Comparison of actual creep data for 24 hours with (a) master curve generated by
horizontal shifting of creep data, (b) master curve generated by horizontal and vertical shift of
creep data for flax/VE composites

Figure 52 shows the comparison of the actual creep data with two master curves generated
with horizontal shift factors, and horizontal and vertical shift factors. There is not noticeable
difference between two master curves and in both curves, there is deviation from actual creep data
at longer times and both master curves tend to underestimate creep strain. Future studies are

required to investigate the reason behind this behavior which will be addressed later in this

dissertation.
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3.4.6. Frequency Sweep of Flax/MESS

Results of frequency sweeps are presented in Figure 53. A horizontal shifting of the storage
modulus values was performed using TA Instruments Data Analysis software. To perform the
shifting process, storage modulus curve at 30 °C was selected as the reference curve, and all other
curves were shifted to the left. In this process, loss modulus curves and tan § curves were also

shifted with the same values of shift factors. The resulting plots are presented in Figure 54.
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Figure 53. Frequency sweep of flax/MESS composite at different temperatures

Based on Figure 54, although a smooth master curve is obtained for the storage modulus,
the curves for loss modulus and tan § are not satisfactory. This is indication of the fact that again

only one set of horizontal shift factors is not enough for all three sets of curves.
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Figure 54. Flax/MESS master curves generated by horizontal shifting of storage modulus curve
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TA Instruments Data Analysis was again employed to move curves simultaneously and
shift them both horizontally and vertically. The resulting master curves are presented in Figure 55.
Much smoother master curves are obtained with this approach. Based on these results it is valid to
conclude that MESS resin reinforced with flax fiber is thermorheologically complex material and

to generate a smooth master curve both horizontal and vertical shift factors are necessary [220].
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Figure 55. Flax/MESS master curves obtained by horizontal and vertical shifting of the
frequency sweeps

Horizontal shift factors used in Figure 54 are plotted in Figure 56a. Horizontal and vertical
shift factors used in Figure 55 are plotted in Figure 56b. The dependency on temperatures of shift
factors, both for horizontals and vertical shift factors, complies with the Arrhenius equation, which

has the following form [214]:
Q1 1
1 =—(=—= 24
n(ar) =+ (5 Tr) (24)

where ar is the shift factor, 7, (K) is the reference temperature and 7' (K) is an arbitrary temperature
at which horizontal shift factor a; is desired. In this equation, Q is the activation energy (kJ/mol)
and R is the universal gas constant (J/mol-K).

Based on Figure 56, the corresponding values for QO could be calculated using Equation

(24). The calculated value for activation energy is 47.52 (kJ/mol) considering only horizontal shift
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factors of Figure 56a. If both horizontal and vertical shift factors of Figure 56b are considered, the

values of Q are calculated to be 55.48 (kJ/mol) and 42.95 (kJ/mol) based on horizontal shift factors

and vertical shift factors, respectively.
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Figure 56. (a) Horizontal shift factors when only horizontal shift factors are used; (b) horizontal
and vertical shift factors when both are used for flax/MESS composites

Figure 57 shows creep data collected at different temperatures. Similar to work of other
researchers for natural fiber/thermoplastics [221] and natural fiber/thermosets [214] whom only
have applied horizontal shift factors and neglected the application of shift factors to other
viscoelastic properties, strain curves are horizontally shifted in reference to the strain curve at 30

°C to generate creep master curves presented in Figure 58. As observed, an acceptably smooth

master curve is obtained by this method.
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Horizontal shift factors obtained from shifting the storage modulus curve in Figure 54 were
applied. The results are presented in Figure 59. As seen, the creep curves do not superimpose and
no satisfactory master curve is generated. Once more this is an indication that horizontal shift
factors are not solely sufficient to generate a master curve. In the next step, both horizontal and
vertical shift factors obtained from shifting storage, loss modulus and tan 6 curves in Figure 55 is
used to shift creep data. The result is a master curve shown in Figure 60. A smooth master curve
is obtained by this method. In addition, by comparing the master curve obtained by horizontal
shifting of creep data, with the curve obtained with horizontal and vertical shifts, it is perceived

that the latter covers a wider range on the time axis.
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Figure 57. Creep strain vs time at different temperatures for flax/MESS composites
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Figure 58. Creep strain master curve at 30 °C obtained by horizontal shifting of creep data at
different temperatures for flax/MESS composites
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Figure 59. Creep strain curves at different temperatures shifted by the horizontal shift factors
obtained from storage modulus master curve for flax/MESS composites
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Figure 60. Creep strain master curve generated by horizontal and vertical shift factors for
flax/MESS composites

As mentioned before, a long-term creep test was performed at 30 °C for 24 hours to check
the validity of the obtained master curves. Creep data at 30 °C was used to find the parameters in
Findley Power Law and Nutting Power Law. The parameters then were used to extrapolate the
creep data to 24 hours. Extrapolated curves based on Findley Power Law and actual creep data for
24 hours are presented in Figure 61. At longer times there is deviation between Findley model and
actual creep data. However this model over estimates the strain creep values therefore provides
more conservative values of creep strain. On the other hand, Nutting Power Law has a much better
estimate of the creep data and stays closer to actual data.
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Figure 62 shows the comparison of the actual creep data with two master curves generated
with horizontal shift factors, and horizontal and vertical shift factors. In both curves, there is a
deviation from the actual creep data at longer times and both master curves tend to underestimate

the creep strain.
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Figure 61. Comparison of extrapolated creep data with Nutting and Findley Power Laws with
actual creep data for 24 hours for flax/MESS composites
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Figure 62. Comparison of actual creep data for 24 hours with (a) master curve generated by

horizontal shifting of creep data, (b) master curve generated by horizontal and vertical shift of
creep data for flax/MESS composites

Figure 62 shows the comparison of the actual creep data with two master curves generated

with horizontal shift factors, and horizontal and vertical shift factors. In both curves, there is a
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deviation from the actual creep data at longer times and both master curves tend to underestimate
the creep strain.

Based on results presented in Figure 51 and Figure 61, it is observed that flax/VE
experimental results agree better with Findley power law, while Nutting power law is a better
representation of experimental creep data for flax/MESS composites. The reason behind this
behavior lies within the differences between the structures of these two resins. MESS resin has
more functional group compares to VE, and therefore has a higher cross linking density after
curing. Higher crosslinking density will result in a more brittle resin; therefore, the flax/MESS
composite will have a higher resistance to creep deformation. Nutting power law is generally a
more conservative model compared to Findeley, and consequently would agree better with results
of creep deformation for flax/MESS composite.

3.5. Long-Term Behavior - Accelerated Weathering
3.5.1. SEM Images

SEM images were taken of the tensile tested unweathered treated and untreated fiber
composites. Figure 63 shows adhesion of resin to fiber before and after treatment. The untreated
fibers of matrix materials VE, MESS, and DMESS show relatively little residual resin on the pulled
out fibers. While the fibers appear clean, small pieces of resin did adhere in areas of uneven fiber
surface. The treated fibers are noticeably less clean with multiple and larges areas of matrix
adhered material. Figure 64 provides more detail regarding the pull out area of the fibers. As
anticipated, the untreated fibers pulled out of the matrix material, and ultimate composite facture
was due to fiber strength only. This is obvious by comparing Figure 64a and Figure 64b where
there are lots of sites where fibers were pulled out, while in Figure 64 d and Figure 64e this trend

is not as apparent.
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Figure 63. SEM images showing resin adhesion before and after alkaline treatment for a)
UTUW-VE, b) UTUW-MESS, ¢) UTUW-DMESS, d) TUW-VE, d) TUW-MESS, f) TUW-
DMESS

As shown in Figure 64c, the gap between the fiber and resin indicates poor bonding
between the fiber and matrix. Unlike the untreated fibers, the treated fibers show a clean break at
the matrix fiber plane. The minimal gap between the fiber and resin indicates a strong bond in the
composite. In addition, Figure 64e, fiber breakage without fiber/matrix debonding. Also, the
matrix cracks between fibers are indication of more efficient load sharing.

3.5.2. Mechanical Properties Before and After Weathering Exposure

Samples of the composites produced in this study were then subjected to accelerated
weathering conditions. The designed cycles, the condensation and UV radiation cycles, emulate
exposure to humidity & precipitation, and exposure to sunlight, respectively, as this is the usually
the case for what composites in structural and aerospace applications would experience [222].

Figure 65 (a) presents the resulting losses in properties suffered by these samples. Properties across
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all composite types show between 0.5% - 63% decrese after being exposed to accelarated
weathering. The biggest loss in properties was observed in tensile strength of UTW-VE (untreated
flax-VE) composites with 63% decrese while tensile strength of alkline treated flax using the same
matrix decreased only 46%. Unexpectedly, tensile modulus of flax-VE and flexural modulus of
treated flax-VE was increased after experincing weathering. This was also obsevred in the results
presented in [212]. This could be attributed to loss of unreacted styrene monomer when exposed
to higher temperature which will result in embroilment of the composite. Also, as stated by Taylor

et. al. [212] this is likely result is a product of abnormally low un-weathered values.

K1,000  10pm

Figure 64. SEM images showing fiber pull-out before and after alkaline treatment for a) UTUW-
VE, b) UTUW-MESS, ¢) UTUW-DMESS, d) TUW-VE, e) TUW-MESS, f) TUW-DMESS

In order to investigate the effect of fiber treatment on property decrease of manufactured
composites, the average percentage of property decrease for composites using untreated vs treated
fibers were plotted as presented in Figure 65 (b). As seen, except for the flexural strength, other
properties fared better when incorporating alkaline treated flax fiber. Among all properties, ILSS
had the least amount of decrease with 22% and 20% decrease for untreated and treated,

respectively. Overall, tensile and flexural moduli of weathered composites using treated flax fiber,

99



are still within target range set for this study. For flexural strength and ILSS, this is true only for

treated flax-VE composite sample.

75 SUTUW-VE BTUW-VE BmUTUW-MESS

. OTUW-MESS UTUW-DMESS B TUW-DMESS E|

E\S 55

2

© 35

A

D

o

=)

o -5 . .

[} Tensile § ‘ Tensile Flexural LSS
- Strength Modulus Modulus

j

O Untreated Alkline treated E

40

Average Property Decrease
(%)

Tensile Strength ~ Tensile Modulus  Flexural Strength  Flexural Modulus

Figure 65. (a) Percent property decrease with weathering, and (b) average property decrease for
untreated and alkaline treated flax fiber composites
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Figure 66. a) Flax-VE gloss at 85° before and after 1000h UV exposure, b) flax-MESS gloss at
85° before and after 1000h UV exposure, c) flax-DMESS gloss at 85° before and after 1000h UV
exposure
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3.5.3. Gloss and Color Change after Weathering Exposure

In general, manufactured composite panels exhibit minimal gloss before weathering;
therefore, the gloss measurements at 85° reflectance are the most important. As shown in Figure
66, after 1000 hours of constant UV and moisture exposure, the UTW-VE and TW-VE showed a
65.1% and 68.5% gloss change, respectively. The UTW-MESS was 53.7% different, and TW-
MESS was 75.4% changed. The DMESS weathered panels showed an 81% change in gloss for
untreated fibers and 71.2% change for treated fibers. In general, the bio-resins MESS and DMESS
showed greater propensity to lose gloss than petroleum based VE. UTW-MESS does not follow
this trend which can be attributed to uneven weathering due to panel warpage during the process.

In addition to the gloss change, color change of the composites was observed. The
measured value of AL denotes a bleaching of the composite and Ab is yellowing. As demonstrated
by Figure 67, untreated resins showed less bleaching than treated fibers. Because the fiber
treatment utilized sodium hydroxide which creates more hydroxide groups on the fiber surface
[212], the increase in bleaching is expected in treated fibers. Also, VE yellowed significantly while

the biobased resins did not. Due to the high aromatic content of vinyl ester resin, this result is
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Figure 67. a) Lightness difference (AL*), b) yellow color difference (Ab*), after UV exposure
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3.6. Characterization Methods Development
3.6.1. Void Fraction Calculation
3.6.1.1. Conventional Method
Results of fiber volume fraction and void fraction measurements using density
measurements and Equations 16-19 are presented in Table 22.

Table 22. Results of fiber volume fraction and void fraction in manufactured composite samples

Composite description Fiber volume fraction Void fraction
Type 1 — VE 34.50% 9.14%
Type 2 - VE 39.13% 8.24%
Type 3 - VE 37.75% 8.29%
Type 4 — VE 36.60% 7.68%
Type 5 - VE 30.13% 6.88%
Type 1 — MESS 31.43% 13.46%
Type 2 — MESS 33.45% 13.54%
Type 3 — MESS 29.80% 13.43%
Type 4 — MESS 34.47% 11.58%
Type 5 — MESS 23.60% 7.23%

A typical 3D micro-CT image is shown in Figure 68. As observed, micro-CT can reveal
any manufacturing flaws in the specimen, such as voids, delaminated plies and cracks.

In order to analyze the images and find the percentage of the void, after loading each image
into the MATLAB® code, the opacity of the image is changes so as there is only black and white
areas in the image. The white areas in the image are indication of fiber and matrix while black
areas are either cracks or voids present in the material. In addition, the image is trimmed to remove
the black background of the image. The original image and modified image is shown in Figure 69.
After these corrections are made, percentage of black areas is calculated for one image, and the
average over all images (300 images for a 3mm thick specimen) processed from one specimen is
calculated.
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Figure 68. A typical micro-CT scan of a specimen from a composite panels

Table 23 compares the results of void fraction measurements by conventional method and

use of image processing method. Also, the percentage differences in the results are presented.

Figure 69. Correction on images done by the MATLAB® code (removal of black background)
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As mentioned before, using submersion method to find the density of natural fibers and
composites is always a challenging task which is never free of errors. The errors can be introduced
in any stage of the measurements. One alternative is to find the density of natural fibers with more
accurate methods such as gas pycnometry. One disadvantage of this method can be mentioned that
it is not available in every lab setup. On the other hand, using micro-CT can be accurate and easier
method to employ.

Table 23. Comparing results of void fraction measurements

Composite description ~ Void fraction

Conventional method ~ Micro-CT scans  Difference (%)

Type 1 — VE 9.14% 9.03% 1.2
Type 2 — VE 8.24% 7.98% 3.15
Type 3 — VE 8.29% 7.94% 422
Type 4 — VE 7.68% 7.21% 6.12
Type 5 — VE 6.88% 6.40% 6.97
Type 1 — MESS 13.46% 13.23% 1.71
Type 2 — MESS 13.54% 13.32% 1.62
Type 3 — MESS 13.43% 13.22% 1.56
Type 4 — MESS 11.58% 11.36% 1.89
Type 5 — MESS 7.23% 7.12% 1.52

3.6.2. Flax Fiber Density Development
3.6.2.1. First Set of Tests

Results of the initial stage of this study are presented in Table 24. For each test, minimum
of three and maximum of seven specimens were tested. After a few samples were tested in distilled
water with the mass of between 0.1 g to 0.2 g it was determined that minimum of 0.25 g specimens
were needed so achieve better results. Therefore, all the results presented here are measurements

based on 0.3 g of specimen size.
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As observed, increased immersion time in distilled water from 1 min to 3 min has increased
the value for density of the flax fiber. This is because of moisture absorption by the fiber due to
hydrophilic property of flax. Because of this observation, distilled water was not considered to be
used as an option for immersion fluid. Same trend is also observed when canola oil is used with
different immersion times, however the difference in measured density is not significant for canola
oil.

Table 24. Density measurements using Archimedes method using distilled water and canola oil

Immersion fluid Density of fluid  Vacuum pressure  Immersion time Density (g/cm?)
(g/cm?) (kPa) (min)
Distilled Water 0.998 none 1 1.42274+0.1075
Distilled Water 0.998 none 3 1.4464+0.1487
Distilled Water 0.998 none 6 1.4779+0.1709
Canola Oil 0.9115 none 1 1.3641+0.0238
Canola Oil 0.9115 none 3 1.3665+0.0235
Canola Oil 0.9115 none 6 1.3698+0.0250
Canola Oil 09115 70 3-6 1.3691+0.0238
Canola Oil 0.9115 100 3-6 1.4698+0.0286

3.6.2.2. Ruggedness Test for Influential Factors

Ruggedness test were performed three times. The first test with lower pressure levels,
pressure levels were increased for second ruggedness test and to confirm the results of second test,
a third test was repeated with the same parameters as the second ruggedness test.

Density measurements were carried out based on buoyancy method as explained in the
procedure section. All test were conducted at room temperature, 23 °C. The design is replicated
which means a second block of runs using the same factor settings as the original design is run.
The density measurement results are presented in Table 25 in Rep [ and Rep 2 Test Results

columns. Factors main effects were calculated using the average values (Rep Ave) of each design
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point for the two replicates. For the current test results, Su, Srep and Sepec: are also calculated and
shown at the bottom of Table 25.

Statistical significance of the factor effects and half normal values for the half-normal plot
are presented in Table 26. Student #-value was calculated by dividing each effect by Seffect With
(N —1) X (rep — 1) degrees of freedom, seven for the current design. The p-value is the two-
sided tail probability of student’s # with seven degrees of freedom.

The half-normal plot is shown in Figure 70 (a). Replicate error is shown with a line with
slope of 1/Sefrect, plotted for the comparison. Estimated effects are plotted by black diamonds. The
factors that fall the farthest from the replicate error line have the potential to be significant factors.

Table 25. Density measurements of flax fiber ruggedness test calculations for first test

Rep 1 Rep2 Rep Rep

PB order Run# A B C E Test Test Ave Difference
Results Results
1 2 +1 +1 +1 +1 1.270 1.359 1.314 0.089
2 4 -1 +1 +1 -1 1.501 1.430 1.465 -0.071
3 6 -1 -1 +1 +1 1.339 1.331 1.335 -0.008
4 8 +1 -1 -1 +1 1.341 1.324 1.332 -0.016
5 5 -1 +1 -1 +1 1.224 1.305 1.264 0.081
6 3 +1 -1 +1 -1 1.459 1.378 1.419 -0.081
7 1 +1 +1 -1 -1 1.375 1.413 1.394 0.037
8 7 -1 -1 -1 -1 1.367 1.442 1.405 0.075
Ave + 1.365 1355 1.383 1.311 Sq 0.068
Ave - 1367 1373 1.349 1421 Srep  0.048
Main Effect -0.002 -0.013 0.034 -0.109 Seffect 0.024

On the other hand, factor E, the immersion liquid used, is the farthest from the replicate
error line and based on the p-value (p-value < 0.05), it is statistically significant. Based on results

from the first test type of immersion liquid used can have the largest effect on the results of density
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measurement for flax fiber and density measurement is rugged with regard to type of immersion

liquid.

Table 26. Statistical significance of effects for density measurement of flax fiber (first test)

Effect Order Effect Estimated effect Student’st p-Value  Half-Normal Plotting Values
4 E -0.109 -4.57 0.0026* 1.534
3 C 0.034 1.44 0.1922 0.887
2 B -0.013 -0.56 0.5953 0.489
1 A -0.002 -0.10 0.9197 0.157

* The marked value is statistically significant at 5% confidence level
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Figure 70. Half-normal plot for density measurements of flax fiber for ruggedness tests: a) first

test, b) second test, c) third test

Results of the first test revealed that the type of liquid used for density measurements has

the most significant effect of the results. However, during the tests, both at higher pressure and
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lower pressure some amount of micro bubbles were visible attached to the specimens. Therefore,

second ruggedness test was performed at higher pressures (both for Level — and Level +) and

longer vacuum time. In this test, the upper levels and lower lever of pressure were 90 kPa and 50

kPa respectively. Same recommended design as Table 11 was used for this test and the results of

measurements are presented in Table 27 and

To confirm this finding, a third ruggedness test was carried out with the same defined

factors and levels as second test. Results are presented in Table 29, Table 30 and Figure 70 (c). As

observed, again the only significant factor for this test is the vacuum pressure with the p-value <

0.001 and results of second ruggedness test was confirmed.

Table 28 and results of half-normal plot are presented in Figure 70 (b). As observed, the

only significant factor for this test was the vacuum pressure with the p-value < 0.001.

Table 27. Density measurements of flax fiber ruggedness test calculations for second test

Repl Rep2 Rep Rep
PB order Run# A B C E

Rewlts Rewiis Av¢  Differnce
1 2 +1 +1 +1 +1 1.475 1466 1.471 -0.008
2 4 -1 +1 +1 -1 1.364 1347 1.355 -0.017
3 6 -1 -1 +1 +1 1.381 1.345 1.363  -0.036
4 8 +1 -1 -1 +1 1.494 1492 1.493 -0.002
5 5 -1 +1 -1 +1 1.317  1.294 1.306 -0.022
6 3 +1 -1 +1 -1 1.428 1.402 1415 -0.025
7 1 +1 +1 -1 -1 1.438 1.451 1.444 0.014
8 7 -1 -1 -1 -1 1.342 1364 1.353 0.023
Ave + 1.456 1.394 1.401 1.408 Sq 0.020
Ave - 1.344 1.406 1.399 1.392 Srep  0.014
Main 0.112 -0.012 0.002 0.016 Sefrect 0.007
Effect
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To confirm this finding, a third ruggedness test was carried out with the same defined
factors and levels as second test. Results are presented in Table 29, Table 30 and Figure 70 (c). As
observed, again the only significant factor for this test is the vacuum pressure with the p-value <
0.001 and results of second ruggedness test was confirmed.

Table 28. Statistical significance of effects for density measurement of flax fiber ruggedness for
the second test

Effect Effect Estimated Student’s ¢ p-Value  Half-Normal Plotting Values
Order effect

4 A 0.112 15.78 0.0000*  1.534

3 E 0.016 2.27 0.0573 0.887

2 B -0.012 -1.71 0.1316 0.489

1 C 0.002 0.28 0.7862 0.157

* The marked value is statistically significant at 5% confidence level.

Table 29. Density measurements of flax fiber ruggedness test calculations for third test

Rep 1 Rep 2 Rep Rep

PB order Run# A B C E Test Test Ave Difference
Results  Results

1 2 +1 +1 +1 +1 1.453 1.463 1.458 0.010
2 4 -1 +1 +1 -1 1.381 1.334 1.358 -0.047
3 6 -1 -1 +1 +1 1.367 1.371 1.369 0.022
4 8 +1 -1 -1 +1 1.457 1.441 1.449 -0.016
5 5 -1 +1 -1 +1 1.312 1.327 1.319 0.015
6 3 +1 -1 +1 -1 1.357 1.379 1.368 0.022
7 1 +1 +1 -1 -1 1.483 1.476 1.480 -0.007
8 7 -1 -1 -1 -1 1.386 1.325 1.356 -0.061
Ave + 1.439 1404 1.388 1.399 Sq 0.030
Ave - 1.350 1.385 1.401 1.390 Srep  0.021
Main Effect 0.089 0.018 -0.013 0.009 Seffect 0.011
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Table 30. Statistical significance of effects for density measurement of flax fiber ruggedness for
the third test

Order Effect Estimated effect Student’s ¢t p-Value  Half-Normal Plotting Values

4 A 0.089 7.92 0.0001* 1.534
3 B 0.018 1.65 0.1436 0.887
2 C -0.013 -1.14 0.2912 0.489
1 E 0.009 0.75 0.4753 0.157

* The marked value is statistically significant at 5% confidence level

To confirm this finding, a third ruggedness test was carried out with the same defined
factors and levels as second test. Results are presented in Table 29, Table 30 and Figure 70 (c). As
observed, again the only significant factor for this test is the vacuum pressure with the p-value <
0.001 and results of second ruggedness test was confirmed. Based on the result of ruggedness tests,
it can be concluded that factors A and B have no significant effect on the results. Based on half-
normal plot, factor C has the potential to have an effect on the results of density measurement,
however, by considering the p-value for this factor, indicates that the probability of a t-score as
large as 1.44 is 0.1922. In other words, this factor effect is not statistically significant. Result of
second and third ruggedness tests revealed that when the density measurements are taken at higher
vacuum pressure, i.e. 50 & 90 kPa compared to 40 & 70 kPa, there is no significant effect from
the type of fluid used to conduct the measurements. The effect order for B, C and E has changed,
but according to

To confirm this finding, a third ruggedness test was carried out with the same defined
factors and levels as second test. Results are presented in Table 29, Table 30 and Figure 70 (c). As
observed, again the only significant factor for this test is the vacuum pressure with the p-value <
0.001 and results of second ruggedness test was confirmed.

Table 28 and Table 30, none has a significant effect on the results of density testing.
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The average values of the measured densities for the factors that had significant effects are
presented in Table 31. Each value is the average of eight measurements.

Table 31. Summary of ruggedness tests

Significant ~ Measured Density (g/m")

Factor For Level (—) canola oil For Level (+) mineral oil
Ruggedness Test 1 Fluid 1.420 + 0.046 1.312+ 0.044
For Level (-) 50 kPa For Level (+) 90 kPa
Ruggedness Test 2 Pressure 1.344 + 0.028 1.456 + 0.032
Ruggedness Test 3 Pressure 1.350 + 0.029 1.439 + 0.046

3.6.2.3. Density Testing with Different Immersion Fluids

Five different fluids were selected and minimum of 10 specimens were tested for each fluid
type. The types of fluids used in this study are presented in materials and methods section and
Table 32 summarized the fluid types and their measured densities. All densities were measured at
23 £0.2 ° C using Metler Toledo density measurement kit and a known standard density block.

Table 32. Properties of fluids used for density measurement of flax fiber

Type of fluid Manufacturer CAS Number Density (g/cm?)
Canola Oil - Grocery Store ~ Wesson - 0.9058 £0.0163
Canola Oil — Certified Sigma Aldrich 120962-03-0 0.9045 + 0.0152
Soybean Oil- Grocery store  Crisco - 0.9029 + 0.0125
Soybean Oil - Certified Sigma Aldrich 8001-22-7 0.9070 £ 0.0171
White Mineral Oil W.S. Dodge Oil 8042-47-5 0.8448 + 0.0147

Results of density measurements are presented in Table 33. Based on the results of
ruggedness tests, 90 kPa vacuum pressure was applied and specimens were kept under the
mentioned pressure for 10 minutes. It is worth mentioning result of density measurement for the

same type of fiber with gas pycnometry was 1.49 £ 0.0022 g/cm’.
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Table 33. Results of density measurements of flax fiber (ten measurements)

Type of fluid Used Density of Flax Fiber (g/cm?)
Canola Oil - Grocery Store 1.4627 £ 0.0167
Canola Oil — Certified 1.4145+0.0195
Soybean Oil- Grocery store 1.4663 + 0.0083
Soybean Oil - Certified 1.4658 +0.0129
White Mineral Oil 1.4525 +0.0239
Pycnometry 1.4900 £+ 0.0022

Based on the results presented in Table 33, certified lab grade soybean oil was selected and
suggested to be used as submersion fluid for density measurements of flax fiber. The reason could
be attributed to better affinity of soybean oil and flax fiber for one another from a chemical
standpoint that leads to better wetting of the fiber and consequently a more accurate density values.

Five specimens were prepared for each flax fiber type and density test were performed
using the parameters presented in Table 12. Results of measurements are presented in Table 34.

Table 34. Density of four types of flax fiber tested with Archimedes method and pycnometry

Fiber Archimedes Density g/cm’ Pycnometry Density g/cm?
Flax Type 1 1.4894+0.0081 1.4900+0.0022
Flax Type 2 1.5065+0.0172 1.5241+0.0044
Flax Type 3 1.5005+0.0066 1.4945+0.0077
Flax Type 4 1.4869+0.0168 1.49274+0.0058

In general, Archimedes method would yield density values that are slightly lower compared
to gas pycnometry method. This is due to entrapped air (microbubbles) on the surface of the fiber
as well as the hollow center of the fiber. Although with the use of vacuum, some of these bubbles
are extracted, entrapped air in the lumen will result in lower values of submerged weight o
specimen and consequently lower value for density of fiber. Higher vacuum pressure of 90-100

kPa results in better removal of entrapped air and provides better density values. With utilization
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of gas pycnometry, this problem is eliminated as the gas molecules (nitrogen or helium) can
penetrate the hollow center of the fiber and yield accurate measures of volume of true the fiber and

therefore accurate results of density of fiber.
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4. CONCLUSIONS AND FUTURE WORK
4.1. Conclusions

4.1.1. Effect of Mechanical Processes

In this study, a novel highly-functional biobased resin from Methacrylated Epoxidized
Sucrose Soyate (MESS) was used as the matrix. The mechanical properties of fibers with different
mechanical treatments using novel MESS thermoset resin were compared with composites using
Vinyl Ester (VE) as their thermoset resin. Three mechanical cleaning and processes were used to
clean the fibers prior to use as reinforcement in the composites. Composite mechanical
performance was characterized by performing tensile, flexure, and short beam shear tests.
Untreated flax fibers, composites made from either MESS or VE resins exhibited improvements
in tensile and flexural modulus when compared to composites made from mechanically treated
flax fibers. Composites made from fibers treated with fluted rollers exhibited improved tensile,
flexural, and inter-laminar shear strength when compared to untreated flax fiber composites and
other mechanically treated fibers. However, composites made with MESS resin exhibited lower
strengths compared to composites made with VE resin. This could be due to curing the resin at
higher temperature which results in degradation of shive content of the fiber. Further study with
different type of flax fiber with minimum to no shive content is required to confirm this conclusion.
4.1.2. Effect of Chemical Treatments

Lipase enzyme was used to clean flax fiber surface and mechanical properties of
composites using untreated and treated flax fiber were evaluated. Lipase treatment has improved
flexural strength of the fibers, however, this gain was not statistically significant. Also, it has

minimal or no effect on flexural modulus and short beam strength. On the other hand, it has
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decreased the tensile properties of the fiber significantly. Therefore, although this methods was
helpful in cleaning up the surface of the fiber, it was decided not to pursue this method further.

Mechanical properties of untreated and alkaline treated linseed flax fiber (Type 1) with
vinyl ester resin and vinyl ester containing 1% acrylic resin were investigated using static
mechanical tests. Alkaline treatment was successful in increasing interlaminar shear strength and
tensile strength of the composites. Although an increase in the flexural properties of the composite
was observed after treatment, statistical analysis of results reveled that this gain was not
significant. On the other hand, both tensile and flexural moduli of composites using alkaline treated
flax fiber were decreased. Addition of 1% acrylic resin to the resin was effective in improving all
mechanical properties except for flexural modulus where a decrease of 10% in modulus was
observed. For all mechanical properties, the highest gain was observed where vinyl ester
containing 1% acrylic resin was reinforced with alkaline treated flax fiber except for tensile
modulus.

Vinyl ester resin was reinforced with flax fiber fabric (Type 6) to manufacture controlled
composite. Alkaline treatment was employed to treat flax fiber fabric with the goal of increasing
adhesion and mechanical interlocking of resin and matrix. Mechanical properties of manufactured
composites using treated flax fiber were compared again those using untreated fiber. Overall,
mechanical properties of manufactured composites showed improvement when using alkaline
treated flax fiber as reinforcement. In addition, after exposing to accelerate weathering, mechanical
properties of composites using treated flax fiber showed less reduction, except for flexural
strength. In general, it is shown that biobased composites manufactured in this study, meet and
most of the time exceed the target properties set based on commercially available pultruded

fiberglass composites.
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4.1.3. Long-Term Behavior - Creep

Creep tests with constant stress were carried out at different temperature intervals on
flax/vinyl ester composite. A creep compliance master curve was generated by shifting creep
compliance data along time scale in reference to the curve at 30 °C. The horizontal shift factors
were found to be governed by Arrhenius equation. The coefficients in Findley Power Law were
computed and a strong agreement with 99.6% confidence level between experimental and
simulated results was observed. Therefore, the resulting master curve and power law equation
provides an accelerated creep characterization up to 1010 seconds for this composite. As a result,
to predict creep behavior of a flax fiber/vinyl ester composite material in 20 years at 30 °C, one
can run creep tests at 100 °C for 10 minutes and achieve fair accuracy.

Time temperature superposition (TTS) principle was applied to the results of creep
compliance measurements at different temperatures to evaluate the effect of fiber and matrix
treatment on long-term creep behavior. Results revealed that addition of acrylic resin to vinyl ester,
slowed the process of creep in flax/vinyl ester composites in the steady state region. Moreover,
combining alkaline treatment of flax fiber with manipulation of vinyl ester resin by addition of 1%
acrylic resin delayed and extended creep response. In other words, by comparing creep compliance
curves of untreated composites with composites using treatment of flax and vinyl ester, the former
reached creep compliance of 350 1/MPa after 10'° seconds, where the latter reached the same
value after 10'% seconds.
4.1.3.1. Summary of Frequency Sweep of Flax/VE

Frequency scans of flax/Vinyl ester composites were obtained at different temperatures
and storage modulus, loss modulus and tan § were recorded. The applications of horizontal and

vertical shift factors to all three viscoelastic functions were studied. In addition, short-term strain
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creep at different temperatures were measured and curves were shifted with solely horizontal, and
with both horizontal and vertical shift factors. The resulting master curves were compared with a
24-hour creep test and two extrapolated creep models that were mentioned previously. It was
shown that the use of solely horizontal shift factors are not adequate to achieve an acceptable and
smooth creep master curve for all viscoelastic properties of these composites. In addition, the use
of both horizontal and vertical shift factors will result in a broader range of time.

Comparing the Findley and Nutting models with the actual creep data for 24 hours, it was
observed that the both underestimated the creep strain at longer times and deviated from the actual
data. The deviation of Findley power law from experimental data could be a sign that the
parameters in mentioned model are more dependent on temperature and therefore the effect of
temperature is more pronounced compared to time. In addition, Nutting variables are temperature
dependent, and the effect of temperature is more pronounced compared to time, this might be the
reason foe deviation of experimental results from model at longer times [223].

In order to study the thermal and mechanical behavior of methacrylated epoxidized sucrose
soyate (MESS) resin reinforced with flax fiber, frequency scans of flax/MESS composites were
obtained at different temperatures and storage modulus, loss modulus (and tan § as the ratio of
these two functions) were recorded. The application of horizontal and vertical shift factors to loss
modulus and storage modulus were studied. In addition, short-term strain creep at different
temperatures were measured and curves were shifted with solely horizontal, and with both
horizontal and vertical shift factors. The resulting master curves were compared with a 24-h creep
test and two extrapolated creep models that were mentioned previously. It was shown that the use

of solely horizontal shift factors is not adequate to achieve a satisfactory creep master curve for all
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viscoelastic properties of these composites. In addition, the use of both horizontal and vertical shift
factors will result in a broader range of time.

Comparing the Findley and Nutting models with the actual creep data for 24 h, it was
observed that the former overestimated the creep strain at longer times and deviated from the actual
data, while the latter showed good agreement with the experimental data. The deviation of Findley
power law from experimental data could be a sign that the parameters in mentioned model are
more dependent on temperature and therefore the effect of temperature is more pronounced
compared to time.

Frequency scans of flax/Vinyl ester composites were obtained at different temperatures
and storage modulus, loss modulus and tan § were recorded. The applications of horizontal and
vertical shift factors to all three viscoelastic functions were studied. In addition, short-term strain
creep at different temperatures were measured and curves were shifted with solely horizontal, and
with both horizontal and vertical shift factors. The resulting master curves were compared with a
24-hour creep test and two extrapolated creep models that were mentioned previously. It was
shown that the use of solely horizontal shift factors are not adequate to achieve a satisfactory and
smooth creep master curve for all viscoelastic properties of these composites. In addition, the use
of both horizontal and vertical shift factors will result in a broader range of time.

Comparing the Findley and Nutting models with the actual creep data for 24 hours, it was
observed that the both underestimated the creep strain at longer times and deviated from the actual
data. The deviation of Findley power law from experimental data could be a sign that the
parameters in mentioned model are more dependent on temperature and therefore the effect of

temperature is more pronounced compared to time. In addition, Nutting variables are temperature
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dependent, and the effect of temperature is more pronounced compared to time, this might be the
reason for the deviation [223].
4.1.3.2. Long-Term Behavior — Accelerated Weathering

It is generally acknowledged that lab based accelerated weathering methods cannot be
directly correlated to an equivalent degree of natural weathering using some sort of universal
formula. This is a consequence of variations in the characteristics of each specific material. In
addition, there is inherent variability in environmental conditions from season to season as well as
between geographical regions. However, in an effort to provide some semblance of a benchmark
by which the two methods can be correlated, a technical paper making this comparison was
published by Q-Lab, the manufacturer of the chamber used in this study [29]. Assuming a linear
correlation between irradiance and acceleration factor, accounting for the different irradiance
levels employed during this study and that one (0.5 vs 0.85 W/m?-nm) would suggest that the
acceleration factor for this study’s composites is 4.6. This would mean that they underwent the
equivalent of 6.4 months of natural weathering.

Specimens were characterized after being exposed to accelerated weathering and
percentage of degradation of mechanical properties as well as color gloss was calculated. The
results of this study reveals that biobased composites using vinyl ester resin or 100% vegetable oil
based resins have the potential of being used in structural applications such as aerospace
applications.

4.1.4. Characterization of Flax Fiber and Flax Fiber Composites
4.1.4.1. Void Fraction Calculation
Void fractions of ten composite samples were calculated using two methods; density

measurements and sets of equations, and using 3D scans of the composite samples and image
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processing MATLAB® code. There were between 1.2% and 6.97% difference between the results
from two methods. The focus of this study was to prove that using micro-CT scans is a feasible
way of evaluating composites and with this novel method finding void fraction of manufactured
composites is possible. Further investigation is required to confirm the accuracy of this method.
4.1.4.2. Density Measurement of Flax Fiber

In ordered to develop a standard test method for density measurement of flax fiber, this
study was performed. The following could be summarized as results of this study:

Comparison of density tests using distilled water and canola oil with and without using a
vacuum oven revealed that because of the hydrophilic nature of flax fiber, distilled water was not
a suitable immersion fluid. In addition, use of vacuum oven improved the values of density of flax
fiber by removing micro bubbles present in the oil and in the specimen.

Based on results of ruggedness tests, it was concluded that at lower vacuum pressure type
of immersion fluid has a significant effect of values of density. However, at higher vacuum
pressure, the effect of type of fluid used has no significant effect and instead the vacuum pressure
plays an important role. Higher vacuum pressure results in removal of more entrapped air in the
fiber and provide a more accurate value for density of fiber. Results suggested that vacuum
pressure of 90-100 kPa and vacuum time of 10 minutes resulted in closer values to the actual values
of density for flax fiber.

Based on the results from ruggedness test, higher vacuum pressure and longer vacuum time
was considered and density of one type of flax was tested using immersion fluids and results were
compared against values obtained from gas pycnometry. Results suggested that certified lab grade

soybean oil is a suitable immersion fluid to be used in density measurement of flax fiber due to
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better affinity of soybean oil and flax fiber for one another from a chemical standpoint that leads
to better wetting of the fiber and consequently a more accurate density values.

Parameters mentioned in previous bullet points were used to measure density of four types
of flax fiber and values were compared with density results from pycnometry method.

In conclusion, results of this study proves that use of Archimedes method with the
mentioned parameters can yield acceptable results for density measurement of flax fiber in cases
where gas pycnometry is not available and less accurate results of density are accepted.

4.2. Recommendations for Future Work

Based on results presented in this work, additional and future studies could be developed
to further expand and extend the scope of current study:

e The chemical testaments of flax fiber and VE resins were proven to have a positive
effect on enhancing performance of developed biobased composites. In the future
studies effect of addition of AR to newly development resins (i.e. MESS and DMESS)
could be investigated. In addition, effect of these treatments on other long-term
behaviors such as fatigue life of biobased composites could be examined.

e Although in this study an existing empirical model was modified to predict long-term
behavior of flax fiber reinforced biobased composites, applicability and development
of other models to creep behavior of flax fiber/thermoset composites could be
investigated in more depth. There has been a models being developed for predicting
creep behavior of natural fibers and thermoplastic composites by Chandekar and
Chaudhari [224]. Similar models could be developed to be used for flax fiber/thermoset

resin composites.
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Weatherability of newly developed biocomposites were studies and mechanical
performances before and after exposure to accelerated weather was examined. In the
future studies, other weathering methods such as xenon arc testing, salt spray testing,
or use of UV lights with different wavelength could be studied. In addition more
characterization methods such as surface imaging (optical or SEM) and Attenuated
Total Reflectance (ATR) should be employed to further explore the effect of
weathering on these newly developed composites.

In this study, the first steps were taken to develop advanced characterization methods
for flax fiber and biocomposites. The first draft of an ASTM standard was prepared to
be approve and published as standard test method for density measurement of flax fiber.
This is the beginning of many more standard procedures and practices to be developed
for natural fibers as well as natural fiber reinforced composites. As an example, as an
expansion of the work presented in this study, a standard practice for drying and

condition flax fiber prior to testing and characterization is to be developed.
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APPENDIX A. PROPERTIES OF MATERIALS

Table Al. Constituent of the enzyme used for the treatment of the flax fiber

Ingredients % (wW/w)
Water, CAS no. 7732-18-5 64.8
Propylen glycol, CAS no. 57-55-6 30
Lipase, CAS no. 9001-62-1 5

Proxel, CAS no. 2634-33-5 0.20

Table A2. Literature values for epoxy 8601/Aradur

Densit Tensile Tensile Max Transverse Shear Poisson’s
y Modulus Strength Elongation Modulus Modulus,G12  Ratio, vi2

kg/m? GPa MPa % GPa MPa GPa

1120 2.22 54.3 6 2.22 822 0.35
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APPENDIX B. PROPERTIES OF MESS RESIN

Table B1. Properties of MESS
Acid Number % Solid ~ Viscosity (Pass)®* M, (kg/mol)® D¢

MESS 19 98.51 438.73 3610 1.009
*Measured by rheometry at 25°C, taken at a frequency of 10 MHz.
"Measured by GPC.
“Polydispersity index
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Figure B1. Fourier transform infrared spectrum of MESS
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Figure B2. Proton nuclear magnetic resonance spectrum of the methacrylated epoxidized sucrose
soyate (MESS) in CDCl3
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APPENDIX C. PROPERTIES OF DMESS RESIN

Table C1. Properties of DMESS
Acid Number % Solid ~ Viscosity (Pass)® My (g/mol)° b°

DMESS 24 99.24 21.08 3630 1.013
*Measured by rheometry at 25°C, taken at a frequency of 10 MHz
"Measured by GPC
“Polydispersity index
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Figure C1. Fourier transform infrared spectrum of DMESS
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Figure C2. Proton nuclear magnetic resonance spectrum of the double methacrylated epoxidized
sucrose soyate (DMESS) in CDCl3
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APPENDIX D. MATLAB CODE FOR IMAGE PROCESSING

clear all
close all
clc
Avg=0;

% Reading the sliced images
srcFiles = dir('Z:\Ali Amiril\images\*.tif');
for i = 1 : length(srcFiles)
filename = strcat('Z:\Ali Amiri\Void Fraction
papers\Sampe\images\',srcFiles (i) .name) ;
I = imread(filename) ;
I2 imcrop (I, [65.5 15.51 191.98 392.98]);
BW = im2bw (I2,0.275);
percentageBlack=(1-nnz (BW) /numel (BW)) *100;
Avg=percentageBlack+Avg;
end
Avg=Avg/i
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APPENDIX E. SUGGESTED TEST METHOD FOR DENSITY MEASUREMENT OF
FLAX FIBER USING BUOYANCY METHOD

1 Apparatus

1.1 Buoyancy method kits can be commercially purchased for some balances. The kits or custom
laboratory set ups should include the comparable or better of the following.

1.2 Thermometer, capable of reading the test temperature during the test to 0.1°C.

1.3 Balance, analytical, capable of weighting to 0.0001 g (or 0.005 mg from D1577).

1.4 Balance Stand, depending on the type of balance used; two recommended stands are shown
in Figs. 1 and 2.

1.5 Suspension Wire, nickel or stainless steel, approximately 0.4 mm in diameter, cut and shaped
to match the system used.

1.6 Density Standard, A solid piece of borosilicate glass (approximate density 2.2 g/mL) of
known density to four significant figures as determined by water immersion'. A NIST standard
of this type (SRM 1825) is recommended.

1.7 Vacuum Desiccator (with Pump), an airtight container in which a low vacuum (less than 75
kPa [560 Torr]) can be maintained.

1.8 Container, glass or other transparent container resistant to a liquid medium is recommended.
1.9 Immersion Liquid, the liquid used shall not dissolve or otherwise affect the specimen, but
should wet it and have a specific gravity less than that of the specimen. The specific gravity of
the immersion liquid shall be determined shortly before and after each use.

1.10 Gloves, clean, non-linting (or lint free) gloves for use when handling fibers.

' A No. 19 “Pyrex” glass stopper with a 3.175-mm diameter hole bored through the top for
suspension purposes has proved satisfactory
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1.11 Laboratory Jack, heavy-duty precision.

1.12 Hydrometer, capable of reading liquid density.

2 Reagents and Materials

2.1 Canola oil with the average density of 0.92 g/ml + 0.05 g/ml

3 Hazards

3.1 This test method should be used only by laboratory workers with general training in the safe
handling of chemicals. A source of useful information is Prudent Practices in the Laboratory:
Handling and Disposal of Chemicals, National Academy Press, 1995, 448 pp., ISBN 0-309-
05229-7. (Warning—In addition to other warnings, consult the appropriate material safety data
sheet for each material used, including reagent materials and test specimen materials, for specific
recommendations on safety and handling.)

4 Sampling, Test Specimens, and Test Units

4.1 A minimum of five test specimens shall be tested for each sample.

4.2 The test specimen weight shall be a minimum of 0.5 g.

S Preparation of Apparatus

5.1 The assembly of the apparatus is shown in Fig. 1 or Fig. 2. The balance stand must be firmly
secured to a stable surface with the balance resting on the stand directly over the hole provided
for the suspension system. Place the immersion fluid container on the laboratory jack directly
under the suspension hook.

5.2 To prevent stray air currents between the bottom of the balance and the top of the stand, it is
advisable to shield this area. If excessive vibration is observed while weighing, vibration

damping pads must be used.
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6 Calibration and Standardization

6.1 All measuring equipment shall have certified calibrations that are current at the time of use of
the equipment. The calibration documentation shall be available for inspection.

6.2 The following steps should be undertaken at least once prior to a series of tests and again if
the test environment changed temperature by greater than +1°C or a new batch of immersion
fluid is required.

6.2.1 Density Standard Calibration—TFill the immersion fluid container 3/4 to 7/8 full with
distilled water. Place the container on a collapsed laboratory jack and zero the balance. Attach
the suspension wire and weigh. Record as M1, g. Raise the laboratory jack to the immersion
point of the suspension wire and record the weight as M2, g. Rinse the wire with acetone and let
air dry. Attach the wire plus glass standard and weigh. Record asM3, g. Again raise the jack to
the immersion point and weigh. Record as M4, g. Lower the jack, remove the standard plus wire,
and rinse them with acetone to dry. Measure the temperature of the water to 0.1°C and record the
water density at that temperature.

6.3 Immersion Fluid Standardization — This step should be done at the beginning of each series
of density determinations with a new batch of specimen, when a new batch of immersion fluid is
to be used or there is temperature change greater than +1°C. Fill the clean and dry fluid container
3/4 to 7/8 full with liquid (canola oil for example) and allow to come to temperature equilibrium.
Proceed by weighing the suspension wire. Record as M1, g. Raise the laboratory jack to the
immersion point of the suspension wire and record the weight as M2, g. Rinse the wire with
acetone and let air dry. Attach the wire plus glass standard and weigh. Record as M3, g. Again
raise the jack to the immersion point and weigh. Record as M4, g. Remove wire and standard and

rinse with acetone.
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7 Conditioning

7.1 All fibers need to be placed in the oven at 80°C for at least 4 hours prior to testing.

7.2 Specimen temperature at time of testing should be within £+ 1 °C of the test temperature.
7.3 Condition the liquid to a test temperature, typically 23°C.

8 Procedure

8.1 Select a specimen. Wrap the specimen (the end of a small winding cone is suitable) and
intertwine the ends of the fiber tow to prevent unraveling. Proceed by weighing the suspension
wire. Record as M1, g. Raise the laboratory jack to the immersion point of the suspension wire
and record the weight as M2, g. Rinse the wire with acetone and let air dry. Attach the specimen
to the wire and weigh. Record as M3, g.

8.2 Raise the laboratory jack to the immersion point of the suspension wire. Remove the wire
and soak in the liquid. Put the container with the specimen and liquid into a vacuum desiccator
and pull vacuum to approximately 10-mm Hg or until boiling of the solution begins. Hold
vacuum for a minimum of 3 min or until all trapped air on the fiber surface is removed.

8.3 Reattach the specimen and wire to the balance. Again raise the jack to the immersion point
and weigh. Record as M4, g. Remove wire and standard and rinse with acetone.

8.4 Repeat for each specimen

9 Calculation or Interpretation of Results

9.1 Density of Glass Standard, g/mL:

_ (M3—-M1)pw
T (M3=M1)—(M4—-M2))

05

where: the liquid is water and the sample is the glass standard.

The density of the standard should remain consistent to + 0.0001 g/mL
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9.2 Density of Immersion Liquid, g/ml

~ (M3-M1)pl
pL=ps (M3 —M1)—(M4—M?2))

where: the liquid is the test liquid and the sample is the glass standard.
9.3 Density of fiber specimen, g/ml

(M3-M1)pl

A = 3= M) —(M4—12))

where : the liquid is the canola oil and the specimen is the fiber.

10 Report

10.1 Report the following information:

10.1.1 Reporting of items that are beyond the control of a given test laboratory, such as material
details shall be the responsibility of the requestor.

10.1.2 Complete identification of the material in accordance with Guide E1309, including fiber
type, surface treatment, and fiber manufacturer.

10.1.3 This standard and the test method used

10.1.4 Complete test parameters including test temperature in degrees Celsius

10.1.5 The specimen conditioning performed prior to testing

10.1.6 The immersion liquid(s) used and their temperature.

10.1.7 Each measured density and average, g/mL. A measure of the degree of variation in the
density such as standard deviation.

11 Precision and Bias

11.1 The data required for the development of a precision and bias statement is not available for
this test method. Committee D13 is currently planning a round-robin test for this test method to

determine precision
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APPENDIX F. ADDITIONAL DENSITY MEASUREMENT DATA

Table F1. Distilled water, liquid density = .998 g/cc

Initial 3 Minutes 6 Minutes
Dry Mass Immersed  Calc Dens  Immersed  Calc Dens Immersed (g) Calc Dens
(8) (8) (g/ce) (8) (g/ce) (g/ce)
0.1237 0.0789 2.7556 0.0857 3.2488 0.0877 3.4292
0.1360 0.0750 2.2250 0.0851 2.6666 0.0910 3.0162
0.1322 0.0706 2.1418 0.0822 2.6387 0.0868 2.9061
0.1112 0.0400 1.5587 0.0458 1.6969 0.0479 1.7532
0.1404 0.0440 1.4535 0.0418 1.4211 0.0418 1.4211
0.1907 0.0435 1.2929 0.0440 1.2973 0.0448 1.3044
0.1243 0.0377 1.4325 0.0378 1.4341 0.0443 1.5506
0.1858 0.0430 1.2985 0.0440 1.3077 0.0440 1.3077
0.1523 0.0510 1.5004 0.0524 1.5215 0.0530 1.5307

Table F2. Canola oil, no vacuum, liquid density =0 .9155 g/cc

Initial 3 Minutes 6 Minutes
Dry Mass  Immersed  Calc Dens Immersed  Calc Dens Immersed  Calc Dens
(8) (2 (g/ce) (8 (g/ce) (8 (g/ce)
0.4185 0.1395 1.3733 0.1402 1.3767 0.1426 1.3887
0.4275 0.1481 1.4008 0.1485 1.4028 0.1487 1.4038
0.3511 0.1112 1.3399 0.1120 1.3443 0.1124 1.3466
0.3856 0.1242 1.3505 0.1244 1.3515 0.1244 1.3515
0.4014 0.1304 1.3560 0.1307 1.3575 0.1309 1.3585

Table F3. Canola oil, vacuum low, liquid density =.9155 g/cc

Dry Mass (g) Immersed (g) Calc Dens (g/cc)
0.3535 0.1124 1.3423
0.4400 0.1498 1.3881
0.3264 0.1094 1.3770

Table F4. Canola oil, vacuum high, liquid density = .9155 g/cc

Before Vac After Vac
Dry Mass (g) Immersed (g) Calc Dens (g/cc)  Immersed (g) Calc Dens (g/cc)
0.3074 0.1100 1.4257 0.1205 1.5058
0.3847 0.1300 1.3828 0.1445 1.4662
0.3572 0.1263 1.4163 0.1286 1.4305
0.3495 0.1230 1.4127 0.1344 1.4875
0.4438 0.1552 1.4078 0.1654 1.4594
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APPENDIX G. STATISTICAL ANALYSIS OF DATA

Table G1. Statistical analysis, interlaminar shear stress for treated and untreated flax fiber Type 1

presented in Table 14

SUMMARY
Groups Count Sum Mean  St. Deviation
Unt./8601 5 81.6  16.32 0.80
treated/8601 5 80 16 0.50
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 0.4919 1 0.4919 0.7838 0.3781
Within Groups 78.5808 8 0.6275
Total 79.0727 9

Table G2. Statistical analysis, tensile strength for treated and untreated flax fiber Type 1

presented in Table 14

SUMMARY
Groups Count Sum Mean St. Deviation
Unt./8601 5 81.6 140.52 15.98
treated/8601 5 80 96.26 12.43
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 9409.78 1 9409.7852 37.3199 0.0000
Within Groups 31572.8073 8  252.1387
Total 40982.5873 9
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Table G3. Statistical analysis, tensile modulus for treated and untreated flax fiber Type 1

presented in Table 14

SUMMARY
Groups Count Sum Mean St. Deviation
Unt./8601 5 63.35 12.67 1.54
treated/8601 5 57.35 11.47 0.41
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 6.917 1 6.9170 3.0058 0.0857
Within Groups 288.1578 8 2.3012
Total 295.0748 9

Table G4. Statistical analysis, flexural strength for treated and untreated flax fiber Type 1

presented in Table 14

SUMMARY
Groups Count Sum Mean St. Deviation
Unt./8601 5 615 123 8.90
treated/8601 5 650 130 7.90
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 235.371 1 2353710 2.9918 0.0864
Within Groups 9851.4762 8 78.6733
Total 10086.8472 9
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Table GS5. Statistical analysis, flexural modulus of treated and untreated flax fiber Type 1
presented in Table 14

SUMMARY
Groups Count Sum Mean St. Deviation
Unt./8601 5 41 8.2 0.71
treated/8601 5 39 7.8 0.28
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 0.7686 1 0.7686 1.5669 0.2134
Within Groups 61.4206 8 0.4905
Total 62.1892 9
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Table G6. Statistical analysis, tensile strength of flax/VE and flax/MESS composites presented

in Table 16
SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 540.4 108.08 2.27
Type 1- MESS 5 139.1 27.82 1.61
Type 2- VE 5 469.6 93.92 3.26
Type 2- MESS 5 210.0 42.01 4.69
Type 3- VE 5 407 81.4 2.67
Type 3- MESS 5 131.5 26.3 5.61
Type 4- VE 5 52;"7 104.95 3.85
Type 4- MESS 5 2457'8 49.57 5.78
Anova: Single Factor
Source of Variation SS df MS F P-value

91823.655 1758.962
Between Groups 4 7 131117.6651 4 0.0000
Within Groups 1112.8253 192 7.4576

92936.480
Total 7 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0000 T2-VEvs T3 -VE 0.0000
T1-VEvs T2 -VE 0.0000 T2 - VE vs T3 - MESS 0.0000
T1-VE vs T2 - MESS 0.0000 T2-VEvs T4 - VE 0.0000
T1-VEvs T3 -VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1 - VE vs T3 - MESS 0.0000 T2 -MESS vs T3 - VE 0.0000
T1-VEvs T4 - VE 0.0000 T2 - MESS vs T3 - MESS 0.0000
T1 - VE vs T4 - MESS 0.0000 T2 -MESS vs T4 - VE 0.0000
T1-MESS vs T2 - VE 0.0000 T2 - MESS vs T4 - MESS 0.0006
T1 - MESS vs T2 - MESS 0.0000 T3 - VE vs T3 - MESS 0.0000
T1-MESS vs T3 - VE 0.0000 T3 -VEvs T4 - VE 0.0000
T1 - MESS vs T3 - MESS 0.0000 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 -MESS vs T4 - VE 0.0000
T1 - MESS vs T4 - MESS 0.0000 T3 - MESS vs T4 - MESS 0.0000
T2 - VE vs T2 - MESS 0.0000 T4 - VE vs T4 - MESS 0.0000
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Table G7. Statistical analysis, tensile modulus of flax/VE and flax/MESS composites presented

in Table 16

SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 77.15 15.43 0.45
Type 1- MESS 5 85.3 17.06 1.67
Type 2- VE 5 64.35 12.87 0.45
Type 2- MESS 5 71.5 14.3 0.41
Type 3- VE 5 62.95 12.59 0.87
Type 3- MESS 5 64.35 12.87 1.26
Type 4- VE 5 70.15 14.03 1
Type 4- MESS 5 82.05 16.41 2.55
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 130.2612 7 18.6087 36.2634 0.0000
Within Groups 76.573 192 0.5132
Total 206.8342 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0001 T2 -VEvs T3 -VE 0.9986
T1-VEvsT2-VE 0.0000 T2 - VE vs T3 - MESS 1.0000
T1-VE vs T2 - MESS 0.0159 T2 -VEvs T4 - VE 0.1791
T1-VEvsT3-VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1-VE vs T3 - MESS 0.0000 T2 - MESS vs T3 - VE 0.0055
T1-VEvsT4-VE 0.0008 T2 - MESS vs T3 - MESS 0.0396
T1 - VE vs T4 - MESS 0.0616 T2 - MESS vs T4 - VE 0.9989
T1-MESS vs T2 - VE 0.0000 T2 - MESS vs T4 - MESS 0.0002
T1-MESS vs T2 - MESS 0.0000 T3 - VE vs T3 - MESS 0.9986
T1-MESS vs T3 - VE 0.0000 T3 -VEvs T4 -VE 0.0372
T1-MESS vs T3 - MESS 0.0000 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 - MESS vs T4 - VE 0.1791
T1 - MESS vs T4 - MESS 0.8397 T3 - MESS vs T4 - MESS 0.0000
T2 - VE vs T2 - MESS 0.0396 T4 - VE vs T4 - MESS 0.0000
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Table G8. Statistical analysis, tensile modulus of flax/VE and flax/MESS composites presented

in Table 16

SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 77.15 15.43 0.45
Type 1- MESS 5 85.3 17.06 1.67
Type 2- VE 5 64.35 12.87 0.45
Type 2- MESS 5 71.5 14.3 0.41
Type 3- VE 5 62.95 12.59 0.87
Type 3- MESS 5 64.35 12.87 1.26
Type 4- VE 5 70.15 14.03 1
Type 4- MESS 5 82.05 16.41 2.55
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 130.2612 7 18.6087 36.2634 0.0000
Within Groups 76.573 192 0.5132
Total 206.8342 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0001 T2 -VEvs T3 -VE 0.9986
T1-VEvsT2-VE 0.0000 T2 - VE vs T3 - MESS 1.0000
T1-VE vs T2 - MESS 0.0159 T2 -VEvs T4 - VE 0.1791
T1-VEvsT3-VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1-VE vs T3 - MESS 0.0000 T2 - MESS vs T3 - VE 0.0055
T1-VEvsT4-VE 0.0008 T2 - MESS vs T3 - MESS 0.0396
T1 - VE vs T4 - MESS 0.0616 T2 - MESS vs T4 - VE 0.9989
T1-MESS vs T2 - VE 0.0000 T2 - MESS vs T4 - MESS 0.0002
T1-MESS vs T2 - MESS 0.0000 T3 - VE vs T3 - MESS 0.9986
T1-MESS vs T3 - VE 0.0000 T3 -VEvs T4 -VE 0.0372
T1-MESS vs T3 - MESS 0.0000 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 - MESS vs T4 - VE 0.1791
T1 - MESS vs T4 - MESS 0.8397 T3 - MESS vs T4 - MESS 0.0000
T2 - VE vs T2 - MESS 0.0396 T4 - VE vs T4 - MESS 0.0000
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Table G9. Statistical analysis, flexural strength of flax/VE and flax/MESS composites presented

in Table 16

SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 623.85 124.77 3.15
Type 1- MESS 5 209.15 41.83 1.46
Type 2- VE 5 574.65 114.93 5.54
Type 2- MESS 5 309.6 61.92 6.83
Type 3- VE 5 518.05 103.61 2.44
Type 3- MESS 5 177.15 35.43 5.97
Type 4- VE 5 659.8 131.96 3.37
Type 4- MESS 5 324.85 64.97 2.63
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 98760.6049 7 14108.6578 1196.0762  0.0000
Within Groups 17600.1671 192 11.7958
Total 116360.772 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0000 T2 -VEvs T3 -VE 0.0000
T1-VEvsT2-VE 0.0000 T2 - VE vs T3 - MESS 0.0000
T1-VE vs T2 - MESS 0.0000 T2 -VEvs T4 - VE 0.0000
T1-VEvsT3-VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1-VE vs T3 - MESS 0.0000 T2 - MESS vs T3 - VE 0.0000
T1-VEvsT4-VE 0.0003 T2 - MESS vs T3 - MESS 0.0000
T1 - VE vs T4 - MESS 0.0000 T2 - MESS vs T4 - VE 0.0000
T1-MESS vs T2 - VE 0.0000 T2 - MESS vs T4 - MESS 0.8542
T1-MESS vs T2 - MESS 0.0000 T3 - VE vs T3 - MESS 0.0000
T1-MESS vs T3 - VE 0.0000 T3 -VEvs T4 -VE 0.0000
T1-MESS vs T3 - MESS 0.0707 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 - MESS vs T4 - VE 0.0000
T1 - MESS vs T4 - MESS 0.0000 T3 - MESS vs T4 - MESS 0.0000
T2 - VE vs T2 - MESS 0.0000 T4 - VE vs T4 - MESS 0.0000
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Table G10. Statistical analysis, flexural modulus of flax/VE and flax’MESS composites

presented in Table 16

SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 46.5 9.3 0.08
Type 1- MESS 5 75.2 15.04 0.44
Type 2- VE 5 44.25 8.85 0.71
Type 2- MESS 5 73.55 14.71 1.7
Type 3- VE 5 30.05 6.01 0.34
Type 3- MESS 5 47.95 9.59 0.55
Type 4- VE 5 42.55 8.51 1.13
Type 4- MESS 5 64.25 12.85 1.6
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 415.3671 7 59.3382 275.4394  0.0000
Within Groups 32.1466 192 0.2154
Total 447.5137 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0000 T2 -VEvs T3 -VE 0.0000
T1-VEvsT2-VE 0.4040 T2 - VE vs T3 - MESS 0.1949
T1-VE vs T2 - MESS 0.0000 T2 -VEvs T4 - VE 0.9423
T1-VEvsT3-VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1-VE vs T3 - MESS 0.8697 T2 - MESS vs T3 - VE 0.0000
T1-VEvsT4-VE 0.0064 T2 - MESS vs T3 - MESS 0.0000
T1 - VE vs T4 - MESS 0.0000 T2 - MESS vs T4 - VE 0.0000
T1-MESS vs T2 - VE 0.0000 T2 - MESS vs T4 - MESS 0.0000
T1-MESS vs T2 - MESS 0.9506 T3 - VE vs T3 - MESS 0.0000
T1-MESS vs T3 - VE 0.0000 T3 -VEvs T4 -VE 0.0000
T1-MESS vs T3 - MESS 0.0000 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 - MESS vs T4 - VE 0.0077
T1 - MESS vs T4 - MESS 0.0000 T3 - MESS vs T4 - MESS 0.0000
T2 - VE vs T2 - MESS 0.0000 T4 - VE vs T4 - MESS 0.0000
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Table G11. Statistical analysis, interlaminar shear strength of flax/VE and flax/MESS
composites presented in Table 16

SUMMARY
Groups Count Sum Mean St. Dev.
Type 1- VE 5 61.95 12.39 0.7
Type 1- MESS 5 39.85 7.97 2.66
Type 2- VE 5 65.3 13.06 0.74
Type 2- MESS 5 45.8 9.16 1.34
Type 3- VE 5 50.3 10.06 0.46
Type 3- MESS 5 21.4 4.28 0.67
Type 4- VE 5 54.1 10.82 0.69
Type 4- MESS 5 35.15 7.03 0.68
Anova: Single Factor
Source of Variation SS df MS F P-value
Between Groups 569.7862 7 81.3980 117.3899  0.0000
Within Groups 103.469 192 0.6934
Total 673.2552 199
Tukey-HSD Post-hoc Test
Groups p-value Groups p-value
T1- VE vs T1 - MESS 0.0000 T2-VEvs T3 -VE 0.0000
T1-VEvs T2 -VE 0.6456 T2 - VE vs T3 - MESS 0.0000
T1 - VE vs T2 - MESS 0.0000 T2 -VEvs T4 - VE 0.0010
T1-VEvs T3 -VE 0.0000 T2 - VE vs T4 - MESS 0.0000
T1-VE vs T3 - MESS 0.0000 T2 -MESS vs T3 - VE 0.6815
T2 - MESS vs T3 -
T1-VEvs T4 -VE 0.0015 MESS 0.0000
T1 - VE vs T4 - MESS 0.0000 T2 - MESS vs T4 - VE 0.0401
T2 - MESS vs T4 -
T1-MESS vs T2 - VE 0.0000 MESS 0.0021
T1 - MESS vs T2 - MESS 0.3231 T3 - VE vs T3 - MESS 0.0000
T1-MESS vs T3 - VE 0.0028 T3 -VEvs T4 -VE 0.8356
T1 - MESS vs T3 - MESS 0.0000 T3 - VE vs T4 - MESS 0.0000
T1-MESS vs T4 - VE 0.0000 T3 -MESS vs T4 - VE 0.0000
T3 - MESS vs T4 -
T1 - MESS vs T4 - MESS 0.6313 MESS 0.0000
T2 - VE vs T2 - MESS 0.0000 T4 - VE vs T4 - MESS 0.0000
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Table G12. Statistical analysis, interlaminar shear stress for treated and untreated flax fiber Type
1 presented in Table 19

SUMMARY

Groups Count Sum Mean St. Deviation

Unt./VE 5 61.1 12.22 0.92
Unt./VE+AR 5 79.7 15.94 1.01
Alkaline/VE 5 104.4 20.88 0.93
Alkaline/VE+AR 5 110.2 22.04 2.32

Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 39580.282 3 13193.4273 6504.1915  0.0000
Within Groups 32.4552 16 2.0284

Total 39612.7372 19

Tukey-HSD Post-hoc Test

Groups Diff p-value

Unt./VE vs Unt.VE+AR -106.2800  0.9344

Unt./VE vs Alkaline/VE -101.3400  0.9345

Unt./VE vs Alkaline/VE+AR -100.1800  0.9345

Unt.VE+AR vs Alkaline/VE 4.9400 0.0003

Unt.VE+AR vs Alkaline/VE+AR 6.1000 0.0000

Alkaline/VE vs Alkaline/VE+AR 1.1600 0.5833
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Table G13. Statistical analysis, tensile strength for treated and untreated flax fiber Type 1
presented in Table 19

SUMMARY

Groups Count Sum Mean St. Deviation

Unt./VE 5 502.45 100.49 11.02
Unt./VE+AR 5 539.35 107.87 3.40
Alkaline/VE 5 526.6 105.32 2.82
Alkaline/VE+AR 5 584.5 116.9 0.12

Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 1586.175 3 528.7250 4.7595  0.0035
Within Groups 14799.1125 16 111.0878

Total 16385.2875 19

Tukey-HSD Post-hoc Test

Groups Diff p-value

Unt./VE vs Unt.VE+AR 7.38 0.4198

Unt./VE vs Alkaline/VE 4.83 0.7471

Unt./VE vs Alkaline/VE+AR 16.41 0.0047

Unt.VE+AR vs Alkaline/VE 2.55 0.9809

Unt.VE+AR vs Alkaline/VE+AR 9.03 0.5300

Alkaline/VE vs Alkaline/VE+AR 11.58 0.3087
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Table G14. Statistical analysis, tensile modulus for treated and untreated flax fiber Type 1
presented in Table 19

SUMMARY

Groups Count Sum Mean St. Deviation
Unt./VE 5 68.55 13.71 2.10
Unt./VE+AR 5 79.7 15.94 2.25
Alkaline/VE 5 60.2 12.04 1.67
Alkaline/VE+AR 5 69.95 13.99 0.17
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 39.0724 3 13.0241 3.0650 0.0303
Within Groups 566.1014 16 4.2494

Total 605.1738 19

Tukey-HSD Post-hoc Test

Groups Diff p-value

Unt./VE vs Unt.VE+AR 2.23 0.0877

Unt./VE vs Alkaline/VE 1.67 0.2897

Unt./VE vs Alkaline/VE+AR 0.28 0.9908

Unt.VE+AR vs Alkaline/VE 3.90 0.0172

Unt.VE+AR vs

Alkaline/VE+AR 1.95 0.4430

Alkaline/VE vs

Alkaline/VE+AR 1.95 0.4430
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Table G15. Statistical analysis, flexural strength for treated and untreated flax fiber Type 1
presented in Table 19

SUMMARY

Groups Count Sum Mean St. Deviation

Unt./VE 5 766.25 153.25 29.90
Unt./VE+AR 5 771.45 154.29 7.20
Alkaline/VE 5 815.15 163.03 10.27
Alkaline/VE+AR 5 790.2 158.04 20.10

Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 553.9761 3 184.6587 0.2224  0.8807
Within Groups 110617.184 16 830.3347

Total 111171.16 19

Table G16. Statistical analysis, flexural modulus for treated and untreated flax fiber Type 1
presented in Table 19

SUMMARY

Groups Count Sum Mean St. Deviation

Unt./VE 5 62.5 12.5 2.90
Unt./VE+AR 5 59.2 11.84 0.75
Alkaline/VE 5 54.1 10.82 1.16
Alkaline/VE+AR 5 68.1 13.62 1.10

Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 22.2908 3 7.4303 0.9592 0.4141
Within Groups 1031.9326 16 7.7461

Total 1054.2234 19
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Table G17. Statistical analysis, tensile strength for unweathered treated and untreated flax fiber
Type 7 presented in Table 20

SUMMARY

Groups Count Sum Mean St. Dev.
UTUW-VE 5 913.95 182.79 15.00
TUW-VE 5 1048.65 209.73 27.46
UTUW-MESS 5 614.85 122.97 2.56
TUW-MESS 5 1039.60 207.92 18.13
UTUW-DMESS 5 652.95 130.59 11.57
TUW-DMESS 5 751.95 150.39 2.20
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 40652.968 5 8130.5936 35.6734 0.0000
Within Groups 32186.528 24 227.9176

Total 72839.496 29

Tukey-HSD Post-hoc Test

Groups p-value Groups p-value
UTUW-VE vs TUW-VE 0.0007 TUW-VE vs TUW-DMESS 0.0000
UTUW-VE vs UTUW-MESS 0.0000 UTUW-MESS vs TUW-MESS 0.0000
UTUW-VE vs TUW-MESS 0.0018 UTUW-MESS vs UTUW-DMESS 0.9674
UTUW-VE vs UTUW-DMESS 0.0000 UTUW-MESS vs TUW-DMESS 0.0524
UTUW-VE vs TUW-DMESS 0.0003 TUW-MESS vs UTUW-DMESS 0.0000
TUW-VE vs UTUW-MESS 0.0000 TUW-MESS vs TUW-DMESS 0.0000
TUW-VE vs TUW-MESS 0.9999 UTUW-DMESS vs TUW-DMESS 0.3071
TUW-VE vs UTUW-DMESS 0.0000
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Table G18. Statistical analysis, tensile modulus for unweathered treated and untreated flax fiber
Type 7 presented in Table 20

SUMMARY

Groups Count Sum Mean St. Dev.
UTUW-VE 5 113.80 22.76 1.08
TUW-VE 5 134.80 26.96 3.88
UTUW-MESS 5 96.15 19.23 1.72
TUW-MESS 5 146.40 29.28 13.63
UTUW-DMESS 5 101.40 20.28 15.36
TUW-DMESS 5 124.50 24.90 2.14
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 408.7384 5 81.7477 6.0171 0.0000
Within Groups 1918.5866 24 13.5858

Total 2327.325 29

Tukey-HSD Post-hoc Test

Groups p-value Groups p-value
UTUW-VE vs TUW-VE 0.1319 TUW-VE vs TUW-DMESS 0.9499
UTUW-VE vs UTUW-MESS 0.2938 UTUW-MESS vs TUW-MESS 0.0004
UTUW-VE vs TUW-MESS 0.0022 UTUW-MESS vs UTUW-DMESS 0.9976
UTUW-VE vs UTUW-DMESS 0.6809 UTUW-MESS vs TUW-DMESS 0.1523
UTUW-VE vs TUW-DMESS 0.7995 TUW-MESS vs UTUW-DMESS 0.0023
TUW-VE vs UTUW-MESS 0.0145 TUW-MESS vs TUW-DMESS 0.4194
TUW-VE vs TUW-MESS 0.9188 UTUW-DMESS vs TUW-DMESS 0.3579
TUW-VE vs UTUW-DMESS 0.0532
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Table G19. Statistical analysis, flexural strength for unweathered treated and untreated flax fiber
Type 7 presented in Table 20

SUMMARY

Groups Count Sum Mean St. Dev.
UTUW-VE 5 907.65 181.53 26.28
TUW-VE 5 1395.15 279.03 27.38
UTUW-MESS 5 681.25 136.25 7.09
TUW-MESS 5 1145.35 229.07 19.00
UTUW-DMESS 5 667.05 133.41 12.02
TUW-DMESS 5 1000.25 200.05 40.95
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 81539.628 5 16307.9256 24.0778 0.0000
Within Groups 95648.448 24 677.3010

Total 177188.08 29

Tukey-HSD Post-hoc Test

Groups p-value Groups p-value
UTUW-VE vs TUW-VE 0.0000 TUW-VE vs TUW-DMESS 0.0001
UTUW-VE vs UTUW-MESS 0.0027 UTUW-MESS vs TUW-MESS 0.0000
UTUW-VE vs TUW-MESS 0.0014 UTUW-MESS vs UTUW-DMESS 0.9999
UTUW-VE vs UTUW-DMESS 0.0012 UTUW-MESS vs TUW-DMESS 0.0022
UTUW-VE vs TUW-DMESS 0.6263 TUW-MESS vs UTUW-DMESS 0.0000
TUW-VE vs UTUW-MESS 0.0000 TUW-MESS vs TUW-DMESS 0.4929
TUW-VE vs TUW-MESS 0.0334 UTUW-DMESS vs TUW-DMESS 0.0012
TUW-VE vs UTUW-DMESS 0.0000
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Table G20. Statistical analysis, flexural modulus for unweathered treated and untreated flax fiber
Type 7 presented in Table 20

SUMMARY

Groups Count Sum Mean St. Dev.
UTUW-VE 5 94.75 18.95 3.72
TUW-VE 5 126.75 25.35 3.24
UTUW-MESS 5 89.30 17.86 4.99
TUW-MESS 5 132.15 26.43 2.73
UTUW-DMESS 5 84.20 16.84 1.99
TUW-DMESS 5 101.75 20.35 5.25
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 497.7727 5 99.5545 7.1186 0.0000
Within Groups 1974.9836 24 13.9852

Total 2472.7563 29

Tukey-HSD Post-hoc Test

Groups p-value Groups p-value
UTUW-VE vs TUW-VE 0.0034 TUW-VE vs TUW-DMESS 0.2861
UTUW-VE vs UTUW-MESS 0.9879 UTUW-MESS vs TUW-MESS 0.0053
UTUW-VE vs TUW-MESS 0.0003 UTUW-MESS vs UTUW-DMESS 0.9981
UTUW-VE vs UTUW-DMESS 0.8181 UTUW-MESS vs TUW-DMESS 0.8989
UTUW-VE vs TUW-DMESS 0.9633 TUW-MESS vs UTUW-DMESS 0.0011
TUW-VE vs UTUW-MESS 0.0228 TUW-MESS vs TUW-DMESS 0.1114
TUW-VE vs TUW-MESS 0.9975 UTUW-DMESS vs TUW-DMESS 0.6750
TUW-VE vs UTUW-DMESS 0.0058
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Table G21. Statistical analysis, interlaminar shear strength for unweathered treated and untreated
flax fiber Type 7 presented in Table 20

SUMMARY

Groups Count Sum Mean St. Dev.
UTUW-VE 5 93.95 18.79 1.81
TUW-VE 5 156.35 31.27 1.03
UTUW-MESS 5 58.40 11.68 1.07
TUW-MESS 5 68.40 13.68 0.51
UTUW-DMESS 5 63.60 12.72 0.66
TUW-DMESS 5 94.00 18.80 3.73
Anova: Single Factor

Source of Variation SS df MS F P-value
Between Groups 1340.5855 5 268.1171 81.53.45 0.0000
Within Groups 464.3864 24 3.2884

Total 1804.9719 29

Tukey-HSD Post-hoc Test

Groups p-value Groups p-value
UTUW-VE vs TUW-VE 0.0000 TUW-VE vs TUW-DMESS 0.0000
UTUW-VE vs UTUW-MESS 0.0000 UTUW-MESS vs TUW-MESS 0.5054
UTUW-VE vs TUW-MESS 0.0000 UTUW-MESS vs UTUW-DMESS 0.9442
UTUW-VE vs UTUW-DMESS 0.0000 UTUW-MESS vs TUW-DMESS 0.0000
UTUW-VE vs TUW-DMESS 0.0000 TUW-MESS vs UTUW-DMESS 0.9601
TUW-VE vs UTUW-MESS 0.0000 TUW-MESS vs TUW-DMESS 0.0002
TUW-VE vs TUW-MESS 0.0000 UTUW-DMESS vs TUW-DMESS 0.0000
TUW-VE vs UTUW-DMESS 0.0000
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