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properties were fabricated by combining one of the highest specific strength
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exclusive licence to Springer cellulose (MFC) strengthened nonedible avocado seed starch (AVS)-based resin.
Science+Business Media, LLC MFC/AVS resin was crosslinked using 1,2,3,4-butane tetracarboxylic acid as
part of Springer Nature 2021 well as plasticized using sorbitol or glycerol. Combination of alkali, mechanical
and thermal treatments improved LCC fiber fracture stress from 1.5 GPa to over
1.9 GPa and Young's modulus from 49 to 64 GPa. While the type and amount of
plasticizer used changed the fracture strain of MFC/AVS resin, they also
showed significant influence on the mechanical properties of the unidirectional
composites. These composites prepared by hand lay-up, based on modified LCC
fibers resulted in fracture stress of over 380 MPa and Young's modulus of
19.5 GPa with less than 40% fiber content. Results suggest that there is scope to
improve the properties further by using higher fiber content and automated
manufacturing. These ‘green’ composites with excellent strength and stiffness
may be used in many applications such as construction, automobile and others.

Introduction resins and fibers used in PMCs are derived from
petroleum and do not degrade easily. While their
non-degradability is useful during use, it has created

Advanced polymer matrix composites (PMCs) such a significant problem while disposing them at the end

as graphite fiber/epoxy composites have been com- of their life. Growing concerns about environmental

monly used for decades in aerospace, automotive, pollution created by PMCs as well as sustainability of
windmill and other structural applications due to  petroleum sources have encouraged researchers to
their light weight, high strength and stiffness and develop plant-derived ‘green composites’ which can
multifunctional characteristics [1]. Most conventional ~ not only provide the necessary strength and stiffness
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for intended applications, but are fully biodegradable
and sustainable [2]. The terms ‘fully green compos-
ites” or ‘green composites” have been defined to mean
that both resins and reinforcing agents are
biodegradable and made from renewable natural
resources such as plants [3]. At the end of their ser-
vice life, green composites can be composted rather
than being dumped in landfills as is the common fate
of conventional PMCs.

One of the most common green reinforcing poly-
mers is cellulose. Plant-derived cellulose fibers have
become very attractive as reinforcement in green
composites because of their good specific mechanical
properties, biodegradability and worldwide avail-
ability [4, 5]. The cellulose I crystal structure found in
plant fibers has extremely high axial modulus of
about 138 GPa and  specific strength  of
667 MPa cm > g~ !, which are significantly higher
than most glass or aluminum fibers [6, 7]. As a result,
many plant-based fibers including hemp [8, 9], jute
[10], sisal [11], flax [12], ramie [13], coconut [14],
pineapple leaf [15], kenaf [16], etc., have been already
used as reinforcements in composites.

Despite outstanding mechanical properties of pure
cellulose and their microfibrils, plant-based fibers
have relatively inferior tensile properties. For exam-
ple, their tensile strengths commonly range between
300 and 500 MPa, much lower than glass fibers with
strength between 2000 and 3000 MPa [17]. Alignment
of microfibrils at an angle to the fiber axis, presence of
defects and inherent impurities such as lignin,
hemicellulose, variations in plant growing condi-
tions, etc., affect the strength as well as variability of
these fibers [18]. As a result, most green composites
based on natural cellulosic fibers have tensile
strengths between 100 and 250 MPa and Young's
moduli between 4 and 8 GPa [5, 11, 12, 19, 20]. These
properties of green composites, while sufficient for
noncritical applications such as food packaging
crates, furniture, housing panels, decoration, etc., are
not sufficient for load-bearing structural applications
in construction, automobile or aerospace. Another
major difficulty with plant-based fibers is that they
are not continuous and have short lengths. To obtain
continuous form, plant-based fibers need to be twis-
ted to form yarns. The twist reduces the yarn tensile
properties significantly compared to those of fibers
from which they are made. This can reduce their
usefulness as reinforcement in composites.
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There already exist several methods to make uni-
form and continuous cellulose multifilament yarns
such as viscose rayon and Lyocell, by changing the
chemistry or dissolving cellulose in specific solvents
and using traditional wet or dry spinning techniques
[21, 22]. The tenacity and Young’s moduli of these
fibers are even lower than most plant-based fibers.
However, the recent development of dissolving cel-
lulose to form liquid crystalline cellulose solution to
spin fibers has been significant [23]. Phosphoric acid,
which has been proven to be a good solvent for cel-
lulose, was also found to obtain anisotropic cellulose
solution at certain concentrations [23]. When cellu-
lose is dissolved in phosphoric acid to form liquid
crystalline solution and spun into fibers using the air
gap-wet spinning system, much of the high molecu-
lar orientation of the liquid crystalline state is
retained. This results in liquid crystalline cellulose
(LCCO) fibers with high strength in the range of
1500 MPa and modulus of about 48 GPa [23].

Because of the excellent tensile properties, contin-
uous form and inherently biodegradable nature, LCC
fibers have been regarded as promising reinforcing
fibers to make ‘green’ composites with much higher
strength than has been possible with plant fibers
[24-26]. When biodegradable resins are combined
with LCC fibers, fully biodegradable high strength
composites can be fabricated. For example, LCC
fibers have been used to reinforce soy protein-based
resins to make green composites [24, 25]. Researchers
have found that hydroxyl groups on LCC fibers
provide strong hydrogen bonding with the polar
groups such as amine, carboxyl and hydroxyl groups
present in soy protein concentrate (SPC)-based resin,
increasing the fiber/resin interfacial interaction and
resulting in excellent tensile properties of the com-
posites [24]. LCC fibers combined with starch-based
resin have also resulted in green composites with
excellent mechanical properties [26].

Although as spun LCC fibers have high strength
and Young’s modulus, earlier research efforts have
shown that they can be treated by chemical,
mechanical and thermal means to further enhance
their molecular orientation and crystallinity which
results in increased strength and Young’s modulus
[25, 26]. One chemical modification method has been
alkali treatment similar to the mercerization process
commonly used for cotton fibers [17, 25]. Kim and
Netravali found that when LCC fibers were treated
under tension during alkali treatment, both



molecular orientation and fiber crystallinity increased
significantly [25]. This resulted in significant
enhancement in LCC fiber strength from 1.5 GPa to
over 1.7 GPa and Young’'s modulus from 48 GPa to
over 64 GPa [25]. In another study by Rahman and
Netravali, LCC fibers were treated with 5% NaHSO;
solution under tension [26]. These fibers then
underwent further thermal drying treatment, also
under tension. The combined treatment enhanced the
strength of the fibers by over 35% to over 1900 MPa
[26]. When composites were formed by combining
the modified LCC fibers with a waxy maize starch
containing microfibrillated cellulose (MFC), the
strength of the composites increased by over 50%
[26].

In the present study, LCC fibers were modified (M-
LCCQ) by treating them with 1 M KOH solution under
different tension level and loading time compared to
previous work, in an effort to obtain highest possible
strength while at the same time reducing the proba-
bility of damaging the fibers [25]. Applying the load
of 0.7 kg/yarn, around 65 MPa on each fiber (4% of
their fracture stress), during the alkali treatment
increased their tensile strengths as well as Young's
moduli. With higher molecular orientation, the
treatment also resulted in a small loss in fracture
strain. LCC and M-LCC fibers were then used, sep-
arately, to fabricate unidirectional green composites
using avocado seed starch (AVS)-based resin rein-
forced with 30% MFC [27-29]. This nonedible starch
can be extracted from agro-waste, which is consid-
ered as a greener source as composites matrix. This
MEFC/AVS resin was further crosslinked using green
crosslinker 1,2,3,4-butane tetracarboxylic acid (BTCA)
to reduce the moisture absorption and increase the
strength and stiffness of the matrix while not affect-
ing its biodegradability [30-33]. Fabricating unidi-
rectional ‘green’ composites involved aligning LCC
yarns with predetermined layers in MFC/AVS resin
using a hand lay-up process, drying and compression
molding. The effect of plasticizers (sorbitol and
glycerol) on the tensile properties of composites was
also investigated [10, 19, 34]. The results showed
excellent mechanical properties of LCC-reinforced
MFC/AVS composites that could be used in some
structural applications.

Experimental details
Materials

Raw avocado (Persea Americana v. Hass) seed
powder was obtained from NutriCargo, LLC. (Clif-
ton, NJ). Microfibrillated cellulose (MFC) (Celish KY-
100G, 10%) was purchased from Daicel (Japan). Lig-
uid crystalline cellulose fibers were obtained from Dr.
H. Boerstoel, Teijin Twaron BV, Arnheim, The
Netherlands. Potassium hydroxide (KOH) pellets,
sorbitol and glycerol were purchased from Sigma-
Aldrich (St. Louis, MO). Analytical grade 1,2,3,4-bu-
tane tetracarboxylic acid (BTCA) and sodium
hypophosphite monohydrate (SHP) were obtained
from Alfa Aesar (Haverhill, MA).

Starch extraction from raw avocado seed
powder

Raw avocado seed powder was dried in an air-cir-
culating oven at 40 °C for 2 days. Around 300 g of
dried avocado seed powder was passed through a
250 pum (60-mesh) screen. The sieved seed powder
was mixed with 2 L deionized (DI) water with mag-
netic stirring overnight at 700 rpm at room temper-
ature (RT). The suspension was ground using a
kitchen blender (Ninja ultima blender BL 800) for
5 min and then filtered using three layers of cheese-
cloth [27, 29]. The solid part that included ash and
parts of seed coat remained on cheesecloth, while
most of the starch passed through the cheesecloth.
The filtrate was left standing for 3 h for starch to
precipitate. The supernatant, which contained mostly
dissolved soluble sugars and soluble protein, was
discarded [27, 29]. The precipitated starch was
washed three times, poured onto Teflon® molds, and
dried for 48 h at 40 °C in an air-circulating oven. The
dried avocado starch was ground in a kitchen blen-
der for 5 min and passed through a 60-mesh screen to
obtain AVS powder.

Preparation of MFC/AVS resins

Because of the poor mechanical properties of AVS
resulting from its brittleness and low strength, 30%
MEC (by wt) was added to reinforce the AVS resin.
To prepare the MFC/AVS resin, MFC (Celish KY-
100G, 10% slurry) was dispersed in DI water in the
ratio of 1:10, by wt, and homogenized at 20000 rpm
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for 10 min using a VWR 250 homogenizer (Radnor,
PA) to obtain MFC dispersion. Predetermined AVS
powder was then added to the MFC dispersion and
mixed thoroughly for 45 min. The MFC/starch dis-
persion was heated to 90 °C for another 45 min to
gelatinize AVS. Resins with 3 different proportions of
plasticizers: 1) 15% sorbitol based on wt of MFC +
AVS, 2) 15% glycerol based on wt of MFC + AVS or
3) no plasticizer, were prepared. BTCA (20% by wt of
AVS) as the crosslinker and SHP (50% by wt of
BTCA) as the catalyst were used to crosslink the three
resins [30]. The mixture was allowed to react for 1 h
at 90 °C before casting in Teflon® molds
(10 cm x 10 cm) and dried for 2 days at 40 °C in an
air-circulating oven. The MFC/AVS composite
(resin) sheets after drying were hot-pressed (Carver,
3891-4PROAQ00, Wabash, IN) at 140 °C under the
pressure of 1.4 MPa for 15 min to control their
thickness to around 0.5 mm as well as to complete
the resin crosslinking [31].

Alkali, mechanical and thermal treatment
of LCC fibers

As received LCC fibers were treated by a combina-
tion of chemical, mechanical and thermal methods to
further increase their molecular orientation and
crystallinity which, in turn, can enhance their
Young’'s moduli and fracture stresses [26]. For the
chemical treatment with KOH, LCC yarns containing
1000 filaments were immersed in 1 M KOH solution
in a small tank while keeping them under tension by
fixing one end of the yarns with clamps and applying
predetermined tension using standard weights at the
other end. Schematic illustration of the alkali treat-
ment apparatus is shown in Fig. 1 [11, 25, 26]. The
treatment was carried out for 1.5 h under a tension of
0.7 kg/yarn (65 MPa/filament) for the entire dura-
tion. After the chemical immersion under tension,
LCC yarns were rinsed in DI water several times until

1M KOH solution

L)
£% ol

Figure 1 Schematic illustration of the alkali treatment apparatus.
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neutral pH was obtained for the wash water. Half of
KOH-treated LCC yarns were dried overnight in an
oven at 40 °C without any tension (slack form). Other
half of KOH-treated LCC yarns after alkali treatment
were further heat treated by drying at 140 °C in an
air-circulating oven for 1 h under the same tension of
0.7 kg/yarn [26]. The control (untreated) LCC fibers,
alkali-treated LCC fibers and modified LCC fibers
with both alkali and heat treatments (M-LCC) were
conditioned at 21 °C and 65% RH for 24 h before
tensile testing.

Preparation of composites with LCC and M-
LCC fibers

As stated earlier, 30 wt% of MFC was added to
reinforce the AVS resin. The MFC/AVS resin was
utilized to fabricate unidirectional composites using
LCC and M-LCC fibers, separately. Three combina-
tions of plasticizers in the resin, (1) 15 wt% sorbitol,
by wt of MFC + AVS on dry basis, (2) 15 wt% glyc-
erol, also by wt of MFC 4 AVS on dry basis and (3)
no plasticizer, were studied to explore their effect on
the mechanical properties of both resins and
composites.

Approximately 30 yarns of LCC (or M-LCC) were
aligned by hand to fabricate unidirectional compos-
ites. The yarns were soaked in the MFC/AVS resin
and gently squeezed by hand so as to ensure as good
resin penetration between individual filaments in the
yarn as possible [26]. LCC (or M-LCC) yarns with
MEFC/AVS resin were then laid parallel into two
layers on a Teflon® coated metal mold with dimen-
sions of 25 cm x 2 cm [20]. Small amount of addi-
tional resin was poured to cover the filaments/yarns
and dried in an air-circulating oven at 40 °C for
1 day. After drying, composites were compressed on
a Carver hydraulic hot press (Carver, 3891-4PROAOQOQ,
Wabash, IN) for 15 min at 140 °C and a pressure of
7.5 MPa to further provide compression and, thus,
improve the interaction between the LCC (or M-LCC)
fibers and the MFC/AVS resin. Composite strips
were laser cut to dimensions of 100 mm x 3 mm and
conditioned at 21 °C, 65% RH for three days. The
component nomenclature of LCC-reinforced MFC/
AVS composites with different plasticizers and their
average LCC fiber volume fractions are given in
Table 1.



Table 1 Specimen

nomenclature of LCC (M- Composite code

Resin

LCC) fiber-reinforced MFC/

LCC-N-MFC/AVS
AVS composites

LCC-S-MFC/AVS
LCC-G-MFC/AVS
M-LCC-S-MFC/AVS

30:70 MFC/AVS
30:70 MFC/AVS
30:70 MFC/AVS

Plasticizers Fiber type/volume percentage (%)
30:70 MFC/AVS None LCC/41.1

15% sorbitol LCC/37.4

15% glycerol LCC/38.7

15% sorbitol M-LCC/39.0

Tensile properties of LCC and M-LCC fibers

As received (control) LCC and M-LCC fibers were
characterized for their tensile properties as per ASTM
D3822-01 using Instron 5566 universal tester (Instron
Corp., Canton, MA). Single LCC fibers were glued to
individual paper tabs using super glue® (cyanoacry-
late) to obtain uniform gauge lengths of 50 mm.
Schematic illustration of the paper tab for the tensile
tests is shown in Fig. 2. Diameters of fibers were
measured at 5 different locations within the gauge
length by optical microscopy (Olympus BX51, Ham-
burg, Germany). Average of 5 diameters were used
for calculating tensile properties. Fibers were condi-
tioned at 21 °C and 65% RH for 24 h before tensile
testing. At least 10 specimens were tested to obtain
average properties. To carry out the test, two ends of
the paper tab were mounted in the Instron grips and
the paper tab was cut at all dotted lines as shown in
Fig. 2 so as to have full load on the fiber. All tests
were carried out at a strain rate of 0.1 min~'. The
average fracture stress and fracture strain were
obtained from raw data. Young’s modulus values
were calculated using OriginLab software on the
stress vs strain plots at strain from 0 to 0.3%.

e L ]
s

Figure 2 Schematic of the paper tab for LCC and M-LCC fiber
tensile tests.

Tensile properties of MFC/AVS resins

MFC/AVS resin sheets were cut to 10 mm x 50 mm
dimensions to obtain tensile specimens. Prior to
testing the resin specimens were conditioned for
three days at 21 °C and 65% RH. Their tensile prop-
erties were characterized using the same Instron and
according to the procedure specified in ASTM D882-
02. The resin thickness was measured at five locations
along the gauge length, and the average thickness
values were used to calculate the tensile properties.
All specimens were tested using gauge length of
30 mm with strain rate of 0.6 min~'. Ten specimens
were tested for each condition. The average fracture
stress and fracture strain values were obtained from
raw data. Young’s modulus values were calculated
using OriginLab software at strain from 0 to 0.5%.

Tensile analysis of LCC and M-LCC fiber-
reinforced composites

The tensile testing of LCC or M-LCC fiber-reinforced
MEFC/AVS composites was carried out as per ASTM
D3039-17 using the same Instron. Composite speci-
mens were laser cut to dimensions of
3 mm x 100 mm and conditioned at 21 °C and 65%
RH for three days prior to testing. Gauge length and
strain rate were set to 50 mm and 0.1 minfl, respec-
tively [26]. The average thickness of composite
specimens was measured to be 0.65 mm. Fracture
stress and strain values were calculated from the raw
data obtained from Instron and Young's modulus
values were calculated using OriginLab software at
strain from 0 to 0.3%. At least 5 specimens were tes-
ted to get average values. Additionally, specimens
fabricated at three different times were tested to
confirm the reproducibility of the results.

Scanning electron microscopy (SEM)

Control LCC fibers, M-LCC fibers and the fracture
surfaces of LCC or M-LCC fiber-reinforced MFC/
AVS composites were characterized using a LEO
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1550 field emission SEM (Germany). Specimens with
the fracture surfaces were glued to SEM aluminum
mounts with conductive carbon tape (SPI supplies,
West Chester, PA). The mounts with the specimens
were sputter coated with carbon. The type of failure,
the fiber dispersion in resin were characterized using
SEM.

Results and discussion
Properties of LCC and M-LCC fibers

Typical SEM images of control LCC and M-LCC
fibers are shown in Fig. 3. It is clear from the SEM
images that both LCC and M-LCC fibers have smooth
surface topographies. Average of 20 measurements
taken at different locations along the fiber lengths
showed a small reduction from 12.28 (0.29) um for
control LCC fibers to 11.55 (0.20) pm for M-LCC
fibers. Increased molecular orientation and crys-
tallinity, reduced microfibrillar angle or possible
increased length due to tension during chemical and
heat treatments could be the reasons for the small
reduction in LCC fiber diameter [17].

Control LCC fibers were produced from the liquid
crystalline solution using an air gap-wet spinning
method [23]. Previous research clearly showed that
tensile properties of the LCC fibers can be signifi-
cantly improved with chemical, mechanical and heat
treatments that result in increased molecular orien-
tation and crystallinity of the fibers [25, 26]. Both
KOH and NaHSOj; solutions have been used suc-
cessfully for the chemical treatment of LCC fibers
[25, 26].

The alkali treatment developed by Kim and
Netravali was used in this study in order to increase
the strength and Young’s modulus of control LCC
fibers [25]. However, the process was modified by
attaching a weight of 0.7 kg to each LCC yarn and the
treatment time was increased to 1.5 h while leaving
the other factors unchanged. Based on 1000 filaments
in each LCC yarn, the stress on each filament was
calculated to be 65 MPa, which was close to 4% of the
ultimate fracture stress. The tensile stress vs strain
plots of control LCC fibers, alkali-treated LCC fibers
without heat treatment and alkali and heat-treated
fibers (M-LCC) are shown in Fig. 4, and the tensile
data are presented in Table 2.

As can be seen from stress vs strain plots in Fig. 4
and tensile data presented in Table 2, combination of
alkali, heat and mechanical (tension) treatments
resulted in most enhancement in both fracture stress
and Young’'s modulus of LCC fibers. Fracture stress
(strength), fracture strain and Young’s modulus for
control LCC fibers were 1496 MPa, 6.4% and
49.4 GPa, respectively. These values are close to those
obtained for control LCC fibers in previous studies
[23, 25]. As mentioned by Kim and Netravali, alkali
treatment carried out under tension stretches
microfibrils in LCC fibers and orients cellulose
molecules in the direction of the fiber axis [25]. The
rearrangement and extension at both micro- and
nano-levels lead to significant increases in molecular
orientation and crystallinity of LCC fibers which
results in improvement of both fracture stress and
Young’s modulus [25, 26]. For alkali-treated LCC
fibers without post-thermal treatment, fracture stress
reached 1854 MPa while Young’s modulus decreased
slightly to 43.2 GPa. The small reduction in Young’s
modulus is perhaps due to some fiber shrinkage or

Figure 3 Typical SEM images of a control LCC fibers; b M-LCC fibers after treatment.
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relaxation during drying without any load. Even
then, the rearranged morphology after the alkali
treatment resulted in 24% improvement of fracture
stress to 1854 MPa from 1496 MPa obtained for con-
trol LCC fibers. It has been observed that during
alkali treatment, the molecular structure changes
irreversibly and permanently which results in sig-
nificant improvement in LCC fiber properties [25]. To
avoid possible fiber shrinkage and improve Young's
modulus, heat treatment under a load the same as
that used in the alkali treatment was attempted [26].
After both alkali and post-thermal treatments under
the load, less shrinkage can be expected. In the pre-
sent study, these conditions led to higher fracture
stress of over 1900 MPa as well as higher Young's
modulus of 63.9 GPa compared to 1854 MPa and
43.2 GPa, respectively, for fibers dried without heat
treatment. At the same time, the fracture strain for
M-LCC fibers decreased to 5.6% from 6.0% because of
the tension applied during heat treatment when
drying.

2500 T T
Control LCC
-— Alkali treated LCC
— — Alkali and heat treated LCC (M-LCC)
2000 - .
©
o
£ 1500 .
»
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»
2
» 1000 B
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(]
[
500 -
O |

0 1 2 3 4 5 6 7 8
Tensile Strain (%)

Figure 4 Typical tensile stress vs strain plots of control LCC,
alkali-treated LCC, alkali and heat-treated LCC (M-LCC) fibers.

Characterization of MFC/AVS resins

Effect of plasticizers on MFC/AVS resin properties
was studied prior to fabricating composites with LCC
and M-LCC fibers. From the results mentioned in
“Properties of LCC and M-LCC fibers” Section , the
average fracture strains of control LCC and M-LCC
fibers were 6.4% and 5.6%, respectively. In general, to
ensure that composites reach their maximum fracture
stress values, it is important for the resin fracture
strain to be greater than that of the fibers. As men-
tioned earlier, MFC was added to AVS resin to
enhance the fracture stress and fracture strain of the
resin. Since both starch and cellulose are made up of
glucose monomer and contain plenty of hydroxyl (-
OH) groups, formation of hydrogen bonds between
the two constituents is easy [35]. In addition, AVS
starch was crosslinked using BTCA to further
enhance its mechanical properties as well as to
improve its water resistance [30, 36]. Previous study
had demonstrated that 30:70 MFC/starch with 20%
BTCA resulted in excellent resin properties without
MEC aggregation [31]. As a result, in this study, 30:70
MFC/AVS resin was prepared and used to fabricate
composites with LCC and M-LCC fibers, separately.
Effects of adding plasticizers, 15% sorbitol, 15%
glycerol (by wt. of MFC + AVS on dry basis) or no
plasticizer addition, on resin properties were
characterized.

The tensile test results of MFC/AVS resins with
sorbitol (5S-MFC/AVS) and glycerol (G-MFC/AVS)
and no plasticizer (N-MFC/AVS) are presented in
Table 3 [37]. The control MFC/AVS resin without any
plasticizer (N-MFC/AVS) showed brittle character-
istics with the fracture strain of just 3.1%. This is even
lower than the fracture strains of LCC (6.4%) or
M-LCC (5.6%) fibers. After adding 15% sorbitol or
glycerol, fracture strains of around 7.7% and 18.7%,
respectively, were obtained. This means that S-MFC/
AVS (with sorbitol) and G-MFC/AVS (with glycerol)
with higher fracture strains would be more suit-
able for fabricating LCC fiber-reinforced composites.

Table 2 Tensile properties of

control LCC, alkali-treated Specimens Fracture stress (MPa) Fracture strain (%) Young’s modulus (GPa)
LCC and M-LCC fibers Control LCC 1496 (193)* 6.4 (0.2) 49.4 (4.6)
Alkali-treated LCC 1854 (161) 6.0 (0.5) 43.2 (6.0)
M-LCC 1908 (178) 5.6 (0.3) 63.9 (3.7)

* . : :
Numbers in parentheses are standard deviations
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Glycerol is comparatively a small molecule than
sorbitol. As a result, it is easier to diffuse and disperse
in the starch-based resin as well as to form a plasti-
cizer layer at the LCC fiber/starch interface [19].

Characterization of LCC and M-LCC fiber-
reinforced composites

To understand the effect of plasticizers on the prop-
erties of LCC fiber-reinforced composites, unidirec-
tional LCC-MFC/AVS composites containing 15%
sorbitol (LCC-S-MFC/AVS), 15% glycerol (LCC-G-
MFC/AVS) or no plasticizer (LCC-N-MFC/AVS)
were fabricated. M-LCC-MFC/AVS composites with
15% sorbitol (M-LCC-S-MFC/AVS) were also pre-
pared. LCC fiber volume fraction for all composites
was maintained around 40%. Composite specimens
with dimensions of 3 mm x 100 mm were tested for

500 . T T T T ! '
— LCC-N-MFC/AVS
-— LCC-S-MFC/AVS
— — LCC-G-MFC/AVS
w0l M-LCC-S-MFC/AVS -
= i o
o
= 300 i
7]
7]
o
7
o
B 200 i
o
[
=
100 i
0 - P
5 ; 5 3 a4 5 6 7 8

Tensile Strain (%)

Figure 5 Typical tensile stress vs strain plots of LCC-N-MFC/
AVS, LCC-S-MFC/AVS, LCC-G-MFC/AVS and M-LCC-S-MFC/
AVS composites.

their tensile properties, in the longitudinal direction
according to ASTM D3039-17. Typical tensile stress
versus strain plots of all four composites are shown
in Fig. 5, and tensile data are presented in Table 4.
It is clear from Fig. 5, adding 15% plasticizer (sor-
bitol or glycerol) significantly improved the fracture
stress of these composites in comparison to compos-
ites that contained no plasticizer. LCC-N-MFC/AVS
composites with no plasticizer showed very low
fracture strain of only 3.0% (at max stress) and
resulted in low fracture stress of just over 190 MPa.
During tensile tests, brittle N-MFC/AVS resin
(without plasticizer) was always seen to fracture
before rupturing the LCC fibers in these composites.
This suggests that N-MFC/AVS resin was unable to
provide necessary strain for LCC fibers to reach their
maximum fracture stress values. Once the resin
failed, there was no mechanism to transfer the stress
from broken fibers to intact fibers, which happens in
all composites, and other fibers started to fail [38].
After adding plasticizers, the fracture strain of LCC-
S-MFC/AVS and LCC-G-MFC/AVS composites
greatly improved to 4.3% and 5.2%, respectively.
Data in Table 3 for the resins, discussed earlier,
showed that the fracture strains of S-MFC/AVS and
G-MFC/AVS resins were much higher than the
fracture strain of LCC fibers. This allows LCC fibers
to reach their maximum possible stress and strain
values. However, both LCC-S-MFC/AVS and LCC-
G-MFC/AVS composites still had slightly lower
fracture strain than the LCC fibers. This was possibly
because of the defects created during hand layup and
fabrication of composites or fiber/resin debonding
before the fracture of individual LCC fibers [39].
Nevertheless, greatly enhanced fracture stress values
of 289.8 MPa and 250.8 MPa were obtained for LCC-
S-MFC/AVS and LCC-G-MFC/AVS composites,
respectively. These values are significantly higher
than 190.1 MPa obtained for the LCC-N-MFC/AVS

Table 3 Tensile properties of

N-MFC/AVS, S-MFC/AVS Resin Fracture stress Fracture strain Young’s modulus

and G-MFC/AVS resins (MPa) (%0) (MPa)
N-MFC/AVS 36.4 (4.1)* 3.1 (0.7) 2171 (157)
S-MFC/AVS 27.2 (1.4) 7.7 (2.0) 1810 (201)
G-MFC/AVS 18.2 (2.6) 18.7 (4.2) 388 (95)

All resins contain 30% MFC, crosslinked using 20 wt% BTCA by wt. of AVS. Plasticizers sorbitol or
glycerol are 15 wt% of resin (MFC + AVS)

* . : :
Numbers in parentheses are standard deviations
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Table 4 Tensile test data of LCC-N-MFC/AVS, LCC-S-MFC/AVS, LCC-G-MFC/AVS and M-LCC-S-MFC/AVS composites and

theoretical values of LCC-S-MFC/AVS and M-LCC-S-MFC/AVS

Fracture stress (MPa) Fracture strain (%) Young’s modulus (GPa) Average fiber volume fraction (%)

Composites

LCC-N-MFC/AVS 190.1 (24.3)* 3.0 (0.4)

LCC-G-MFC/AVS 250.8 (26.6) 5.2 (0.8)

LCC-S-MFC/AVS 289.8 (35.9) 4.3 (0.7)

LCC-S-MFC/AVS 577.3 -
theoretical

M-LCC-S-MFC/AVS 380.1 (46.0) 4.1 (0.5)

M-LCC-S-MFC/AVS 760.7 -

theoretical

16.7 (1.4) 41.1
12.6 (1.8) 38.7
15.3 (1.6) 374
19.6 374
19.5 (2.4) 39.0
26.0 39.0

*. . . .
Numbers in parentheses are standard deviations

composites, though slightly lower Young’s moduli of
15.3 GPa and 12.6 GPa were obtained for LCC-S-
MFC/AVS and LCC-G-MFC/AVS composites,
respectively, compared with 16.7 GPa of LCC-N-
MEFC/AVS. The lower fracture stress, Young’s mod-
ulus and higher fracture strain values of LCC-G-
MEFC/AVS compared to those of LCC-5-MFC/AVS
can be explained by the size and plasticizing ability of
sorbitol and glycerol as discussed earlier for the
plasticization effect of MFC/AVS resins. The smaller
molecular size of glycerol brings higher free volume
than sorbitol. In addition, it can easily disperse into
the resin as well as at LCC fiber/resin interfaces [19].
The plasticizer at the fiber/resin interface acts as a
lubricant and reduces the interfacial shear strength
and, in turn, weakens the composite. The weakened
interface leads mainly to lower the fracture stress but
also lowers Young’s modulus and raises the higher
fracture strain [34]. Schematic illustrations presented
in Fig. 6 show how plasticizers can affect the interface
between MFC/AVS resins and LCC fibers.

Based on the aforementioned results, S-MFC/AVS
was selected as the resin to fabricate composites
using control LCC and M-LCC fibers and their tensile
properties were compared. From data in Table 4, it is
clear that a significantly higher Young’s modulus of
19.5 GPa was obtained for M-LCC-S-MFC/AVS
composites compared to 15.3 GPa obtained for LCC-
S-MFC/AVS composites. This is over 27% enhance-
ment in stiffness. The fracture stress of M-LCC-S-
MFC/AVS composites (380.1 MPa) was also found to
be 31% higher than LCC-S-MFC/AVS composites
(289.8 MPa) having untreated LCC fibers. The
enhanced results were expected because of the higher

tensile properties of M-LCC fibers by almost the same
amount compared to LCC fibers as discussed earlier.
It should be noted that at 65% fiber content, the
strength of M-LCC-S-MFC/AVS composites would
be over 633 MPa. Moreover, from data presented in
Table 2 the fracture strains of M-LCC and untreated
LCC fibers are 5.6% and 6.4%, respectively, while
from data in Table 4 the fracture strain values (at max
load) for M-LCC-S-MFC/AVS and LCC-S-MFC/AVS
composites are 4.1% and 4.3%, respectively. Smaller
difference in fracture strain values (A) of single
M-LCC fibers and their composites
(A =5.6%—4.1% = 1.5%) compared with that of LCC
fibers (A = 6.4%—4.3% = 2.1%) suggests that there
may be better bonding between S-MFC/AVS resin
and M-LCC fibers than with LCC fibers. The
enhanced interfacial adhesion between M-LCC fibers
and MFC/AVS resin can be expected to result in
better stress transfer from broken to intact fibers thus
better mechanical properties [40].

Theoretical estimation of LCC and M-LCC
fiber-reinforced composite properties

The rule of mixture was used to estimate theoretical
values for Young’s modulus and the fracture stress of
LCC-MFC/AVS composites. The theoretical fracture
stress and Young's modulus values were calculated
using Egs. 1 and 2 [20]:

0c =0tV + 0mVm (1)
E.=EiVi+EnVn (2)

where E represents Young’'s modulus, ¢ represents
fracture stress and V represents volume fraction and
subscripts ¢, f and m stand for composite, fiber and
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Figure 6 Schematic illustrations of the interfacial adhesion between LCC fibers and MFC/AVS resins with a no plasticizer, b 15%

sorbitol and ¢ 15% glycerol.

resin (matrix), respectively [20]. Table 4 presents
theoretical values for fracture stresses and Young's
moduli of LCC-S-MFC/AVS and M-LCC-S-MFC/
AVS composites at same experimental fiber volumes.

Theoretical fracture stress and Young's modulus
values were calculated based on the same experi-
mental fiber volume fractions given in Table 4. The-
oretical Young’s modulus for LCC-S-MFC/AVS and
M-LCC-5-MFC/AVS composites were 19.6 GPa and
26.0 GPa, respectively. This is compared to the
experimental Young’s modulus values of 15.3 GPa
and 19.5 GPa, respectively, for the same composites.
The experimental Young’s moduli values of LCC-S-
MFC/AVS and M-LCC-S-MFC/AVS are 22% and
25% lower than the calculated ones. There are several
reasons for obtaining lower experimental Young's
modulus values than the theoretically predicted ones.
The composites were fabricated using hand layup
and it was difficult to maintain perfect orientation of
the fibers as in an industrial situation where machine
layup with uniform tension is used. Also, resin pen-
etration in between each filament may not be ideal.
Since the resin is water based, hot pressing (curing) of
the resin could involve a small amount of water
evaporation resulting in voids or bubbles. The
experimental fracture stress values of 289.8 MPa and
380.1 MPa for LCC-S-MFC/AVS and M-LCC-S-
MEFC/AVS composites, respectively, however, were
much lower than the calculated fracture stress values
of 577.3 MPa and 760.7 MPa, for the corresponding
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composites. Note that these values are for 37.4 and
39% fiber volume fractions, respectively. If calculated
at 65% fiber volume fraction, normal for most com-
posites, these theoretical values would be higher than
1 GPa. In any case, the experimental values of ulti-
mate stress are only around half of the prediction.
This is a clear indication that defects are present in
the composites. As stated before, the main reasons for
the lower experimental values include misalignment
of LCC fibers due to hand-processing and nonuni-
form resin penetration between LCC fibers. The nat-
ure of different types of defects and their individual
contributions, however, are difficult to estimate.
Additionally, since the composites failed at a lower
strain levels (4 ~ 5.5%) than those of single LCC
fibers (5.5% ~ 6.5%), both LCC-S-MFC/AVS and
LCC-G-MFC/AVS composites did not allow the LCC
fibers to reach their full tensile potential. Several
methods may be tried to avoid these errors, such as
winding LCC yarns onto metal frames and immers-
ing them in resin [9] or using novel impregnation
methods to retain higher fiber alignment, less defects
and controlled thickness [39, 41]. Besides, the type
and amount of plasticizer can be controlled to further
increase fracture strain while avoiding too much loss
of interfacial adhesion. Using these methods could
increase the final fracture strength to bring it closer to
the theoretical value provided by rule of mixture.



Fracture surface topographies of LCC
and M-LCC fiber-reinforced composites

Typical SEM images of fracture surfaces of LCC-N-
MEFC/AVS, LCC-S-MFC/AVS, LCC-G-MFC/AVS
and M-LCC-5-MFC/AVS green composites are pre-
sented in Fig. 7. As can be seen in Fig. 7, LCC fibers
generally aligned well in the tensile direction. How-
ever, these fibers are still in clusters and there is lack
of resin present between individual fibers. This
indicates that resin might not have fully penetrated
between the LCC fibers, which can explain the lower
experimental tensile properties. It is obvious that
LCC fibers in N-MFC/AVS (no plasticizer) resin were
most easily pulled out and showed the longest pro-
truding (pull-out) lengths. The early fracture of this
resin with just 3% fracture strain, much lower than
that of fibers, lowered the LCC fiber/resin interfacial
shear strength as the resin cracked at different loca-
tions, leading to early failure of the composites and
easy fiber pullout [38]. However, after adding 15%
sorbitol or glycerol, the fracture strains of the resins
increased significantly. This clearly led to less fiber
debonding before the fibers started to break [38].
Although some of the plasticizer can stay at the fiber/
resin interface and reduce the interfacial shear
strength, SEM pictures in Fig. 7b, c still show much

Figure 7 SEM images of
fracture surfaces of
composites: a LCC-N-MFC/
AVS, b LCC-S-MFC/AVS,

¢ LCC-G-MFC/AVS and d M-
LCC-S-MFC/AVS.

— ; )

=— 100 pm

shorter LCC fiber pull-out lengths than the compos-
ites without the plasticizer. The fracture surface of the
M-LCC-S-MFC/AVS composite, shown in Fig. 7d,
exhibited the shortest pull-out lengths indicating the
highest fiber/resin adhesion compared to other three
composites. This further supports the hypothesis of
higher bonding between M-LCC fibers and the resin
compared to untreated LCC fibers. While adding
plasticizer may not be the best way to improve the
fracture strains of resins because it can leach out over
time, other toughening mechanisms such as adding
flexible additives such as rubber may work better to
improve the composite properties [42, 43].

Conclusions

Liquid crystalline cellulose (LCC) fibers were modi-
fied (M-LCC) using a combination of alkali,
mechanical and heat treatments. The combination of
the three treatments resulted in significantly higher
fracture stress of 1.9 GPa and 64 GPa for M-LCC
fibers. ‘Green’ composites were fabricated using
simple hand lay-up process with LCC or M-LCC
fibers and MFC/AVS resin made from agro-waste
avocado seed starch (AVS) and microfibrillated cel-
lulose (MFC). The MFC/AVS resin was further

@ Springer



modified using sorbitol or glycerol as plasticizers to
improve the fracture strain. Results demonstrated
that the type of plasticizer can greatly influence the
tensile properties of composites by altering the fiber/
resin interfacial bonding. The composites of M-LCC
fibers with sorbitol-MFC/AVS resin resulted in frac-
ture stress of over 380 MPa and a Young’s modulus
of 19.5 GPa with less than 40% fiber volume fraction.
With fiber lay-up machines and 65% fiber volume the
tensile properties of these green composites could be
significantly higher. Green composites based on LCC
or M-LCC fibers with high mechanical properties
show great potential as substitute for petroleum-
based conventional composites in many applications.
Importantly, they are fully biodegradable and at the
end of their life can be composted rather than ending
up in landfills as current composites do.
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