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UZERINE KALIPLAMA YONTEMi iLE URETILMiIS TAMAMIYLA
BIiYOBOZUNUR FONKSIYONEL POLI(LAKTIK ASIT)JUT EKO-
KOMPOZIT MALZEMELERIN GELISTIRILMESI

OZET

Bu calismada, poli(laktik asit) (PLA) polimeri, Uzerine enjeksiyon yontemi
kullanilarak PLA/jiit elyaf kompozitlerin {izerine kaliplanmis ve “ekotabaka
(ecosheet)” olarak da adlandirilan biyobozunur kompozitler hazirlanmistir. Sicak
pres kullanarak ekotabakalar1 hazirlamak icin tabaka istifleme yontemi kullanilmistir.
Elyaf oryantasyonu —45 °/ + 45 ° ve 0 ° / 0 ° olarak ayarlanmistir. =45 ©/ + 45 °
yonil, eko-tabakalar igin 0 ° / 0 ° ile karsilastirildiginda daha iyi ozellikler
sergilemistir; bu nedenle bu yapi, ilizerine kaliplanmis kompozitler (OMC'ler)
iretmek i¢in kullanilmistir. Mekanik testler, OMC'lerin biikiilme modiiliiniin ve
mukavemetinin saf PLA'ya kiyasla arttigini gostermistir. Calismanin ikinci
asamasinda, jiit liflerinin yiizeyi, alkali muamele ve ardindan silan modifikasyonu
uygulanmas1 gibi iki yontem kullanilarak muamele edilmistir. Alkali islemi ve
ardindan silan modifikasyonu yontemi, jiit ve PLA arasindaki iyilesen arayiizey
etkilesimi nedeniyle daha yiiksek mekanik &zellikler ile sonuglanmistir. Ugiincii
asamada, farkli amonyum polifosfat, melamin polifosfat, ¢inko borat ve aliminyum
dietilfosfinat kombinasyonlar1 kullanilarak kompozitlerin alev geciktiriciligini
tyilestirmeye odaklanilmistir. Sonuclar, melamin polifosfat ve ¢inko borat birlikte
kullanildiginda alevlenme direncinde biiyiik bir iyilesme elde edildigini gostermistir.
Bu yeni teknigin en biiyiik avantajlarindan birinin, yogunlugu degistirmeden PLA'nin
mekanik 6zelliklerinin iyilestirilebilmesi oldugu sonucuna varilmastir.

Anahtar Kelimeler: Alev Geciktiricilik, Biyobozunabilir Kompozitler, Jit Elyaf,
PLA, Uzerine Kaliplama.
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DEVELOPMENT OF OVERMOLDED ALL-BIODEGRADABLE
FUNCTIONAL POLY (LACTIC ACID)JUTE ECO-COMPOSITE
MATERIALS

ABSTRACT

Environmentally friendly, biodegradable composites were prepared via overmolding
of poly (lactic acid) (PLA) onto PLA/jute-mat composites, named as “ecosheets”.
Film stacking procedure was used to prepare ecosheets using a hot-press. The fiber
orientation was changed as —45°/+45° and 0°/0°. The —45°/+45° orientation
exhibited higher properties as compared to 0°/0° for ecosheets; therefore, this
construction was used to produce overmolded composites (OMCs). The mechanical
tests showed that flexural modulus and strength of OMCs were improved in
comparison to neat PLA. In the second step of the study, surface of jute fibers was
treated using two methods, such as alkaline treatment and alkaline treatment
followed by silane modification. Alkaline treatment followed by silane modification
resulted in higher mechanical properties due to improved interfacial interaction
between jute and PLA. In the third stage, it was focused to improve the flame
retardancy of the composites using different combinations of ammonium
polyphosphate, melamine polyphosphate, zinc borate and aluminum
diethylphosphinate. The results of showed that a great improvement in flame
resistance was obtained when melamine polyphosphate and zinc borate were used
together. It was concluded that one of the biggest advantages of this novel technique
was the increase of mechanical properties of PLA without altering the density.

Keywords: Flame Retardance, Biodegradable Composites, Jute Fiber, PLA,
Overmoulding.
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INTRODUCTION

During the past few decades, significant environmental damage has been caused by
the use of huge amounts of synthetic plastics which is the main cause of global
warming [1]. Therefore, these issues have triggered an increased interest to replace
the Traditional polymers with more environmentally friendly alternative or to
develop a new composite material with addition of more than one reinforcement that
are biodegradable resources [2]. Traditional composite materials are multifunctional
materials which consist of two or more materials in which the individual components
retain their separate identities [3]. A fiber reinforced polymer (FRP) is a composite
material consisting of a polymer matrix imbedded with high-strength fibers such as
glass, aramid and carbon [2]. The result of combining two different types of material
(reinforcement and matrix) into one composition is a composite with hybrid
properties. There are usually two types of reinforcement the discontinuous phase
which is more rigid and stronger than the second type the continuous phase. For the
matrix material, it can be classified into several types such as ceramic, polymeric
(thermoplastics and thermosetting) and metallic. The main advantage of this type of
composite is that the strength of one fiber overshadows the weakness of the other [4].
Recently, polymer as matrix composites have been widely used for many
applications such as construction materials, military, space craft, packaging [5], civil
use, industry, automotive parts [6], and airplanes interior parts [7] because of their
excellent thermo-mechanical properties. But with the increasing awareness of
environmental concerns and limited availability of petroleum resources in recent
years, it has pushed the researchers to investigate the properties of renewable
resources which are biodegradable and abundantly available in nature, due to their
lower cost and easier availability [8]. We can reduce the amount of artificial plastic
by inserting natural fibers into them. Natural fibers are one of the natural forms of
materials which are increasingly used as alternative fillers in polymer composites and
had been used as potential reinforcements in polymer matrix in place of synthetic

fibers. Synthetic fibers is made from chemicals. Examples of this type are aramid,
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Boron, glass, carbon, etc. These fibers are usually produced by chemical retting,
mechanical decorticator [9], water retting [10] etc. due to the advantages such as its
adequate specific properties, low cost, less tool wear during processing, acceptable
biodegradability, and low density [11]. Unlike other reinforcing fibers, they can
allow a high volume of filling in composites and are readily available [12]. Because
of that, natural fibers such as jute, flax, bamboo, and kenaf [13] have recently
received much attention from scientists and technologists. Hemp, flax and other
kinds of natural fibers are investigated to be used in plastics. Jute fibers (Corchorus
capsularis) have a high worldwide annual production at about 103 ton [14]. Jute is
eco-friendly fiber extracted from the stem of jute plant. It has high tensile strength,
modulus, light weight, high strength to weight ratio which replaced several synthetic
fibers in development of many composite materials. The composites that replace
steel can save a 60-80% of the total weight, while in the case of aluminum is 20-
50%. Since jute has higher strength and modulus than plastic [15], jute was used to
produce composite materials with different matrices such as PP [16], polybutylene
succinate, [17] polycarbonate, polyethylene, and polycaprolactone etc. [18]. These
composites have already been adopted as automobile parts. In addition, for achieving
more thorough biodegradability of composites, biodegradable polymers receive
attention as alternatives to petroleum-based polymers. Among many kinds of
Biodegradable/ biobased polymers such as poly (lactic acid) (PLA), aliphatic,
cellulose esters, poly(vinyl alcohol), starch plastic has the potential to be
manufactured from renewable and synthesized resources which make it the new
generation of bio-based polymers. Poly (lactic acid) is the most popular for use as the
matrix of green composites. Poly (lactic acid) is a kind of linear aliphatic bio-based
polymer that is produced from renewable resources. The synthesis of high molecular
weight Poly (lactic acid) was carried out in 1932 by Carothers et al [19]. PLA
possesses good mechanical properties, (high tensile strength and Young's modulus,
good flexural strength) [20], which are even higher than those of PS, PP, PE, or other
polymers. We can compare the tensile strength of PLA with PET, and so do the
elastic modulus, but unfortunately PLA is very brittle, with less than 10% elongation
at break and low toughness, which limits its use in applications that need plastic
deformation under high stress [21]. However, many researches on PLA-based
composites reinforced with NF, such as jute, kenaf and hemp, have been carried out



in expectation of enhancing the mechanical and thermal properties of PLA [22]. The
combination of thermoplastics and renewable natural fiber such as jute as
reinforcement in composite will answer the demand for environmentally friendly
composite [23]. However, there is a limited number of studies focusing on reduction
of weight while maintaining or improving other desirable attributes [24]. As far as
we know, there is no reports about the Over-molding Technology with natural
polymers. Over-molding Technology is the injection molding process to apply one
material [Over-Mold] onto another material [Substrate] [25]. The over-molded
material should form a bond with the substrate that endures the end-use environment
and offers functional performance. Over-molding eliminates the need for adhesives
and primers to bond TPEs to rigid substrates. Over-molding technology offers design
flexibility, lower manufacturing costs coupled with ease of manufacture [26] which
is a well-founded method for producing lightweight structures. The concept is to
combine the advantages of injection molding and Continuous Fiber Reinforced
Thermoplastic (CFRT) properties to produce strong lightweight structures that have
higher mechanical properties than molding compounds, but they can be integrated
directly in the molding process. Potential applications for over-molded CFRT inserts
are in seat structures, airbag housings, front end modules, crash beams and other
structural applications [27]. The combination of interesting mechanical and physical
properties of ‘all-biodegradable green-composites’ together with over-molding
technology is the primary goal in our study .The present work study the preparation
and characterization of woven Jute fiber reinforced PLA composites. In order to
improve adhesion, modification of PLA with Talc is performed. The mechanical and
thermal properties of jute/PLA composites are investigated to see the effect of this
modification. The mechanical and thermal properties of composites are investigated
in detail. Also by SEM microscopy and FTIR. This study is characterized not only as
an academic research but also as an industrial development to produce new green and

more environmentally friendlier materials and their applications in automotive.



1. BACKGROUND INFORMATION

This thesis is concerned with developing Jute fiber reinforced PLA biodegradable
composite material using hot film-stacking molding method and Over-molding
technique. The work is based on a combination of textile and composite
technologies. This chapter includes a short introduction to composites and woven
technologies followed by a literature survey to give a brief overview of areas relevant

to this project.
1.1. Composite Materials

Composite materials consist of mixing two different materials to produce a
composite that combines the best properties of the two materials and avoids their
defects [21]. Usually one of the materials used in the composite is fibers, flakes, or
particles and is called the reinforcing phase. The other material is called the matrix
which is serves as a medium (in continuous form) [23]. Reinforcements are dipped in
the matrix to produce composite and improve properties. Reinforcement fiber is
often of high strength, stiffer and orthotropic. The responsibility of the reinforced
fibers is to control the mechanical properties of the compound because it is
considered the strong part, while the matrix or resin consists of synthetic polymers
whose task is to preserve and contain fibers in a specific form. The matrix material is
ordinarily of a high-performance type. Moreover, both fibers and matrix may be

organic or inorganic in nature [24].

Composite materials are increasingly replacing conventional metallic materials
because of its light weight, high strength, easy manufacturing methods and high
design flexibility. The term ‘Textile Composite’ can be produced from any textile
processes such as spinning, weaving, knitting, braiding or nonwoven [25]. This
technique has opened the door to endless possibilities to produce composites with

different type of reinforced fibers and matrix.



1.1.1. Classification of composites

Usually the composite materials are classified into two. The first classification is
according to the matrix and the second classification is according to the reinforced

material structure. [29].

For classification by matrix we can classified the composite into three classes:

e Metal Matrix Composites (MMC)

e Ceramic Matrix Composites (CMC)

e Polymer Matrix Composites (PMC)

For this project the interest is in the field of polymer matrix composites where Poly
(lactic acid) (PLA) are used as polymer matrices. On the basis of polymer used,
composites can be classified into two categories, such as thermoset composites and
thermoplastic composites. To manufacture thermoset composites the thermoset
polymers are used as a matrix material and thermoplastic polymers are used to
produce thermoplastic composites. Polymer matrix composites are also formed by
mixing thermoplastic polymer with reinforcing fibers and then the blend is subjected
to a high temperature and pressure so that the thermoplastic polymer melt and act as
a matrix material [36]. This system of manufacturing thermoplastic composite
enhances the delamination resistance of composite materials. Thermoplastic
composites are characterized by the possibility of recycling and molding, but after
several times of recycling, it loses its strength and sent for disposal. Unfortunately
most of the time, some materials such as inorganic materials or fiberglass remain and
cannot be disposed of and this makes this type of composites an environmental
problem and urgent solution to it must be found. We can solve this problem by the
use of biodegradable reinforcements (jute or hemp) and biodegradable matrix (PLA)
so that we can complete the recycling cycle of composites. Thus the carbon dioxide
resulted from manufacturing is the same as that consumed in the growing step of the
plant [31].

On the basis of the reinforcing material and the structure, composite materials can be

classified into three categories [33]:

o Fiber Reinforced Composites.



e Particle Reinforced Composites.

e Dispersion Strengthened Composites.

Synthetic and natural fibers are used to give the composites strength and improve its
mechanical properties. The study will focus on the type of fiber reinforced
composites, especially the textile fibers. The fiber element performs the main load-
bearing component in fiber reinforced composites. These types of composites create
lightweight yet durable and rigid materials. Fiber reinforced composites can be
classified according to the form in which the reinforcement fiber material is used.
These are short discontinuous, long discontinuous and continuous fiber reinforced
composites. It can be further classified according to the structure of the

reinforcement such as woven, nonwoven, braided, knitted etc.

The parameters of fibers i.e. length, orientation and volume content dominate the
engineering properties of the composite. Among them, the length of the fiber is very
important, and the continuous and long discontinuous fiber composites are better in
terms of engineering properties [39]. Short or long staple fiber composite pre-pregs
are discontinuous in nature. The chopped fibers (long or short) are distributed in
random direction or straight direction. The fibers orientation has two types:
unidirectional like yarns and bidirectional like woven fabrics. According to their
structure, composites may be classified as laminates and sandwich panels. According
to their structure, composites may be classified as laminates (by applying multiple
layers we control the thickness of the composites) and sandwich panels. In order to
get a specific properties or pattern, we place the layers of reinforcement precisely to
create a laminar composites [31]. There are several types of Laminates such as non-
woven, reinforced fiber, woven and matt, and 2D woven or unidirectional fibers.
Advantages of laminated composites are relatively well defined position of fibers in
final composite piece, higher strength, higher fiber to wvolume ratio; their
disadvantages are relatively poor through-the-thickness properties [34] and problems

of process induced deformations.

The fiber reinforced composite, where fibers are distributed in order and based on
woven fabric principle is called woven fiber reinforced composite. Woven fiber

(Fig.2.2.) are made by weaving two sets of yarns at perpendicular angle to each



other. The terms warp and weft (Fig. 1.1.) are used to distinguish between the two
different directions of yarns.

+ Weft

Selvedge
Warp e

Figure 1. 1. Pattern of weft and warp
yarns in a woven jute fiber [15]

Warp defines the longitudinal yarn, i.e., the direction in which production proceeds
(also called machine direction or MD). Weft defines the transverse direction, i.e.
running width-wise (also known as cross machine direction or CD). Figure 1.2. Show

surface texture of a typical woven jute fiber.

Figure 1. 2. Woven jute fiber

Woven fiber composites are mainly used in structural applications. Because of their
fiber orientation and the use of mostly continuous yarns in this type of material, the
mechanical properties such as strength and stiffness of these composites are superior

as compared to short and random fiber composites. Due to their handle ability,



isotropy, process ability, and especially low cost, this type of composite is widely
used [38].

1.2. Biodegradable and Sustainable Materials

Biodegradable materials can be defined as materials that are able to be broken down
into simple elements and compounds such as carbon dioxide and water by
microorganisms under natural environment without generating any harmful
substances [7, 40]. The biodegradation process, in other words chemical
decomposition, usually occur through enzymatic action of microorganisms (bacteria,
fungi, etc.), and abiotic reactions including mineralization, photo degradation,
oxidation and hydrolysis [41. 42]. There are three main classification for the

Biodegradable polymers:

Biopolymers and polysaccharides like (chitin, chitosan, cellulose, silk and wool).
The second main section is synthetic polymer such as aliphatic polyester (e.g. Poly
(lactic acid) and polybutylene succinate) and polyester produced by microorganisms
(e.g. poly (hydroxyl alkanoate) [7, 43]. Recently, due to the rapid growth in the
consumption of composite material, biodegradable composite is being developed for
more extensive applications. Biodegradable composites (biocomposites) are
commonly known as the composites materials consisted of biodegradable natural or
synthetic fibers as reinforcement and biodegradable or non-biodegradable polymers

as matrix [46].

Sustainable materials are usually produced from completely renewable resource, and
there is no fossil fuel derived energy in their production processes [47]. Moreover,
the definition of sustainability from Cargill Dow LLC, which built the
commercialization of PLA polymers under the trade mark Nature Works TM, is
based on three aspects: economic sustainability, social sustainability and
environmental sustainability [49]. The specifications of the sustainable material have
been defined by three basic qualities. First, the sustainable material is capable of
performing the tasks performed by the substitute material. Second, it should be
available at a reasonable price. Third, its negative impact on the environment should
be in the minimum level. Sustainable materials are also known as “green” materials.

An idealized life cycle of green materials is presented in Figure 1.3. [50]. The
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requirements of innovative green materials include: the improvement of material
from biodegradable or renewable polymers, the minimization of using fossil based
materials, the diminution of fossil fuels used during material production, the
reduction of carbon dioxide released, the reduction of the quantity of wastes, and the
minimization of hazards from non-ecofriendly chemistry at every stage of the green
material life cycle [53].

Green
materials

biodegradable
waste
colliecteion

Materials
processing

CO.+H.0

biodegradable
polymer
production composting

Extracting renewable CO;+ H;0

sources (e g starch, Plants {Photosynthesis)

cellulose)

Figure 1. 3. Life cycle of green materials [65]

Figure 2.4. Indicates a pyramid diagram of the whole-life energy of plastics after
service. Waste reduction is most desirable and can be achieved by re-designing the
products to improve their durability. Reuse requires less energy than recycling of the
plastic after service, but it normally needs inspection, cleaning and repair for the
plastic used for other purposes. Despite many commercial thermoplastic polymers
such as PET and PE having good recyclability, most of their raw materials are
generated from fossil-fuel and natural gas. Besides, the recycling rates of these
recyclable materials are not as high as they could be. Biodegradable plastics, such as
PLA, can slowly decompose to harmless components in soil. Composting can reduce
the amount of plastic waste going to incineration and landfill, which are the most
undesirable methods for waste management. In a study by Themelis et al. in 2011
[30], only about 6.5% of the used plastics are recycled, 7.7% are burned for energy in
the U.S., the remaining 85.8% went to landfill [66]. These plastics will bring
environmental pollution at their end-of-life cycle. Moreover, the fast growth of the

demand of composites and the limited amount of these natural resources are leading



to increasing in the polymers’ price. Therefore, biodegradable and/or sustainable
polymers may replace traditional polymers gradually for plastics, textiles and

composites.

Most desirable Least energy waste

Waste
reduction

Reuse
Recycle
Compost
Incineration
Landfill

Least desirable Most energy waste

Figure 1. 4. Whole-life energy of plastics after service [66]

Poly (lactic acid) (PLA) is a very popular biodegradable polymer and has been
commercially manufactured in many countries. It belongs to aliphatic polyester and
has outstanding biodegradability and sustainability. Hence, research of novel “green”
materials made up of the biodegradable polymer has become a new trend. In the next

part we will focus on the physical properties and chemical structure.

1.3. Poly (lactic acid)

Poly (lactic acid) was first manufactured in 1932 by Wallace Carothers. PLA belongs
to an aliphatic polyesters family which is characterized by being derived from 100%
nature renewable sources like sugar cane and corn. PLA is a thermoplastic polymer
made from o-hydroxyl acids with high efficacy for biodegradability and for
composability. PLA has excellent strength and modulus. However, due to the high
price of manufacturing applications, it was limited to medical fields like suture
implants [67]. For example, the PLA fibers can be made into a 2D or 3D textile
scaffold as an implant, where different human organs can be cultured [68]. In the
recent years, it has been widely developed and manufactured on a large-scale by
Nature Works LLC, USA, who markets the fiber form of the PLA polymer under the
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“INGEOTM” brand. Now there are many applications for PLA such as food

packaging, biodegradable composites, apparel and wipes.

Compared with synthetic polymers which is made from decreasing fossil fuels, Poly
(lactic acid) (C3H402)n is important because it is manufactured naturally from
sustainable and available sources, with 100% biodegradable capability [60]. The
process of synthesis of PLA polymer is shown in Figure 2.5. In the production of
PLA, the carbohydrates (starch or sugar) are extracted from plants cells and
converted to fermentable sugars by enzyme hydrolysis with water [68]. After the
enzyme hydrolysis, the fermentation of dextrose occurs to make the lactic acid. Then,
PLA can be formed by either polycondensation or ring-opening polymerization of
lactic acid [68, 70]. The direct polycondensation of lactic acid is based on
esterification of monomers. In order to eliminate the water, this process needs to be
operated under high temperature and progressive vacuum [71]. The ring-opening
polymerisation occurs via lactide as a cyclic intermediate dimer [68, 69]. The ring-
opening polymerization usually gives longer molecules (higher molecular weight)
than the direct polycondensation, because it is difficult to remove the water and

impurities in the polycondensation [68, 70, 72].

Prepolymerization Polymenzatlon
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0 3 CH;
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Lactic acid Poly(lactic acid)
Ring-opening polymerization
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0 OH 0
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Figure 1. 5. The synthesis of PLA polymer [68]

Due to the chirality of lactic acid, the fermentation of sugar produces the lactic acid
which exists as two stereoisomers (L- or D-lactic acid). Before ring-opening

polymerization occurs, lactic acid produces the cyclic lactide dimer under milder
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condition by eliminating water. Three potential forms of lactide can be created.
These are L-lactide, D-lactide, and Meso-lactide. The crystalline PLA polymer
usually contains high proportion of poly L-lactic acid (PLLA), while the amorphous
PLA polymer is produced by a higher proportion of poly D-lactic acid (PDLA) (more
than 15%) in the polymer chain [68]. The characteristics of PLA, such as molecular
weight, crystallinity, the thermal properties of PLA vary with the difference of the
quantity and the sequence of L- and D-lactic acid units [68]. There is no specific
point for melting point of the PLA, but a range from 130 to 230°C because of the
different sequence and quantity L- and D-lactic acid units. [68, 73].

PLA is similar to most thermoplastic polymers, in which the mechanical properties
highly depend on the molecular weight, crystallinity and orientation. The unique
characteristic that makes Semi-crystalline PLA distinctive from others is the different
mechanical properties depending on the distribution and quantity L- and D- lactic
acid units such as flexural strength of 50-120 MPa, tensile strength of 50-70 MPa and
elongation at break of 2-10%. For example, amorphous PLA usually has tensile
strength between 50 and 70 MPa, while that of poly DL-lactic acid (PDLLA) is from
40 to 53 MPa [74, 75].

The improvement of PLA mechanical properties can be done by making highly
oriented fiber. This technique is affected by roll speed, draw ratio and other spinning
parameters. The tensile strength, elastic modulus and elongation at break of PLA
fiber can be developed up to 450 MPa (about 36 cN/tex, based on bulk density of
1.25 g/cm3), 5.7 GPa (draw ratio of 4) and 160% (spinning speed of 1000 m/min)
[68, 76, 77]. Figure 2.6. Shows a comparison of tensile properties between natural
fibers, common synthetic fibers and PLA fiber [68]. It is clear from this figure that
the initial modulus of the PLA fiber is similar to the other textile fibers, while the
yield after elastic tensile is very obvious and similar to wool. PLA fiber is also very
extendable, even its strain at break is higher than wool, which is the most extendable
natural fiber. However, the tensile strength of PLA fiber is lower than common
synthetic fibers such as Lyocell and high-density polyester, but it is higher than

viscose and close to cotton fiber.

12



60

T
/ HT polyester

g Lyocell
g ton J—
B PLA
"ﬁ,- //» Viscose
X 1

r_',lrl/\"‘u'nol

20 25 30 35 40 45 50 13 60
Strain (%)

Figure 1. 6. Tensile stress-strain curves for PLA and other
common textile fibers [68]

The reason why PLA is stiff and brittle at room temperature is that the glass
transition temperature is between 50°C and 70°C and the melting point is from
130°C to 230°C depending on the ratio of L- and D- in PLA backbone [68]. For pure
PLLA or PDLA, the melting point is between 170°C and 190°C [68, 73]. Ikada et al.
[78] found that the highest melting point of 230°C of PLA polymer can be achieved
by blending PLLA and PDLA to create a stereocomplex polymer. In addition, the
crystallization temperature of amorphous PLA polymer is typically between 110°C
130°C, based on the molecular weight [73].

As a large number of biodegradable products based on the PLA polymer have been
produced every year and the processing conditions and final properties are highly
related to the crystallization of amorphous and melting behavior, a lot of studies [79]
concentrated on the crystallization and melting behavior of PLA polymer. A double
melting behavior has been found in the PLA material and reported by a number of
authors [79, 80, 83].

In general, the phenomenon of multiple melting endothermal peaks commonly
appears in the DSC plots of synthetic macromolecules, and has been observed for
many semi crystalline polyesters containing flexible or semi-stiff polymers such as
PE, PP, PET and poly (butylene terephthalate) etc. [79, 84]. This phenomenon in
principle can be attributed to many factors such as the presence of two or more

crystal forms, molecular weight segregation, varying crystal orientation, and
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different crystal size and morphologies [79, 85]. The appearance of multiple melting
peaks also can be brought about by the original crystals with different stability [85].
The double melting behavior of PLA is attributed to a low temperature melting that
happened because of the melting of the original crystals with a low thermal stability,
then the crystals go through a recrystallization, and finally to a prefect crystals which

refers to high temperature melting in the DSC heating scan. [79, 80].

PLA, despite being a synthetic polymer, is fully biodegradable and compostable
polymer, as it is derived from renewable resource. The PLA degradation done by
ester bond hydrolysis without an enzyme to catalyze this hydrolysis or by various
microorganisms under controlled conditions [69, 86]. The degradation rate is
influenced by ordered molecular structure (crystallinity), molecular weight, and
surface area, hydrophilic and hydrophobic properties [86]. Because the crystalline
structure is more resistant to degradation then the amorphous, the higher the
crystallinity the less the degradation. The PLA degradation depends on the degrading
environment such as temperature and humidity. Under the natural environment, PLA
has a degradation time from six months to two years, which is much shorter than that
of polyethylene, 500-1000 years [69]. However, the degradation time of PLA can be
shortened to 3-4 weeks when PLA is composted with microorganisms in an

appropriate environment [87].

1.4. Biocomposites

Biocomposites have a broad classification and can be partially or completely
biodegradable [62, 88]. The classification of biocomposites is shown in Figure 2.7.
Partial biodegradable composites are based on biofibers as reinforcement and non-
biodegradable  thermoplastic ~ (polypropylene/polyethylene)  or  thermoset
(epoxy/unsaturated polyester) polymers as matrix. If the matrices are biodegradable
polymers, which can be derived from renewable or petro-based resource, the
biocomposites are completely biodegradable. The renewable polymers include starch
plastics, soy plastics, cellulosic acetate and PLA. The petro-based synthetic polymers
include aliphatic polyester, aliphatic-aromatic polyester, polyester amides, and
polyvinyl alcohols [61, 62, 88].
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Figure 1. 7. Classification of biocomposites [62]

In the biocomposites, biofibers are mainly natural fibers, which can be grouped into
bast, strew, leaf, or wood fibers [61]. Because of their low density, low cost and good
mechanical properties that is near to glass fiber, natural fibers have been considered
as feasible alternatives to the expensive glass, aramid carbon fibers in a composite,

especially in automobile and construction industries [61, 62, 88, 89].

An all-composite-made automobile is more than 50% lighter than a similar sized
steel automobile. Because of the low density of the natural fibers in the reinforced
composites, they can become lighter [89]. Table 2.1. Shows the comparison of
mechanical properties for synthetic fibers and natural fibers. The stiffness of jute and
hemp are higher than glass fiber, also the specific modulus of natural fibers is close
to glass fiber. However, the mechanical properties of synthetic fibers are higher than
natural fibers [61, 89, 90].

Furthermore, it has been reported in several studies that 10-11 million vehicles in the
United States need to be disposed annually after their end-use, and approximately
25% by weight of the vehicles are discarded as wastes, including plastics,
composites, rubber and foams [61, 88]. Thus, the other advantage of using
biocomposites to replace glass fiber composite is that the biocomposites have good
biodegradability; they can be simply consumed by landfill. In the last decades,
natural fiber reinforced composites have been used widely as interior and exterior
material with multiple functions. They have been used as door panels, door trim
panels, floor mats and spare tyre covers for automobiles to reduce the weight for

higher fuel efficiency and to enhance sustainability [88, 89].
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Table 1. 1. Properties of natural fibers and high-performance fibers [90]

Fiber Density Tensile strength Young’s mod(GPa) Elongation
(g/cmd) (MPa) at break (%)

Jute 1.3-1.49 393-800 13-26.5 1.16-1.5
Flax 15 345-1500 27-39 2.7-3.2
Hemp 1.47 550-900 38-70 1.6-4
Kenaf 1.5-1.6 350-930 40-53 1.6
Ramie 1.5-1.6 400-938 6.4-128 1.2-3.8
Sisal 1.45 468-700 9.4-22 3-7
Coir 1.15-1.46 131-220 4-6 15.40
E-glass 2.5 2000-3500 70-73 2.5
S-glass 25 4570 86 2.8
Aramid 14 3000-3150 60-67 2.5-3.7
Carbon 1.78 4000-4800 230-425 1.4-1.8

Compared to synthetic fibers, bast fibers have lower density and higher
biodegradability. Since they also have relatively high Young’s modulus and tensile
strength, bast fiber reinforced PLA composites have attracted significant attention.
The bast fibers that are usually used for biodegradable composites are hemp [91-93],
jute [16, 94], flax [95-98] and kenaf [99-103].

There are more than one way to produce these composites. Injection molding is one
of them. This method supplies a very well fiber wetting because of the well mixing
of PLA matrix and jute fiber in the extruder [93, 97, 102-104]. On the other hand, the
disadvantage is the limited of reinforcement structure in the composite like chopped
short fibers. Here comes the importance of compression molding as it can use more
than one form of reinforced structures like chopped short fiber [91, 94, 98], short
fiber mat and textile fabric. [99, 101]. The degree of fiber wetting is highly

depending on the processing temperature, pressure and time.

Oksman et al. has found that the flax fiber (30-40 wt %) reinforced PLA composite
has 44-53 MPa tensile strength and 7.38.3 GPa E-modulus, which are higher than or
equivalent to those of PP composites [104]. The mechanical properties of flax-PLA
composites with higher fiber content (4060 wt %) have been reported in
Alimuzzaman et al.’s study [98]. By changing the molding temperature and time
during heat compression, the highest tensile properties (tensile strength= 80.3 MPa,
tensile modulus = 9.9 GPa) flexural (flexural strength = 138.5 MPa, flexural
modulus= 9.9 GPa) are achieved by the 50 wt% flax composite at 180°C molding

temperature and 5 min molding time. Ochi developed the unidirectional kenaf-PLA
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composite with 70% fiber content. The tensile and flexural strengths can reach 223
MPa and 254 MPa respectively [99].The tensile modulus and strength of a short
kenaf fiber —-PLA with 30% fiber content can reach about 5.5 GPa and 52 MPa, and
the flexure modulus and strength are 6 GPa and 85 MPa, respectively [103]. Kenaf-
PLA composites also have high heat resistance and strength. Thus, they can be used
in the housing of electronic products [102]. The mechanical properties of PLA are
improved by the addition of jute fibers to it. It turns out that with increasing fiber
volume, the tensile strength and modulus increase but bending strength and modulus
decrease. [116] The mechanical properties of jute-PLA composites depend on the
manufacturing temperature. The degree of fiber wetting is very poor at low

temperature because of the high melt viscosity of PLA matrix [94].

Hu and Lim found the mechanical properties of hemp-PLA composites peak at the
fiber volume fraction by about 50% [92]. As fiber content increases, the tensile
strength, elastic modulus and flexural strength decrease. A possible explanation for
this is that the fiber wetting became poor at the high fiber content, which is due to the
insufficient penetration of resin fraction to wet all the fiber surfaces. Sawpan et al.
successfully evaluated the fracture toughness of hemp-PLA composite by single-
edge-notched-bending test. The fracture toughness of the composite is lower than the
neat PLA and is decreased with the increase of fiber content. This could be caused by

the increased stress concentration and PLA matrix crystallinity [106].

The poor interfacial bonding is a well-known problem in natural fiber reinforced
synthetic composites. Many studies have worked on the improvement of interfacial
bonding by fiber surface treatment, the addition of plasticizer and coupling agent.
Three types of fiber treatments are used in Huda el al’s study including aqueous
alkaline solution, Silane coupling agent, and a combination of both [100]. The
flexural properties are improved by these treatments of kenaf-PLA composite
compared to untreated fiber. As a result, interfacial bonding is increased due to the
coupling agent which increased the cross linking degree in the fiber surface area and
its interface [100]. This treatment allows the removal of wax and pectin from the
fiber surface [107]. However, it has been reported that the impact properties of PLA-

flax significantly is decreased by the surface treatment [104].
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1.5. Natural Fibers

Natural fibers are classified by their origins such as plants and animals. The most
commonly used species in reinforcement is plant fibers which include (cotton,
kapok) as hairs, (jute, hemp and flax) as bast and (sisal, henequen) as hard-fibers.
India and Bangladesh are the largest producers of jute. The good quality of fibers
provides a basic requirement to maintain a good level of mechanical properties and
the lack of this quality is currently one of the biggest drawbacks. Some properties
must be presented in the reinforcement fibers so they are considered to be of high

quality such as:

» Good adhesion between fiber and matrix.
* Degrees of polymerization and crystallization.
* Moisture repellence, and Flame retardant properties.

1.5.1. Natural fibers and their chemical compositions

Table 1.2. Presents the chemical composition of plant-fibers that vary depending on
the natural conditions and age. In general, natural fibers contain cellulose, lignin and
hemi-cellulose as the fundamental components. These components are responsible

for the physical properties of the fibers.

Table 1. 2. Composition of different cellulose based natural fibers

Cotton Jute Flax Ramie Sisal
Cellulose 82.7 64.4 64.1 68.6 65.8
Hemi-cellulose 5.7 12.0 16.7 13.1 12.0
Pektin 5.7 0.2 1.8 1.9 0.8
Lignin - 11.8 2.0 0.6 9.9
Water soluble 1.0 1.1 3.9 55 1.2
Wax 0.6 0.5 15 0.3 0.3
Water 10.0 10.0 10.0 10.0 10.0

The name of cellulose was given by Anselme Payen In 1838 who discovered that all
plants consist mainly of this substance. Cellulose consists of units called glucose,
which are originally anhydroglucose joined by B-1, 4-glycosidic bonds. These rings
are within 4C1 conformation which refer to multiple -OH and —-CH20H groups on
the edge of the ring. The molecular structure of cellulose is responsible for its
supramolecular structure of cellulose determines most of its physical and chemical

properties. We can see the molecular structure (The Haworth projection) in fig. 2.8.
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Figure 1. 8. The Chemical Structure of Cellulose [16]

The repeating units in cellulose are linked to the 180° angle of the main planes site
and the ratio of these units to the molecule is half the DP. However, there is a
decrease in this ratio after the purification process, where the original number is
approximately 14000 and the number after the operation is approximately 2500.
Because of the unique geometry of each cellulose cell, the degree of polymerization
varies with cellulose type and this affects the mechanical properties of the natural
fibers, and that determines the length of the polymer. The molecular structure of
cellulose is similar to that of a polymer in terms of solid regions (high order,
crystalline form) and another disorder area called amorphous. Natural cellulose is a

single orientated chain which crystallizes in monoclinic sphenoid structures.

Unlike cellulose, hemicellulose is not a derivative or close to cellulose.
Hemicellulose is a polysaccharide which is derived from the rest of the cellulose
bonding after the removal of the lignin. There are 3 fundamental differences between
cellulose and hemicellulose: First, hemicellulose consists of several types of sugar
units, while cellulose consists of only 1.4-B- -glucopyranose type. Second, cellulose
is a linear polymer while Hemicellulose is a branched polymer. Third, the degree of
polymerization of cellulose is much higher than that of hemicellulose (higher from
10 to 100). The chemical composition of hemicellulose varies depending on the

source or type of plant.

These materials are complex because of their different ring-to-linear structure and

because of their difference by source.
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Figure 1. 9. The Cell geometry of Cellulose [106]

The mechanical properties of Lignins are generally lower than cellulose. Pectin is a
variety of polygalacturonic acid types which called heteropolysaccharides. Pectin is
not soluble in water but after the alkali or ammonium hydroxide treatment it became
soluble in water. Wax is a component of natural fibers and is insoluble in water and

is usually consist of (stearic acid, palmitic acid, oleaginous acid).

HO HO
O O O
OH OH O
O O O
OH 0 OH

HO

OH

Figure 1. 10. The Chemical Structure of Hemicellulose
[106]

Because of its special strength, low density and stiffness, natural fibers can be used
to reinforce plastics (thermoplastics or thermosets) (Table 1.3.). The distinctive

values of jute and soft wood fibers are the same as those of glass-fibers, types E.
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Figure 1. 11. The Chemical Structure of Lignin structure [25]

It is clear from the table (2.3) that the most significant defects of natural fibers is the
large range of properties due to the different chemical composition by source and
natural conditions during growth. This problem can be solved using many methods
of treatment of natural fibers and producing fibers with stable properties. In general,
the elastic modulus of natural fibers is 10 GPa but for cellulose after treatment is up
to 40 GPa and it can reach to 70 GPa after several methods of chemical and
mechanical treatment. Theoretical calculations put the elastic moduli of cellulose up
to 250 GPa, but the separation problem makes these values unattainable at the

moment.

Table 1. 3. Mechanical properties of natural fibers as compared to conventional
reinforcing fibers

Fiber Density Elongation Tensile strength Young’s
(g/cm3) at break (%) (MPa) mod(GPa)
Cotton 1.5-1.6 7.0-8.0 287-597 5.5-12.6
Jute 13 15-1.8 393-773 26.5
Flax 15 2.7-3.2 345-1035 27.6
Hemp - 16 690 -
Ramie - 3.6-3.8 400-938 61.4-128
Sisal 15 2.0-25 511-635 9.4-22.0
Coir 1.2 30.0 175 4.0-6.0
Viscose(cord) - 114 593 11.0
Soft wood kraft 15 - 1000 40.0
E-glass 2.5 2.5 2000-3500 70.0
S-glass 25 2.8 4570 86.0
Aramide(normal) 1.4 3.3-3.7 3000-3500 63.0-67.0
Carbon(standard) 1.4 1.4-1.8 4000 230.0-
240.0
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The tensile strength of Natural fibers, such as glass fibers, depends on the length of
the sample. The tensile strength of glass fibers is measured by single fiber test, while
for jute fibers it is based on the length of the fibers and not the length of the cross
section. This relationship between test length and strength can be considered as a
general measure of the degree of homogeneity or the total defects in the fibers. One
of the most important disadvantages of natural fibers is Hydrophilic, especially if we
want to use these fibers as a reinforcement for plastic. Water absorption in fibers
depends on the number of amorphous (non-crystalline) areas and this increases the
presence of gaps and reduces the strength of fibers and generally weakens the

mechanical properties of fibers.

1.6. Jute Fibers

Jute fibers have several unique properties compared to glass fibers such as: high
specific modulus (40 GPa) (for glass fibers 30 GPa), Lower specific gravity (1.29),
high tensile strength, 100% bio-degradable, and good insulating properties. All these
features make jute fibers an excellent alternative to glass fibers to be used as

reinforcement in composites.

One of the most important advantages of jute fiber is that it is not only
environmentally friendly, recyclable, can be used more than once, but also the energy

requirement is only 2% of the energy required for fiberglass production.

Nowadays, there are great uses for jute fibers in many industries, including:
composites, paper, nonwoven textiles and geotextiles for car industries, celluloid
products (films), helmets, grain storage silos, paperweights, biogas containers,
prefabricated buildings, covers of pipes, electrical appliances, and many other

everyday applications.

Jute growth conditions and fiber processing technique are considered to be the major
influences on the mechanical and physical properties of fibers and it affects the
sample test-length. As mentioned earlier, jute fibers are affected not only by
cellulose but also by hemicellulose and lignin which have a clear effect on the
properties and are greatly influenced by the chemical treatment method using caustic
soda. The existence of hydroxyl and polar groups in jute fibers is one of the major
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drawbacks because it helps to increase the moisture uptake (approx. 12.5% for dry
fiber and 14.6% for wet fiber at 20 C, 65% relative humidity) and this increases the
spacing between the fibers, increases the weak interfacial bonding between the fibers
and hydrophobic polymer and makes the jute fiber have low wettability with resin.
The environmental performance of jute composites is at its best up to 70% of
humidity, but the properties begin to decrease after that. Here comes the importance
of chemical treatment of fibers so that the absorption of moisture is reducing and
wettability of the resin is increasing. Alkaline treatment removes lignin and
hemicellulose and this makes the fibers more resilient, easier to be rearranged
(especially in the direction of tensile deformation), less rigid and makes the
interfibrillar region of the fibers less dense. These changes help jute fibers when they
are stretched as they facilitate and speed up the rearrangement process and this
produces fibers with better load sharing and higher stress upgrade in Jute fibers. But
this process negatively affects the stress transfer between polymer and jute fibers,
and that why the total stress becomes higher on the fibers tensile when it is
deformed. In addition, NaOH treatment causes a molecular orientation increasing
and a spiral angle decreasing. The removal of non-cellulosic substances adds
randomness in the orientation of crystallites. This important factors affect the
crystallite length, degree of polymerization and degree of crystallinity, and these

have a significant impact on mechanical properties.

1.7. Methods for Surface Modification of Natural Fibers

The quality of the fiber surface (fiber—-matrix interface) is one of the most important
factors that affect the reinforcement between the fibers and the polymer. Therefore,
many chemical and physical methods have been used to optimize this interface.

These treatment methods have different efficiency for matrix-fiber adhesion.

1.7.1. Physical methods

There are many examples of physical treatment of fibers such as calendaring, thermal
treatment, stretching, the activation of surface oxidation by cold plasma and hybrid
yarns production. These techniques alter the structure and surface of the fibers,
which changes the bonding properties between the polymer and the fibers. The

effects of cold plasma treatment on the fibers change the surface energy and increase
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the aldehyde groups’ amount. Surface crosslinking could be insert or free radicals

reactivation could be produced.

1.7.2. Chemical methods

The difficulty of adhesion of fibers and polymer is due to that fibers have a strong
polarity characteristic and polymers have hydrophobic characteristic. Therefore, the
chemical treatment requires the addition of a third material that helps to bond and has
intermediate properties between polymer and fibers. There are several ways to cause

coupling like:

e By removing the weak boundary layers.

e By making more flexible and tough layer form the deformable layers.

e By improving a highly crosslinked interphase region between the fiber and the
polymer.

e By improving the wettability between polymer and fibers.

e By adding coupling agents to form a covalent bonds between the polymer and the
fibers.

e By acid-base treatment where coupling agents change the acidity of the treated
surface.

The difficulty of knowing the mechanism of coupling agents bonding in composites

lies in the fact that there is no complete theory in this field and that the chemical

bonding theory is not enough. So the consideration of interphase morphology,

surface energy, the wetting phenomena and the acid—based interface reactions

becomes a necessity.

The hydrophilicis very close to surface energy of jute fibers. For that, many
researchers investigate the effect of decreasing the fibers hydrophilicity. It had been
noted that processing of jute fibers by polyvinyl acetate increases moisture repellent
and mechanical properties. On the other hand, the use of silane coupling agents adds
a hydrophilic characteristic to the interface, especially amino-functional silanes like
(urethanes and epoxies silanes) which acts as a primer with polymers and this allows
it to add much more amine functionality than the normal interphase with resin. Silane

is also used by combining two types of silane, one is hydrophilic and the other is
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hydrophobic like pheniltrimethoxysilane. This gives thermal stability and improves

the mechanical properties of the composite.

By using the impregnation method a good degree of combination is achieved
between the polymer and the fibers. Polymer solutions or low-viscosity polymers are
used for this purpose, but the lack of solvents for some polymers limits the
possibility of using this technique. For example, when using butyl benzyl phthalate
plasticized polyvinyl chloride (PVC), it significantly decreases the viscosity of the

polymer and it can be used as co-solvent for P\VC and polystyrene (PS).

This method which has been explained previously has a very important characteristic
by adding chemical bridges and increasing the interfacial adhesion between the

matrix and fiber.

Graft copolymerization is one of the most important chemical methods to improve
natural fibers. The first step of this process is the interaction of free radicals with
cellulose molecules, then the fibers are dipped with a special ion solution and the
fibers are exposed to high energy radiation. After their exposure to radiation cracks
and roots produced in the cellulose fibers, these roots are treated with a suitable
solution convenient with the polymer (such as silane, acrylonitrile and polystyrene).
The output of this process is a marked improvement of the fiber's properties
convergence of polymer properties. Fibers become better and have higher matrix
tolerance, which improves the adhesion and increases the internal bonding. This

method is effective but complex.

1.7.3. Alkaline treatment of natural fibers

The method of alkaline fiber treatment is characterized by its highly targeting non-
cellulose components in fibers such as hemicellulose and lignin which are
components affecting the mechanical and thermal properties of fibers. Hemicellulose
Is sensitive to reaction with caustic soda. There are many studies on the effect of
alkaline treatment on jute fibers which often leads to the removal of hemicellulose
with lignin which increases the tensile properties in fibers. After the removal of
hemicelluloses and lignin, there are gaps in the fibers and the density of fibers
becomes less and less stiff which makes the fibers have a greater and faster ability to
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be rearranged, especially in the direction of tensile deformation. Rearranging makes
the fibers better in carrying and distributing the load and produces higher stress in the
fibers. On the other hand, the softening in the interfibrillar matrix negatively affects
the transfer of stress among the fibers which make the total stress development of the
fiber in the deformed tensile. After the removal of the lignin, the middle layers of the
fibers become directly attached to the matrix which increase the homogeneity of the
composite. The effect of alkaline treatment on crystallinity in fibers has been
reported. The alkalis removes the interstitials in the crystal, increases the percentage
crystallinity index of the treated fiber and makes the crystal more compact. The
treated fibers are also subject to a decrease in the spiral angle near the fiber axis
which increases the possibility of the rotation of the chains. Having easy rotation
gives the fibers a higher Young's modulus, especially rotatable fibers such as jute
which are better than limited-spinning fibers such as cotton. Alkaline treatment also
contributes to unifying the direction of the fibers and increases the strength of the

weak points.

1.7.4. Silane treatment

Silane is one of the common coupling agents that has been widely used to modify the
surface characteristics of a substrate [77]. The chemical structure of silane has a bi-
functional group, Figure 1.12. Which could interact with two different phases, of

which the surface characteristics are different.

R

Figure 1. 12. The general chemical
structure of silane

The bi-functional structure of silane is interesting as it is applied to the cellulosic
fibers to modify their surface characteristic, and improve the compatibility with a
polymeric matrix. With the rich hydroxyl groups on the surfaces of cellulosic fibers,
the alkoxy groups (R) in silane structure can chemically react with these reactive

hydroxyl groups through hydrogen bonding in the presence of water, and leave the
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group of organofunctionality (X) on the outer surface of treated fibers, Figure 1.13.
[77,91].

XR XR XR
I | I

OR ===SjmmOR OR memjmm OR QR mem S OR

OH 0 OH O OH 0 OH
L 1 10 1 1 |

Naturalfibres

Figure 1. 13. The hydrogen bonding between silane
and natural fibers

The organofunctionality on the surface of treated fibers affects the surface of the
fibers and changes several properties. Interfacial adhesion increases because of the
physical or chemical interaction between the fibers and the polymer matrix [77,
80,81]. Selection of silane is important because it will affect the adhesion strength
between the functional group and the polymer matrix. The selection of silane
depends on the type of target polymer and the possibility of interaction between the

functional group and the polymer.

Table 1. 4. Examples of potential Silane chemicals for natural fiber Composites, and
their targeted polymer matrices [77]

Chemical structure Functionality Target polymer matrix
(OR)3-Si-R’-NH2 Amino Polyethylene
Polypropylene
Polyacrylate
Polyvinyl chloride
Epoxy
(OR)3-Si-CH=CH2 Vinyl Polyethylene
Polypropylene
Polyacrylate
(OR)3-Si-R’-CH3 Alkyl Polyethylene
Polypropylene
Natural rubber
(OR)3-Si-R’OC(CH3)C=CH?2 Methacryl Polymethyl methacrylate
Polyacrylate
Polyester
(OR)3-Si-C6H4-S0O2-N3 Azide Polyethylene
Polypropylene
Polystyrene
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The greater the compatibility and interaction between the silane and the polymer the
greater the adhesion between the silane and the polymer matrix. Table 1.4. Shows

some examples of silane agent’s types and the suitable polymer groups.

Polyester is reinforced with jute fabrics treated with y-methacryloxypropyl
trimethoxysilane (MPS) solutions. The mechanical properties of the composite had
been investigated by Sever et al [93]. The results showed that flexural and tensile
properties increased for the treated jute with MPS. The concentrations of the applied
MPS solution also affected the properties as the improvement in mechanical
properties of jute reinforced polyester was further increased when treating jute

fabrics with higher concentration of MPS solution.

1.8. Fire Performance

Since the materials used for the reinforcement of the polymer matrix and the natural
fiber composites are flammable, flame retardants can be introduced in either one or
both components to retard the burning in the composites and to laminate the
preparation process. Flame retardants are a group of chemicals, which, when
incorporated in a material, reduce its flammability at the exposure to fire. In general,
flame retardants function in vapor and/or condensed phases, depending on the
functional groups in the chemicals to slow down or stop the combustion process in
material. In the vapor phase, flame retardants can work chemically to interfere with
the combustion process by quenching the free radicals generated from a burning
material, or physically by diluting the flammable volatiles with production of inert
gas from decomposition of flame retardants [43]. Examples of first type are halogen
based flame retardants, and of the second type are alumina hydrate, magnesium
hydroxide, etc. The importance of reacting the condensed phase between the polymer
and the flame retardants material is that the flame retardant materials change the way
the polymer decomposes during the fire, which produces more char than volatile and
flammable materials. All phosphorus based flame retardants function in this manner.
During burning, some condensed phase flame retardants absorb energy to decompose
their selves, which results in the cooling effect to lower the temperature of the

decomposing material, hence, further decomposition and burning is stopped. [43]. in
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the following section different flame retardant methods used for different

components of the composite are discussed.

1.8.1. Flame retardant treatments of natural fibers

The flame retardant treatments for natural fibers, typically cellulosic fibers such as
cotton, have been well established for many years. Flame retardants can be simply
applied to natural fibers by using textile finishing processes. The process of Pad/dry-
cure is one of the most important processes used in the treatment of fibers where the
fibers are dipped with a solution of flame retardants, then the excess solution is
eliminated. The fibers/fabrics are then placed in an oven to get rid of the solvent [5].
Flame retardants in this treatment are usually water soluble, such as inorganic acid
salts. Also durable flame retardants can be used such as tetrakis (hydroxymethyl)
phosphonium and N-methylol dialkyl phosphonopropionamides which are useful for
cotton fabrics [101,102]. The most commonly used commercial products of these are

Pyrovatex CP and Proban CC respectively [8,102].

In general, the chemicals of this type of flame retardants are phosphoric acid salt of
organic and inorganic nitrogen-containing compounds such as ammonia, guanidine
and guanylurea [104]. The well-known example of flame retardants in this group are
mono- and di-ammonium phosphate (MAP and DAP respectively). These
phosphorus (P)-containing and nitrogen (N)-containing flame retardants mainly work
in condensed phase. When these P-N flame retardants are presented in cellulosic
fibers, they produce phosphoric acid on heating to esterify the cellulose through
phosphorylation and form phosphorus ester cellulose [101,102]. The phosphorus
ester in cellulose influences the decomposition pathway of cellulose to favor
dehydration decomposition (as discussed in Section 2.1.1), and hence, promoting
more char formation and less flammable volatiles as compared to untreated cellulose.
With the presence of nitrogen, a synergistic action can occur allowing the P-based
flame retardant to form the crosslinked P-N intermediates which are more reactive
phosphorylating agents, and hence, providing the better flame retardant efficiency
than the related P-based flame retardant without the nitrogen [104-106].

Ammonium sulfamate and sulfates are flame retardant chemicals, which work in the

condensed phase. Ammonium sulfamate and sulfates release Sulfuric acid upon
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decomposition, which reacts with hydroxyl groups of cellulosic fibers through a
sulfation reaction, thereby, changing the decomposition pathway of cellulose. In
sulfation, Sulfuric acid works as a Lewis acid to esterify cellulose and form the
sulfate ester cellulose. This sulfate ester works in a similar way as the discussed-
above phosphate ester, to influence decomposition of cellulose to vyield less

flammable products and promote better char formation [103,107].

In practice, the use of this technique introducing the flame retardants to natural fiber
composites through the reinforcing component has hardly been explored. Only a few
works have been published in the literature [108,109]. Matko et al have studied the
flammability of flame retarded cellulosic fillers reinforced polyurethane (PU)
prepared from wood flakes and corn shell treated with di-ammonium phosphate
(DAP) [108]. The fillers are immersed in aqueous solution of DAP, followed by
drying under infrared lamp. The ratio between fillers and DAP is kept 1:1 by weight.
The flammability of the composites containing 20 wt-% of untreated and DAP
treated cellulosic fillers are evaluated by using UL-94 and Limiting Oxygen Index
(LOI) tests. In UL-94, the addition of DAP in cellulosic fibers significantly improved
the fire performance of the composites from HB (failed to rank in UL-94 vertical
classification) to V-0 rating, whereas the LOI results showed that DAP dramatically
increased the LOI values of the composites from 20 - 23% of non-flame retarded
cellulosic reinforced PU to 30% of the flame retarded ones. The flame retardancy of
epoxy composites reinforced with coir fibers treated with halogenated flame
retardant system, saturated bromine and stannous chloride has been investigated by
Misra et al by using LOI. [109]. With the halogenated treatment, the LOI value of

coir fibers reinforced epoxy composites was increased from 36% to 39%.

1.8.2 The Flame retardant additives of polymer materials

The polymer can be made flame retardant by one of the following methods, by
adding a flame retardant additives where this technique used in the thermoplastic and
thermoset polymers or chemical modification on the polymer chains where this
technique used in the thermoset resin or both. [5]. Common example of modified
thermoset resin is the use of halogenated thermoset resin, and the replacement of

ordinary curing agents/hardeners with halogenated compounds such as using
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dichlorostyrene and bromostyrene instead of styrene in unsaturated polyester
[1,5,43,110]. Flame retardant additives can be introduced to thermoplastic and
thermoset polymer systems by using various techniques. The common process used
for mixing flame retardants with thermoplastic polymers is compounding where
flame retardant additives and polymer are mixed together in the polymer molten
stage by using a twin-screw extruder, similar to the process described in 2.11. Flame
retardants are often introduced to thermoset resin by mixing with the liquid mixture
of resin and curing agent by using a mechanical stirrer prior to casting to solid
polymers. There are a number of flame retardants reported in literature for polymers
of natural fiber composites fabrication. The examples are ammonium polyphosphate
(APP), aluminum hydroxide (ATH), and magnesium hydroxide, and expandable
graphite [82, 84, 86, 108, 111-116].

Ammonium polyphosphate (APP) has been widely used to flame-retard many
polymers. The mechanism of APP is similar to that of water soluble P-N flame
retardants explained in Section 2.8.1. While heating, APP is being decomposed and
is forming polyphosphoric acid. In the condensed phase of combusted polymers, the
acid is acting as a catalyst to the dehydration process and is increasing the
crosslinking to promote more char formation [25,117]. The efficiency of APP varies
in different polymers. With the oxygen containing polymers, the efficiency of APP is
higher than polyolefin [5,28]. This is due to the reason that polyolefins, i.e.
polyethylene (PE) and polypropylene (PP) mostly decompose with no char residue,
therefore, APP which is a condensed phase flame retardant is less effective [5].

Ammonium polyphosphate can be classified into two main groups: Crystal phase |

and Crystal phase I1.

This group is characterized by the length of the linear chain, which reduces the
decomposition temperature (around 150°C) and makes it more soluble in water.

Usually the number of phosphate units in this group is less than 100.

This group is characterized by being more branched and crosslinked than the first
group and has a high molecular weight where the number of phosphate units is more
than 1000.
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These properties make this group less soluble in water and more thermal stability

where the decomposition is about 300°C.
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Figure 1. 15. Crystal Phase Il Ammonium Polyphosphate [106]

The efficiency of APP to flame retarding the natural fiber composites has been
investigated by many researchers [82, 84,108,111-114]. Le bras et al report the use of
APP in flax reinforced PP (Flax/PP) composites [82]. The results showed a
significant improvement in flax fibers and less flammability. They have investigated
the flammability of flax reinforced polypropylene (30/70 by weight) with and
without addition of 25 wt-% of APP in the polymer matrix. The cone calorimetric
results showed that APP significantly reduced the PHRR and THR of flax reinforced
polypropylene composites by about 40 - 50%, and noticeably increased the charred
residue from 11% to 29%. The efficiency of APP has also been studied by Arao et al
[111]. When comparing the cone calorimetric results of wood flour/polypropylene
composites containing 30% by weight APP and the non-flame retarded composites,
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the results have showed that the addition of APP decreased PHRR and THR of the
composites by about 45% and 20% respectively. The effect of the APP content has
been studied by Matko et al [108]. They have produced a corn starch based
thermoplastic biopolymer containing APP at 10, 20, and 30% by weight, and
characterized the flammability by using limiting oxygen index (LOI). The results
have showed that the flame retardant efficiency of APP is greater at higher APP
content; an increase of the LOI from 33% to 60% has been reported when the APP

content in the samples has been increased from 10% to 30% by weight.

1.9. Metal Hydroxides

Metal oxides, such as aluminum and magnesium hydroxide, work by physical
mechanism to reduce the flammability of polymers. On heating, aluminum and
magnesium hydroxide undergo endothermic decomposition at temperature between
180 - 2400C and 330 - 4600C respectively, and release water vapor as shown in
Equation 1.1 [128].

2Al (OH)3—A1,03+3H20 (1.1)
Mg (OH)>,—MgO+ 2H>0 (1.2)

Equation 1.1. Decomposition of (a) aluminum hydroxide and (b) magnesium
hydroxide [28].

The released water vapor helps to reduce the temperature of the burning polymers as
well as diluting the flammable volatiles produced from the pyrolysis of polymers
[128]. They can provide effective flame retardant effective only when used at high
loading of about 50 - 60% in the polymer matrix [5].

Aluminum hydroxide (ATH) has been used at 40 wt-% addition in the hemp
reinforced unsaturated polyester composite by Hapuarachchi et al [86]. They have
investigated the flammability of the composites with and without ATH by using cone
calorimeter at 50 kW/m2 external heat flux. The results have showed that ATH is
able to delay the ignition time of unsaturated polyester reinforced hemp by about
45% and to reduce the heat release rate to 180 kW/m2. The effect of the treatment of
rice husk and sawdust with magnesium hydroxide and the use of these fibers to

reinforced polypropylene was studied by using (ASTM D 635) and limiting oxygen
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index (LOI) by Sain et al. [115]. The results have showed that by replacing 50% of
cellulosic fillers with magnesium hydroxide, the LOI values of the composites was
increased from 26% to 35%, and the horizontal rate of burning was significantly

reduced from 35 mm/min to 15 mm/min.

On heating, expandable graphite undergoes endothermic decomposition, and expands
up to 300 times of its initial volume [25]. The expanded graphite works as an
insulating layer for underlying materials [115,125]. Schartel et al have compared the
flammability of flax/polypropylene composites flame retarded with APP and
expandable graphite [84]. The cone calorimetric results at 40 kW/m2 heat flux
showed that at the same solid content expandable graphite showed greater flame
retardant efficiency by 70% reduction of PHRR, while 50% reduction in PHRR was
observed in APP flame retarded composites. The greater efficiency of expandable
graphite was further supported by UL-94 result where composites containing

expandable graphite could pass V-1 rating, but those containing APP failed the test.

Surface coating is another effective methodology to render materials’ flame
retardant. A coating layer is applied on the surface of composites to protect the
composites from the heat source during burning and slow down or stop the
combustion process. One of well-known example of coating used for flame retards of
materials is intumescent coating. The performance of the swollen coating depends on
the thickness of the coated layer and how much it foamed carbonaceous char layer,
because this layer act as insulation barrier for heat and flame [118]. Another coating
that can be used to fire-resistant composites is flame retardant coating. Flame
retardant coating generally contains flame retardant chemicals, such as halogenated
or phosphorus based compounds, dispersed in a binder. In most cases, flame
retardant coating is used to inhibit a flame spread of burning materials by the action
of flame retardants contained in the coating [119-121]. These flame retardants
function in a similar manner as discussed in above sections. Flame retardant coatings

are not as effective as intumescent coatings.

At present, there are a number of tests and standards available to assess flammability
and to evaluate the level of fire performance of materials. The testing conditions of
these techniques vary depending on the application where materials are used.

Examples of fire testing specified for different applications are surface flame spread
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test as specified in BS 476 Part 7 for materials used in British railways; room/corner
test (ISO 9705) for marine applications; single burning item test (EN 138230), and
ignitibility and flame spread test (EN 1SO 11925-2) for construction. Some of these
tests have already been discussed in Chapter 1. As initial assessment for research
purposes limiting oxygen index and cone calorimeter are used to access flammability
of materials. Limiting oxygen index (LOI) is a technique used to determine the
ignitibility of materials in term of minimum oxygen concentration materials required
to sustain candle-like burning behavior. Cone calorimeter is used mainly to measure
heat release of materials when it burns under force flaming condition. The principle
and testing protocols of LOI and cone calorimeter tests will be discussed in more
details in Chapter 3.

1.10. Polymer Processes

Injection molding technology is one of the best techniques used in the manufacture
of natural fiber composites (NFCs). This technique is characterized by the ease of
production of composites with complex shapes and a large amount of production, but
it has limitations on the length and quantity of the used fiber. The longer the length

of the fiber, the more difficult molding and more internal friction of the fibers [172].

Figure 2. 16. The Extruder and Injection molded Process

There must be an extruder before the injection molded, because the injection molding
is characterized by short screws and this makes it excellent for composite production
but makes it impractical to mixing the composite or to make the mixture

homogenous. Therefore, extruder is needed before the injection molding so that we
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control the homogeneity and mixing of the composite, then the composite transferred
to the injector which is in an equal temperature to the extruder so that the composite
does not burn or be solidified before the molding. This allows continuous production

of composite parts to be manufactured by using the appropriate mold (die) [191].

Nowadays, there is a growing interest in NFCs especially using the injection molding
technique. Injection molding makes it easier to produce complex shaped panels that
are difficult to be produced by a single press-molded technique. Natural fiber
composites (NFCs) are manufactured by press molded technology and this is suitable
for thermoset and thermoplastic polymers. The growing interest in thermoplastic can

be noticed because it is easy to be processed and recycled.

1.10.1. Compression molding

One of the methods used in plastic molding is pressure molding. This process is done
by placing the plastic directly on a hot surface, which is controlled by electric
heaters, with the plastic reaching the appropriate temperature (soften). Then the
soften plastic is pressed by a hydraulic press in a specific mold and then the mold
closes and cools [196]. The contact of the plastic with the hot surface makes it soften
and then begins to fill the spaces in the mold. The pressure and cooling stage affect
the curing of the plastic and the thickness of the curing layer. Several factors control
this method like mold thickness, polymer type and temperature. This technology is
characterized by the weight of materials before manufacturing to minimize the

possibility of an excess flash.

There are many uses for this technology, especially in the field of thermoplastics and
reinforcements in thermoplastics composite where you can use many types and forms
of fiber (woven fabrics, chopped, unidirectional and randomly oriented fiber) [175].
Many forms of thermoplastic can be used (such as sheet, film, paste, pellets, solution
or fiber) [194]. The thermoplastic is heated over their melting point. In general, the

better the polymer distribution on the surface of the mold, the better the output.

This technique is suitable for making high-strength parts or large size parts. This
technique is characterized by a short cycle time with a large production rate.
Complete production lines are possible for this technique, especially production lines
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for scoops, hoods, spoilers, fenders and lift gates. This technology is characterized by
the possibility of producing strong, thin, large and stiff parts. It is also ideal for
making light-weight fiber reinforced composites [147]. It can also be used to produce
a thin structural part like sheet molding compound (SMC) [209]. One of the most
important advantages of this technique is that it does not cause damage in the used
fibers which make the physical properties in the minimum level. It is noted that there
are damages and problems in the used fibers during injection molding technique due
to the rotation of the screw [215]. The two most important factors affecting this
technique are pressure and molding temperature, especially in biocomposites.
Increased heat can lead to damage in the natural fiber, but it makes thermoplastics
less viscous and more able to wetting the fibers whereas molding pressure plays an
important role in removing the trapped air in the composites which is responsible for

the presence of voids in the composites [189].

The film stacking process is one of the most used methods for the manufacture of
composites. Polymer is used in the form of films in this method. By heating and
compressing the polymer pellets, we can prepare the polymer film. Several layers of
the matrix and natural fibers (similar dimensions) are stacked together, then it is
heated and compressed for some time. When the polymer melts, it presses with the
fiber in the desired order, then the mold is allowed to cool under constant pressure.
The fiber volume in the composite is calculated by the ratio between the
thermoplastic mass and the fiber mass. By controlling pressure, temperature and
time, the melting temperature and viscosity of the polymer is adjusted (which varies
depending on the type of polymer) and the same is calculated for the fibers [199].
This technique is used by [205] to produce reinforced thermoplastic composites with
flax fibers. Flax fibers are evenly distributed along the mold. Figure 1.18. Shows a
schematic diagram for this process. By heating and compressing the polymer pellets,
we can prepare the polymer film. Several layers of the matrix and natural fibers
(similar dimensions) are stacked together, then it is heated and compressed for some
time. When the polymer melts, it presses with the fiber in the desired order, then the
mold is allowed to cool under constant pressure. The fiber volume in the composite

is calculated by the ratio between the thermoplastic mass and the fiber mass.
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Figure 1. 17. Schematic diagram of the film stacking process [45]

This technique has been used to produce flax fiber reinforced PLA biocomposites
[147]. The thickness of PLA film is approximately 0.2 mm. The surface of flax fiber
is treated by silane addition in different percentage. Factors such as temperature,

pressure, time, flax addition, and silane addition are also studied

The details are shown in Table 1.5.

Table 1. 5. Variable factors and levels of the test [147]

Factors
Levels  Flax Addition (%) Silane Addition (%) Hot-press Hot-press
Temperature(°C) Time (min)
1 30 1 190 3
2 40 3 200 5
3 50 5 210 7

The compression molding has also been used for the production of composites of
PLA fibers as reinforcement in PLA [185]. In this case flax fibers are used in
nonwoven web form with a density of 200 + 10 g/m2, prepared by needle punching
technique and PLA was used in the solution form. PLA pellets are dissolved in
chloroform to make the solution equivalent to 0.9, 0.8 and 0.7 weight fractions of the
web. Then the PLA solution is poured over the nonwoven web inside a mold. Finally
the composite material is made by hot pressing at 190 °C temperature and 50 bar

pressure for 15 minute. The typical process is shown in Figure 2.19.
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Figure 1. 18. Procedures for preparation of nonwoven PLA
composites [185]

The matrix fibers and reinforcing fibers are mixed, then the mixture is evenly
combed (carding) and distributed. A set of needles make a set of holes in the
composite then a hot-pressing makes the final composite. Figure 1.19. Shows a

schematic diagram of making the composite by carding process.
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Figure 1. 19. Carding process for manufacturing
biocomposites [193]

Lee et al. used this technique to produce kenaf fiber reinforced PLA biocomposites.
They converted the pre-pressed mat into composite by using hot pressing for 5
minutes at 200 °C temperature under 7 MPa pressure. The compositions of various
PLA/Kenaf biocomposites investigated by them are listed in Table 1.6.
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Table 1. 6. Composition of biocomposites [203]

Fiber Percentage of composition (%)
PLA fiber 100 90 70 50 30
Kenaf fiber 0 10 30 50 70

1.10.2 Overmolding Technology

Over-molding Technology is an injection molding process in which a single part is
molded using two different materials to form one part. Mostly the first material, (the
substrate), is covered (partially or fully) by different materials (overmold materials)
during the production process which is a valid method for producing structures with
reduced weight. The concept is to combine the advantages of injection molding and
Continuous Fiber Reinforced Thermoplastic (CFRT) properties to produce strong
lightweight structures that have higher mechanical properties than molding
compounds, but they can be integrated directly in the molding process. Potential
applications for over-molded CFRT inserts are in seat structures, airbag housings,

front end modules, crash beams and other structural applications [207].

The substrate can be any material such as a piece of plastic, a metal or an existing
product (screws and electrical connectors). This substrate is the main piece to which
another material will be added until it finally becomes one continuous part
chemically or mechanically connected. The plastic comes in many forms, the most
important of which is pellet and film. The pellet is mixed with other additives such as
fillers, colorants and foaming agents. The mixture is heated to the melting point and
injected as a liquid. Not all polymers are valid for this technique. If the substrate is
metal, you can overmold it with any type of plastic or other materials. But for
Overmolding a plastic substrate with another plastic or any other material it has

limitation and compatibility issues.

There are many advantages that can be utilized by using Overmolding technique:

¢ Reduced operation and labor costs due to reducing the number of steps needed to
work to only one step (one molded step).
e The bonding step in manufacturing is eliminated due to the strength of bonding,

which leads to increased reliability in the component.
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e Plastic parts in this technique are lightweight, suitable for the compound and has
the possibility to be reinforced with a shock-resistant resin.

e Increases the bonding and coherence of the pieces and gives them consistent
structure.

e Allows greater freedom at designing and multiple compounds can be used in the
process (provides the ability to form a product of several thermoplastic

materials).

There are two injection molding processes that currently control the overmolded
technique:
e Multi-shot injection molding.

e Insert molding.

This method is the most popular process where a previously pre-molded piece is put

in the mold and then directly polymer is injected above it.

This method is characterized by the fact that the old machines in factories do not
need to be replaced and it is enough to introduce a simple adjustment to enable them
to absorb the modern technology, and that’s what makes this process easier and

faster than multi-shot process.

This process is called of several names, such as two-step injection, multi-injection, or
multiple materials. Manufacturers choose this process to reduce injection time,

produce superior parts with mechanical properties and reduce production price
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2. EXPERIMENTAL

This chapter discusses the materials and experimental methodologies used for the
development of high-performing and biodegradable overmolded eco-composites by
using the combination of jute fibers and PLA. Firstly, materials used for the
development of ecosheet composites in this PhD are discussed in details. They
include jute fibers and bio/synthetic PLA polymer to identify them and to choose
suitable components for overmolded eco-composites, beside the chemicals and flame
retardant used for surface modification treatments to improve the flame retardant
specifications and mechanical performances of ecosheet composites. The methods
applied on flame retardants and the fibers’ surface modification treatments on the
identified composite components are explained.

2.1. Materials

The quality and properties of a product mainly depend on the raw material. Raw
material selection is an important and primary part of any research. The reinforcing

fibers and the matrix materials are the main raw materials of this project work.

The best parts from which jute fibers are extracted are bast. The bast fibers are
preferred for use as reinforcement in biodegradable composites. The advantages of
this bast fibers over other cellulose based fibers are explained in Section 2.5.1.
Among the bast fibers, jute is one of the lightest, and it has high mechanical
properties which are distinctive from its counterparts like (tensile strength,

elongation and modulus). [191].

Matrix materials are usually used in liquid or film form to produce composite
materials. There are many naturally occurring polymers that can be used in
biodegradable compounds such as PLA, thermoplastic starch, cellulose, PHAS, etc.
which are used as matrix materials to produce fully biodegradable composites. To
minimize delamination and achieve better blend effect with jute fiber for
thermoplastic composite, PLA is selected for this study because it is the only natural

42



Polymer that is artificially manufactured and can be used for melt-process for many
times. The properties of PLA are described in Section 1.3. [189].

Table 2. 1. The properties of Jute

Material Source and key properties Abbreviation
Jute Woven Fabric Izmir, Turkey, Local producer Jute

Areal weight: 220 g/m2

500 warp tows and 400 weft tows

per meter

Linear weights of warp and weft

tows are equal

Jute and PLA fibers are both inexpensive and easily available commercially in
Turkey. A woven jute fabric is used for the ecosheet and overmolded study of

composites. Their properties are given in Table 2.1.

A A
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All chemicals, listed below, are reagent grade with at least 98% purity, and
supplied by Sigma-Aldrich Corporation -USA.

e Sodium hydroxide (NaOH), 98% purity.

e 3-aminopropyltriethoxysilane (3-APTS) ( CoH23NOs3Si), 98% purity.

e Acetic acid (CH3COOQOH), 99.7% purity.

Jute and PLA fibers are both inexpensive and easily available commercially in
Turkey. A woven jute fabric is used for the ecosheet and overmolded study of
composites. Jute and PLA fibers are both inexpensive and easily available
commercially in Turkey. A woven jute fabric is used for the ecosheet and

overmolded study of composites. Their properties are given in Table 2.1.
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Table 2. 2. The PLA polymer used in this study

Material Source and key properties Abbreviation
Poly (lactic acid) used in Natureworks, USA 2100 D ecosheet-PLA
ecosheets Density: 1.30 g/cm3

MFI: 5-15 g/10 min (190°C/2.16

kg)

Crystallizable, Opaque
High heat resistant PLA

Poly (lactic acid) used for Natureplast, France Overmold-PLA
over-molding PLI003 Injection molding grade

Amorphous, Transparent

MFI: 20 g/min (190°C/2.16 kg)

All the flame retardant chemicals listed below, are supplied by Clariant -Switzerland

e Ammoniumpolyphosphate with Synergists (APS) 98% purity.
e Melamine polyphosphate and Zinc borate (MPZ) 98% purity.
e Aluminum diethylphosphinate (ADS) 99.7% purity.

@

y | cHs
o

 CHs

- N
Figure 2. 2. The Chemical Structure of Poly
(lactic acid)

2.3. Samples Preparation

In order to develop the composite material, there is a need of ecosheet. From the
literature survey it is found that around 70% to 60% matrix materials are generally
present in thermoplastic composite materials to achieve good fiber/matrix bonding.
Voids are formed during the composite fabrication. Jute itself has voids due to the
lumen. Fiber and matrix blend ratio by weight is selected by limiting the void content
from 5% to 10% by volume [142, 193, 126, 117, and 175]. The jute fiber content by
weight is considered to examine the effect of different fiber content on the
performance of composite material. The nominal jute fiber content is designed to be
40, 30, and 20%. According to the blend ratios by weight, the ecosheet is divided

into the following three types:
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e Type A (60P/40j): 60% PLA + 40% jute
e Type B (70P/30j): 70% PLA + 30% jute
e Type C (80P/20j): 80% PLA + 20% jute
As stated in Section 2.10., ecosheet can be made by using different techniques.
Woven technique is used in this research for making ecosheet from PLA/jute fiber

blend. This woven technique consists of two steps: hot press and overmolding.

2.3.1. Hot pressing

The hot pressing stage is made as showing (plates dimension: 15 cmx25 cm), see
Figure 2.3. Although the hot press has a computer controlled system, it lacks
temperature accuracy, which is confirmed by comparing the temperatures that are
detected by the thermocouple and the temperature sensors inside the hot press plate.
The thermocouple detected temperature is regarded as the real composite processing
temperature instead of the temperature showing on the hot press monitor. From the
literature survey it is found that around 70% to 60% matrix materials are generally
present in thermoplastic composite materials to achieve good fiber/matrix bonding.
Voids are formed during the composite fabrication. Jute itself has voids due to the

lumen.

Figure 2. 3. Hot Pre
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2.3.2. The Ecosheet samples preparation

Three different concentrations of jute, 20%, 30% and 40% are selected for use in the
ecosheet samples. The hydraulic press is used to increase the bonding between the
fibers and the polymer in the ecosheet. The sizes used to make the ecosheet are 300
mm by 200 mm. Jute fibers and PLA film are cut according to these measurements.
See Fig. 2.3. Two to three layers of jute are laid in turn with 6 to 7 layers of PLA
film. These layers are confined between two iron plates and then placed in the mold
inside the hot press. The temperature is set to 190 °C and pressure is 8 MPa. The
layers are pressed for 5 to 7 minutes, as shown in Figs. 3.4. After being pressed for a
full five minutes, the temperature is reduced while keeping the same pressure until it
reached room temperature 25 °C. After the temperature reaches 25 °C, the ecosheets
are extracted from the mold. 5 ecosheets are made for each sample. The layers of jute
are laid in a specific direction of 0°, 90° and 45° /—45°. These angles are selected to
study the effect of fibers direction on the mechanical properties of ecosheet as well
as the ability of the polymer to penetrate and adhere to the fibers and the angle effect

on it. See table 2.3. For full details of the ecosheet Specifications.

Jute /900

l Hot-press l Hot-press

200 mm 200 mm
g@& Q&« 2mm
S : 2mm LY e
b HE B RN A SEEEES
PLA/Jute Eco-sheet PLA/lute Eco-sheet

Figure 2. 4. The Ecosheet samples preparation

These angles are selected to study the effect of fibers direction on the mechanical
properties of ecosheet as well as the ability of the polymer to penetrate and adhere to
the fibers and the angle effect on it. See table 2.3. For full details of the ecosheet
Specifications.
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Table 2. 3. Compositions of different materials

Materials Matrix (wt. %) Flax fibers (wt. %) Orientation
PLA/Jute 80 20 0,90,45°
PLA/Jute 70 30 0,90,45°
PLA/Jute 60 40 0,90,45°
OM-PLA/Jute 80 20 450
OM-PLA/Jute 70 30 450
OM-PLA/Jute 60 40 450
OM(PLAT70%- 80 20 450
TPU30%)/jute

OM(PLA50%- 80 20 450
TPU50%)/jute

OM(PLAT70%- 70 30 450
TPU30%)/jute

OM(PLA50%- 70 30 450
TPU50%)/jute

PLA100%

2.4. Jute Fibers Surface Treatment

In order to treat the surface of jute fibers, the fibers are washed with water to remove
dust and impurities. The washing is done at room temperature and then the fiber is
left for 48 hours to dry in the air. After the initial drying phase, jute fibers are placed
in the oven to remove the rest of the moisture for 73 hours at 80 ° C. The surface of
the jute fiber is treated in two different ways: 1- Alkaline treatment using (NaOH)
material. 2- Alkaline treatment + Silane treatment (separately). The fibers are
classified into 3 sections: 1- Untreated fibers, 2- Alkali treated fibers and 3- Alkali +

Silane treated fibers.

2.4.1. Alkaline treatment

The first step for the alkaline treatment of jute fibers is to soak the fiber in aqueous
solution of NaOH .The solution ratio 1:20 (w/w). Three different concentrations of
solution 1%, 5 %and10% (w/v) are selected. The soaking time is 2h, 4 h, 6h and 8h
at room temperature. The Jute fibers is weighed before the operation (W1). After the
treatment time was finished, it is washed with distilled water several times until all
the NaOH residue is removed from the jute surface. The fibers are neutralized by
adding citric acid until the pH reaches 7. The treated Jute fibers (JFNA) is placed in
an oven and vacuum dried for 72 hours at 80 ° C. The fibers are once again weighed
(W2) Weight loss is calculated

% Weight loss = [(W1 - W2) /W1] x 100 (2.1)
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The reaction of alkali with jute fibers is shown in Figure 2.5. [11,15].

The Reaction mechanism of jute fibers with NaOH solution can be explained in two

steps:

The first stage is that the hydrogen ion (H+) of the hydroxyl group in jute fiber is
replaced by sodium ion (Nat+). The second stage in which the sodium ion(Na+) of
the fiber surface is replaced by the hydrogen ion(H+) of acetic acid. This method is
characterized by dissolving impurities and secondary materials in fibers such as wax,

hemicellulose and oily substances.

Allcaline CH:CO0H -
— 00+ MO —oxa:> — OH + (00N

Figure 2. 5. Reaction of alkali with jute fibers
2.4.2. Alkali and silane treatment

After the alkaline treatment is completed, treatment is carried out with silane. Three
different concentrations are selected, taking into account the weight of jute fiber: 1%,
1.5 and 3% wt%. 3-aminopropyltriethoxysilane (3-APTS) is used in this treatment.
The solution is prepared by dissolving silane in a mixture of water and ethanol by
(60/40 wiw) for hydrolysis. The pH is maintained constant by glacial acetic acid at
3.5-4.0. Until the silane is completely dissolved, it is continuously stirred for two
hours. Jute fibers are immersed in a silane solution for 6 hours at 65 ° C. After
finishing the treatment, the fibers are washed several times until all impurities and
residues of the silane are removed. The fibers is dried in vacuum oven at 80 ° C for
72 hours. The reaction mechanism is explained in the picture Figure 2.6. [206,207].
The pH is maintained constant by glacial acetic acid at 3.5-4.0. Until the silane is
completely dissolved, it is continuously stirred for two hours. Jute fibers are

immersed in a silane solution for 6 hours at 65 ° C.
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Figure 2. 6. Hydrolysis process of silane and reaction of silanol
with jute fibers [102]

The fibers is dried in vacuum oven at 80 ° C for 72 hours. The reaction mechanism is

explained in the picture Figure 2.6. [206,207].

Table 2. 4. Compositions of different materials

N  Materials Orientation NaOH % NaOH +
Silane%

1 PLA100% - - -

2 PLA/Jute 70%-30% 45 1% -

3 PLA/Jute 70%-30% 45 5% -

4 PLA/Jute 70%-30% 45 10% -

5 PLA/Jute 70%-30% 45 10% 1%

6 PLA/Jute 70%-30% 45 10% 1.5%

7 PLA/Jute 70%-30% 45 10% 3%

8 PLA/Jute 60%-40% 45 1% -

9 PLA/Jute 60%-40% 45 5% -

10 PLA/Jute 60%-40% 45 10% -

11 PLA/Jute 60%-40% 45 10% 1%

12 PLA/Jute 60%-40% 45 10% 1.5%

13 PLA/Jute 60%-40% 45 10% 3%

2.5. Preparation of Overmolding Samples

We cut the samples according to the size of the mold and then the sample is placed
inside the mold. Then the sample is exposed to hot air through the heat gun until the
temperature of the sample Surface reached 100 c°. The mold containing the cut
ecosheet sample (according to the required sizes) is placed in the injection molding
and then the molten PLA polymer is injected onto the ecosheet. After the sample is
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cooled it is extracted. A single cohesive piece of ecosheet and PLA polymer is

created and it is called an overmold sample composite.

Figure 2. 7. Preparation of the PLA/JUTE in photos

The mold containing the cut ecosheet sample (according to the required sizes) is
placed in the injection molding and then the molten PLA polymer is injected onto the
ecosheet.

2mm
4'mm

2mm  PLA/lute eco-sheet

Arepresentative side view of a PLA over-molded PLA/Jute

Figure 2. 8. PLA Overmolding
2.6. Preparation of Flame Retardant Samples

The PLA is mixed with flame retardant in extruder device of 20/80% and 10/90%,

then it is extracted in the form of granules, then it is injected again on the ecosheet
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until the plate is covered with the mixture. The ratio is 50/50% between the ecosheet

and the mixture.

Table 2. 5. Compositions of different materials

Materials Flame retardant (wt. %) Jute-PLA (wt. %) Orientation
10(ADS)-90%PLA 100% (90/10) 0% -
10(ADS)-90%PLA+jute 50% (90/10) 50% (60/40) 45
20(ADS)-80%PLA 100% (80/20) 0% -
20(ADS)-80%PLA-jute 50% (80/20) 50% (60/40) 45
10(APS)-90%PLA 100% (90/10) 0% -
10(APS)-90%PLA-jute 50% (90/10) 50% (60/40) 45
20(APS)-80%PLA 100% (80/20) 0% -
20(APS)-80%PLA jute 50% (80/20) 50% (60/40) 45
10(MP2Z)-90%PLA 100% (90/10) 0% -
10(MP2Z)-90%PLA-jute 50% (90/10) 50% (60/40) 45
20(MPZ)-80%PLA 100% (80/20) 0% -
20(MPZ)-80%PLA-jute 50% (80/20) 50% (60/40) 45

2.7 Samples Characterization

The objectives of this research are to develop completely biodegradable woven
composite materials and to establish the optimum processing parameters by
evaluating the properties of the composites. This chapter summarizes the general
approach to the study and provides detailed information on how the overall
objectives of the research will be achieved. The composite materials are evaluated by

analyzing the physical, mechanical and thermal properties.

Properties of the raw materials play an important role in the final product. End-uses
of the product depend also on the properties of raw materials. As reinforcing
material, jute fiber plays an active role in the composite material. Fiber length, fiber
diameter, fiber linear density, and fiber strength are all important material
parameters. In order to select the appropriate processing temperature in composite

manufacture, the melting point of PLA is also tested.

Fiber diameter is important for the measurement of fiber volume fraction to
determine the fiber and polymer content. The average value of fiber diameter is
calculated because, as natural fiber, jute fiber diameter differs along individual fiber

axis and also between fibers.

The melting point of PLA is determined to select the processing i.e. molding
temperature for the composite manufacture because the molding temperature
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depends on the melting temperature of PLA fiber. The melting point of the matrix is
the reference for determining the consolidation temperature of the composite
manufacture (sometimes slightly higher than the melting point of the matrix) and
should be lower than the melting point of the fiber. The differential scanning
calorimeter (DSC) determines the melting behavior of the polymer by identifying
several points such as the glass transition temperature (Tg), the crystallinity of the
polymer and its melting temperature(Tm).

2.7.3. Evaluation of ecosheet

The area density (g/m2), thickness and tensile strength of the ecosheet are tested for
evaluating the ecosheet and are discussed in Section 5.1. Area density of the
ecosheet is determined to analysis the web variation. The tensile strength of the
ecosheet is measured according to ISO 15100: 2000 by a METTLER Density

determination machine.

From the literature review, the hot press method is found to be beneficial over the
other method such as injection molding, resin transfer molding, etc. for making the
ecosheet, as discussed in Section 2.10. Moreover, hot press is commonly used in
industry and it is easy to be handled.

The following processing parameters are considered in the manufacturing of
PLA/jute composite panels using the hot press method. Different settings are used for

each variable in order to optimize the process. The settings are discussed below:

The molding temperature mainly depends on the melting point of matrix material.
From the previous studies we can determine the melting point of PLA and the
appropriate degree of operation (usually higher than the melting degree of 10 °C to
20 °C). The melting point of PLA is estimated to 165°C to 170°C [206, 217, 225].
To examine the effect of different temperature on the performance of composite
material, two molding temperatures 180 and 190 °C are considered for this work. It
is found that thermal degradation of jute fiber is not really significant in the first few
minutes and between 180 to 200°C temperatures i.e. jute is not affected by these

molding temperatures [229, 222].
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From the literature survey it is found that the molding or consolidation time for
manufacturing thermoplastic composite material is around 5 minutes [24 and 46] to
15 minutes [25]. It is found that the molding time depends on the molding
temperature and pressure. Three molding times are selected in this study to study the
effect of time change on composite performance. The three molding times are 3, 5
and 7 minutes. It is important to control the parameters in the process, especially
temperature and time, because jute fibers are sensitive to these changes. Therefore,
when adjusting these parameters, we can ensure that a significant portion of the
strength or stiffness of these fibers is not lost and that makes the composite more

stable and stronger [102].

From the literature survey it is found that a wide range of pressure could be used. For
example, [117] has used a fixed pressure of 30 bar, Kumar et al. [815] has used a
fixed pressure of 50 bar, Bos et al. [102] has used a fixed pressure of 40 bar, and
Patel et al. [148] has used a fixed pressure of 100 bar. It is also found that the
selection of pressure depended on the molding temperature, time and thickness of the
material. For this research, a pressure of 100 bar are selected to manufacture ecosheet
composite. The tensile properties are tested to determine the optimal pressure for the
highest composite performance. This is reported in Section 3.1. The highest tensile
strength is found to be from the composite material manufactured by using 100 bar
molding pressure. Thus, molding pressure is fixed at 100 bar for subsequent work in

this research.

The ecosheet composite panels are manufactured by using hot press molding. The
standard method is followed to manufacture the composite material and the

manufacturing system is discussed in Section 3.3.2.

One of the main distinguishing features of natural fiber-based composites is that they
are an excellent alternative to glass fiber reinforced composites. The proposed areas
of the end use of the product manufactured by this project include automotive
industry- car interiors, interior floor panel, door panels, automotive structural beam,
vehicle body panel, beside exterior engine components, building industry-ceiling
tiles, windows, doors, hard boards, particle board, low cost buildings ceilings, house-
hold products, furniture, cupboard, lamp shade, luggage, computer cases, electric fan

blades, cover of electrical appliances, biogas containers, railway coaches, food
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container, industrial packaging material. The composites need to have satisfactory

mechanical properties for these applications.

The density of the composite is one of its important physical properties and is
dependent on the amount of reinforcement presented in the structure. The density is
calculated by using the immersion method, ISO 15100: 2000 which is discussed in
Section 5.1. Fiber is often used as reinforce in composite. Therefore, it is preferably
used in a larger volume fraction to obtain the best properties of the matrix. It is
preferable to reduce the spaces between the fibers (voids) as much as possible
because the increase of these voids leads to weak mechanical properties of the

composites.

For the tensile properties, the Instrumental 3345 model universal testing machine is
selected and the method used to test the composite samples is ISO 178. See the
results in Section 4.1. For the flexural properties, the three-point flexure reference
scale system is selected. The method is described in ISO 527(5a). See the results in
Section 4.1. The impact test is selected to study the behavior of samples under
extreme conditions because one of the most important applications of these
composite is to use them in the door panels or instrument panels and therefore must
ensure the safety of passengers. Method 1SO 180 -1 is selected for 1zod impact tests
by using notched samples in an Avery pendulum impact tester. See the results in
section 4.1. Differential scanning calorimetry (DSC) technique determines the
quantity of heat either absorbed or released when a substance undergoes a physical or
chemical change. Several parameters can be estimated by performing a DSC scan.
Among these parameters are melting enthalpy (AHm), glass transition temperature
(Tg) and melting temperature (Tm). In this study, a calibrated DSC 3 - Differential
Scanning Calorimeter from Mettler-Toledo device is used to perform these tests. For
the study of Thermal degradation changes of biocomposites, a thermogravimetric
analysis (TGA) device (METTLER instrument, TGA2 device) is used. See the

details in Section 4.1.

Water absorption behavior indicates the stability of the composite and is an
important property of the biocomposites. The water absorption of the composite
samples is measured following the ASTM D570 and the results are discussed in

Section 4.1.
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2.8. The Characterisation Experiments of Composites

Since the mechanical properties of the biocomposites depend on their real fiber
volume fraction and void content, the density of the biocomposites is important to
calculate the void content. Thus, the density of the composite materials are

considered as physical properties for this research work.

2.8.1 Physical properties of the composites

Density is an important property for composite. The structure of the composite
depends on the amount of reinforcements in the composite and consequently on the
density of the composite. To calculate the density the ISO 15100: 2000 methods are
used in this study. Laminates are cut into 1 cm x 1 cm size. Specimens are cut from
each panel from different places. Then specimens are oven dried to remove moisture
from them. Using density measuring machine (Figure 3-9), density is measured
directly. This machine is composed of an electric balance which can measure the
weight of a specimen in air and in water; from these data’s, machine can
automatically calculate the density of any specimen. For each type of laminates,

three specimens are tested and an average is taken.

Figure 2. 9. Density measuring machine
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The composite pieces and its weight in air (m3) and water (m3) are measured. The
weight in air of the specimens (mq) is measured by hanging them through a balance
hook by means of the wire. Also the weight of the specimens in water (m3) is
determined by immersing them in water in a 100 ml beaker while they are suspended
steadily by the wire. Care is taken to avoid any air bubbles adhering to the specimen

or found in the beaker, otherwise the bubbles are removed by means of a fine wire.

The density of the specimen is calculated using the Equation 2.2.

ps = —oeAXPIL (2.2)

ms,A—msIL

Where,

ps is the density, in g/cm3, of the specimen;

ms,A is the apparent mass, in grams, of the specimen in air, (M2 - m3);

ms,IL is the apparent mass, in grams, of the specimen in the immersion liquid,
(m3 - m3);

plL is the density, in g/cm3, of the immersion liquid (water).

2.8.2. Mechanical property testing

Due to the high oil prices, the increasing global interest by the environment, and the
problems of global warming, Biocomposites are attracting more researchers'
attention. These composite are lighter in weight and more economical in production
than glass and carbon fibers composites. These composites have become the
replacement of synthetic composite in various fields such as building industries and
automotive. They are widely used in high performance applications also. Satisfactory
mechanical properties are vital in these types of applications. The tensile, flexural,
DMA and impact properties are considered for this research work to evaluate the

mechanical performance of the composite materials.

There are many variables affecting the mechanical properties of composites. Some of

these variables partially affect the composite such as the degree of adhesion between
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the matrix and fibers, the quality of the final product, and other variables in the

processing stage. Some of them affect mainly the mechanical properties which are:

e The fiber properties.
e The matrix properties.

e The fiber surface properties.

2.8.2.1. Tensile properties

Composite strength depends on the strength and stiffness of the fibers used in
reinforcing the matrix. The composite is subjected to a tensile load until the strength
of the composite is measured. When tensile force applied to composite, the force
transformed from the matrix to the fibers and this is the main objective of the use of
tensile test which is to measure the strength and modulus of the composite.
Additional information can be obtained by careful observation of the sample under
the applied load. A composite may split or delaminate; the nature of the failure may
be brittle with no warning; or it may start with visible or audible signs. All this
information is useful and knowledge of the failure mode is vital to establish the end
use of the material [186].

i
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Figure 2. 10. Unacceptable failures (a) and Acceptable
failures (b) [186]

During a tensile test, a rectangular strip which is cut from a panel having a longer

length compared to its width is subjected to the tensile load or stressed in the length
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direction by holding one end of the strip and stretching the other end. Both the ends
of the strip are held with the help of grips and if breakage occurs near the grip, the
sample is rejected. An example of acceptable and unacceptable failure under tensile

load is shown in the Figure 2.10.

The basic purpose of tensile testing is to determine the tensile strength and modulus
of the material. There are varieties of specimen sizes, test piece specifications, and
testing procedures described in a number of published standards to measure the
tensile stress and strain at breaking point and the Young’s modulus. The standard

followed for the determination of tensile properties in this study is ISO 178.
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Figure 2. 11. Bench Circular Saw

The tests are conducted on a universal Instron which is a universal testing machine
model 3345; with a 10 kN load cell; the crosshead speed is 10 mm/min. Five
specimens of each type are cut in the machine directions using a vertical band saw
(Figure 2.11) and the dimensions of all the specimens are measured before the test. A
rectangular specimen of 67 by 10 mm is cut from the ecosheet composite sample and

the initial distance between grips is fixed at 10 mm.

Extensometer is attached to the composite specimens during the testing, as shown in
Figure 2.12. To acquire data for establishing the values of the modulus of elasticity
in mega Pascal. The stresses and strains are calculated at all the points from the load

and displacement curve.
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Figure 2. 12. Composite specimen tensile testing

The tensile stress at the breaking load is calculated by using the Equation 2.3.
ct=— (2.3)

Where,

ot is the tensile stress at break in mega Pascal (MPa);
F is the force or load at break in Newton (N);
Acs is the initial cross-sectional area of the specimen in square millimeters (mmz2).

The tensile strain at the breaking load was calculated by using the Equation 2.4.
et (%) =100x ~— (2.4)
Where,

et is the tensile strain at break expressed in percentage (%);

Lo is the gauge length of the test specimen expressed in millimeters (mm);

ALo is the increase in the specimen length between the gauge marks, expressed in
millimeters (mm).

The stresses and strains are calculated at all the points from the load and

displacement curve.

The tensile modulus or Young’s modulus of the specimen is calculated by using the

Equation 2.5.
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Et =

(2.5)

Where,

Et is the Young’s modulus of elasticity, expressed in megapascal (MPa);
ol is the stress, in megapascal, measured at the strain value = 0.05%;

o2 is the stress, in megapascal, measured at the strain value = 0.25%.

2.8.2.2. Flexural properties

Like tensile strength, the bending force when applied to a composite sample, the
applied force transferred from the matrix to the fibers. From here we can measure the
capacity of the sample resistance when exposed to the bending load by measuring the
flexural properties. There are two simultaneous events that occur when a composite
sample is exposed to bending condition. The first event is compression which occurs
at the point of the bending force. The second event occurs at the same time on the
other side of the sample, which is tension or stretch. Due to the ease of operation of
the flexural test and the availability of tools for testing, the flexural test is widely
used in the industry for fiber reinforced polymer composites and resins. Flexural test
is carried out to measure several things including flexural strain at break, stress at

break and modulus which is the purpose objective of this test.

The 1SO 527(5a) standard method is used to determine the flexural properties like
strain at break, flexural stress at break and modulus. The method usually used in this
standard for the determination of flexural properties is called method A. The three-
point flexure system is used in method A. Three-point bending is the method in
which a bar of rectangular cross-section is loaded from the top while resting on the
two supports as shown in Figure 2.13. The geometry of three-point bending offers
the application of the stress concentrations to occur at the loading point; so it is easier

to perform the three-point bending test [213].

To reduce the impact of shear deformation and interlaminar shear failure, method A
is selected for testing. The three-point system is used in this study. Dog bone samples

are equipped for this work. See (Figure 2.13).
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F-is the applied load; L-is the span length; I-is the specimen length; and h-is the

thickness of the specimen
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a) Three-point bending

Figure 2. 13. Flexure testing assembly [ISO 527(5a)] [213]

The flexure testing can result in a wide range of failure modes depending on the
chosen method, type, and lay-up of the materials being tested. The potential failure
modes are tensile fracture, compressive fracture, tensile and compressive fracture
accompanied by interlaminar shear and interlaminar shear fracture as shown in
Figure 2.14. All failure modes are not acceptable especially those initiated by

interlaminar shear.

Three-point loading

§g} Tensile fracture of fibre
Tensile fracture at
outermost laver
ﬁ} Compressive fracture
Tensile fracture
(Including interlaminar shear)
Compressive fracture
(including interlaminar shear)
% Interlaminar shear fracture

Figure 2. 14. Failure of composite samples in
different modes under bending load [ISO
527(5a)] [213]
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This test method is not appropriate for the determination of design parameters, but
used as a quality-control test. That’s because the specimen is subjected to a
combined stress state, and the flexure strength and modulus are combinations of the

subsequent tensile and compressive properties of the material 1ISO 527(5a) [213].

The specimen length and span length of the sample depends on the thickness of the
sample. Five specimens of each type are cut using a vertical band saw. The thickness
of the specimen is 4mm. Thus, the dimensions of the specimens are 67 mm x 10 mm
x 4 mm, and the span length is 57 mm. The testing is conducted on an Instron 3345
model universal testing machine with 5 kN load cell at a constant crosshead speed of
10 mm/min (Figure 2.15). The radii of loading nose and the supports are selected as
5.0 mm and 2.0 mm respectively. All tests are performed at 23 + 2 °C temperature

and RH 50 + 5%.
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Figure 2. 15. Composite specimen undergoing flexure testing

Flexural stress is defined as a material's ability to resist deformation under load. The

flexural stress is calculated by using the Equation 2.6.

3FL

Where,
of is the flexural stress at break, in megapascal (MPa);

F is the load at break, in Newton (N);
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L is the span length, in millimeters (mm);
b is the width of the specimen, in millimeters (mm);
h is the thickness of the specimen, in millimeters (mm).

Flexural strain is calculated by using the Equation 2.7

__6sh

=1 (2.7)

Where,

¢ s the flexural strain at break;

S is the beam mid-point deflection at break in millimeters (mm);

h is the thickness of the specimen, in millimeters (mm);

L is the span length, in millimeters (mm).

After obtaining the load displacement curve, the slope of the curve is determined in
the region where it is linear and the flexural modulus is determined using the
Equation 2.8.

L3

Ef = 4bh3

(2.8)

Where,

Ef is the flexural modulus of elasticity, in megapascal (MPa);
L is the span length, in millimeters (mm);
b is the width of the specimen, in millimeters (mm);

h is the thickness of the specimen, in millimeters (mm).
2.8.2.3. Impact Properties

The property of impact resistance is one of the most important properties that give an
excellent idea for composite strength and its ability to withstand the impact or the
limits of the composite ability to resist the impact without damage (resilience). There
are many factors that can be studied in this area such as: Maximum force required to
break the sample (the impact strength); the amount of energy absorbed by the
standard shape sample before the crash (the crush resistance); and the level of
damage to the sample under certain conditions (damage tolerance) [213]. Impact

testing is usually performed to study the toughness of composite. During plastic
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deformation, the toughness of the composite is the superior force at this stage.
Therefore, the toughness is tested by measuring the energy absorbed in the plastic
deformation phase of the composite. Due to the poor resistance of the plastic
deformation phase of the Brittle material, its toughness level is small. By measuring
the absorbed energy of composite at impact test, we can measure the toughness of the

composite, the strength of the composite, and its carrying capacity.

There are two methods of measuring the energy absorbed and the strength of the
sample at impact: the Izod and Izod test. In our current study, we can use the two
methods because both are suitable for reinforced composite [213]. The sample is
placed in the Izod method by fixing the sample prominently from one side and hit it
with a hammer hanging in the form of a pendulum. For the 1zod method, the sample
is fixed in two ends and hit in the middle by a pendulum. Complete or notched
samples can be used in both methods (Figure 2.16.). In this study, a complete sample

(unnotched) of the composite is selected for the 1zod impact test.
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Figure 2. 16. Schematic representation of the lzod (a) and 1zod
(b) impact equipment [213]

The l1zod test consists of three main pieces: a hammer hanging in a pendulum
shape called the striker; the sample container (in the base of the machine); the
container in which the sample is fixed vertically; the lever (movable vice jaw)
that releases the pendulum to attack the sample. The test is performed by
releasing the horizontally hanging pendulum above the device; the moving

pendulum strikes the sample at the base of the device. Then the absorbed energy
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and sample strength are calculated. There are varieties of specimen sizes, test
piece specifications, and testing procedures described in a number of published
standards to measure the impact strength. The standard followed for the

determination of impact strength in this study is 1SO 180.

(Figure 2.17.) Shows the impact machine. Five specimens of each sample are
used for the measurement of the impact properties and the average results have
been reported. The test specimens are cut to the required dimension according to
the standard using a vertical band saw. For the unnotched sample dimensions 57

mm x 10 mm x 4 mm, see Figure 2.18.

The lzod impact strength of unnotched specimens is calculated and 5 samples

was tested by using the Equation 2.9.

Figure 2. 17. Composite specimen undergoing impact testing

The lzod impact strength of notched specimens is calculated by using the
Equation 2.9. Five specimens of each sample are used for the measurement of the
impact properties and the average results have been reported. Shows the impact
machine. Five specimens of each sample are used for the measurement of the

impact properties and the average results have been reported.
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Figure 2. 18. The lzod Impact Test Samples

aiu = x 10° (2.9)

Where,

aiu is the unnotched Izod impact strength (KJ/m2);
Ec is the corrected energy, in joules, absorbed by breaking the test specimen;
h is the thickness, in millimeters, of the test specimen;

b is the width, in millimeters, of the test specimen.
2.8.3. The thermal properties of composites

The manufacturing process of fiber-reinforced biocomposites is adjusted by of
adjusting the temperature of the matrix. The reason for choosing the melting
temperature of the matrix is because this is the point that determines the properties of
the matrix and the compound. To understand the change in the polymer at different
temperatures, there are three main factors that will enable us to understand the
thermal nature of the polymer. The most important factor is the glass transition
temperature (Tg) factor because the polymer behaves much differently before and
after this point. Before (Tg), the polymer is more fragile (more brittle) and at higher
temperatures the polymer is softer (more rubbery). The second factor is the
crystallization temperature (Tc) and the third factor is the melting temperature (Tm).
These factors have a significant impact on the study of polymers and its application.
So when choosing a particular polymer, you should have an idea about how it will
behave under the applied heat flow. To determine the above mentioned temperatures,

Differential Scanning Calorimetry (DSC) analysis is the most famous device used in
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thermal analysis of polymers and composite. For the study of thermal degradation

characteristics of polymers, Thermogravimetric analysis (TGA) device is used.

2.8.3.1. Differential scanning calorimetry (DSC)

The Differential Scanning Calorimetry technique is the best way to find out what are
called “thermal transitions” of a polymer such as: glass transitions (Tg), and melting
point and crystallization. Generally, the Differential Scanning Calorimetry (DSC)
system consists of two pans. This device works on the principle of comparison
between two pans in thermal properties; one pan is empty and (reference) and the
other contains the sample. We place the empty pan so that the effect of the pan
containing the sample is eliminated so that we only have the sample behaved with
temperature difference. The reference pan is held empty. Small holders contain either
the sample or the reference material. The holders are placed in an adiabatic
environment as shown in Figure 2.19. The temperatures of the holders are monitored
using thermocouples, while the electrically supplied heat keeps the temperature of
the two holders equal. The computer plots the difference in heat output of the two
heaters against the average temperature. By using this graph, one can find the
thermal transition temperature such as (Tg) and the melting point of the composite.
The enthalpies which correspond to the crystallization and melting peak can also be

calculated.

Sample Reference

I Heater

Figure 2. 19. Schematic of Differential Scanning Calorimetry

The DSC measurements are able to provide information on exothermic or
endothermic reactions of polymers. This information can be quantitative or
qualitative. The DSC curve provides many information that can be seen in the Figure

2.20. The melting points of the polymer can be observed in the DSC curve because

67



the melting polymer absorbs heat. The degradation of the polymer can be observed
because the polymer releases heat. An area can be observed in the DSC curve called
crystallization temperature (Tc), which comes after the glass transition due to the
polymer's acquisition of sufficient energy capable of displaying or destroying the
crystal form. Since the polymer melting process is an endothermic process, we can
observe the area beyond the melting temperature (Tm) in the DSC curve as an
endothermic peak. The area before the melting point is the area where the polymer
releases heat (exothermic peak) in order to transform from amorphous solid to a

crystalline solid.

Three pieces are taken from different locations of each sample to take an accurate
look at the changes that occurred during the temperature change. The experiment is
conducted in the presence of nitrogen and is initially from room temperature to 220
degrees at a rate of 10 °C/min. The sample weight is approximately 3-8 mg. A
METTLER Instrument 2 DSC type device is used for testing the Differential
Scanning Calorimetry (DSC). See Figure 2.21.
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Figure 2. 20. Schematic DSC curve demonstrating the
appearance of several common features [44]

The Glass transition (Tg) from heating data for the first cycle is determined. The
melting temperatures (Tm) and crystallinity is also determined from the same heating
data. See Figure 2.22.
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Figure 2. 21. Differential scanning calorimetry — METTLER 2 DSC used
in measuring thermal characteristics of sample

The percent crystallinity (%XC) is calculated according to Equation 2.10. by using
the DSC curve of the first heating cycle:

%Xc = AZ‘I‘;’T‘:“ x 100 (2.10)

Where:

AHm is the melting enthalpy (J/g) ;
AHc is the cold crystallization enthalpy (J/g) ;
AHm* is the melting enthalpy of 100% crystalline PLA (93 J/g) [213] ;

¢ is the fraction of PLA in the composites.
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Figure 2. 22. A typical DSC curve of first heating, cooling and second
heating cycle [44]
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2.8.3.2 Thermogravimetric analysis (TGA)

A METTLER instrument, 3-TGA type device, is selected to analyze the Thermal
degradation characteristics of the composites. The weight of the measured sample is

between 3-8 mg.

Figure 2. 23. Thermogravimetric analysis 3-TGA used in
measuring thermal characteristics of sample

The experiment is conducted in the presence of nitrogen and the starting temperature
is 30 to 900°C at a rate of 20°C/ min. See Figure 3.23. Which shows a TA instrument
for TGA analysis of the materials. Thermogravimetric (TG) curves of the material
are obtained from the TGA testing. The TG curves indicate the thermal stability of

the materials.

2.8.4. Water absorption testing

To determine the amount of water absorbed by the composites, ASTM D570 water
absorption test is selected. The cut samples to the required dimensions (100 mm x
100 mm x 40 mm) are placed in a vacuum oven for drying. The drying time is 24
hours at 70 £ 2 °C. Samples are weighed immediately after drying and are considered
as the initial weight (mi). The samples are submerged in distilled water containers for
45 days at 23 + 2 °C. The amount of distilled water in each container is calculated as
300 ml to prevent the concentrated of any material in the container. See Figure 2.24.

70



Figure 2. 24. Water absorption measurements

During the immersion period, the samples are weighed every 5 days to calculate the
amount of water absorbed. Samples are removed from the containers and then dried
with tissue to remove excess water and weighed as (m2). The weight is calculated as
an average value of three weights for every sample. The amount of water absorbed is

calculated according to the following Equation 2.11.

__ m2-ml
C=——-x100% (2.11)

Where:

C is the percentage by mass of water absorbed,;
mu is the mass of the test specimen after initial drying and before immersion (mg);
m: is the mass of the test specimen after immersion (mg).

Fiber volume fraction can be defined as,
Vf =vf /vc (2.12)
Where

vf = volume of fiber;
vc = volume of composite.
Now that

vf = volume of fiber; vc = volume of composite; vm = volume of matrix;

Vf = Fiber volume fraction; Vm = Matrix volume fraction.
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Fiber volume fraction of laminates is measured from fiber mass, fiber density,
composite mass, and composite density. Fiber weight is measured after drying;
composite weight is measured after Cooling to room temperature. Fiber density is

known from literature and composite density is measured.

2.8.5. Fourier transformed infrared (FTIR) spectroscopy

The chemical characteristics on the surfaces of jute/PLA ecosheet before and after
treatments are studied by using FTIR spectroscopy analysis in the attenuated total
reflectance (ATR) mode by using Perkin Elmer spectrum 100 FTIR spectrometer
coupled with the smart ATR accessory. The range of IR wavelength in which the

samples are measured is from 650 to 4000 cm-1.

2.8.6. Surface morphology testing

After the flexural, tensile, and impact tests, the tested samples are taken and their
surface and fracture surface are examined by a Scanning electron microscope (SEM)
device. SEM device gives us an accurate analysis of the morphology of the sample
surface; the impact of the tests on the matrix and fibers; and the effect of chemical

treatment on the sample.

Figure 2. 25. Edwards coating system, E306A, USA (a), Scanning
Electron Microscope, Philips XL30 (b)
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A JEOL JSM 6060 model, scanning electron microscope SEM, microscope device is
used to inspect the composite samples. Figure 3.25. Shows the SEM equipment used
in this work. The samples are coated with a thin layer of carbon by using an Edwards
E306A sputter coater device. The coating take place to increase the conductivity of

the sample surface.

The operation condition of the microscope is set at an accelerating voltage of 5.00
kV. For each specimen, images with 4 different magnifications of 50, 100, 200 and
500x are used. Smaller magnifications are more useful to understand the dispersion
of the plant fibers into the polymer matrix, while increasing the magnification helps

to observe the interface of fiber and matrix.

2.8.7. Flammability testing
2.8.7.1 Limiting oxygen index (LOI)

To measure the flammability of the composites, a Limiting oxygen index test is
selected. LOI test works by measuring the minimum amount of oxygen sufficient to
create a flame such as that of a candle in the composites. The amount of oxygen is
determined by a mixture of oxygen and nitrogen gas. The percentage of oxygen
volume is calculated and from it the LOI [13,14].

As described in ISO 4589-2, a bar shaped specimen, sized 57 mm x 10 mm with the
thickness of 4 mm, is ignited at the top of specimen by using an ignition gas flame
which is withdrawn from the specimen once the ignition of specimen occurs. The
burning time of the ignited specimen at different oxygen concentrations is recorded
in order to determine the minimum oxygen concentration that the specimen requires

to sustain burning for at least 3 min. after the removal of the ignition flame [14].

According to the above method, the samples are cut to the required standards 1SO

4589. The dimensions are 10 mm width and 57 mm long.

2.8.7.3. UL-94 test

UL-94 is one of the most commonly used flammability test, especially in industrial
applications, for determination of the burning behavior of materials in terms of

ignitibility of materials when exposed to a 20 mm height small flame by giving
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classification of V-0, V-1 and V-2 by using UL94 vertical burning test (details are

discussed below).

2.8.7.4. Vertical burning test

The Vertical burning test is prepared by placing the cut sample (57 mm x 10 mm x 4
mm) vertically and marking the sample to determine the amount burned and the
burning speed (five marks are selected at every 10 mm in the sample). A Bunsen
flame is placed 10 mm away from the sample and a layer of cotton is placed 300 mm
away from the sample to study whether the burned, fallen parts (drops ) is burning

the cotton or not. See Figure 2.27.

The experiment is carried out in two phases. In the first stage, the flame is shed from
the bottom of the sample for 10 s and then the flame is removed and the time noted
(t1). If there is no burn or if the sample does not burn completely, we continue to the
second stage. The second stage is to shed the flame for 10 seconds from the bottom

of the sample and then removed it (t2).

SPECIMEN
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fml i
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BURNER -l
P 300 + 10 mm
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\ 1
s

approx. 50 mm H—__J

Figure 2. 26. The schematic of UL-94 vertical burning test [15]
If there is burnt residue, then it will be taken into consideration whether the cotton is
ignited or not. If the sample is completely burned or if the burns continues for more

than 30 seconds, the sample is considered to be a failure. If ignition is less than 30

seconds, the sample is classified according to the table below. See table 2.6.
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Table 2. 6. Criteria of UL-94 vertical rating classifications [15]

Classification Vo V1 V2
T1 <10 <30 <30
T2 <10 <30 <30
T1+T2 <50 <250 <250
T2+T3 <30 <60 <60
Cotton ignited by burning drips No No Yes
Afterglow or afterflame up to the holding clamp No No No

In this work, the burning times when the flame reaches each timing mark of the
specimen are also recorded. Since the length of the burnt sample is known, the

vertical rate of burning of the materials can be calculated.

2.8.8. Dynamic mechanical analysis (DMA)

The Dynamic mechanical analysis (DMA) device is one of the most important
instruments for measuring the viscoelastic and morphology properties of polymers.
The device is capable of analyzing many properties in crystalline polymers which are
important properties such as storage modulus, dynamic fragility [215], crosslinking
density [214], stress—relaxation modulus and storage/loss compliance. The dynamic
modulus (storage modulus (E’)) is closely related to Young’s modulus. These
characteristics express the stiffness of the material and show whether the material is
stiff and brittle, how much energy is applied to the polymer, or how much energy the
polymer can store. The characteristic of the Loss modulus (E”) expresses many
transformations that can occur within the sample such as the molecular motions,
morphology, relaxation process, internal friction and other types of sensitive
changes. The Loss modulus (E”) is a measure of viscous response of internal
materials and the ability of the material to distribute the energy applied on it [127].
Thermomechanical properties of the samples are analyzed by dynamic mechanical
analysis (DMA) (Metravib 01 Db DMAASO0 instrument). The frequency was 1 Hz,
heating rate is 3 _C/min, and the scanned temperature range is 25-150 °C in flexural
mode. Storage modulus and tangent delta curves are obtained from the DMA

analysis.

75



B =

Figure 2. 27. Dynamic mechanical analysis DMA

There is also an important feature that can be obtained from the DMA which is the
tan 8. Tan & expresses how elastic the composite is; in other words, the tan is the
ratio between loss and storage modulus (Tan 6 = E"/E’). The mechanical damping
factor is a dimensionless number. See Fig. 3.29. In Fig. 3.30. You can see in DMA
graph the relationship between Tan o, storage and loss modulus. When tan ¢ is high,

this means that the composite has non-elastic strain component.

| A .o'. E”

torage modulus
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Figure 2. 28. The mechanical damping factor defined as the ratio

of loss and storage modulus [203]

The second case, if tan 6 is low, it means that the composite is elastic. In the case of
increasing the percentage of fibers inside the composite, it will lead to a reduction in
the interface bonding of the fiber/matrix. This decrease leads to a decrease in the

value of energy loss according to the storage capacity because of the lack of mobility
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in interface bonding between the fibers/ matrix which make Tan & (E"/E’) value
greater in the system. There are many factors affecting the damping factor, including
the molecular movements of the composite, the presence of defects, cracks and phase
boundaries [118].

Some researchers have been conducted on the dynamic mechanical properties of
natural polymers reinforced by natural fibers. A table of these studies has been made
below (see Table 2.7.). All these studies show an increase in storage modulus as the

percentage of fiber in the composites increased.
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Figure 2. 29. The relationship between loss, storage modulus and
Tan & in the DMA graph versus temperature [203]

This increase is likely to be due to improving in the interfacial adhesion, which acts
as a plasticizing agent for the composite, facilitating the transfer of energy applied to
the composite. It is also observed that twill woven fibers have a higher storage

modulus than plain woven fibers.

Table 2. 7. The reported work on the study of dynamic mechanical analysis of
natural fibers based reinforced bio-polymer composites

Reinforcement Matrix Refs.
Modified jute fiber Biopol [59]
Kenaf fiber Poly (lactic acid)/Thymol [60]
Woven hemp fiber Poly (lactic acid) [61]
Short ramie fiber Poly (lactic acid) [62]
Wood-fiber Poly (lactic acid) [63]
Cotton stalk bast fiber Poly (butylene succinate) [64]
Mercerised kenaf fiber Poly (lactic acid) [21]
UD* and twill 2/2 Flax Poly (lactic acid) [20]
fiber

* Unidirectional (UD)
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2.8.9. Heat deflection temperature (HDT)

Heat distortion temperature’' (HDT) is one way to study the bear ability of polymer at
elevated temperatures to a given load. Usually there are two weights used in this test:
0.46 MPa and 1.8 MPa. The ASTM D 648 standard method that corresponds to the
ISO 75 Method B standard method is used in this study. The figure below shows the

test geometry.

ASTM D648: The deflection temperature is the temperature at which a test bar,
loaded to the specified bending stress, deflects by 0.010 inch (0.25 mm).

The value that obtained from the experiment depends on two important factors. The
origin of the polymer or matrix, the presence of fibers in the sample and the amount
of these fibers. The presence of synthetic or natural fibers leads to raise in the
deflection temperature of the composite and it can approach the melting point of the

matrix.

This test is a short-term test and should not be relied upon only in the design of the
composite, because there are other factors affecting the composite such as the time of
exposure to temperature, the geometry of the composite and the rate of temperature

increase.

Figure 2.30. Heat Distortion Temperature (HDT)
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On the other hand, this test is suitable to determine the appropriate temperature

tolerated by the polymer under a certain load especially in load-bearing parts.
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3. RESULTS AND DISCUSSIONS

This chapter is related to physical, mechanical and thermal properties of PLA, jute

fiber, eco-sheets, and overmolded composite materials.

Table 3. 1. The Physical and Mechanical Properties of Jute [131]

Fiber Physical properties Mechanical properties
type
Density Tensile Elongation Young’s Modulus
(g/cm3) strength at break (%) (GPa)
(MPa)
Jutel 1.46 393-800 15-1.8 55
Jute2 1.44 393-773 15-1.8 10-30

The mechanical properties of jute are measured, including the tensile strength where
two types of jute are measured: single jute thread (Jute 1) and woven jute (Jute2).
The results show that the tensile strength of the Jute 1 is less than the tensile strength
of the Jute 2 due to the presence of many defects in the single jute yarn compared to
the woven jute as expected. There are three main factors that control jute strength:
the diameter, number and size of defects, and the angle of twisting in the thread
[131]. Bonding in jute fibers is usually due to the presence of weak pectin. Therefore,
the larger the gauge length, the more likely to failure at the interface under at lower

stress.
3.1. Properties of Ecosheets

The density of the ecosheet is measured using British standard, the inundation
method. Figure 4.1. Shows the density (mass per unit area) in g/cm? for all measured
samples. It can be observed that the greater the amount of fibers in the ecosheet
increased the density. It may be because of an increasing of jute fiber weight
percentage. The fiber densities of PLA and jute are 1.48 g/cm® and 1.32 g/cm?® [131],
respectively. It can be seen that the density variations among the samples having

different orientations are very small.
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Figure 3. 1. The Density of Ecosheet

For the flexural (bending) properties of the ecosheets samples compared to the neat
PLA, the flexural strength and flexural modulus are tested. The flexural modulus is
the measure of the ecosheets resistance to deformation in bending. Figure 3.2. Shows
the results of the flexural strength of ecosheets samples compared to the neat PLA.
The results indicate a 4 times higher bending strength in the ecosheets than neat PLA
(363 £ 26/90 + 5 MPa). As for the bending coefficient, the results in Fig. 3.3. Show
that the bending coefficient is 7 times higher in ecosheets than the neat PLA (26 £
2.2/3.4 £ 0.27 GPa).

The flexural test relies on the focusing on the outer layer of the composite rather than
the middle layers. PLA film’s surface is subjected to more tension because it is
farther from the neutral axis of sample. These conclusions mean that the thicker the
polymer layer, the greater the tension on the sample; in other words, the closer the
jute fibers to the surface, the less tension in the sample. That is because the thickness
of the PLA layer increases, small defects increase, and any small deformation can
grow under stress until it reaches a sudden collapse of the layer. PLA film’s surface
IS subjected to more tension because it is farther from the neutral axis of sample.
These conclusions mean that the thicker the polymer layer, the greater the tension on
the sample; in other words, the closer the jute fibers to the surface, the less tension in

the sample.
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Figure 3. 2. The Flexural Strength of PLA/Jute Ecosheets

This explains the variability resulting at this stage. Ecosheets with 80/20 % have a
greater amount of PLA, and therefore, are more likely to be more stressful and
consequently, lower tensile strength. On the other hand, we can notes that ecosheets
with 70/30 and 60/40% have more tensile strength; see fig 3.2. The flexural strength
and flexural modulus are controlled by controlling the extreme layers of
reinforcement. The ecosheet is compressive on the upper surface side and under

tensile mode on the bottom side during the flexural test [71].
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Figure 3. 3. The Flexural Modulus of PLA/Jute 45° Ecosheets

The average flexural strength and flexural modulus of untreated ecosheet in 45°
direction are found to be 95.2% and 42.4% higher than the 0° direction. Fibers look
shorter in this direction because these fibers are monolithic in the same direction.
Another reason is that there is not enough length or fiber compensation as in 45°
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direction, and therefore, the short yarns in 0 direction of composite limit their tensile
stress dispersion. Therefore, as the tensile stress tries to propagate upwards,
delamination failure occurs, thus, reduces its flexural strength [72]. It is also seen
that the flexural properties of 45¢ ecosheet are higher than those of 0° and 90°
ecosheet because of the angle; this 45¢ direction of the sample makes the fibers look
longer and this gives them more freedom in movement and supports the matrix
which is exposed to pressure and make it stronger. Under tensile loading, these
crimped fibers tend to be straighten out, which create high stresses in the matrix. As
a result, the strength of the 45¢ is greater than the strength in 0° and 90° composite. In
addition, in the 45¢, it is very difficult to displace this layers, but in 0° and 90, the
dislocation or slip is easier, which explains the increase in flexural properties of 45¢
ecosheet compared to 0° and 90° composite; see figs 3.2. And 3.3.
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Figure 3. 4. The Tensile Strength of PLA/Jute Ecosheets

The tensile modulus value is determined by calculating the slope of the initial portion
of the stress—strain curve. Significant increases and improvement in tensile strength
and tensile modulus are observed for the PLA enhanced by untreated woven jute
fiber. The results for 0° direction show that they increase by 102.5% and 211.1%
respectively. For samples with a 45° direction, they increase by 77.5% for tensile
strength and by 105.6% for tensile modulus higher than neat PLA samples. For
untreated WJF/PLA composite samples in 0° direction, the strains at maximum
tensile stress is 3.8%; for 45° direction it is 4.1%. It has been noticed that tensile
strength and tensile modulus of untreated WJF/PLA composite are higher in 60/40

than 70/30. This is not the case for the elongation at break. Due to the overlap
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sections of crimped fibers in woven fabric composite, when applying tensile stress to
the sample, this overlap reduces the speed of energy transfer in the composite and
obstruct the fiber attempt to be straightened. This affects the strength of composite in
long-term or under creep rupture performance [29]. These differences depend on the
density of fibers in the composite. The reason for the difference in WJF is that there
are more fibers in the warp direction more than the weft direction. These fibers in the
warp direction cause increased performance in the composite exposed to stress in the
weft direction. It is noted that the tensile stain is higher in the warp direction. The
reason for this is that in a single layer warp woven composites, the yarn can
significantly elongate during the tensile test. The difference of yarns orientation

causes a difference in tensile stain values (see Fig 3.4).
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Figure 3. 5. The Tensile Modulus of PLA/Jute Ecosheets

From Figure 3.5. It has been observed that the ecosheet is affected as the fiber
orientation increases. In jute fibers, the more defects and cracks, the weaker the
fibers during tension test and strain rate. For woven jute, stacking and cohesion in
jute fibers reduce these defects and make the fabric strengthen each other, which is a
positive feature. But the presence of voids and non-cellulosic materials directly affect
the strength of the fibers and this will be treated in the next stage, the stage of
chemical treatment of jute fibers. In the case of composites, the presence of PLA
polymer interfering with the fibers enhances the consistency and adhesion of jute
fibers. This is the principle of the composites where the presence of different
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materials changes the properties of these composites. The decreased tensile strength

value can be explained by defects presence in both the matrix and the fibers.
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Figure 3. 6. The Elongation at Break of PLA/Jute Ecosheets

The tensile strength of the 45° angle samples is similar to the 90° angle samples, both
of which are significantly lower than the tensile strength of the 0° angle samples. The
lower tensile strength of the ecosheet (45° and 90°), can be explained by the fact that
at these angles, the greatest influence on the sample is the homogeneity of fibers and
matrix in this angle. The presence of defects and voids will lead to a greater impact
in the angles (45° and 90°) than in the angle 0° because the different angle of fibers
leads to weak strength of composite [18, 19]. These defects usually occur in the
manufacturing stage and are concentrated in the fusion areas between the matrix and
the fibers [20, 21]. We can summarize the result as: the tensile strength experiments
of the 90¢ direction and 45¢ direction composites samples are significantly lower than
the 0O° direction samples. This made the maximum fiber strength efficiency
inaccessible [22, 23]. The increase in tensile strength of O direction samples can be
explained because the two main factors are the strength of jute fibers and the
weakness of the PLA matrix strength which control the tensile strength, and this can
be clearly seen in the fracture morphology. For +45/-45° composites, the biggest
factor which controls the tensile strength is longitudinal of the fiber in the composite.
For the case of +45/-45° composite, the strongest control over the strength of the
composite is the strength of the area where the fibers join together with the matrix.

As mentioned earlier, these areas have many defects which make the tensile strengths
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in longitudinal directions weak. For the elongation at break of the +45/-45°
composite, it is higher than those of 0° composite. For the composite with 0°
direction, the defects in the fiber matrix interface become large and their resistance
disappears due to the absence of fibers in another direction. For +45/-45° direction
composite, these fibers act as resistors (source of resistance) and allow better energy
distribution, which makes the elongation at break value higher than Q° direction (see
Fig 3.6.).

The Dynamical mechanical analysis (DMA) test is performed to verify the
hypothesis that the addition of jute fibers will improve the thermo mechanical
properties of the ecosheet such as the maximum use of PLA temperature and the
possibility of interaction between the matrix and jute fibers. The PLA is usually an
amorphous but it can be considered as semi-crystalline. A DMA test is placed on the

3-point bending mode to study the internal changes of the composites.
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Figure 3. 7. Storage Modulus of PLA/Jute 45° Ecosheets

Crystallization usually occurs at a temperature between 80-100°C. Fig 3.7. Shows
the storage modulus and Fig 3.8. Shows the tan delta curves of the PLA/jute ecosheet
composites. We can clearly observe in Figure 3.7. That the thermal properties of
PLA increase with increasing the percentage of jute fiber. The pure PLA begins to
soften at 55°C degrees, but with the addition of jute, it rises to 60°C and it continue to
increase if the composite is crystallized. The composite begins to soften at 68°C but
we observe an increase at 80°C in modulus. This can be explained by the cold
crystallization effect [15]. The curve of the ecosheet sample 70/30% shows very
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good thermal properties but the 60/40% samples are much better. Fig.3.8. shows tan
delta for PLA as well as 70/30% and 60/40% composites. The tan delta peak is
changed due to the addition of jute and it is very much affected by the crystallization.
The peak of 70/30% is slightly changing, broadened, and is also very low compared
to neat PLA sample. The thermal properties of 60/40% are increased which is even
expected because of the quantity of fiber. The addition of fibers and crystallization
increases the softening temperature. In tan delta curves, the addition of fiber
decreases the tan delta peak high but it changes it to a higher temperature from 63°C
to 55°C for 60/40. The addition of fiber results in increased tan delta temperature for
all ecosheet composites compared to neat PLA. Tan delta increases from 55°C to
70°C which indicates some kind of interaction effect between the fibers and PLA due
to the cohesion. Further, the peak moves to higher temperatures and is also
broadened for cold crystallized sample. Higher values for the damping factor tan are
obtained for the 60/40 % composites tested at direction 45° intermediate values for

70/30 % at 45°, and minimum values for neat PLA.
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Figure 3. 8. Tan Delta of PLA/Jute 45° Ecosheets

Fig. 3.9. Shows the fracture surface of the PLA/jute 45° composite. It is possible to
see the good polymer penetration through the fibrils but with poor adhesion to the
interface. Further, Fig. 3.9 shows that the fracture surfaces of the composites showed
fake ductile behavior due to the shearing effect of the 45° laminate. The Jute fiber
and the PLA matrix share the stress together but because the fiber is stronger than the

PLA, thus, the fiber is pulled out.
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SEM of PLA/jute tensile specimen fracture surfaces are shown in Figs. 3.10. The
brittle nature of the jute fiber fracture is clearly seen and is quite different in
appearance from cases where, for example, jute is embedded in PLA, and much more
fiber pull-out generally occurs. As with the tensile test results, this is suggestive of a
better interface between fiber and polymer; but Figs. 3.9. And 3.10. In particular also
show that gaps in the fiber/polymer interface can arise either as a result of
manufacturing or during the process of tensile testing. The brittle nature of PLA and
its manner of breakage, leaving plate-like areas on the fracture surface, is shown in
Figs. 3.10 (right). The typical surface zone of these composites, largely consisting of
polymer in the first 50 to 100 microns, is also shown at the top of Figs. 3.10. (Left);
as a result, it can be noted that the tensile-fracture surface has good polymer

penetration through the fibrils but with poor adhesion at the interface.
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Figure 3. 9. The Flexural-Fractured Surface of PLA/Jute

For 60/40% composites, two-step type of fracture morphology has been observed. At
first, deboning at the matrix/fiber interfaces is taken place. Then matrix is broken
because of its relatively lower tensile strength. At last, jute fiber having relatively
higher tensile strength value is broken. This phenomenon is shown in Fig. 3.10.
(Right). As the jute fiber has a high tensile strength, the composite show higher

tensile strength in the O° direction.
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Figure 3. 10. Tensile-Fractured Surface of PLA/Jute (a) deboned (b) pulled out
3.2. Properties of Overmolded PLA Composites

Depending on the ASTM D1348 standard, moisture absorption is measured by
determining the extra weight from the dry weight. We can calculate the weight of the

absorbed water (MC, %) using the following equation:

wWm-wd

WC(%) =

x 100 (3.1)

Where: WC (%) is the Water absorption; Wm is the moist weight; and Wd is the dry
weight. Five samples are tested and calculated. The average is taken for each sample.
In general, the phenomenon of water absorption in fibers is affected by the process of
fiber extraction; the quality of the soil planted in it; how old the plant is and its
maturity; etc. [32]. But the good thing is that it is easy to solve this problem. The
result of the treatment process is that the fibers are stronger, more cohesive and have
a high porosity. Here the advantage of using these fibers lies in reinforcement of the
composites as it adds strength to the composites and yet it is lightweight,
biodegradable and sustainable. Various concentrations of untreated jute fibers are
added to PLA and then submerged in water and the water absorption behavior is

calculated for the composites which presented in Fig. 3.11.
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Figure 3. 11. The Water Uptake Of +45/-45 Ecosheets and Over-
molded PLA/Ecosheet Composites

The water absorption is measured for pure PLA which is 0.88% after 48 h. This
proves the hydrophobic nature of PLA. As for jute fibers, they are hydrophilic
because they contain hydroxyl groups, so an increase in water absorption is measured
for jute fibers. Because of the different nature of Polymer PLA (hydrophobic) and
jute fiber (hydrophilic), the composites are tested and the results show an increase in
water absorption during the first 24 hours and then stabilized.
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Figure 3. 12. The Water Uptake of Jute
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It has been observed that with an increase in the percentage of jute fibers in the
composite, the water absorption ratio increases. The highest water absorption of
11.17% is for 60/40 % weight fraction of untreated jute-fibers (Fig.3.11.). Because of
the hydrophobic nature of PLA, the main factor causing increased water absorption
in composites is jute fibers [210]. Therefore, jute fibers’ hydrophilic nature are the
cause of increased water absorption in composites.
The results of the density measurement test shows that the density increases with the
increase of the polymer ratio. This is normal, especially if we know that the quantity
of the polymer layer is app. 50%. The test also shows that increasing the ratio of jute
in the compound has a strong effect on the density but not one way. This may be due
to the fact that the polymer's ability to penetrate and enter the jute fiber, which
reduces the percentage of air spaces and pockets, greatly affects the density. See Fig
3.13.
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Figure 3. 13. The Density of Over-Molded PLA Composites

The flexural test is useful because it gives us a better understanding of the material
that support loads without bending. The test is simple, the sample is placed on a two-
support stand and the loading nose is applied at the middle of the sample. These
results of the load make a three-point bending test in a fixed rate. Flexural strength is
measured in terms of MPa.
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Figure 3. 14. The Flexural Strength of Over-Molded PLA/+45/ 45
ecosheet Composites

The 3-point bend test is selected to determine the flexural properties of the over-
molded composites. The flexural strength of 70/30 % at 45° and 60/40% at 45°
orientation is presented in Fig 3.14. In 60/40%, the flexural strength is observed to
be higher (61.1 MPa). Laying the jute fiber layers at 45° degrees has an excellent
effect on the composites; it grants compressive strength and increases the resistance
of the composites. It is noted that placing the fibers at in 45° increases the flexural
strength of the composites. As shown in the figure, the flexural strength is greatly
increased in composites that contain 35% fiber weight. The reason for this noticeable
improvement is the effectiveness of the interlocking between the fibers, and more
importantly, the good adhesion between the fibers and the PLA matrix. With the
increase in the content of fibers, it is observed that there is a need for the polymer to
wet a greater portion of the fibers in order to be adhered better and to make a

sufficient stress transfer [215].

We find that in the case of 70/30%, the fiber content in OM-PLA/70/30 = 20% and
in 60/40%); the fiber content in OM-PLA/40/60 = 35%. Therefore, with the increase
in the amount of PLA polymer that helped increase the adhesion with the fibers, an
increase is observed till it reach the maximum load. A decrease in strength is
observed after reaching the maximum load. Perhaps that is because the interaction of
the fiber—fiber becomes the main factor more than the interaction of the fibers with

the matrix. The flexural strength of the untreated jute fiber composite (Fig.3.14) at
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35% fiber loading is better by 24.2% than composites with untreated 70/30 %. This
is also 17.5% more than the strength of neat PLA.

As is known, the three point bend test affects the sample in two different ways,
where the tensile stress is applied to the bottom of the sample and at the top of the
sample (compressive stress). Most of the sample failure are at the top of the
additional polymer layer. From the extrapolation of the articles, it is revealed that
interaction of the fibers at an angle results in a reduction in the load carrying
[218,210]. The reason for this is the presence of direct load and damage transfer
mechanism. However, with the +45/-45 orientation, this is not the case because the
adhesion between fiber and matrix is strong and the presence of the over-molded
PLA layer is the important reason for the increase in the flexural modulus of the
samples. See Fig 3.15.
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Figure 3. 15. The Flexural Modulus of Over-Molded PLA/+45/-45
Ecosheet Composites

Usually, the lzod impact test is used to study the ability of the sample to absorb
shock or energy and to determine the amount of damage in the layers of the sample.
In this work, all the specimens are tested in ISO 180 standard. See Fig.3.12. An
unnotched specimen is used in this test. There are many factors that affect the ability
of the composite to withstand impact damage, such as the strength of the fibers, the
arrangement of the fibers, the thickness of the sample, and impact velocity, but the
most important factor is the support conditions. For this purpose, the lzod’s impact

test is conducted to study the effect of the fiber layers and their ability of energy
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absorption in over-molded composites and the failure types. During the test, the
composite is exposed to an impact, through which, part of the energy is transferred,
and this energy is responsible for elastic deformation of the composite, while the
extra energy causes more damage to the fibers, or between the fibers and the matrix,
or causes cracks in the sample. The amount of damage in the sample that is caused
by the impact determines the magnitude of its failure. The aim of Izod test is to
supply a comparative test to estimate the impact energy absorption of different
composites. The results of Izod’s impact test are shown in Fig.3.16. The results are
averaged in terms of absorbed energy, which shows a big difference. The brittle
behavior of PLA as a matrix is the reason of the reduction of energy absorption when
the fiber angle increased. The results show that the failed samples take a ductile
form, and also deboning and deplating of the fibers are observed.
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Figure 3. 16. The Impact Strength of Over-Molded PLA/+45/-45
Ecosheet Composites

In addition to cracks and debonding, the most important types of failure are the
separation of the fibers from the PAL matrix, the separation among the composite
layers, and this crosses with the impact energy which is similar to the strain energy
release rate. In general, failure forms, which include the interphase part or fracture of
the matrix, have a low fracture energies. On the other hand, failure forms that include
fiber breakage outcome with greater energy dissipation [146]. As for samples with
45°, the failure form is the false ductile. This may be due to the 45° layers shearing
phenomenon. In this mode of failure, the fibers and matrix share the impact load.

Because of the difference in strength between the fibers and the matrix, the failure
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appears as cracks or delamination in the matrix, while the fibers remain intact. This
behavior has been observed before in tensile load [147,148] . We can say that with
respect to the averaged energy absorbed, the 60/40 45° samples showed the best

results.

For the HDT, we can see that the over-molded PLA/jute has great heat resistance
compared to neat PLA polymer. This improvement may be caused by the jute fiber
reinforcement which prohibit the OM-composites. The maximum result is for OM-
60/40 ecosheet at 57 C°. See figure 3.17.

120 ¢
110 -
100 f
90 ,
80 f
70 -

60

Heat Deflection Temperature (oC)

50

40

Neat PLA +45/-45
=70/30 =40/60 =Neat PLA

Figure 3. 17. The Heat Deflection Temperature of Over-Molded
PLA/+45/-45 ecosheet Composites

DMA test is performed to determine the dynamic mechanical properties of Over-
molded PLA/jute composites for all samples. Figure 3.18. Shows the storage
modulus (E”) while Figure 3.19. Shows the tan 6 as a function of temperature. E’
values of the PAL composite show decreases with increasing temperature. But with
the stiffness of the fibers, the decrease in the matrix modulus values has been
compensated. With the increase in the fibers content in the composites, an increase in
the storage modulus values is observed. It is important to note that along the
temperature range, a clear rise in the storage modulus in jute / PLA Over-molded
composites has been observed over the values of neat PLA. This is due to the fact
that the reinforced PAL matrix by the fibers increases the composites stiffness and
leads to a greater transfer in the interface area of the stress transfer [144]. The values
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of storage modulus of PLA/jute over-molded composites and neat PLA are shown in
Table 3.2.
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Figure 3. 18. The Storage Modulus of Over-Molded PLA/+45/-45 Ecosheet
Composites

A significant increase in E' values is observed in the area under glass transition
region (from 0 to 50 °C) for composites with 35 wt% fiber content (45°) round 27%
at 0 °C. The same samples show the highest values of E’ above the Tg. See Fig. 3.18.
And Table 3.2. It has been observed that with increasing temperature, the storage
modulus decreases and this decrease is accompanied by a significant decrease in the
area between 60 and 80 °C. This decrease in the modulus is lower in 70/30% and
60/40 % composites compared to the neat PLA. This decrease is considered a
transition from the glass state to the rubbery state. That’s because the hydrodynamic
effect of the fibers in the viscoelastic matrix. Add to that the mechanical resistance of
the fibers, which impedes the movement of the matrix and reduces its deformability
[45].

Tan & is the loss modulus to storage modulus ratio, which shows the damping
properties of the composites. The temperature of the tan 6 peak in Fig.3.19. Is not
affected by 70/30 % and neat PLA incorporation which is around 75 °C. It is
observed that with an increase in the fibers content, the size of the tan 6 peak
decreases. The tan d of pure PLA in glass transition area is less than the over-molded

composites.
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Figure 3. 19. The Tan of Over-Molded PLA/+45/-45 Ecoheet Composites

We can refer this to the same reason as previously mentioned, which is the restriction
of jute fibers to the movement of the PLA matrix, which decreases viscosity and
increases the storage modulus values between stress and strain [46]. Accordingly, the
values of the net PAL are equal to the values of tan 6 of 60/40 and less in composite
of 70/30. Increasing the size of the matrix which is caused even by a minimum
vibratory energy may be a second reason [147].

Table 3. 2. Storage Modulus (At 0 and 200 °C) and Tg Values of Jute/PLA
Composites

sample PLA/Jute 45¢ PLA/Jute 0° PLA/Jute 90°
Storage 0-C 2300 2325 2251
modulus (MPa) 200-C 12 8 10

Tg (°C) 179 75 65

The SEM sample is selected from three point bending test samples. The part
subjected to the test is the fractured surface part and, as shown in Figure 4.20. On the
left side, we can notice the presence of cracks in the matrix; this may be due to the
brittle failure behavior of the PLA and the cross loading. On the right side of
Fig.3.20. We notice the uniformly woven jute fiber and a kind alignment. Fig. 3.21.
(Left) shows the presence of good fibers adhering well with the PAL matrix which
proves PAL well penetration of the fibers. Likewise, Figure 3.21. (Right) shows that
there are no spaces between the jute fibers and the matrix, and even the broken fibers
are not deboned but are covered with the matrix. This proves the strength and quality

of adhesion between the matrix and the fibers. But for the more over-molded
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composite, especially in the area of connection between the ecosheet and the over-
molded layer, they result in less flexural strength than expected due to the speed of
separation between the two layers which take lower load (Fig.3.20.). However, in
many samples, the cracks are invisible and this demonstrates the brittle behavior of

the composites.
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Figure 3. 20. The flexural-fractured surface of over-molded PLA/+45/-45
ecosheet composites (a) debonded (b) pulled out

The Thermogravimetric Analysis curves for Jute, over-molded 70/30% jute/PLA
80/20 % and 60/40% with weight fraction (15%), (20%) and (35%) composites are
shown in the Fig 3.22. The first degradation happen at 358 °C for jute. In the range of
340-440 °C, a big amount of degradation happens.

Figure 3. 21. The tensile-fractured surface of over-molded PLA/+45/-45
ecosheet composites (a) debonded (b) pulled out
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By the end of the test, the residue percentage is 8.3%. In over-molded composites,
especially in 80/20 jute/PLA, the results show a significant change in the values of
thermal degradation, and this proves the big effect of the over-molded layer on the
composites. For 70/30% jute/PLA composite, the first degradation temperature is
380.5 °C that is higher by 17.85% compared to jute. The reason for this is the low
molecular mass of jute fibers [20, 30]. In addition, the fiber orientation has an impact
on the thermal degradation of composites. When we compare 60/40 % and 70/30%
composites we see a decrease in the degradation temperature by 17% for 60/40 %.
But by comparring to 80/20 %, the 60/40 % and 70/30% jute/PLA composites show

greater and better thermal stability.
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Figure 3. 22. The TGA of Jute and Over-Molded PLA/+45/-45 Ecosheet
Composites

3.3. Chemical Treatment of Ecosheet

Cellulose is the prime component in jute as all of the natural fibers. On the other
hand, hemicellulose and lignin make up the rest of the components besides other
components. These components are called noncellulosic components. Hemicellulose
and lignin play a big part of the fibers characteristic properties. As for the
hemicellulose in the jute, it is made of polyuronide and hexosan. Hexosan has a
sensitivity for the alkaline solution. On the other hand, a-cellulose and lignin have
slight sensitivity for the alkaline solution. In this work, the technique we use is 1, 5

and 10% NaOH solution as alkaline solution. The NaOH solution is at the room
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temperature, and the time is 2, 4, 6 and 8 hours. In the second stage, 10% NaOH +
Silane (1, 1.5 and 3% Silane with 6 hours) is used as a treatments for the jute fibers.
The mechanical and thermal properties of the jute and OM-composites; and the
chemical treatments effects are characterized by bending 3 points: DMA, DSC, and
SEM. By using the FTIR, the chemical composition of the functional groups of fibers
is determined before and after the chemical treatment process and the effect of this
treatment on the fibers is analyzed. At this stage, improving the thermal and

mechanical properties of the ecosheet is the goal.

As mentioned in the literature, the effect of the alkaline solution on jute fibers has the
greatest effect on the density of these fibers, so it is expected that the density of the
jute fibers will decrease after the treatment. This can be explained by removing part
of the noncellulosic compounds such as lignin and hemicellulose. However, this
matter is different for silane, where the effect of the coupling agent on the surface of

the fibers is different. Therefore, we expect density values close to each other [173].

Table 3. 3. Name and Code of Chemical Treatment of Ecosheet

Name Code
Untreated Jute uJ

1% NaOH INO
5% NaOH 5NO
10% NaOH 10N
NaOH10%-+silanel % 10N1S
NaOH10%-+silanel,5 % 10N1.5S
NaOH10%-+silane3 % 10N3S

A decrease in the density and weight of the fibers is observed after the chemical
treatment, especially after 2 hours of the experiment. The reason is due to the loss of
hemicellulose as mentioned previously. In the period between 2 to 8 hours, there is a
significant decrease in density values, gaps appeared in the fibers and became
dispersed and separated. Accordingly, fibers have become brittle and stiff, compared
to their extensibility and great strength previously [211].

By measuring the weight loss (%), we can determine the effect of the treatment on
the fibers, and this is done according to [174,175]. An increase in fiber weight loss is
observed with an increase in the time of treatment with NaOH and its concentrations,

as shown in Table 3.4. The reason is the loss of hemicellulose and lignin.
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Figure 3. 23. The Densities of the Untreated and the Treated Jute Fibers

The reason for the loss of the non-cellulose compounds is due to the breaking bonds
of the hydroxyl groups (—-OH) and the hydrogen bonds due to the alkali attack. The
defibrillation and loss of these compounds causes the fibers to shrink to smaller

fibers, but at the same time increases the volume of the effective surface [176].

Table 3. 4. The Weight Loss of Jute Fiber with NaOH Treatment

NaOH (Wt. %)  2h 4h 6h 8h

1 5.6+1.6 6.2+3.2 6.5+2.5 8.4+11

5 9.42+2.6 10.78+2.3 10.98+3.1 11.89+2.3
10 14.68+3.2 16.1+2.4 17.2142.6 18.32+3.2

Because PLA can absorb very little amount of water, jute fiber content will be the
major factor affecting the water absorption of the composites [119]. Jute fiber is
hydrophilic because it contains an abundance of hydroxyl groups. The Water
absorption of jute fiber increases as the concentration of alkaline treatment increases
(Table 3.5). Water absorption of untreated jute fiber is 11.17% but is reduced to
9.76% after 5% alkaline treatment for 24 h. Because of the presence of a hydroxyl
groups in jute fibers, it is the primary responsible for absorbing water in the
composites, especially since PAL is a hydrophobic polymer, which is what makes
fibers the main responsible for any increase in water absorption[119]. With the
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increased concentration of alkaline treatment, the Water absorption of jute fiber
decreased (Table 3.5). For the untreated jute fiber, the Water absorption is 11.17%
but after 24 h with 5% alkali treatment, it becomes 9.76%. The top decrease in water
absorption (7.08%) is for the jute fibers after the treatment with 10% NaOH + Silane
1.5 % for 30 h. An amount of 10.85, 9.76, and 8.75% of absorption is gained in
fibers with 1%, 5%, and 10% of NaOH treatment for 30 h. At higher NaOH
concentration, the water absorption becomes slow. But when Silane is used, the

water absorption decreases significantly for the fibers.

Table 3. 5. The Water absorption of Untreated, Treated Jute Fiber and Overmolded
Composite

Soakig Jute 1%NaOH 5%NaOH 10%NaOH 1%silane 1,5 %silane 3%sila
time (h) fabric ne
0 7.33+0.2 6.31+0.4 5.02+0.3 4.34+0.4 2.98+0.6 2.08+0.5 2.13
4 758+0.3 6.89+0.3 5.62+0.3 4.98+0.3 3.02+0.5 2.35%0.6 3072
8 8.24+0.3  7.02+0.4 6.95+0.4 5.56+0.3 3.67+0.5 3.12+04 ;012
12 9.1240.2  8.75x0.3 7.34+0.2 6.01+0.4 3.93+0.3 3.42+0.3 :_;0523
16 9.5240.3  9.23x0.3 8.03+0.6 6.98+0.3 4.64+0.4 4.72+0.4 :_;(2)3?2)
20 10.08+0.3 9.62+0.4 8.44+0.4 7.33x0.5 5.23+0.4 497104 ;5025)
24 10.56+£0.2 10.01+0.4 8.89+0.4 8.12+0.3 6.12+0.6 5.86x0.6 3082
28 10.95+0.3 10.11+0.2 9.14+0.3 8.46+0.3 7.02+£0.5 6.35+0.6 ?%2
30 11.17+0.2 10.85+0.4 9.76x0.3 8.75+0.4 7.96+0.6 7.08+0.5 :35012
+0.2

For the OM-Jute/PLA, water absorption after alkaline treatments is shown in Table
3.6. In the neat PLA, even after 30 hours, the water absorption is around 0.86%,
which proves its hydrophobic behavior. By the increased content of the fiber in the
composites, it is clear that the water absorption value increases. The results show that
the NaOH treatment partially removes the hemicellulose, lignin and other surface
impurities which causes a big decrease to the fibers water absorption [77]. There is a
negative effect of the reaction of the alcohol groups in cellulose with NaOH. This
effect is on the ability to absorb water in fibers. This can be explained by the fact that
the oxidation reaction minimize the total number of hydroxide groups in the fibers
[78]. We can understand that silane treatment after the NaOH treatment minimizes
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the water absorption of OM- Jute /PLA. The advantage of using silane after NaOH is
that the active groups of silane form an isolated layer on the surface of the fibers by
forming hydrogen bonds with the hydroxyl groups. Accordingly, a decrease in the

water absorption values of the OM-Jute/PLA composites are observed [79].

Table 3. 6. The Water absorption of Treated Over-molded Composite

OM-70/30 OM-60/40
Soaking time Neat PLA  1%NaOH 5%NaOH 10%NaOH 1%NaOH 5%NaOH 10%Na
(Oh) 0 0 0 0 0 0 (C))H
4 15+05 3,2+0.2 29+04 2,3+0,4 3,8£0,9  3,1+0,8 2,6
8 1,7¢0,3 3,705 3,1x0,8 2,5%0,7 4,1+0.3 3,604 E%Z
12 1,7+0,4 3,8+0,6 3,6x0,4 2,8£0,6 4,6+0.4 3,9+0,4 ;(21!6
16 1,7+0,3 4,3:0,4 4,2+0,5 3,2+0.4 4,9+0,5 4,3+0.4 ;(?8’4
20 1,74+0,3 4,740.2  4,6%0.3  3,6%0.3 5,1+0.3  4,8+0.2 2022
24 1,73x0,5 52+04 51+0.2 3,902 52404  4,9+0.3 2%3
28 1,75¢0,4 54404 53%0.2 4,240.3 5,405 4,9+04 2%6
30 1,74+0,2 54409 53+0.3 4,2+04 5,6+£0,5  4,9+0.2 2234
+0.4
OM-70/30 OM-60/40
Soakingtime  NeatPLA  1%silane  1,5%silan  3%silane  1%silane 1,5 %silane  3%sila
4 o 1,505 2,5+0.2 1,9;).3 1,240,8 2,4+0.5 1,8+0,5 1,2ne
8 1,7¢0,3 2,705 2,1+04  1,6%0,2 2,6£0.4  1,9+0,2 T034
12 1,7¢04 3,105 2,3%0.3 2,1+05 2,9+0.3  2,1+0,6 TOSG
16 1,7¢0,3  3,440.3 2,5+04 2,4403 3,240,4  2,4+04 T%7
20 1,74+0,3 3,6%0.2 2,840.2  2,6%0.5 3,704  2,840,2 T%S
24 1,73+0,5 3,6+0,8 3,3x0,4 2,620.4 3,9+£0.5 3,3+0,2 i%s
28 1,75¢0,4 3,6204 3,3x05 2,6%0,2 4,1+0,7  3,6+0.3 3034
30 1,74+0,2 3,6x04 3,302 2,8+0,2 4,1+0,3  3,9+0.3 ;:()53
0,4

In this study, when treating fibers by NaOH and with 3-(trimethoxysilyl) -
propylmethacrylate (silane), the monomer concentrations are 25% in Methanol
(MeOH) and the treatment time is 6 hours for silane. As expected, the chemical

treatment of fibers has an effect on the mechanical properties of the composites, and
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this effect varies with a different concentration of NaOH. We can limit the damage
resulting from the treatment of the fiber-reinforced composite to the damage of the
fibers, like fiber fracture; or in the matrix, like cracks; or in the matrix -fibers area
which is in the form of delamination or debonding [79]. There are three signs that
indicate the effect of NaOH which are: time, temperature and NaOH concentration,
but the most important one is the shrinkage of fibers which has the most influence on
mechanical properties. The results for OM-Composites’s 3-point bend test are given

in Table 3.7. Five samples are tested for each data point.

Table 3. 7. The Flexural Strength of Treated OM-Composites

composite 70/30 60/40

Time 1%NaOH 5%NaOH 10%NaOH 1%NaOH 5%NaOH 10%NaOH
2hours 69,4 73,5 76,8 66,4 69,4 76,8
4hours 70,1 76,8 81,5 68,5 73,1 79,3
6hours 73,8 81,2 89,8 69,5 78,4 84,6
8hours 71,1 77,6 83,6 67,2 74,6 79,8

The mechanical properties of 6 h treated fibers composites are of ultimate
improvements. By the comparison between untreated fiber composites with treated
fiber composites, the Flexural Strength is 89.8 MPa and 73.2 MPa in favor of treated
composites such as OM (60/40%), with an improvement of 18.56%. At 4 h, the
improvement is 6.4%; and at 8 h, it is 12.14%. The composites with 8 h alkaline
treatment have a lower strength values. For our study, the best results are for
composites with 6 h fibers treatment. This improvement is due to that the fibers have
become brittle and rigid due to crystallinity and less extensibility which make high
strength [21]. As for the best concentration for NaOH in alkali-treated composites,
10% NaOH gives the best mechanical properties results. The reason for this is that
the higher the alkyl concentration is, the more hemocellulose is removed from the
fibers. After the removing of hemocellulose, fibers have a greater ability to rearrange
themselves under tensile deformation due to the presence of voids which make it less
rigid and dense. The same behavior has been observed in flax [80]. It is observed that

the strength of composites with treated fibers is raised when NaOH increases by 18
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%. However, this is not the case for flexural and tensile modulus as they show
similar values for untreated composites. Accordingly, the best results are for the

compounds treated with 10 % of NaOH, and for this reason it is chosen for the next

stages.
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Figure 3. 24. The Flexural Strength of Treated OM-Composites

An increase in the tensile strength and tensile modulus values of the composite are
observed as they are 13% and 40%, respectively. This is due to the excellent
penetration of the PLA into the jute fibers, which allows a good distribution of
tensile energy. Even if simple cracks appear, they will not affect the sample strength.
An improvement is also observed in the flexural strength values for OM-alkali-
treated jute/PLA composite as well. NaOH treatment of jute fibers make a rough
surface which causes a better adhesion in matrix-fiber area because of the anchoring
sites [23]. As for treated composites, the flexural properties increases due to the

strong interfacial bonding between PLA and treated jute.

If we want to compare the results with neat PLA, the general rule will be that as the
percentage of fibers in composites increases up to 35 wt. %, the mechanical
properties will increase, like when flexural strength has increased to 23.3%,
compared to neat PLA. This is a clear example of the effect of fiber reinforcement, as
the composite has the ability to distribute stress energy between the matrix and fibers

equally.
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Figure 3. 25. The Tensile Strength of NaOH Treated OM-Composites

However, with 40 wt. % fiber, all the mechanical properties decrease. So it is true
that everything declines after reaching its peak. The explanation for this is that the
PAL matrix is not able to penetrate sufficiently into all fibers, this causes voids and

an imbalance in stress distribution and is followed by failure [81].
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Figure 3. 26. The Tensile Modulus of NaOH Treated OM-Composites

However, it can be noted that the ratio of fiber in the compound has shown
improvement in some properties but not in all the mechanical properties. Tensile and
flexural modulus of the PLA/jute (60/40%) shows superiority on the ratio (70/30%)

which is the opposite of what has been observed in flexural strength. See Fig 3.27.
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Figure 3. 27. The flexural modulus of NaOH treated om-composites

After chemical treatment, the fibers become smaller and more able to rearrange, and
the surface area interacting with the matrix increases. This leads to an improvement
in the mechanical properties. Chemical treatment improves the surface quality of the

fibers by removing impurities, dust and wax as well [84].
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Figure 3. 28. The tensile strength of NaOH +Silane treated om-
composites

The conclusion of tensile strength of the NaOH treated composite increases. The
effective surface and the ability to readjust is the most important results that alkaline
treatment do to the composites. [85]. Thus, the mechanical properties of chemically
treated composites are much better than untreated composites. The excellent
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interaction between the matrix and the fibers after treatment is what made this

increase possible [86].

The goal of silane fiber treatment is to reduce the hydrophilic behavior of the fibers.
Silane is applied to change the structure of jute surface to provide a stable bond
between the jute fabric and incompatible PLA matrix. The Silane acts as a bridge
between the fibers and the matrix where the functional groups of the Silane act as a
coupling agent. By using dilute silane solution in treating jute fibers, we allow silane
to better penetrate and interact within the fiber walls. Silane has been successfully
interacted with jute fibers where the functional groups of Silane interact to form an —
Si—O-Si- bonds. This bond acts as an adhesion promoter and also creates hydrogen

bonds with hydroxyl groups in the fibers [26-28].
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Figure 3. 29. The flexural strength of NaOH +Silane treated om-composites

The silanol makes a protective layer on the surface of the fibers called polysiloxane.
Polysiloxane makes the interfacial adhesion increase by bridging the gap between the
matrix and the fibers chemically [29]. This characteristic of silane gives a noticeable
improvement in the mechanical properties of the composite. For example, the tensile
and flexural strength of the composites improve by 43.5% and 65.2% respectively
when compared to neat PLA. From understanding the definition of the flexural
strength, we can say that the higher the resistance of the composite to deformation in
the bending test is, the greater flexural strength this composite has. This is resulted

because flexural strength increases the strain on the surface of the sample rather than
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on the center or inside of the sample. Accordingly, the most important factor
controlling the flexural strength is the outer layers of the reinforcement sample. In
flexural test, Composite up-surface will be under compressive fracture but the

bottom-surface will be under tensile fracture [29].

Because the fibers have an unclean or untreated surface, the treated composites are
much better than untreated composites. That’s because chemical treatment gives
better adhesion and better energy distribution which make more strength. The
treatment of fibers with alkali+ silane treatment increases the interfacial bonding,
which reduces the opportunity of fibers pull out and increases the freedom to
rearrange. It is interesting to note that there is a difference between the behavior of
the tensile strength and flexural strength when the fibers content increase in the
composites. Furthermore there is an increase in tensile modulus by 23.5% for
(60/40%) and 25.36% for (70/30%), and in flexural modulus by 15.1%for (60/40%)
and 19.9% for (70/30%), respectively. The flexural and tensile modulus of jute/PLA
composites usually achieve a maximum values at a certain fiber content. At the best
fiber content, the reinforced fibers are mixed homogeneously within the matrix
resulting in greater wetting, thereby stress is uniformly distributed among the fibers
leading to maximal properties of the composites. Several researches have reported

the optimum fiber content of jute-reinforced polymer composites. [11, 30, 31]
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Figure 3. 30. The tensile modulus of NaOH +Silane treated om-
composites
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After extrapolating the results, we have demonstrated the importance of fibers
content used for the reinforcement of PLA composites and their effect on mechanical
properties, where it is found that the best results are due to the 20% of fibers content,
as this ratio achieved the best internal adhesion between the matrix and fibers in the
composites. A covalent bond is formed in the case of OM-jute/PLA (NaOH
10%+silane 1.5%) between fibers and silane after silane coupling agent. [29]. The
surface of jute is covered by an adhesion promoter as thin layer which makes a good

interfacial adhesion with PLA polymer.
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Figure 3. 31. The flexural modulus of NaOH +Silane treated om-
composites

In the three-point bending test, the upper layer is exposed to the highest compression
by the load member while the lower layer is exposed to the highest tension, and the
inner layers remain with minimal stress. There are three factors that control the
outcome for composites. The first factor is the strength of the fibers, as the strength
and hardness of the fibers carry the greatest amount of stress before failure. The
second factor is the treatment of fibers with silane, as the silane provides a more
effective and more adherent surface to the matrix, which increases the properties
remarkably [20]. The third factor is the top surface of the composite, so in the
ecosheet composites, the fibers on the surface excellently immersed in the matrix,
but in the over-molded composites, the fibers are presented under a layer of the PLA,

and this creates a fast failure in the compression area.
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Table 3. 8. The elongation of break of treated om-composites

Composite NaOH Treatment NaOH10%+ Silane
Neat PLA 1% 5% 10% 1% 15% 3%

70/30 3,6 41 4,6 31 32 3,8

60/40 2,8 43 4,1 2,6 2,8 31

Neat PLA 4.5

So in short, increasing the wettability of the fibers and the formed chemical bonds
improved the interaction between the matrix and the fibers, resulting in a significant
increase in the mechanical properties. Therefore, bypassing the defects of the fibers
(high water absorption, lack of adhesion to the hydrophobic matrix , weak
wettability) is possible and the solution lies in the chemical treatment of fibers, as
this treatment will give a more effective, more adherent and less absorbent surface.

These factors greatly improve the mechanical properties and longer shelf life of the

composite.
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Figure 3. 32. The storage modulus of treated om-Jute/PLA (70/30%)
composites

As for thermodynamic properties, there are 3 important properties that can be
extracted from a DAM test: storage modulus (E’), loss modulus (E”), and damping

parameter (tan d). All these properties are done on the basis of temperature. As for
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the Tg point, it can be obtained from the peak of the tan 6. For OM-Jute/PLA
(70/30%) with NaOH treatment (10%) and NaOH10% +silanel.5%, the curves are
shown in Fig 4.32. For the neat PLA, the Tg is 63°C, which is near to the storage
modulus plot i.e. 59°C.

As for the storage modulus of PAL, it goes through two phases; at 30°C it is equal to
2750 MPa, then there is a drop due to the increase in temperature, where the E’
reaches 500 MPa at a 60°C, with 97% drop. As for OM-Jute/PLA (60/40%) treated
with NaOH10%, the highest levels of storage modulus are portend, it is equal to
4700 MPa compared to other composites. For the composites with
NaOH10%+silanel.5% treatment, it is higher than NaOH10% composites and neat
PLA. This proves the good adhesion between the fibers and the PLA polymer.

According to the known division of the curve, there is a stage above and a stage
below the Tg point. Under Tg is called (glassy plateau region) and the one above it,
is called (rubbery plateau region). Usually the degree of operation is less than the Tg
of composite. The flatter section above Tg indicates the rubbery region of the
composites. The storage modulus is increased slightly with NaOH treatment in the

rubbery plateau region.
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Figure 3. 33. The storage modulus of treated om-Jute/PLA (60/40%)
composites

Generally, for composites at room temperature, the storage modulus is high then it

decreases with the increase of temperature. The treated composites with NaOH
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10%+silane 1.5% shows an improvement by 18% compared to the non-treated
composites. There is a similar pattern between thermal and mechanical properties in
relation to NaOH treatment composites, where a raise of 13% is observed at 10 %
NaOH concentration. However, as shown in Figure 4.34. The tan 6 has an inverse
relationship with NaOH, as it reaches the lowest value for (70/30%) samples with a
treating by 10% of NaOH. The advantage of tan & is that it provides important
information about the energy dissipated during the test [32]. Accordingly, an increase
in the value of tan & in neat PAL composites is noted, and this may be due to the
greater dissipation of energy in the matrix-fibers area due to poor adhesion. Because
the loss modulus correlates with the polymer’s molecular chain mobility, with the
increasing in crystalline structures, the storage modulus increases, and the loss
modulus decreases. The storage modulus plots for jute-PLA (60/40) composites
show a 4 °C shift in Tg compared to treated OM-Jute/PLA (70/30%), but for jute-
PLA composite treated by silane, the Tg is 84.57 °C. In jute-PLA treated by alkali
composite, it is 76.43°C. This is due to the fibers restricting the movement of

molecular chains in PLA matrix.
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Figure 3. 34. The tan delta of treated om-Jute/PLA (70/30%)
composites

In comparison with the neat PLA, a decrease in the width and height of tan 6 peak is
observed in OM-jute-PLA composites (see Figure 3.35). The factor responsible for

this decrease is the damping capacity. As the damping capacity appears in the area
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under the curve, when tan 6 peak decreases, this shows a lower ability to damping

impact; this can be seen in the neat PLA.
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Figure 3. 35. The tan delta of treated om-Jute/PLA (60/40%)
composites

To study how fibers interact with chemical treatment materials, FTIR analysis is
used. For jute fibers, the O—H group is determined at 3325 cm-1 as stretching
vibrations [89]. After using NaOH, a peak of O—H stretching is shifted to 3327 cm-1.
After using silane, it shifts to 3446 cm-1. A decrease in the peaks intensities is
observed after NaOH and silane treatments. This shift is accompanied by a rise in the
peaks intensity in 2921 cm—1 that they belong to CH2 and CH3 vibrations. For the
carbonyl group (C=0) in untreated jute fibers, it is determined at 1,735 cm-1[90].
After NaOH (10%-8h), there is a shift to 1,738. The same thing happens after silane
(3%-6h) treatment, where the shift is to 1,744 cm-1. A sharp decrease in C=0 peak is
observed for untreated fiber after NaOH treatment until it is no longer seen. The
reason for this disappearance is the removal of the compounds responsible for it by
NaOH treatment. However, after silane treatment, an increase is observed to the
intensity of the carbonyl group [91]. The peaks which belong to the absorbed water
in crystalline cellulose in the region between 1,600 —1,620 cm-1 are determined [91].
In order to prove the presence of a real change after the chemical treatment, the
peaks that belong to non cellulose compounds such as hemicellulose and lignin are
studied. Several peaks are identified in the untreated jute fibers. After identifying

these peaks, the chemical treatment is performed and then the experiment is repeated.
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The results confirm that most hemicellulose and lignin peaks disappears, and this
proves the effectiveness of chemical treatment. The peak at 1506 cm-1 belongs to
lignin's aromatic rings [91,92]. This peak disappears after NaOH treatment [93]. The
peaks that belong to hemicellulose and lignin C—H bending at 1,380-1,368 cm-1 olso
disappear after NaOH treatment [93]. The peak at 1239 cm—1 is for axial asymmetric
strain of = C-O-C groups. These functional groups are found in esters and ethers such
as those that can be found or formed by hemicellulose and lignin. These peaks also
disappear after treatment [93]. The peak of the cyclic alcohol groups in untreated jute
fibers is found at 1,030 cm-1. This peak diminishes considerably after NaOH

treatments, which is an indication of alcohol group’s oxidation [94].

For the peaks of cellulose (C-O stretching), they are located in the fingerprint area at
1040~1060 cm-1. As for the Aegean, the aromatic skeleton vibration can be found at
1550~1650 cm-1[10,11]. These peaks remain in place after the chemical treatment,
but there is a significant change in the intensities of these peaks. An increase in the
ratio between the peaks of 1040~1060 cm-1 and 1550~1650 cm-1 demonstrates a
decrease in the content of lignin and an increase in the cellulose content. This is
exactly what happens when natural fibers are chemically treated, where the content

of cellulose increases and the content of other compounds such as lignin decreases.

The FTIR results for composites treated with NaOH and composites treated with
(NaOH +Silane) can be seen in Figure 4.37. With the silane treatment, on Jute/PLA,
the intensity of the hydroxyl peak (3325 cm-1) is shrinking. A new peak at 1596 cm-
1 belong to N-H bending appears. This can be explained by the reaction of silane
with reactive hydroxyl groups on surfaces of Jute fibers [12]. Silane can undergo
hydrolysis and form the silanol groups which forms with hydroxyl groups a new
bond on the fibers surfaces, thereby leading to the reduction in the peak intensity at
3325 cm-1 (-OH stretching).

The presence of the 1596 cm-1 peak (N-H bending) corresponds to amine groups of
silane, in the spectrum of silane treated jute/PLA. The -Si O-Si- peak is identified at
722 cm-1 as symmetric stretching, as well as -Si-C- peak is identified at 842 cm-1 as
symmetric stretching. As shown, here are two peaks indicating for two reactions on

the surface of jute fibers due to chemical treatment.
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Table 3. 9. The characteristic peaks of jute and NaOH treated jute

Untreated jute NaOH Trated Assignment
peak wave NaOH NaOH NaOH
no(cm-1) treated treated treated
2h 6h 8h
3325 3326 3326 3327 OH stretch, Hydrogen bonded
2921 2919 2920 2922 C-H stretch in cellulose and
hemicellulose
1735-1715 C=0 stretching of carboxylic acid
or ester
1650 1639 1640 1641 Aromatic C=C stretching
1600 Absorbed water
1593,21 1593,35 1593,68 1594,12  Lignin deformation
1506 C-—C stretching in lignin
1440 CH2 bending in lignin
1423,19 1423,17  1423,32  1423,74  C-C stretch
1410 CH2 and CH3 bending
1380 C-H bending
1326-1358 O-H in-plane bending
1317 1316 1317 1316 C-O stretch
1234 1234 1235 1236 CH2 Vibrations; HCH and OCH in
plane bending; intermolecular
hydrogen bonds bending
1160 Ant symmetric bridge C-O-C
stretching
1157 1157 1155 1154 C-O stretch
1030 1029 1034 1033 —C-0O-C- stretching of side
substituents of xylan and lignin
aromatic C-O stretching
890 889 887 888 B-Glucosidic linkage
675 Out-of-place bending vibration of

intermolecular H bonded O-H
group
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The first reaction is the deposition of siloxane on the fibers surface. It is determined
at 722 cm-1, while the second reaction is the silane condensation on the fibers and it
is determined at 842 cm-1. Evidence of the interaction of hydrolyzed silane with -OH
groups on the surface of the fibers is the formation of a -Si-O-C- bonds that can be
recognized from the peak at 1210 cm-1 [37, 38].

These changes are in fact expected to develop the fiber/matrix’s interfacial adhesion
to PLA/jute composites by the polar-polar bond that is resulted from an interaction
between silane's amine groups (-NH2) of treated jute and PLA's ester groups (-COO-
); and that explains that with the use of silane the tensile properties of jute/PLA
increased. This is explained by the fact that not only the silanol groups of APTES but
also the amine functionality can interact with hydroxyl groups on surfaces of the jute
fibers, due to the high polarity of amine groups (-NH2) of APTES which can lead to
a formation of hydrogen bonding with hydroxyl groups of jute fibers [13]. Since the
surface characteristics of jute and flax fibers are similar in term of hydroxyl rich
surfaces, the mechanism of silane on jute fibers is expected to be similar to that of
flax fibers. This, therefore, leads to a proposed configuration of silane treated jute
fibers where both the silanol and amine groups of silane interact towards the reactive
hydroxyl groups of jute fibers. But due to NaOH treatment, the mechanism is
different which leads to a decrease in the hydrophobic character of the silane treated
jute fibers in comparison to the untreated jute [12]. As a result of the decrease in the
hydrophobicity, the compatibility toward PLA matrix of silane treated jute is
therefore increased and results in an increase in the fiber/matrix interfacial adhesion

of the silane treated jute/PLA in comparison to the untreated jute.

SEM's device is characterized by its high resolution and great accuracy, and that's
why it is chosen to analyze the samples resulting from the three point bending test
(fractured surface) in order to demonstrate the effectiveness of chemical treatment of
jute fibers and Jute/PLA composites in improving the quality and adhesion strength
of the matrix-fiber region. Because of the reduction of density of jute fibers in
composites after chemical treatment, the mechanical properties of the treated

composites are significantly improved.
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Figure 3. 37. The FT-IR spectra of NaOH and (NaOH +Silane) treated jute fiber



As seen in SEM, spacing in fibers is noticed as it becomes smaller and thinner. The
responsible for this is the loss of hemicellulose due to chemical treatment, as

hemicellulose is the cement of fibers.

f)

Figure 3. 38. The flexural-fractured surface of NaOH treated over-molded
composites (a) NaOH1%-jute (b) NaOH 3%-Jute (c) poll out NaOH 3%-Jute (d)
deboned ecosheet (¢) NaOH+Sailen 1,5% (f) NaOH+Sailen 3%
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Fiber breakage in untreated composites is the primary cause of the failure and the
week strength of the composites as described in 3.38(a). A big amount of wax and
oily substances is observed as impurities in the untreated fibers composites. From the
extrapolation of the literature, it is noted that the reason for the poor adhesion
between the fibers and the polymer may be due to the impurities that cover the
cellulosic hydroxyl groups and thus constitute an obstacle to the interaction of these
groups with the polymer matrix of the fibers in the reinforced composites [16, 35].
As previously mentioned [29, 37], jute fibers surfaces have been observed to be
cleaner after NaOH (5% 6h) treatment and after being free of impurities; see picture
Figure 3.36(b). After treating the jute fibers with NaOH (10% 2h), Figure 3.36. (c)
Shows the surface of the jute fibers, smooth surface and clearly visible fibers. This is
also due to the removal of impurities and hemicellulose where the individual
cellulose fibers remain notable. But this is not the case for NaOH (10% 4h)
composites, as Figure 3.36. (d) Shows a few fibers pullout. In the matrix-fiber
region, some discontinuity is observed. Cracks in the matrix and pull out-fibers are
observed at higher magnification levels. As for NaOH (10% 6h) composites, a
respectable change in the surface of the fibers is observed. NaOH treatment improves
the functionality of jute fibers surface and its wettability. That’s because NaOH
treatment allows the increase of the effective sites on the fibers surface that can
interact with the polymer and produce stronger bonding and more adhesion
composites [17]. Figure 3.36. (f) Proves that removing non-cellulosic materials and
impurities by alkaline treatments cause the production of separated fibers with rough
surfaces. Figure 3.36. (e) Shows the magnitude of the damage resulted in NaOH(10%
8h) treated composites, where cracks have been observed in the matrix, large amount
of pullout fibers and dissociation in the fiber - matrix area. This damage can be
explained by the long time of the alkaline treatment which causes the fiber surface to
be significantly damaged. This may explain the weak resulted in tensile strength for
treated fibers composites. Here the importance of defibrillation appears. According
to the previous observations, defibrillation has the greatest effect in increasing the
strength of treated composites. These results are similar to the results of NaOH

treated sisal fibers in [94].

121



Figure 3. 39. The flexural-fractured surface of NaOH +Silane treated over-molded
composites (a) om-NaOH+Sailen 1,5% (b) om-NaOH+Sailen 3%

The change in the fibers surface results in a significant improvement in the adhesion
between the matrix and the fibers in the Jute/PLA composites. With regards to the
composites treated with (NaOH10%-+Silanel.5%), it is observed that there is a layer
on the fibers surfaces, therefore the fibers are not completely visible [39]; the coated

layer is formed from siloxane deposition. See Figure 3.39. (g) and 3.39. (h).

The results show that the silane is an excellent way to improve the surface
performance of the fibers; the production of interfering bonds increases the adhesion
of the fibers to the matrix. An increase in the efficacy of Silane is observed after the
treatment of fibers with NaOH [39].

3.4. The Flame Retardancy Properties of Composites

This part focuses on the physical, mechanical and thermal properties of over-molded
flame retardant composites. In this work, continuous jute fiber/PLA composite layers
are prepared via film stacking method in a hot press. By using injection-molding
device from Xplore laboratory, the over-molded composites (OMCs) have been
prepared. Prior to OMC manufacturing, PLA is compounded with a P/N based as
flame retardant using an Xplore IM15. The mechanical, thermo mechanical (DMA)
and morphological properties are investigated. Flame retardancy is examined via

limiting oxygen index and UL 94 tests. The mechanical tests (flexural modulus and
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strength) of OMCs is investigated in order to identify the most effective flame
retardant for jute/PLA ecosheet and jute/PLA over-molded composites. For this

reason 6 composite prepared (See table 3.10.) with different concentration.

Table 3. 10. Compositions of Different Materials

Materials Flame retardant Jute-PLA Orientation
(wt. %) (wt. %)

100Pg30-90%PLA 100% (90/10) 0% -
100Pg30-90%PLA+jute 50% (90/10) 50% (60/40) 45
200Pg30-80%PLA 100% (80/20) 0% -
200Pg30-80%PLA-jute 50% (80/20) 50% (60/40) 45
10APS-90%PLA 100% (90/10) 0% -
10APS-90%PLA-jute 50% (90/10) 50% (60/40) 45
20APS-80%PLA 100% (80/20) 0% -
20APS-80%PLA jute 50% (80/20) 50% (60/40) 45
10MPZ-90%PLA 100% (90/10) 0% -
10MPZ-90%PLA-jute 50% (90/10) 50% (60/40) 45
20MPZ-80%PLA 100% (80/20) 0% -
20MPZ-80%PLA-jute 50% (80/20) 50% (60/40) 45
PLA100% 0% 0% -

Figure 3.40. And Fig. 3.41. Summarize the density of FR/PLA and jute/PLA
composite. Neat PLA has 1.25 g/cm3 While Jute 1.46 and the materials used as anti-
fire are (Ammoniumpolyphosphate with Synergists (APS) 1.6, Melamine
polyphosphate and Zinc borate (MPZ) 1.6 and Aluminum diethylphosphinate (ADS)
1.35). But as is well known, after mixing the materials, these values will change.
PLA and inert FR have been observed as a nucleating agent. This may be because of
the inability of these substances to absorb gases. See Fig 3.40. There is a hypothesis
based on the premise that at interfaces region, the decreasing of energy barrier
increases the nucleation capacity of the cell compared to the neat PLA. This
hypothesis is called (classical heterogeneous nucleation) [41]. A slightly increased
value is observed in PLA/ADS and PLA/MPZ composite, respectively. The results of
the density test confirm the nucleation hypothesis of the composite, where a big
increase in the density values for PLA/APS composite is observed by about
(1,52)g/cm3. In summary, the increase in volume with the decrease in density proves
the formation of voids or the existence of gas bubbles, which enhances the anti-fire

properties in the compound and that assures the future applications of PLA/FR.
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Figure 3. 40. The density of pure PLA/FR composite

In flexural mode, OM-PLA/APS (PLA/APS-jute) shows the modulus of 4.3 GPa and
this is reduced with the PLA/APS to 1.7 GPa in 90/10%.
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Figure 3. 41. The density of om-PLA/FR composite

In flexural mode, OM-PLA/APS (PLA/APS-jute) shows the modulus of 4.3 GPa and
this is reduced with the PLA/APS to 1.7 GPa in 90/10%. That’s due to the fact that
flexural properties of composites are polymer matrix dependent rather than fiber
reinforcement [12]; therefore, composites depending on PLA in mechanical
properties will be subjected to a decrease due to interaction with APS.
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Figure 3. 42. The flexural modulus of ADS/PLA and om-ADS/PLA-Jute
composite

On comparing the flexural results of PLA/MPZ with ecosheet and pure composites,
ecosheet results show an increase in the flexural modulus of PLA/MPZ from 1.4 GPa
in the 80/20 % to 3.8 GPa. Similar observation is also seen in the PLA/OP 30
samples. The OM-PLA/OP30 flexural modulus rise from 1.7 GPa to 4.2 GPa in
90/10%.
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Figure 3. 43. The flexural modulus of MPZ/PLA and om-MPZ/PLA-Jute
composite

The effect of ecosheet on Flexural Strength is similar to that on flexural modulus.
The OM-PLA/APS composites from 80/20 % also show higher Flexural Strength
than pure PLA/APS samples, Figure 3.44.
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Figure 3. 44. The flexural strength of APS/PLA and om- APS/PLA-Jute
composite

PLA/MPZ shows the flexural Strength of 24.1 MPa. When ecosheet is added to
PLA/MPZ, the flexural modulus of increases to 73.8 MPa in 80/20%. The effect of
ecosheet on flexural properties is also similar to those observed in tensile results. The
flexural Strength of neat PLA and PLA/OP30 composites are lower than the OM-
PLA/OP30 ones. The ecosheet increases flexural Strength of PLA/OP30 from 63.4
MPa in 90/10% sample to 96.4 Mpa.
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Figure 3. 45. The flexural strength of MPZ/PLA and om-
MPZ/ PLA-Jute composite

The improvement in the fiber/matrix interfacial adhesion in OM samples can be
explained when it's compared to the pure ones. Here the importance of interfacial
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adhesion in the matrix-fiber region is worth noting, as this factor equals in its
importance the factor of the dependence of flexural properties on the polymer matrix
in composites. The improvement in fiber/matrix adhesion can lead to better load-
transfer between fiber reinforcement and polymer matrix, and hence, results in higher

flexural properties [16-18].
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Figure 3. 46. The flexural strength of ADS/PL and om-ADS/PLA-
Jute composite

The over-molded process helps in increasing the mechanical properties of PLA/APP
which can be explained due to changes in the structure of PLA. Because of the
interaction with the APP, the PLA surface becomes rough and the active groups
interacting with the fibers increases, thereby, improves the adhesion significantly.
From these results we can understand that ecosheet improves the mechanical
properties of flame retarded PLA/APP composites. This increase make a better
interfacial adhesion in the fiber/matrix of the composites. The increase in mechanical
properties with over-molded process concludes that there is a big advantage of using

an extra process during flame retardant composite preparation.

Figs 3.48, 3.50. And 3.52. Show the laboratory results of the tensile strength of the
composites. As expected, neat PAL is unaffected by the extrusion and maintained
high tensile strength with low ductility. An improvement in elongation at break is
observed after adding Ammonium polyphosphate (APP) to PAL. At the same time,
adding 10 % and 20% of APP adversely affects the tensile strength and rigidity of the
composites. We expect that the addition of APP leads to a plasticizing effect on PAL
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composites. From the extrapolation of the previous results, a perception is formed
that the low molecular weight has a negative effect on the thermo-mechanical
properties in composites. The difference in density and uptake of moisture are the
most influencing factors, which can cause this results. As for moisture uptake, we
face a problem that APP causes more moisture uptake in composites that contain
wood [91]. This leads to a decrease in mechanical strength. In the same direction,
PLA also absorbs moisture easily, which causes a hydrolytic degradation [90]. With
the plasticizing effect due to increased water absorption, we notice an increase in the
elongation at break and a decrease in the tensile strength [92,94]. Unfortunately, this
is not the case here, because elongation at break does not increase compared to the
Neat PLA, but on the contrary, it decreases .This may be due to the large amount of
APP added to the polymer. Compared to neat PLA, many sources state that the
intumescent formulations cause a decrease in the tensile properties of the composite
and APP classifies as one of these substances [40, 42, 44, 48].
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Figure 3. 47. The tensile modulus of MPZ/PLA and om-MPZ/PLA-Jute
composite

Two points are observed when adding APS; molecular weight decreases (although
APS dense naturally) and the samples become more brittle. APS damages the PAL
network of its system, and this weakens the adhesion with jute fibers. With little APP
contact with fibers, the plasticizing effect of APP remarkably decreases. The results
in Fig 4.47. Show that neat PLA samples have tensile modulus of 2.8 GPa and tensile
strength of 58 MPa. The addition of MPZ (20%) flame retardant reduces the tensile
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modulus of PLA/MPZ (20%) to 2.6 GPa and significant reduction in tensile strength
from 58 MPa to 47 MPa.

Neat PLA MPZ-PLAPuwe  MPZ-PLA-Jute
290110 ®W80/20 = Neat PLA

Figure 3. 48. The tensile strength of MPZ/PLA and om-MPZ/PLA-Jute
composite

The significant reduction in the tensile properties of PLA/APP, particularly when
compared to Neat PLA sample, can be explained by the fact that APP flame retardant
produces ammonia (NH3), which can cause a degradation of PLA by hydrolysing the
ester group (-COO-) in its polymeric structure, hence leading to a loss of mechanical

properties of PLA and its composites [4].

On comparing the tensile results of PLA/ADS (90/10%) and PLA/ADS(80/20%), the
results show that 90/10% slightly improves the tensile properties compared to 80/20
%, as shown by the increase in tensile modulus of PLA/ OP 30 from 3.7 Gpa for
(80/20%) to 4.6 GPa in (90/10%). This can be attributed to the increased fraction of
polymer matrix. This is due to the fact that OP30 has less tenacity than the PLA; this
can be said for MPZ and APS too.

As for the results of the tensile modulus, compared to PLA/APS and PLA/MPZ,
PLA/OP 30 shows a marked increase of about 50% and this is considered an
important progress in this field. But we must not forget the primary goal of adding
these substances, which is flame retardancy. It has been observed that MPZ and APS

substances act as a filler in the composites and have close adhesion values.
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Figure 3. 49. The tensile modulus of ADS/PLA and om-ADS/PLA Jute
composite

Also for comparison, the addition of 10% of APS shows a positive effect in the
properties of tensile strength. The good dispersion for APS inside PLA matrix
controls the tensile modulus as in 80/20 % where a decrease in the tensile modulus
values is observed due to poor dispersion and the appearance of microscopic clusters
that lead to an uneven distribution of the load which leads to the appearance of

cracks in the matrix (Figure 3.52).
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Figure 3. 50. The tensile strength of ADS/PLA and om-ADS/PLA-Jute
composite
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Figure 3. 51. The tensile modulus of APS/PLA and om-
APS/PLA-Jute composite

APS dispersion varies with the chemical structure of the matrix. Tensile strength is
severely affected by addition of APP. This effect results from reducing crystallinity
of the matrix, which leads to a faster failure [50].
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Figure 3. 52. The tensile strength of APS/PLA and om-APS/PLA-Jute
composite

8 88 88 3 8 8

Tensile Strength (MPa)

=
=

The introduction of jute improves the tensile strength and tensile modulus value up to
20 % due to that the treated fibers have more ability to form new bonds; these bonds
increase the polymer-fibers adhesion. The hydroxyl groups in jute fibers are

responsible for the new hydrogen bonds. This strong entanglement (or big
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agglomerates) reduces the composite’s ability to elongate; the elongation at break
values decreases, and this accelerates cracking in the composites.
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Figure 3. 53. The elongation of break of MPZ/PLA and om-MPZ/PLA-
Jute composite

However, this weakness in the mechanical properties of flame retardant composite
has been compensated. With the presence of the ecosheet, a significant increase in
mechanical properties and high stability are observed compared with the pure
materials and neat PLA. This gives these compounds a tensile strength which enables
them to be used in many applications that are limited to materials with strong

mechanical properties.

Phases | and 1l demonstrate that neat PAL has weak flame retardancy properties, on
this basis a APP (as intumescent flame retardant), it was added to improve the
flammability of ecosheet and composites in general. However, adding too much
amount of APP to the composites may cause less tensile strength that limit
applications. But the addition of jute shows enhanced mechanical properties of APP
and PLA up to some extent. Figures 3.56-3.67. Show the flame-retarded PLA
composites, modulus of storage, and tan & of pure PLA. Modulus of storage
associates to materials load-bearing capacity. As shown in Figure 3.56., the modulus
of storage of pure PLA and the PLA /OP30 composites indicates a moderate decrease

from 25 to 50°C, and then decreases speedily because of the glass transition.
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Figure 3. 54. The elongation of break of APS/PLA and om-APS/PLA-Jute
composite

There is an evident increase in modulus of storage by the addition of OP30 in PLA
matrix under 60 °C; for example, modulus of storage of the PLA/OP30 (80/20%) is
nearly 2690 MPa, while that of pure PLA is 1855 MPa at 25°C as indicated in Fig
4.56. This increase is because of the flame-retardant effect on the crystallization

behavior and the entanglement between the macromolecular flame retardant and

PLA chains.
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Figure 3. 55. The elongation of break of ADS/PLA and om-
ADS/PLA-Jute composite
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The region of glass transition for PLA and the flame-retarded PLA composites lies
between 50 to 90 °C; and in this region, the modulus of storage of PLA composites is
higher than that of pure PLA. For example, the modulus of storage for PLA/OP30
(90/10%) is nearly 651 MPa, while that of pure PLA is 1115 MPa at 60 °C. As seen
in Figure 4.56. And in Fig 3.57., the glass transition temperature (Tg) for pure PLA
is around 65 °C and the PLA/OP30 composites indicate higher peaks of temperature
than that of pure PLA. The increase of modulus of storage in the glass transition state
and the increase of Tg correspond that OP30 has antiplasticization effect on
PLA/OP30. Furthermore, the maxima of tan & for PLA/OP30 composites are
increased compared with that of neat PLA, as shown Figure 3.57. Which shows that

more polymer chains are taking part in the PLA transition composites with ADS.
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Figure 3. 56. The storage modulus of ADS/PLA composite

Dynamic mechanical analysis (DMA) for the PLA and PLA/APS acts as a function
of temperature, whose curves display storage modulus (E’),and loss factor (tan o) are
recorded as shown in Figures 3.58. And 3.58. Correspondingly. Figure 4.58. Shows
the storage modulus (E’) which is the temperature dependence of PLA/APS with
(80/20%) and (90/10%) correspondingly. The decrease of storage modulus below Tg
with APS continuously enhances the mobility of polymer chains. E’ curve of the
blends shows a short plateau in comparison with treated PLA. Especially in (80/20%)
comparing to (90/10%) which is because of a decrease in thermal mechanical
stability when adding APS in PLA. The addition of APS in PLA is often reported to

lower the stiffness [24].

134



11 Temperature (Deg.C.)

0.9
0.8
g07
< 06
=
£05
0.4
0.3
0.2

0-1 \I|||||||||I\\\\|IIII_|ﬁI|IIII|IIW\|IIII]_|__.ﬁI\_\TI_|ﬁ|_Y_Y_|_|_|_|_|
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Neat PLA esss=10/90 20/80

Figure 3. 57. Tan delta of ADS/PLA composite

Especially in (80/20%) comparing to (90/10%) which is because of a decrease in
thermal mechanical stability when adding APS in PLA. The addition of APS in PLA

is often reported to lower the stiffness [24].
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Figure 3. 58. The storage modulus of APS/PLA composite

Cold-crystallization process is the reason behind the decrease of E’ with temperature
and the presence of bumps in the tan 6 curves after the glass transition [25]. It is also
noted that the energy needed to activate molecule mobility in the material has
different compositions. The increase of APS amount decreases the height of peak in

tan O curves with less displacement to a higher temperature as compares to neat PLA
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.This indicates that the molecular mobility in the PLA/APS is easily activated as
compares to PLA alone.
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Figure 3. 59. Tan delta of APS/PLA composite

The cooperative increases with the decrease disorder; so the energy needed to initiate

molecular mobility of material decreases with the increase of the disorder of any one.
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Figure 3. 60. The storage modulus of MPZ/PLA composite

As showed in Fig. 3.60., addition of the MPZ lead to a slightly increase of stiffness, a
higher Tg, and a higher crystallization temperature. In these reductions, molar mass
of PLA reduces in the composite. This may be due to the penetration of MPZ into a
PLA chain, which has increased its adhesion and cohesion for a short period by
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comparing the MPZ (80/20%) with MPZ (90/10%). (90/10%) increases the

crystallization temperature and storage modulus over pure PLA.

Figure 3.61. shows the PLA/MPZ composites and tan & vs. The temperature for the
PLA Tg of pure PLA is 64°C, while the PLA/MPZ shows single peaks at 78, for
(80/20%) and atg 79°C for (90/10%). The tan & values of all PLA/MPZ composites
are less in comparison to PLA.

1.1 Temperature (Deg. C.)

0.9 /\

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1 T T T T T T e T T T R T T T T e e
0 10 20 30 4 50 60 70 80 90 100 110 120 130 140

tan delta

Neat PLA em==10/90 20/80

Figure 3. 61. Tan delta of ADS/PLA composite

Jute fiber composites usage has more beneficial polymer properties in comparison
with based sources PLA. The most notable difference is observed in the composite
viscoelasticity and properties like mechanical strength. The viscoelastic properties of
solid composites are measured by a dynamic mechanical analyzer (DMA). DMA
gives the information of viscoelastic polymers properties. The peak of tan & curve is
described as glass transition temperature (Tg). Load bearing capacity is intently
related to storage modulus. Compared to composites whose ecosheet has been added
with PLA/FR, we can clearly say that it is in PLA/FR composites. There is an
obvious decrease in storage modulus after incorporating of FR into the pure PLA
composites. The lack compatibility between the flame retardant and PLA lead to a
decrease in modulus of storage; nevertheless, the addition of ecosheet has promising
impact on the modulus of storage of PLA/FR composites. PLA/FR composites with
ecosheet have higher storage modulus than the pure ones. That is possible because of

the hydrogen bonding interactions between jute fibers and the PLA matrix which
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increases the interfacial adhesion. In general, modulus of storage of polymer fibers
relies on inorganic phase and interfacial interaction of the polymer matrix [261]. The
modulus of storage of all over-molded samples somewhat decreases with an increase
of temperature and has a different fall due to each type of FR material; for example,
in MPZ it lies in the region between 90 to 99 °C, in OP30 it lies between 55 to 78 °C,
and in APS it lies between 60 to 78 °C respectively to glass transition region of
PLA/FR. Moreover, there has been another peak showed in the DMA for jute or the
ecosheet in the far area (+15-20 °C) that increases the materials mechanical
properties that allows the usage of the materials for applications that cannot be

retrieved due to their vulnerability.

Figure 3.62. Indicates the ecosheet influence on dynamic storage modulus of the
PLA/MPZ composites on various temperatures. In Figure 3.62., the E’ values of the
OM-PLA/MPZ composites are greater than that of PLA/MPZ. This statement advises
that the interfacial adhesion between the PLA/MPZ matrix and jute fiber is
spontaneous. The E' values decreases with an increase of temperature in all
composites cases. OM-composites indicate that there is longer plateau on modulus of
storage than that of neat PLA where the temperature of softening has increased from
around 65°C for neat PLA and 85°C for PLA/FR. This suggests an increase in
thermal stability of the neat PLA with addition of jute fiber.
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Figure 3. 62. The storage modulus of om-MPZ/PLA-Jute composite

138



By heating, polymer state changes from rigid to elastic by movement of molecular
chains in the structure. In the fiber-reinforced PLA, damping is affected by the fibers
presence. The ecosheet effect on PLA/MPZ composites is demonstrated in Figure
3.62.; it is noticeable that the magnitude of damping peaks composites increases by
increase of MPZ amount. A good interface will carry greater stress and there will be
less energy dissipation. Moreover, a composite material that has less interfacial
bonding dissipates more energy that shows a greater magnitude damping peak as

compared to a composite with a strong bonded interface [95].

Based on the current research, the verified increase of tan 6 by the decrease of
compatibility between jute fiber the PLA/MPZ matrix; that can be detected with
SEM images that have been defined lately.
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Figure 3. 63. Tan delta of om-MPZ/PLA-Jute composite

Figures 3.64. And 3.65. Show the dynamic storage modulus (E") of OM-PLA/OP30
composites in a range of 20-140°C. The significant improvement in the E’ is shown
in Figure 3.64. When ecosheet of around 2 mm in length is added to the PLA/OP30
matrix [96, 85]. An unclear drop is detected at the PLA/MPZ matrix at 58-72°C
temperature that is connected with the glass transition (Tg) of PLA/OP30. After that
a clear drop is detected at temperature of 85-98°C that is related Tg of ecosheet. The
E’ values are continuously dropping after glass transition region. The greater E’
above Tg is accredited to inadequate thermal energy to overcome the potential

barrier of rotational motions and transitional of segments of molecules of the
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polymer in the glassy state, while above Tg, the thermal energy is comparable to
potential energy barriers to the segmental motions.
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Figure 3. 64. The storage modulus of om-ADS/PLA-Jute composite

Figure 3.65. Shows the OM-PLA/OP30 and of tan & of PLA/OP30 thermograms of
tan 6. It has been noted that Tg shifts to higher temperature by adding jute.
Contribution of fiber into damping is tremendously low in comparison to the PLA
matrix. But the fibers of jute contributes to a flexible increase in Tg for PLA/OP30.
We come to the conclusion that the PLA molecular motion at the fiber-matrix
interface is usually liable by combined attenuation (damping) of jute fiber reinforced
PLA composites. [87].

Figure 3.66. Indicates the additional effect of ecosheet for modulus of storage of
PLA/APS composites. E’ is strictly associated to the material load-bearing capacity
[86]. The value of E' increases considerably by the addition of ecosheet to
PLA/APS composites, specifically 60—-85°C temperature. Moreover, more addition
of APP flame-retardant in composites hinders the collaboration between PLA matrix
and jute fiber that results in the decrease of E'. It is concluded that the E’ value
increases because of strong interfacial adhesion and strong bond between fiber and
matrix [86].

In Figure 3.67., it is obvious that OM-PLA/APS composites have lowered tan 6
values in comparison to PLA/APS. This shows that all the OM-PLA/APS composites

exhibit the similar order of abilities of damping. The reason of the rigid and strong
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fiber-matrix interface is the better adhesion due to this molecular mobility decreases

in interfacial zone.
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Figure 3. 65. Tan delta of om-ADS/PLA-Jute composite

In the course of the previous heating scan, the cold crystallization, glass transition,
and melting temperature of the material are calculated. DSC data can be used to

calculate the degree of crystallinity (Xc) as follows:

Xc(%) =222 o 100 (3.2)

AHfAXPLA
Where:

AHm, AHcc and XPLA are the enthalpy of melting, enthalpy of cold crystallization

and weight fraction of PLA respectively;

AHTf is the heat of fusion defined as the melting enthalpy of 100% crystalline PLA
which is 93 J.g-1[22].

The PLA/MPZ and OM-PLA/MPZ differential scanning calorimetry (DSC) results
are presented in Figure 3.68. And precised in Table4.11. The MPZ increases the
glass transition temperature (Tg) of PLA from 60.42 °C to 10.29 °C and to 12.21 °C
with (80/20%) correspondingly. As expected, with the increase of MPZ amount, a
decrease in Tg take place, and that is accurate for MPZ.

141



Temperature (Deg.C.)

10000 ¢
_ : \
%10005 74\_
0 F
3
2 I
B® 100 L
E F
[:H]
m -
g
g 10t
7] :
20 40 60 80 100 120

Neat PLA e 10/90 20/80

Figure 3. 66. The storage modulus of om-APS/PLA-Jute composite

The small molecular size of the FR permits it to occupy the intermolecular places
among polymer chains. Decreasing the molecular motion energy leads to hydrogen
bonding formation among the polymer chains; and that can increase the molecular
mobility and the free volumes. By the increase of amount of the MPZ, the
effectiveness of the Citrate FR to lower the Tg of the PLA is usually enriched [20].
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Figure 3. 67. Tan delta of om-APS/PLA-Jute composite

As for the PLA/MPZ, the addition of ecosheet disturbs the cold crystallization
temperature (Tcc). The Tcc detected in PLA/MPZ at 130.94 °C is down to 71.72°C
and then to 69.26 °C by the addition of (80/20%) correspondingly. The decreasing of
Tg, Tcc and melting temperature (Tm) are higher with the jute fibers by the result of

142



improved chain mobility [23]. The rise of Tg, Tcc, Tm and also increase of degree of
crystallinity as indicates in Table 4.11. Depend on the jute fibers. The crystallinity
percentage of the OM-PLA/MPZ is greater in comparison with the PLA/MPZ. For
the OM-PLA/MPZ, greatest crystallinity is detected by the addition of (80/20%) to a
value of 8.58%, at the rate of 9.07%. The increase indicates that the PLA
crystallization turn out to be hard due to chains mobility which takes place with the
jute. The function of a FR is to rise the free volume and to lower the polymer chain
connections that bring higher chain mobility at lesser temperature; this effect is
associated with plasticization which is most probably superposed by the reduction of

the glass transition temperature owing to chain mobility [19].

The PLA chain mobility becomes harder and free volume becomes lesser due to jute
fibers that influence the thermal properties of PLA /MPZ positively while the
relationship becomes symbiotic, giving the compound a higher ability to resist
thermal effects and this is an added advantage of the over-molded process in this

research.
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Figure 3. 68. The DSC of MPZ/PLA and om-MPZ/PLA-Jute composite

Thermal properties of PLA/APS and OM-PLA/APS are investigated by DSC. The
DSC data are shown in Table 3.11. It can be seen that the glass transition temperature
(Tg) of PLA/APS is lower than that of the OM-PLA/APS. [44] This may be related
to the structures of APS. The basic change tendency of Tg caused by the different
structures is consistent with the literature [9, 45-47]. What’s more is that the Tg of
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the samples of (90/10%) and (80/20%) are basically close to 60 °C and greater than
neat PLA. Relatively, the regularity of different cores of PLA/APS is lesser, and all
molecules have a higher rigidity, that is not valuable for the motion of molecular
segment. However, the Tg of the PLA/APS is higher. The addition of jute displays
two falls in the DSC curve; the mechanism of the OM-PLA/APS gives two-step
thermal degradation, whereas the PLA/APS contains only one fall in the range of Tg
[17]. The decomposition of composite with ecosheet is not same as of PLA/APS
decomposition, that is only thermal degradation of one step [17] .In a two-step
thermal degradation, the first one contains decomposition of OM-PLA/APS that is
thermal decomposition of PLA/APS chain, while the second one is the residual
decomposition of ecosheet containing jute. In comparison with instantaneous
splitting of the whole polymeric chain in thermal decomposition of PLA/APS [17],
this change exhibits that the OM-PLA/APS has more challenging to be decomposed
in a conditions of common heating; it proves that APS may lead to a potential

polymeric flame retardant that is useful for PLA materials also.
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Figure 3. 69. The DSC of APS/PLA and om-APS/PLA-Jute composite

PLA/ADS thermal properties are tested by DSC, and the data of some important
temperatures are shown in Fig 3.69. The results suggest that with the increase of the
ADS ratio, the glass transition temperature (Tg) of PLA/ADS gradually increases
due to the relatively longer PLA chain and more ADS which leads to the creation of
more nuclei working to increase the interdependence which impedes the chain shift
which decreases the molecular flexibility. Of course, Tg of (90/10%) is slightly
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lower than that of (80/20%) as well, and the reason may be that the FR has relatively
bigger distribution in PLA chains (Table 3.11); therefore, the results exhibit that the
introduction of ADS into PLA chain affects the thermal properties of PLA material.
More importantly, it has an important influence on the thermal decomposition

temperatures which is crucial to a good flame retardant.
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Figure 3. 70. The DSC of ADS/PLA and om-ADS/PLA-Jute composite

The UL-94 results in Table 3.12. Show that OM-PLA/ADS fails the vertical rating
test. This indicates the lower flammability of OM-PLA/ADS compared to the
PLA/ADS which has higher vertical rating. The inclusion of ADS in PLA composite
significantly reduces the flammability of PLA/ADS and it can be seen that ADS
improves the vertical rating of PLA from ‘norating’ in the neat PLA to V-2 rating in
the PLA/ADS, Table 3.12. The Jute fabric, on the other hand, prevents the flame
from completely disappearing during dripping, that is, the flame has a carrier effect
and causes the material to burn up to the holder. ADS acts on both gas and solid
phase in heteroatom-containing polymers such as PLA. PLA capture the hydroxyl
radicals in the gas phase by increasing phosphate-based radicals in the gas phase, and
to increase the drop formation and ash formation in the solid phase. The difference
between ADS from (90/10%) and (80/20%) could not be identified as both samples
passed V-2 rating. In summary, the UL-94 results of PLA/ADS and OM-PLA/ADS
composites have shown that ecosheet has a negative effect as it slightly increases the
flammability of OM-PLA/ADS composite. By adding jute, it increases the burn rate
and also bring about the complete consumption of the test bars in OM-PLA/ADS.
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Table 3. 11. The data of important temperatures of FR/PLA and om-FR/PLA

name T¢(°C) Tm onset Tm midpoint X (%) AHc (J/ Tc
(°C) (°C) 9) (°C)
PLA 58.19 148.60 39.38 28.17 110
10ADS-90%PLA 62.28 163.38 186.33 33.54 29.54 117.3
10ADS-90%PLA+jute  65.24 161.85 175.71 3552 31.24 119.2
20ADS-80%PLA 63.8 160.75 172.13 31.24 2754 108.8
20ADS-80%PLA-jute 67.12 161.93 171.24 33.62 28.36 110.1
10APS-90%PLA 60.31 162.31 171.60 33.68 29.68 112.3
10APS-90%PLA-jute 67.14 163.46 179.51 35.84 31.69 119.9
20APS-80%PLA 61.38 161.75 168.03 30.62 27.89 1145
20APS-80%PLA jute 71.24 174.40 184.70 34.64 28.77 119.8
10MPZ-90%PLA 69.24 155.72 167.63 33.95 29.81 118.9
10MPZ-90%PLA-jute 72.64 162.23 182.21 36.14 31.98 121.5
20MPZ-80%PLA 69.02 159.17 174.28 31.64 27.85 115.2
20MPZ-80%PLA-jute 70.35 163.89 176.90 34.92 29.01 120.5

The UL-94 results in terms of vertical orientation are reported in Table 3.13. In the
vertical test, the OM-PLA/MPZ and OM-PLA/APS succeed the vertical rating. The
specimens are not completely burned which indicates the high fire resistance of

ecosheet and PLA/FR composites.

Table 3. 12. The UL-94 results of PLA/ADS and om-PLA/ADS composites

First ignition second ignition dripping  complete classificati
time (s) time (s) burn on
Neat PLA 5,8 13,4 yes yes no rating
10 ADS 90%PLA 6,8 yes no V-2
10 ADS-90% 146 0 yes yes failed
PLA +jute
20 ADS-80%PLA 18,5 11,4 yes no V-2
20 ADS 80% 123 0 yes yes failed
PLA +jute

All samples succeed the vertical rating test, except for OM-PLA/MPZ (80/20%)

where V-2 rating is achieved.
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Figure 3. 71. The UL-94 of PLA/ADS and om-PLA/ADS
composites

However, all other FRs significantly reduce the rates of burning of the over-molded

composites, at least by 86%, in vertical orientation shown in Table 3.14. Vertical
burning rate of OM-PLA is reduced with the use of APS and MPZ, and that shows

better results. APS on the other hand is an APP-based flame retardant substance,

forming a layer of swelling ash in the solid phase and showing a non-flammability

effect. The effectiveness of this agent in the gas phase is almost negligible. As can

be seen from the results, it can be concluded that APS is the most effective.

Table 3. 13. The UL-94 results of PLA/APS and om-PLA/APS composites

first ignition second dripping  complete  classification
time (s) ignition burn
time (s)

Neat PLA 58 13,4 yes yes no rating
10APS-90% PLA 2,5 4.2 yes no V-0
10APS-90% PLA+ 2,6 49 yes no V-0
jute
20APS-80% PLA 2,3 3,6 yes no V-0
20APS-80% PLA+ 28 4,3 yes no V-0

jute

FR agents with high efficiency in solid phase are more effective in such systems.

Another reason why APS is more effective is that APS changes to melt form during

combustion. There is a high probability that the APS jute fibers, which goes into this
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melted form, is absorbed. Since APS is an effective agent in cellulose, the
flammability performance is likely to be higher in this system. It is dripping without
flame even after the fire is removed. The increases of the surface area may have led

to cooling the material which leads to a slight decrease in flammability.

The effect of these FRs is more obvious when being used in ecosheet, which can be
due to PLA and jute being more reactive to flame retardants. All flame retardants
improve the fire performance of ecosheet significantly. In PLA/APS composite, the
melt appeared to be less cohesive as compared to other composites; having larger
burning drips may mean that they include unmelted materials. The addition of OM-
MPZ (80/20%) produces composites which extinguish in the vertical burn test once
the Bunsen burner removed, but still generates burning drips through the ignition.
This fact is the same as that has been stated by Bourbigot and others with a V-2
rating composite [6]. It is previously reported that during ignition, flames is
extinguished only for 1 sec after the removal of ignition source by the addition of
APS with ecosheet which results in composites having nonflaming drips [66]. These
results show that UL-94 alone cannot identify a very clear difference between the
efficiency of each FRs on fire composites performance; therefore, the fire
performance of the composites is also evaluated by using LOI test and the results are

discussed in the following section.

Table 3. 14. The UL-94 results of PLA/MPZ and om-PLA/MPZ composites

first ignition second dripping complete  classification
time (s) ignition burn
time (5)

Neat PLA 58 13,4 yes yes no rating
10MPZ-90% PLA 1,9 86 yes no V-0
10MPZ-90% 2,5 103 yes no V-1
PLA+ jute
20MPZ-80% PLA 1,5 22 yes no V-0
20MPZ-80% 2,6 142 yes yes V-2
PLA+ jute

UL94 test is a qualitative test that shows almost the same results for groups of two
composites except for two cases, and this indicates that the FR amount in regard to
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host polymer improves its rating. The size of the examined particles’ of all the
samples of APS reach V-0 class. It means fine sizes needed for the investigation for
the critical specific surface area. The LOI results does not monitor the pattern of
particle size. Rating of MPZ improves 10% to the rating of V-0 level. The OM-
PLA/MPZ jumps to V-1 rating exceptionally. This shows the jute role in reducing

the flame aggressiveness.

To see the sights of flame-retardant mechanism in UL94 test for PLA/FR, Fig. 3.71.
Displays three pictures of the vertically burning test. The melt dripping occurs in
virgin PLA and in flame retardant PLA composite. Therefore, the virgin PLA has
droplets of fire and the absorbent cotton ignites, while the composite of 10%
FR/PLA has rapid droplets with absence of the fire and the absorbent cotton held in
reserve. The results suggest that FR can induce the matrix decomposes easily and
generates melt dripping to excluding burning heat of the matrix. By carefully
observing, it can be noted that no char is formed in the residues of APS; all samples
are subsequently combusted. Consequently, the function of the PLA/APS flame-
retardant depends on the flame-retardant of solid-phase. These two effects of APS

not only increase the values of LOI but also enhance the rating of UL94.

The ecosheet are coated with different type of FR, such as APS, ADS and MPZ and
concentration of (90/10% and 80/20%). In Figs 4.72-4.74. Results of the LOI value
for both the neat PLA along with the Over-molded samples are shown. The limiting
oxygen index (LOI) is to support burning the minimum amount of oxygen required
in oxygen/nitrogen mixture that measures the material flammability. In an open
atmosphere, material having 20 or low LOI value is easily ignitable. On the other
hand, material having LOI value of >21 burns in a slow manner. When the LOI
values are beyond 26, the material (polymer) can be considered as flame retardant
[3]. In the current research, LOI values has been measured. The LOI value of the jute
fiber is 21 which can be burned easily in an open environment. However, in every
OM-FR samples, the LOI value shows significant increase. The LOI linear increases
by the increase of FR added percentage. In the 20% APS sample, it increases from 21
to 26. In the OM-ADS (80/20%) sample, the LOI value reaches up to 23.4. Because
of that, the ecosheet catches flame but it is burning slowly. The LOI values also
support the results of the vertical burning behavior of the over-molded samples. In
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the case of OM-ADS (90/10%) sample, the ecosheet displays 26 sec time for reduced
flame followed by its complete burning with afterglow in 286 sec. Therefore, the
total burning time is 312 sec. This burning rate reduces from 150 to 25 mm/min in
the sample of neat PLA to OM-PLA/ADS (90/10%). It will continue to decrease
because the percentage application of ADS increases.
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Figure 3. 72. The L1O of PLA/ADS and om-PLA/ADS composites

PLA and APS are compound into PLA/APS to increase the flame-retardant
performance of ecosheet. By LOI method, the various flame retardancy samples of
different ratios of PLA/APS are added into the ecosheet.
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Figure 3. 73. The LIO of PLA/APS and om-PLA/APS composites
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The LOI of pure PLA/APS (90/10%) and PLA/APS (80/20%) system is 24.6 % and
23.4 %, respectively. with the OM-PLA/APS (90/10%) it is 25.2 %; the LOI values
of PLA/APS (80/20%); the LOI value is 25.1%. Results show that it indicates the
best mass ratio of APS to PLA is 90/10 with over-mold. The values of LOI for
PLA/APS system increase with ecosheet present; indicating that compounding APS

and PLA can enhance performance of flame-retardant of jute and ecosheet.

The LOI results of PLA/MPZ composites with OM and without OM are listed in Fig
3.74. PLA/MPZ composites shows improved flame retardancy than ADS. The results
prove that MPZ can also act as good flame retardant in jute/PLA composites. As
compared to the sample of PLA/MPZ, the LOI of the OM-PLA/MPZ (90/10%)
sample is higher than that of the pure PLA/MPZ (90/10%), although the amount of
the MPZ in the above sample is less than the MPZ pure samples. For the OM-
PLA/MPZ (80/20%) composites, LOI increases from 24.9 and does not reach to the
level by containing 10% of MPZ. In case of MPZ, the composite with LOI that
ranges from 24.2 to 25.3 is considered as a fire resistant material of third grade. This
suggests that the flame retarding surface layer is efficient to improve the flame

retardancy of the composites.
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Figure 3. 74. The LIO of PLA/MPZ and om-PLA/MPZ composites

If we compare the results of LOL with UL-94 we will find similarities. The results
show that the same pattern is followed in both tests, aside from the size of the
particles. The reason of that is the unbalanced mixing of compound ADS. In OM

composites, the FR layer protects the jute fibers from the fire, and the jute fibers also
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reduce the intensity of the fire. With regard to the interaction of fibers with the
polymer, there is a positive side in the composites, thanks to the increased ratios of
fibers which have been able to improve the performance of the FR (LOI value
increases) and remove the melt dripping in PLA. It is previously observed that the
FR is unable to protect PLA from dropping in pure composites, but what can be
observed now is that dropping is less and at the same time this dropping cannot ignite
cotton. It is worth noting that most PLA/FR composites have drip behavior. It is also
originated that OM-PLA/FR shows a better anti-dripping behavior, while the burning

sample does not drip through the first test.

Due to some limitations in the complete coverage of samples by FR, the oxygen has
been able to penetrate some of the weak areas causing complete burning of the
samples. One of the positive sides is that adding a FR to PAL has a positive results in
protecting the composites. The FR has succeed in isolating the composites from the
flame, thereby making the pyrolysis zone safe and the percentage of produced gases
decreases a lot. Because of the rapid destruction of the composites, oxygen index
(Ol) values have increased from 19 vol% (PLA) to 24.9 vol% (PLA/FR). Looking at
the same composite, the UL 94 rating is changed to V-0 after it is HB.

(a) Neat PLA
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Figure 3. 75. The SEM of the char residues of PLA, Jute, PLA/ADS (80/20%)
and the PLA/ADS (80/20)

SEM micrographs for PLA/FR show that fire causes a production of rough surface of

jute, whereas PLA fibers seem to be less affected. This indicates that besides the
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chemical effect, the FR can also increase the fiber/matrix interfacial adhesion of
Jute/PLA by increasing the physical interlocking between matrix and fiber due to the

production of rough surface on jute fibers.

The micrographs of SEM; the char residues of the PLA/MPZ (80/20%); and the OM-
PLA/MPZ (80/20) are exposed in Fig. 4.75. All samples are combustible in air.
Figure 4.75a displays the SEM (3000) of the PLA/MPZ (80/20%) that has clean
surface with no gap or holes. Figure 4.75b shows the SEM (3000) of the PLA/MPZ
(80/20%) after burn. It is noted that many flakes have been there on the surface. The
result shows that the CO2 and NH3 from the MPZ may seal off charred layer
efficiently to avoid transmission of heat. Analysis of SEM has been carried out for
further characterization of the microstructure residue. In Figures 3.75c and 3.80d the
residual morphology of composites is shown.

PLA/MPZ (80/20%)

a)

Figure 3. 76. The SEM of the char residues of (a) PLA/MPZ (80/20%) and (b) om-
PLA/MPZ (80/20)

Figure 3.75d shows OM-PLA/MPZ (80/20) after burn; the residue is rambling and
jute fibers are thin. When using higher resolution SEM (1000) for the OM-PLA/
MPZ (80/20), the gaps in the jute fibers become clear after the melting of PLA/ MPZ
and the fibers have been covered by PLA/MPZ. See Figure 3.75d. The charred layer
insulated the heat perfectly, forming a layer of gases and preventing the entry of
oxygen. For J/P/A residues, the fibers have been accumulated better thanks to the

APP insulation layer. Comparing these results with the results of the ecosheet and
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OM-PLA/MPZ (80/20) gives us an improvement in this area. The introduction of
PLA/MPZ to OM-composite acts as a layer inhibiting the combustion of composites.

OM-PLA/MPZ(80/20)

a)

Figure 3. 77. The SEM of the char residues of the PLA/MPZ (80/20%) and the om
PLA/MPZ (80/20)

Figure 3.76. Shows the remains of PLA/APS and OM-PLA/APS samples by SEM
and photographs. The most important thing to be observed is the complete
combustion of PAL. The increase of fibers in PLA/APS composite is accompanied
by a decrease in linear burning. With the addition of 20 wt. % APS, the flame has
been unable to continue after the ignition flame is withdrawn. Figure 3.74. Shows the
char residues of OM-PLA/APS (80/20%) composites. The charred residue of PLA
has a big porous structure appearance if we compare it to neat PLA/APS. Although
the samples have been subjected to significant shrinkage during burning, the size of
the carbon residue still small. The charred layer has protected the composite from
melt dripping in vertical flame test, which prevents the fire from reaching the
ecosheet. As for the 20 % APS, more protection has been observed for the composite
and a greater amount of carbon structures has been found; and this confirms that
during combustion, the cellular structures have been broken down. Figure 3.77.
Shows the SEM micrograph of the pure PLA/ADS and OM-PLA/ADS. It can be
seen from Figure 3.77a that it has clean and smooth surface. On the other hand, in the
PLA/ADS after burn sample, the surface becomes rougher with a clear flaking in the
surface (Fig. 3.77 B and E). The solid carbonization of the fabric supports the
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absorption by the APS fabric. We conclude from this that the fibers (cellular
structures) are thermally stable at the time of the burn which is because of the
insulating layer that is dripping in the vertical burning test. This raises the anti-
dripping properties of the composites. As for ADS compound, especially 10 wt %,

many holes in the matrix have been seen.

PLAJ/APS (80/20%)

Figure 3. 78. The SEM of the Char Residues of (a) PLA/APS (80/20%) (b) Close
up (c) normal photo (d) om-PLA/APS (80/20) (e) clos up (f) normal photo

ADS has a 9-14 um and rod-like shape which is uniformly sparse in the matrix. This
causes less matrix cohesion and faster failure. Although the compatibility between
polymer and PLA/ADS is weak, and even with increased concentration, no
significant change in properties is observed, but with regard to the melting process, it
is significantly effective.

With regard to the interaction of the flame retardant with the polymer and the effect
of different concentrations on the chemical composition and other properties, the

FTIR spectroscopy device has been the appropriate choice for performing these tests.
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The chemical components of the flame retardant substances and FR/PLA composites
are identified separately and collectively. In order to determine the compatibility of
the compound, interacting peaks must be found in the mixture spectrum and are

different from the peaks in the two original materials [18].

PLA/ADS (80/20%)

b)
OM-PLA/ADS(80/20)

Figure 3. 79Figure 4.78. The SEM of the char residues of (a) PLA/ADS (80/20%)
(b) close up (c) normal photo (d) om-PLA/ADS (80/20) (e) close up (f) normal
photo

For this reason, the attenuated total reflectance (ATR) technique is being used to
define these variables. This technique is popular and widely used in relation to
polymers. But this technology is not without flaws. There are two drawbacks; the
contact of crystal-sample area and the difficulty in controlling the pressure applied to
the sample [1]. When analyzing the PLA/ADS (80/20%) pure and of PLA/ADS
(80/20%) after burn sample, which showed in Figure 4.79, one of these defects
appears in spectra (a). Simply, if PLA/FR blends are compatible, new peaks will
emerge, or other peaks will shifts. If the change in the intensity of the peaks is

significant, it is taken into consideration; if there is no compatible, the shape will be
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the sum of the original spectrum for both PLA and FR. These to be added to the

previous experimental error [11].

Figure 3.79. Shows PLA/ADS blend after burning. Analyzing the sample in the FTIR
device will give us a greater understanding of the action mechanism of the
composites and its interactions. A strong absorptions has been observed for C=0 of
O=C=N at 1647 cm-1. This peak has not seen before the burn. This proves an
interaction between PLA and ADS. In spite of the simplicity of PLA/ADS spectra,
we can notice the vibrations of P=0 (skeletal vibrations) at 1112 cm-1 which occurs
during PLA/ADS decomposition and —NH peak at 3435 cm-1[52]. From our results
and previous studies, we have an understanding of the mechanism of interaction
between PAL and ADS. The reaction mechanism is in two stages; the first stage is
the reaction of ADS with PAL to form the phosphate esters. The second stage is of
intermediate O=C=N compound which is produced from phosphate esters reaction
[19]. This mechanism occurs in parallel with the O=C=N and O=C=N forming CO2
and C=N- reaction at 1536 cm-1. After losing NH3 we can say that the degradation
of ADS begins [53, 54].

We notice from OM-PLA/ADS spectrum after burn, the disappearance of many
peaks that belong to the jute fibers, and this highlights the mechanism of the
decomposition of the jute fibers due to the heat. The hidden peaks are in order -OH
stretching vibration (3331 cm-1), -CH stretching vibration (2922 c¢cm-1) and -CH
bending vibration (1452 cm-1 and 1382 cm-1). These results demonstrate the
extraction of hydrogen from jute fibers completely. C-O (stretching) peak is
identified at 1748 cm-1 which belongs to COOH and acetyl groups of jute. This is
accompanied by a positive change in the intensities of C-O (vibration) peak at 1028

cm-1. This peak is directly related to the char structure.

For PAL, the characteristic peaks in PLA/APS and OM-PLA/APS composites appear
in Figure 3.80 and it's as follows: C=0 at 1746(stretching) asymmetric, —-CH3 at
2995(stretching); —CH3 symmetric at 2946 (stretching); and C-O at 1080 cm—1. As
for the Bending, two peaks found: —CH3 asymmetric; and symmetric at 1452 and
1361 cm—1respectively [3-18]. Symmetric CH2 at 1448 Cm-1(bending), and C-O at
1242 Cm-1 which belongs to lignin (stretching). [3-19].
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Figure 3. 80. The FTIR spectrum of PLA/ADS, om-PLA/ADS before and after burn



When comparing before and after the burn with respect to PLA/APS compound, it is
found that there are no new peaks before the burn. As for the stage after the burning,
the peak at 2385 Cm-1 of the P-H and the peak of N-H2 group at 3345 Cm-1 have
disappeared due to the interaction with the fire. After burning, we can conclude that
this kind of fire retardant is the best type because it keeps the composite intact and is
able to prevent the fire from reaching the jute fiber. The peak position of some
vibration bands has shifted to a higher frequency (2-3 cm-1), meanwhile the intensity

of all the bands after burn has decreased.

The analysis of MPZ has been previously mentioned [45, 46]. Decomposition takes
place in two steps: the condensation step, in which cross-linking or condensation of
the chains of polyphosphate turns into poly (phosphoric acid); the step of releasing
water and NH3 gas. Figure 4.81. Shows the first step of APP decomposition, where
peaks belonging to N-H appear in three regions which are belong to NH3 at 965,
1646, and 3334 cm—1. We can track the carbonization process by studying the 850—
1350 cm-1 region because the P—O bands is in this area. Moreover, the type of
phosphate can be determined, and we can prove the form of new bonds such as
phosphocarbonaceous. P—O—C broad peaks are identified between the 1100 and
1300 cm-1 region. This peaks belong to phosphate—carbon complexes [33].
Characteristic peaks of phosphocarbonaceous complexes are determined at 1000 cm-
, these peaks belong to symmetric PO2 and PO3. We can now create a clear picture
of the role of (MPZ, ADS and APS) compounds and how they work. The
phosphocarbonaceous structure are considered to be the cornerstone of this
understanding, which would not have been accomplished unless by using a FTIR
analysis of samples after and before burning. The phosphocarbonaceous structure
consists of a reaction of PAL and APP and this substance works to stabilize the
blends, and this increases the properties of fire-proofing. As for pure PLA, when

burned, it produces a solid substance consisting of carbon residues.
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For polymers that are not treated with flame retardant materials, cracks in the
polymer surface are the entry gates of the polymer in the burning time, and then it
follows that internal gases result from the heat acting as a fire-stimulating fuel. As
for the PLA/FR compounds, it's form a layer of P—O—C bonds at the time of fire,
and this layer isolates oxygen and heat, thus, preserving the composites. This layer
provides protection against crack formation and restricts the movement of internal
decomposition gases. As a result of this layer, the polymer chains become able to
form interstitial compounds with the phosphate group, which increases the strength
of the internal mechanical properties. But the fatal defect is the melting of the APP
substance, as this defect completely prevents the formation of the polycondensation

reaction, and therefore, the jute fibers are exposed to fire directly.
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4. CONCLUSIONS AND RECOMMENDATIONS

With regard to the results of the study as a whole, the results will be ordered
according to the stages that were conducted before. After reviewing the results,
comments and recommendations were added in the light of these results. With regard
to the first stage, which is the manufacturing of the ecosheet and Over-molding,
whereby the best Jute/PLA ratios and the best fiber orientation were tested; then,
several tests were performed. After the completion of this stage, the best composites

were chosen for the second stage; then many tests were performed on them.
The results of the ecosheet manufacturing stage first can be reviewed as follows:

e For the density test, the best results were for the composite PLA/Jute 60/40 of
with fiber orientation of 90° where the density reached 1.43 g/cm3.

e For the Mechanical properties (flexural strength, flexural modulus, Tensile
Strength and Tensile modulus) tests, the best results were for the composite
PLA/Jute 60/40 of fiber orientation of 45° where flexural strength was (168.3
MPa), flexural modulus was (8.3 GPa), Tensile Strength was (141 MPa) and
Tensile modulus was (7.7 GPa).

e For the Elongation at break test, the best results were for the composite PLA/Jute
70/30 with fiber orientation of 45° where the Elongation at break reached 2.2%.

e For the Storage Modulus test, the best results were for the composite PLA/Jute
60/40 with fiber orientation of 45° where the Storage Modulus reached 4000
MPa.

e For the Tan Delta test, the best results were for the composite PLA/Jute 70/30
with fiber orientation of 45° where the Tan Delta reached 0.4 at 101C.

e For the Water Uptake test, the best results were for the composite PLA/Jute
70/30 with fiber orientation of 45° where the Water Uptake reached 11.4%.

The results of the Over-molding manufacturing stage can be reviewed as follows:

e For the density test, the best results were for the composite PLA/Jute 60/40 with

fiber orientation of 45° where the density reached 1.32 g/cm
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For the Mechanical properties (Flexural Strength, flexural modulus, Tensile
Strength and Tensile modulus) tests, the best results were for the composite
PLA/Jute 70/30 with fiber orientation of 45° where flexural strength was ( 82
MPa), flexural modulus was (7.58 GPa), Tensile Strength was (72 MPa) and
Tensile modulus was (2.01GPa).

For the Elongation at Break test, the best results were for the composite PLA/Jute
60/40 with fiber orientation of 45° where the elongation at break reached 8.68%.

For the Impact Strength test, the best results were for the composite PLA/Jute
60/40 with fiber orientation of 45° where the Impact Strength reached 39kJ / m2.

For the Storage Modulus test, the best results were for the composite PLA/Jute
70/30 with fiber orientation of 90° where the Storage Modulus reached 2351
MPa.

For the Tan Delta test, the best results were for the composite PLA/Jute 60/40
with fiber orientation of 45° where the Tan Delta reached 1.1 at 168C.

For the Heat Deflection Temperature test, the best results were for the composite
PLA/Jute 60/40 with fiber orientation of 45° where the HDT reached 110C°.

For the Water Uptake test, the best results were for the composite PLA/Jute
70/30 with fiber orientation of 90° where the Water Uptake reached 7.26%.

The morphologies of ecosheets shows In general, good PLA penetration through the

Jute fibers but poor cohesion at the interface. For the Over-molding, we can see a

pseudo ductile behavior due to the shearing effect of the 45 laminate in 70/30 and

60/40 PLA/Jute composites. In addition, the failure occurred in the matrix phase, and

debonding or fiber-pulling out indicated the lack of a fiber/matrix adhesion.

From this stage we can conclude that the best fibers orientation was 45 at PLA/Jute

ratios 70/30 and 60/40. Therefore, these factors were chosen for the second stage

composites.

In order to give a general picture of the results, the statistics program (SPSS) was

used to calculate the best samples according to specific data, which are as follows:

The samples were divided into 3 stages according to the stages of work in this

research.
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e Three basic standards for selection were established, which are (The preferred
percentage, the mechanical and thermal efficiency).

e For each standard, the samples were studied according to each stage, then
selecting the best results for each stage.

e Five factors were selected to evaluate the results descending from best to worst,
and they are in order (mechanical properties, thermal properties, flame retardant
properties, chemical treatment properties, and other properties such as shape).

You can see the result in Figure 4.1
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Figure 4. 1 Performance vs functionality
After reviewing the results, we can conclude the following:

The study resulted in a significant improvement in mechanical properties, especially
after the introduction of overmolding and chemical treatment of the fibers, which
provided excellent adhesion between the fibers and the matrix. The great
improvement in mechanical properties proves the penetration of PLA polymer into
the Jute fibers. The fibers and the matrix were able to distribute the load energy
evenly for a long time and this is an important feature that allows these composites to

be used in many industrial applications.

With regard to the thermal properties, the study proved that the resulting composites
have a high heat tolerance and have high thermal stability compared to the thermal
stability of neat PLA. The advantage of this improvement is the possibility of using
these composites in high temperatures places. Due to the addition of flame retardant
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materials, the composites could be used in many industrial applications. These
composites became safe against fire, and this characteristic is added to other good

thermal properties.

In general, the results of this study show that the resulting composites have a great
advantage with respect to strength and weight ratio. These composites are
characterized, especially after the chemical treatment and overmolding stage, with
great mechanical strength in addition to being light in weight, which makes these

composites strongly candidate materials for replacing industrial plastic compounds.

As all the results are considered, it is depicted that the overmolding technology with
PLA applied to continuous jute mat composites, or named as ecosheets, is a
promising technology to produce biodegradable polymer materials having heat
resistant, low water uptake, and improved mechanical properties at a level of
engineering plastics. This kind of materials can be candidates to be used in
automotive, mainly under hood and inner-trim applications. This is a small step on

the road to the future.
Based on the above, we recommend the following:

e Converting this research into a product in the automotive field.
e Benefiting from this research in the field of building or manufacturing

prefabricated houses.

e Using the product in the third stage as an insulating material in buildings or in
cars.

o Benefiting from this research in developing new types of flame retardants.

e Focus in the future on improving the performance and efficiency of PLA.

e 6- Focusing on the future on mechanically improving the performance of the
third stage products
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APPENDIX-A

Additive manufacturing: Katmanli tiretim
Adhesion: Adhezyon

Blow molding: Uflemeli kaplama

Braid: Orgii, lif ya da tovdan yapilan iplik 6rgiisii
Brittle: Gevrek

Bolt: Civata

Capillarity: Kilcallik

Carbon Fiber Reinforced Composite: Karbon elyaf takviyeli kompozit
Carbonization: Karbonlagtirma

CB: Karbon siyahi

CF: Karbon elyaf

Change of slope: Egimin degistigi nokta
Chopped fiber: Kirpilmis elyaf
Co-bonding: Birlikte baglanti

Cohesion: Kohezyon

Compressin molding: Basingla kaliplama / Hazir kaliplama
Curve: Egri

Damping: Séniimleme

Debonding energy: Ayrilma enerjisi
Differential thermal: Diferansiyel termal (1s1l)
Dissipation: Enerji kaybi

Displacement: Yerdegistirme

Drawing temperature: Cekme sicakligi
Ductile: Stinek

Elastic trough: Elastik oluk

Extrusion: Ekstrlizyon

Fabric: Kumas

Filament: Lif, filaman

Fixation: Kimyasal sabitleme

Flexural strength: Egme mukavemeti
Fusion bonding: Ergitme kaynagi

Hand lay-up: Elle yatirma

Hot melt: Sicak eriyik

Hybrid composite: Hibrit kompozit
Injection molding: Enjeksiyon kaliplama
Linear: Dogrusal

Mat: Hasir

Matrix: Matris

Mechanical fastening: Mekanik baglanti
Milled fiber: Ogiitiilmiis elyaf (toz)
Modulus: Moddil

Non-linear: Dogrusal olmayan

Overlap: Ust iiste binme
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Overmolding: Uzerine enjeksiyon
Paper: Kagit

Particle: Parcacik

Peel stress: Soyma gerilmesi
Reversible: Tersinir

Secondary bonding: ikincil baglanti
Single lap: Tek tesirli bindirme
Spray-up: Puskirtme

Stabilization: Dengeleme

Staple yarn: Kesikli iplik, kesik liflerden egirilen iplik
Staple: Liflenmis

Stiffness: Dirilik / rijitlik

Strain: Gerinim

Strand: Iplik

Stress relaxation: Gerilim gevsemesi
Stress: Gerilim

Structural: Yapisal

Structure: Yapi

Surface ply fiber orientation: Yiizey kat elyafi oryantasyonu
Surface preparation: Yiizey hazirlama
Tensile Strain: Kopmada uzama
Tensile Strength: Kopma dayanimi
Tensile testing: Cekme testi
Toughness: Tokluk

Troughput: Uretim hiz1

Washer: Pul

Welding: Kaynak

Woven fabric: Dokunmus kumas
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