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ABSTRACT

A SUSTAINABLE APPROACH FOR THERMOPLASTIC COMPOSITES WITH
TAILORABLE CHARACTERISTICS BY THERMOKINETIC HYBRIDIZATION OF
WASTE CELLULOSE AND VERMICULITE

Gizem Semra ARITURK
Doctor of Philosophy, 2024
Material Science and Nano Engineering

Thesis Advisor: Prof. Dr. Yusuf Ziya MENCELOGLU

Keywords:  Hybridization, Polypropylene, Polylactic acid, Vermiculite, Cellulose,
Upcycling, Sustainability

The ever-increasing demand for polymer-based high-performance materials with reduced
environmental impact has driven research towards more sustainable and greener
composite material designs. The fundamental approach in such designs is using either
natural or recyclable material types that ensure a more sustainable product life cycle while
providing an equivalent material response with respect to their non-green alternatives.
Such demand can only be achieved with a correct material selection process targeted
towards enhanced constituent interactions and effective manufacturing strategies. The
implementation of these processes would allow the discovery of novel reinforcement
agents adaptable to conventional thermoplastic polymers.

The main aim of this thesis is to present the outcomes of composite hybridization effort
where multiple reinforcement phases are introduced to a biodegradable (PLA) and a
recyclable (PP) polymer matrix. Considered reinforcement types were cellulose fibers
which is a textile industry waste and vermiculite which is a naturally abundant clay. The
rationale behind reinforcement selection relies on the fibrous morphology of WC and
plate-like morphology of VC. The synergistic effect of both reinforcement types with
significantly different properties are searched for when manufactured by a thermo-kinetic

mixing followed by injection molding.



The thesis reveals the constitutive interactions between WC/VC and host matrices that
lead to improved mechanical response along with ease of processing. The fundamental
outcome of the PLA-base hybrid is the in-situ exfoliation of VC under high shear mixing
which turns VC into nano-metric platelets that both ensure effective stress transfer
between main reinforcement phase that is fiborous WC and micro-crack deflection in
brittle PLA matrix. The findings indicated that the integration of WC and VC into PLA
can enhance the Young's modulus by up to 127% and the flexural modulus by up to 137%,
while maintaining the tensile strength at an optimal level.

From thereon, the thesis focuses on the results achieved when similar hybridization effort
is applied to ductile PP polymer with significantly different mechanical response.
Presented results revealed the presence of a serious WC entanglement which governs the
overall mechanical response and the inability of VC to form the PP/VC fibrils in the
presence of WC. However, the mechanical response of the obtained hybrid composites
was even more improved due to inherent ductility of PP. When used in the presence of
high fiber content (20WC10VC) such platelets contributed significantly to tensile
strength by making PP more brittle and allowing for an effective stress transfer during
WC cluster debonding events. The enhancements in the PP hybrid composite were 118%
for Young's modulus and 115% for flexural modulus. Furthermore, the strength of PP
was increased by the hybridization of WC and VC. The flexural strength and tensile
strength exhibited increases of up to 42% and 56%, respectively.

The nature of this in-situ exfoliation is further evaluated where the effect of polarity
difference between PLA and PP on VC interlayer region that contains crystalline water
molecules. By focusing solely on VC composites arrives an important conclusion which
is the formation of PP/VVC fibril structures in non-polar PP matrix. Such fibrils are found
to be formed of VVC platelets uniformly distributed in PP fibrils occurred under extreme
shear. Study proves that solely VC can enhance the Young's modulus of PP composites
by up 110% Contrarily it has been explored that although the presence of crystalline water
causes a better in-situ exfoliation, it causes water evaporation from polymer surface. The
study has demonstrated that the addition of VC can significantly enhance the Young's
modulus of PLA composites, with an increase of up to 147%. Presented results
underlined the necessity of the hybrid approach.

Consequently, this thesis explores the impact of polymer type on the interaction with the

fillers. It investigates the use of WC and VC in both PLA and PP composites, analyzing
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the resulting morphology and its influence on mechanical properties. By combining bio-
based materials and natural fillers with innovative processing techniques, this research
paves the way for the development of high-performance, eco-friendly composites. This
thesis presents valuable insights into the potential of these green composites for various
industrial applications requiring improved mechanical properties without compromising

environmental responsibility.



OZET

ATIK SELULOZ VE VERMIKULITIN TERMOKINETIK HIBRIDIZASYONU iLE
OZELLESTIRILEBILIR NITELIKLERE SAHIP TERMOPLASTIK KOMPOZITLER
ICIN SURDURULEBILIR YAKLASIM

Gizem Semra ARITURK
Doktora Tezi, 2024
Malzeme Bilimi ve Nano Miihendisligi

Tez Danismant: Prof. Dr. Yusuf Ziya MENCELOGLU

Anahtar Kelimeler: Hibridizasyon, Polipropilen, Polilaktik asit, Vermikiilit, Seliiloz, ileri

Doniisiim, Strdiiriilebilirlik

Cevresel etkisi azaltilmis polimer bazli yiiksek performansli malzemelere yonelik siirekli
artan talep, aragtirmalar1 daha siirdiiriilebilir ve daha yesil kompozit malzeme
tasarimlarina yonlendirmistir. Bu tiir tasarimlardaki temel yaklasim, yesil olmayan
alternatiflerine goére esdeger malzeme tepkisi saglarken daha siirdiiriilebilir bir iiriin
yasam donglisii saglayan dogal veya geri donistiiriilebilir malzeme tiirlerinin
kullanilmasidir. Bu tiir bir talep ancak gelismis bilesen etkilesimlerini ve etkili liretim
stratejilerini hedefleyen dogru bir malzeme se¢im siireci ile elde edilebilir. Bu siireglerin
uygulanmasi, geleneksel termoplastik polimerlere uyarlanabilen yeni takviye
maddelerinin kesfedilmesine olanak saglayacaktir.

Bu tezin temel amaci, biyolojik olarak parcalanabilen (PLA) ve geri doniistiiriilebilir (PP)
bir polimer matrise birden fazla takviye fazinin eklendigi kompozit hibridizasyon
calismasinin sonuglarini sunmaktir. Dikkate alinan takviye tiirleri, bir tekstil endistrisi
atig1 olan seliiloz lifleri (WC) ve dogal olarak bol miktarda bulunan bir kil olan
genisletilmis vermikdilittir (VC). Takviye se¢ciminin ardindaki mantik, WCnin lifli

morfolojisine ve VC'nin plaka benzeri morfolojisine dayanmaktadir. Onemli 6lciide farkli
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ozelliklere sahip her iki takviye tiiriiniin sinerjik etkisi, yiiksek kesmeli termo-Kinetik
karistirma ve ardindan enjeksiyon kaliplama ile iiretildiginde aragtirilmaktadir.

Tez, WC/VC ve ana matrisler arasindaki, isleme kolayliginin yani sira gelismis mekanik
tepkiye yol agan yapisal etkilesimleri ortaya koymaktadir. PLA bazli hibridin temel
sonucu, yiiksek kesme karigtirmasi altinda VC'nin yerinde pul pul dokiilmesidir, bu da
VC'yi hem lifli WC olan ana takviye fazi arasinda etkili stres transferi hem de kirilgan
PLA matrisinde mikro c¢atlak sapmasi saglayan nano-metrik trombositlere doniistiiriir.
Bulgular, WC ve VC'nin PLA'ya entegrasyonunun Young modiiliinii %127'ye kadar ve
egilme modiiliinii %137'ye kadar artirabilecegini ve ¢ekme mukavemetini optimum
seviyede tutabilecegini gostermistir.

Bundan sonra tez, benzer hibridizasyon ¢abasi énemli 6l¢iide farklt mekanik tepkiye
sahip siinek PP polimerine uygulandiginda elde edilen sonuglara odaklanmaktadir.
Sunulan sonuglar, genel mekanik tepkiyi ve VCin WC varliginda PP/VC fibrillerini
olusturma kabiliyetini yoneten ciddi bir WC dolanmasinin varligini ortaya koymustur.
Bununla birlikte, elde edilen hibrit kompozitlerin mekanik tepkisi, PP'nin dogal siinekligi
nedeniyle daha da iyilestirilmistir.  Yiiksek elyaf igerigi (20WC10VC) varliginda
kullanildiginda, bu tiir plakalar PP'yi daha kirilgan hale getirerek ve WC kiimesi ayrisma
olaylar sirasinda etkili bir stres aktarimina izin vererek ¢ekme mukavemetine dnemli
Olciide katkida bulunmustur. PP hibrit kompozitindeki artiglar Young modiilii i¢in %118
ve egilme modiili i¢in %115 olmustur. Ayrica, PP'nin mukavemeti WC ve VC'nin
hibridizasyonu ile artirilmistir. Egilme mukavemeti ve gekme mukavemeti sirastyla %42
ve %56'ya varan artiglar gostermistir.

Bu in-situ eksfoliyasyonun dogasi, PLA ve PP arasindaki polarite farkinin kristal su
molekiilleri iceren VC ara katman bolgesi iizerindeki etkisiyle daha da
degerlendirilmistir.  Yalnizca VC kompozitlerine odaklanarak, polar olmayan PP
matrisinde PP/VVC fibril yapilarinin olusumu gibi 6nemli bir sonuca varilmistir. Bu
fibrillerin, yiiksek kesme altinda meydana gelen PP fibrillerinde esit olarak dagilmis VC
plakalarindan olustugu bulunmustur. Calisma, yalnizca VC'nin PP kompozitlerin Young
modiiliinii %110'a kadar artirabilecegini kanitlamaktadir. Aksine, kristal suyun varliginin
daha 1yi bir yerinde pul pul dokiilmeye neden olmasina ragmen, polimer yiizeyinden su
buharlagmasina neden oldugu arastirilmstir. Calisma, VC ilavesinin PLA

kompozitlerinin Young modilinii %147'ye varan bir artisla Onemli dlglide
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artirabilecegini gostermistir. Sunulan sonuglar hibrit yaklasimin gerekliliginin altini
¢izmistir.

Sonug olarak, bu tez polimer tiirliniin dolgu maddeleriyle etkilesim iizerindeki etkisini
arastirmaktadir. Hem PLA hem de PP kompozitlerinde WC ve VC kullanimimi
aragtirmakta, ortaya ¢ikan morfolojiyi ve mekanik o6zellikler {izerindeki etkisini analiz
etmektedir. Biyo-bazli malzemeleri ve dogal dolgu maddelerini yenilik¢i isleme
teknikleriyle birlestiren bu arastirma, yiiksek performansl, ¢evre dostu kompozitlerin
gelistirilmesinin Onilinii agmaktadir. Bu tez, ¢evresel sorumluluktan 6diin vermeden
gelismis mekanik Ozellikler gerektiren gesitli endiistriyel uygulamalar i¢in bu yesil

kompozitlerin potansiyeline iliskin degerli bilgiler sunmaktadir.
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CHAPTER 1: State of Art

With plastic pollution and textile waste becoming a global crisis, there is an urgent need
to turn to environmentally friendly and sustainable materials. In this context, upcycling
has the potential to transform waste materials into valuable products. The developed
composite material offers significant advantages in terms of sustainability, cost, and
performance. Upcycling textile waste reduces the cost of the composite material, while
hybridizing it with vermiculite significantly improves its mechanical properties in both
PP and PLA matrices. Consequently, the composite material from the textile sector can

be used in a wide range of plastics sectors.

In this study, the new composite material developed using cellulosic fiber obtained from
textile wastes, PP, PLA and vermiculite is of great importance in terms of sustainability.
This composite material, which offers many advantages such as reducing the amount of
waste, optimizing the use of natural resources, reducing costs and improving mechanical
properties, makes an important contribution to achieving sustainability goals in the textile

and plastics sectors.

The upcycling of waste cellulosic fibers offers a more economical alternative to
commercial compounds, reducing production costs. Furthermore, since cellulose can be
obtained from domestic sources, it reduces our dependence on imports, thereby
contributing to the national economy and saving foreign currency. It plays an important
role in terms of utilizing the waste of industries that produce high amounts of waste in
our country and contributing to the protection of natural resources. Reducing the use of
plastics helps to prevent environmental pollution. Upcycling waste cellulose and
integrating it into plastics provides numerous economic and environmental benefits. In
addition to the aforementioned benefits, it is imperative to acknowledge the detrimental
effects of not utilizing waste cellulose. If waste cellulose is not employed, it must be
disposed of in some manner. The disposal of waste cellulose necessitates both
transportation and incineration processes, both of which are costly and detrimental to the

environment. However, by integrating waste cellulosic fibers into plastics, the need for



these disposal processes is eliminated. Consequently, the costs and environmental damage
associated with both transportation and incineration are also eliminated. The fibrous
structure of cellulose also enhances the mechanical properties of the material.
Consequently, the resulting products are more durable and robust. The utilization of
cellulose offers a multitude of benefits, both economic and environmental. Cellulose can
be utilized in a multitude of sectors, including automotive parts, electronic devices,

construction materials, packaging materials, furniture, and textiles.

In conclusion, the upcycling of waste cellulose and its integration into plastics represents
a cost-effective and domestically sourced raw material solution, effectively addresses the
issue of waste management, reduces environmental pollution, and enhances the durability

and strength of products.

Vermiculite is a clay mineral with a sliced structure like mica, which is abundant in nature.
Since its formation takes place underground, its structure mostly depends on the
geological characteristics of the region where it is formed [1]. Vermiculite is composed
of regular, end-to-end layers of silicate minerals called "phyllosilicate". Phyllosilicate can
consist of octahedral structures composed of oxygen atoms surrounding aluminum or
magnesium atoms in the center or tetrahedral structures composed of oxygen atoms
surrounding silicon atoms in the center [1], [2] Vermiculite, which has a 2:1 phyllosilicate
structure, consists of layers of 2 layers of tetrahedral and 1 layer of octahedral structures.
At the interface between these layers there are cation ions surrounded by water molecules.
Unlike other clays, vermiculite has a unique property. Thanks to its layered structure,
vermiculite has the ability to swell or, in other words, exfoliate thanks to the various
processes it undergoes. When thermal, chemical or microwave processes are applied,
vermiculite can increase to 20-30 times its original size. It swells and takes on a curved,
accordion-like (worm-like) shape. This swelling process occurs as a result of the
evaporation of water molecules between the layers [1] . Expanded vermiculite has many
characteristics compared to vermiculite of the original size. These include its porous
structure, low thermal conductivity and resistance to high temperatures. It is also light,
cheap and non-toxic. It can be used as a filler in many materials thanks to its resistance
to thermal degradation and its insulating properties. In addition, vermiculite plays an
important role in the removal of unwanted species from the environment as it has high

ion exchange performance [1], [3] . Vermiculite is a filler that can be used in many areas



because it has unique properties such as special two-dimensional layer structure, cation
exchange capacity and active surface. Thanks to its thermal stability, thermal expansion
and environmentally friendly properties, it can be used in areas such as oil adsorption,
water treatment or heat and sound insulation [1], [4], [5] . It can be added into many kinds
of polymers such as thermoplastics, thermosets or elastomers and the resulting product
can be classified as thermoplastic, thermoset, elastomer-based composites in various
forms such as film, sheet, foam or gel [1] . As a filler in the polymer matrix, vermiculite
can impart many important properties to petroleum-based materials such as polyolefins,
such as ecological sustainability, heat and sound insulation, oil and water absorbency,
flame retardancy and gas barrier [6] Vermiculite not only functionalizes the polymers to
which it is bonded, but also significantly improves their mechanical and thermal

properties.

In essence, the thesis philosophy seeks to bridge the gap between achieving high-
performance in materials and minimizing the environmental footprint associated with
their development and use. This is achieved by exploring the potential of bio-based
polymers and natural fillers to create environmentally benign composites. However, the
focus of this research extends beyond the mere replacement of traditional materials. It
delves into the concept of hybridization, investigating the combined effects of different
natural fillers, such as waste cellulose (WC) and vermiculite (VC). This approach aligns
with the principle of eco-friendly reinforcement. The research investigates the potential
of readily available and renewable resources with the aim of achieving durable materials
without compromising environmental responsibility. Green composite development and
hybridization strategies are employed to pave the way for a new generation of eco-

friendly composites with superior properties for various industrial applications.

This dissertation comprises five interconnected chapters, each offering significant
findings on their respective topics. The initial chapter presents a comprehensive review
of the current state of the art, outlining the challenges and motivations that underpin the

study's originality.

The second chapter highlights the importance of developing sustainable materials as
alternatives to petroleum-based polymers. By using waste cellulosic textile fibers and
vermiculite, the study promotes the utilization of renewable resources, contributing to

reduced environmental impact and lower greenhouse gas emissions. The research
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introduces a high shear mixing process at 5000 rpm to blend PLA, WC, and VC without
the need for any chemical modifications or compatibilizers. This novel process ensures
efficient mixing and uniform dispersion of the fillers within the PLA matrix, contributing
to the enhanced properties of the composites. Hybrid composites show significant
improvements in mechanical properties. This makes the material suitable for applications
requiring improved mechanical strength, such as in the automotive, electronics, and
household appliance industries. The study demonstrates that hybrid composites are more
readily processable than neat PLA at high temperatures (200°C). The successful
development of these hybrid composites opens up possibilities for their use in various
industries that traditionally rely on petroleum-based polymers. The improved mechanical
and thermal properties, combined with the eco-friendly nature of the materials, make
them a promising alternative for sustainable product development. The upcycling of
textile waste creates opportunities to utilize these materials in high-value products. By
incorporating vermiculite without modification, we have demonstrated the ability to load
high amounts of this mineral into the polymer matrix. The use of bio-based polymers
further emphasizes the environmentally friendly approach of this study. In conclusion,
this study is significant as it addresses the dual challenges of sustainability and
performance in material science. By developing hybrid composites with superior
properties from renewable resources, it provides a pathway towards greener and more

efficient materials for various applications.

The third chapter explores hybrid composites of polypropylene (PP) strengthened with
waste cellulose (WC) fibers and expanded vermiculite (VC). The aim is to develop
stronger, stiffer, and thermally durable composites. Polypropylene (PP) is commonly used
due to its favorable properties and recyclability. This research focuses on using waste
cellulose fibers and vermiculite to enhance PP composites. Previous studies have shown
that both cellulose fibers and vermiculite improve mechanical properties, and hybrid
formulations could offer synergistic benefits. By mixing WC and VC with PP via high
shear thermokinetic mixing, the research evaluates the mechanical and thermal properties
of these composites. The study introduces a hybrid reinforcement approach that leverages
the strengths of both fibrous (cellulose) and particulate (vermiculite) materials. This
synergy not only enhances the mechanical and thermal properties but also mitigates issues
such as fiber entanglement and poor wettability that are common with high fiber content.
The research provides valuable insights into the interactions between natural fibers and
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mineral particles within a polymer matrix. It expands the understanding of how these
materials can be optimally combined to achieve superior composite properties. By
utilizing waste materials and enhancing them for practical industrial applications, the
research not only addresses environmental sustainability but also pushes the boundaries
of material science and engineering. This positions the study as a critical contribution to
the field, offering practical solutions to contemporary challenges in material development

and application.

The fourth chapter investigates the integration of expanded vermiculite (VC) into
polylactic acid (PLA) and polypropylene (PP) matrices to create enhanced thermoplastic
composites through efficient dispersion and integration of the VC platelets into the
polymer matrices. The study utilizes high shear thermokinetic mixing to incorporate 30
wt. % VC into these polymers without using compatibilizers or ex situ modification
strategies. This chapter demonstrates the morphological changes and associated
mechanical property improvements achieved by melt blending. High shear mixing
facilitated effective dispersion of VC in both PLA and PP matrices, resulting in
homogeneous composite mixtures. As distinct morphological changes VC underwent in
situ exfoliation in the PLA matrix, forming micrometer-sized platelets. In contrast, in the
PP matrix, PP-VC fibrillated, enhancing tensile and bending strength. The study
underscores the potential of VC to significantly enhance the mechanical properties of
PLA and PP composites, offering a cost-effective approach to producing superior
thermoplastic materials. The study achieves complete fibrillation of PP- VC in PP and in
situ exfoliation in PLA. This innovative approach not only simplifies the production
process but also enhances the tensile and bending modulus of the composites
substantially. These findings have significant implications for industries reliant on strong,
durable materials. The ability to enhance the properties of PLA and PP through efficient
VC integration opens new avenues for applications in automotive, construction, and
consumer goods. Furthermore, the study contributes to the broader understanding of how
morphological adaptations at the microstructural level can influence the macroscopic

properties of composite materials.

The final chapter offers a general conclusion to the studies. This thesis addresses a critical
gap in literature by demonstrating the potential of upcycled cellulose fibers and

vermiculite as sustainable reinforcements for high-performance composites. By



overcoming challenges associated with natural filler incorporation and highlighting the
environmental benefits, this work paves the way for the development of a new generation
of eco-friendly supplements and compounds. These sustainable alternatives have the
potential to replace synthetic additives currently used in various industrial applications,
achieving maximum performance without compromising environmental responsibility.
This research provides a robust foundation for future studies investigating the
optimization and large-scale production of these green composites, with the ultimate goal
of contributing to a more sustainable future. A summary diagram delineating the scope of

the thesis is provided in Figure 1.
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Figure 1 Summary diagram of the thesis



CHAPTER 2: Hybrid Green Composites of PLA Incorporated with Upcycled Waste

Cellulose and Vermiculite

2.1 Abstract

The work aims to utilize a hybridization method where vermiculite and waste cellulose
fibers are embedded inside bio-based PLA to manufacture green composites with superior
characteristic properties such as improved thermal conductivity, enhanced processability,
and increased mechanical strength in the resulting green composites. The potential of
polymeric composites for emerging greener material development is very high.
Originating from this point, this article reports the experimental findings on a hybrid
composite reinforcement strategy where two types of renewable materials are employed
as co-reinforcement agents in a biodegradable polylactic acid (PLA) matrix. Green
composite sample manufacturing was performed via high shear mixing (5000rpm).
Composite samples containing waste cellulose fibers (WC), (average diameter: 15 pm)
and vermiculite platelets (VC), (average size: 1.4mm) as inclusions and a low crystallinity
thermoplastic PLA matrix are targeted. Two-phase composites having 10, 20,30 wt. %
WC, 30 wt.% VC, and hybrid composites having 15VC-15WC wt. % and 7.5VC-22.5WC
wt. % are manufactured. Composite samples are then tested for their thermal, rheological,
and mechanical responses. Thermal analysis suggests that thermal conductivity is
improved by 68 % for PLA30VC samples and in hybrid composites, thermal conductivity
is regulated by WC, while crystallinity is regulated by VC. Rheological measurements
suggest both filler materials contribute to the processability of PLA, and hybrid
composites are more readily processable than neat PLA at 200°C. While the tensile
strength remains the same in all composites, a 137% increase in E modulus and 127%
increase in flexural modulus is achieved with hybrid composites. The damage modes and
contribution of both inclusion types to macro and micro fracture mechanisms are
discussed in detail. Overall, results suggested that a stronger, easily processable, and
thermally more conductive yet stable superior material alternative could only be achieved

by the synergistic use of WC fibers and VC platelets.



2.2 Introduction

Environmental concerns such as increasing global warming, greenhouse gas emissions,
and carbon footprint along with the reduction of petroleum resources throughout the
world drive attention to the usage of environmentally friendly renewable resources [7],
[8]. To reduce the negative ecological effect of polymeric materials and protect the
environment, more green materials such as biopolymers are encouraged to be used instead
of petroleum-based [9], [10]. Having low environmental impact and low carbon footprint
performance due to their unique properties such as abundant availability, sustainability,
renewability, eco-friendliness, and lightweight, biopolymer materials are receiving
significant attention to develop efficient bio-composites [11]-[13]. The incorporation of
VC and WC into the PLA matrix not only enables the development of a green and cost-
effective composite but also enhances the value of agricultural waste for the production
of biodegradable polymer-based composites, minimizing both cost and environmental
impact [14], [15]. They are seriously considered as a potential alternative to petroleum-
based plastics [16]-[19]. Among these biopolymers, PLA is the most currently used
biopolymer since it is biobased, biocompatible, and recyclable linear aliphatic
thermoplastic polyester and it can be obtained from renewable plant-based resources [20].
It is a promising biopolymer due to its eco-friendliness and its less need for energy during
production compared to petroleum products [21], however, it has some shortcomings in
terms of production and performance [22]. It causes difficulties during processing and
has some poor mechanical properties such as low toughness, brittleness, low heat
resistance, and moderate tensile properties [23]. Enhancing the mechanical and thermal
properties of PLA can be achieved by incorporating nanofillers, allowing the
customization of various characteristics based on the needs of the end user [24]. To
manage these drawbacks of PLA, the addition of plasticizers, polymer blends, and natural
or synthetic fibers is considered [25].

Traditional synthetic fibers such as glass and carbon fibers or some polymeric fibers offer
better reinforcement due to higher stiffness and impact resistance for PLA than natural
fibers [26], [27], but they cause loss from biodegradability [28]. Therefore, the use of
biobased natural fillers along with biobased polymers may overcome the problem of
biodegradability while providing sufficient mechanical performance. Natural fillers have
many advantages compared to synthetic fillers, such as low weight, low cost, high
stiffness, renewable nature, and being recyclable and biodegradable [29], [30]. Among
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them, cellulose fibers are the most used ones due to their abundance in nature, good
mechanical properties, low cost, and lightweight properties [31]-[33]. Cellulose is a
polysaccharide having a continuous, long, and strong filament structure, due to its
hydroxyl groups and their ability to make hydrogen bonding, which provides enhanced
tensile and flexural strengths as well as rigidity [34], [35]. The pronounced polar
characteristics of cellulose pose a challenge to its dispersion in non-polar media,
presenting a major obstacle in the production of cellulose-reinforced composites. The
abundant hydroxyl groups on cellulose surfaces tend to create hydrogen bonds, leading
to microfibril aggregation and subsequently diminishing the reinforcing effects on non-
polar polymers. Surface modification serves to enhance cellulose dispersibility in non-
polar polymers by reducing its inherent polarity [36]. However, our previous studies
support that cellulose improves processability by using a custom-made mixer and
properties of PLA such as its brittleness, poor heat resistance, and melt elasticity without
compromising its superior stiffness and strength [37], [38].

Another type of natural fillers are clays such as vermiculite which have layered structure
silicates [39] that are negatively charged so the polymer matrices can interact more readily
and form more rigid and strong structures which improves mechanical properties [40]. Its
exfoliated platelet form, having a high aspect ratio, provides very high stiffness and
tensile strength [41], [42]. Moreover, vermiculite has a lower density than other natural
clays such as talc, and provide lightweight property [43], [44]. According to literature,
several studies show that incorporation of vermiculite in PLA matrix improves
mechanical properties such as increasing tensile strength, tensile modulus, and impact
strength with increasing vermiculite content [45], [46].

Besides the mechanical properties, the thermal and rheological characteristics of PLA
can be altered by the incorporation of these fillers. Due to its inherent drawbacks such as
low thermal stability and low melt strength, linear PLA chains result in sagging, and
necking which limits its processing. However, cellulose fibers are good rheological
modifiers that surround themselves between polymer chains, provide high stability, lower
viscosity, and ease the processing of PLA [47]. Both fillers also contribute to improving
the thermal properties of PLA for instance, flame retardancy [48], [49]. Moreover,
cellulose fibers and vermiculite have a significant effect on improving the thermal
conductivity of polymer matrix [50], [51]. Enhanced thermal conductivity of polymers is

advantageous for electronic devices that produce high energy density and create a large
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amount of excess heat which may harm the device and need to be released outside to
protect the device and its lifetime [52].

This study aims to encourage the use of biopolymers with enhanced mechanical
properties for industries such as automotive, house appliances, and electronics that
require improved mechanical properties for their products and benefit from petroleum-
based polymers. Due to their high contribution to greenhouse gas emissions and carbon
footprint, an alternative to petroleum-based polymers is being considered. In this scope,
hybrid green composites of PLA were produced via the incorporation of waste cellulose
(WC) and vermiculite (VC) as natural reinforcing agents at different loading levels. High
shear mixing at 5000 rpm is utilized as a significant novelty; PLA, cellulose, and
vermiculite were processed easily without the necessity for any modification or
compatibilizer. PLA/WC and PLA/VC blends were compounded to be able to obtain fully
biobased and durable polymeric compounds with improved mechanical and thermal
properties. Results showed that a synergistic ratio between vermiculite and waste
cellulose was found at 7.5 wt.% vermiculite and 22.5 wt.% waste cellulose loaded
formulation (PLA7.5VC22.5WC) having superior mechanical performance such as better
mechanical properties of young’s modulus, tensile strength, elongation at break, flexural
strength, and flexural modulus values. Therefore, this study suggests that the hybrid use
of waste cellulose and vermiculite in PLA matrix forms promising biopolymers and an
alternative to petroleum-based polymers due to their improved mechanical properties and

eco-friendly nature.

2.3 Materials and Method

Waste cellulosic cotton fibers derived from the textile industry were supplied by Zorlu
Linen Textile, Istanbul, Turkey. The average diameter of these fibers was measured as
15-20 micrometers. Detailed characterizations (FTIR and C-NMR) are given in Figure 2
and Figure 3 respectively. As shown in Table 1 superfine vermiculite with an average
particle size of 1.4 mm was purchased from Serakulit, Canakkale, Turkey. Vermiculite
consists of 39.2% Si0, 16.2% Al>O3, 15.4% MgO, 15.0% Fe»03, 5.6% K->0, 4.8% CaO,
and trace amounts of other compounds (provided in the material data sheet). An injection
grade of PLA (Total Corbion, Luminy L130) with a melt flow rate of 23g/10min
(210°C/2.16kg) was purchased from Kumru Kimya, Istanbul, Turkey.



Table 1 Sieve analysis result of vermiculite

Size (mm) Abundance (%)
1.4 46.3
1.0 35.0
0.7 12.5
0.5 43
<0.5 1.9

All materials were used as they were received. Firstly, all the additives and polymers
were mixed physically at different ratios. Formulations were prepared by a custom-made
thermokinetic mixer, Gelimat GI (Draiswerke). Thermokinetic mixing is the most
convenient method to handle natural fiber like cellulose. It has higher shear and lower
retention time than the conventional melt blending method like extrusion. With the help
of the high shaft speed of the mixer, formulations were prepared in less than a minute. At
around 5000 rpm, the temperature of the mixing chamber reaches 190 ° C. At this stage,
the polymer melts and forms a homogeneous mixture with waste cellulose and
vermiculite.

After the polymeric composite produced with a thermokinetic mixer is taken from the
mixer's chamber, it is waited for cooling and then it is turned into granules with the help
of a crusher. Test samples are molded by using an Xplore 12 mL micro-injection molding
machine (XPlore, Sittard, Holland) with a pressure of 12 bar to perform the relevant
mechanical and thermal tests.

Within the scope of the project, different formulations consisting of 10%, 20%, and
30% waste cellulose by mass were prepared. Since the 30% waste cellulose composite is
the most durable mechanically, vermiculite was added by keeping the additive ratio
constant at 30%. The contents of the composites and their both weight and volume ratios
are represented in Table 2. Volume ratios were calculated by using densities of PLA,
WC, and VC. The densities of WC, VC, and PLA were measured with a pycnometer as
1.5 g/ml, 1.7g/ml, and 1.2 g/ml respectively.



Table 2 Formulation table a) weight fraction b) volume fraction.

a) Sample Name

Content (Weight %)

PLA Waste Cellulose Vermiculite
Neat PLA 100 0 0
PLA_10WC 90 10 0
PLA_20WC 80 20 0
PLA_30WC 70 30 0
PLA_7.5VC-225WC 70 22.5 7.5
PLA 15VC-15WC 70 15 15
PLA_30VC 70 0 30
Content (Volume %)
b) Sample Name o
PLA Waste Cellulose Vermiculite
Neat PLA 100 0 0
PLA _10WC 92 8 0
PLA_20WC 83 17 0
PLA 30WC 74 26 0
PLA_7.5VC-225WC 75 6 19
PLA_15VC-15WC 76 13 11
PLA_30VC 77 0 23

Thermal analysis and crystallinity degree of polymer composite samples were

conducted by Differential Scanning Calorimetry (DSC) method using DSC 3 + 700

(Mettler Toledo, Columbus, OH, USA) under the nitrogen atmosphere from at the rate of
10 °C/min 25 °C to 230 °C. STARe software (Mettler Toledo, Columbus, OH, USA)

was used in order to obtain the melting enthalpy (AHm), melting temperature (Twm), and

glass transition temperatures (Tg). Melting enthalpies of first melting scans were used to

evaluate the crystallinity degree of polymer in the composites according to the method of

Zhang et al. [53] Tg, Tm, melting enthalpies and crystallinity degrees were represented in

Table 4.

Crystallinity () % =

AH 1

AH* @ PLA (1)



AH is the integral of the heat flow after the baseline subtraction, and AH* is the melting
enthalpy of a 100% crystalline PLA, which can be found in the literature to be 93 Jg.
@ppa represents the weight fraction of PLA in the green composites [53].

Thermal analyses were completed with TA Q 500 TGA by using Universal Analysis
2000 software. Analyzes were carried out at a heating rate of 20°C per minute from room
temperature to 950°C under the nitrogen atmosphere.

The conductivity of the specimens was measured at room temperature with a thermal
constant analyzer, TPS 2500 S with Kapton insulated sensors.

Mettler Toledo DMA 1 was used to determine Dynamic Mechanical Properties (DMA)
from 25°C to 125°C with a 3K/min ramp rate and in single cantilever mode at a frequency
of 1.00Hz

Rheological analyses, frequency sweep, and viscosity sweep were carried out by MCR
702 TwinDrive Rheometer (Anton Paar, Graz, Austria).

In order to carry out the morphological studies, fracture surfaces of both 3-point
bending and UTM test specimens were coated 3 times with a thin layer of gold-platinum.
Surface topography and morphology were analyzed by using Leo Supra 35VP Field
Emission Scanning Electron Microscope (FESEM, Carl Zeiss AG, Jena, Germany).
Fractographic inspections were carried out in Insight Laboratories, TR.

Tensile and 3-point bending tests were performed to obtain mechanical properties by
using a 5982 Static Universal Test Machine (UTM, Instron, Norwood, MA, USA) with a
rate of 2.0mm/min and 5 kN load cell for ISO 527-2 and ISO 178 standards.

2.4 Results and Discussion

2.4.1 Structural Analysis of Waste Cellulosic Fibers

The cellulosic cotton fibers were analyzed using Thermo Scientific Fourier transform
infrared spectroscopy (FTIR) across a spectrum from 4000 —400 cm— 1, employing a
resolution of 4 cm—1 and 16 scans for comprehensive characterization. In the FTIR
analysis, Figure 2, a broad peak observed in the range of 3500-3000 cm™! is attributed to
the presence of hydroxyl groups in the cellulose structure. A characteristic B-glycosidic
linkage band is observed at 893 cm™!. Notably, the absence of the characteristic band
observed at 1730 cm™! in hemicellulose suggests the absence of hemicellulose in the
structure. The peak observed at 1636 cm™ is attributed to water absorption by the fibers.

Additionally, distinctive features include the absorption band at 1427 cm™!, corresponding
7



to the symmetrical stretching of CH», and the bending vibrations of C-H and C-O at 1370
cm™! and 1317 ecm™, respectively. Furthermore, the stretching vibration at 1027 cm™' is
indicative of the polysaccharide structure in cellulose. Peaks at 2900 cm™!, and 1370 cm’
! represent stretching and deformation vibrations of the C-H unit. These detailed

observations provide valuable insights into the chemical composition and structural

characteristics of the analyzed sample.
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Figure 2 FTIR spectrum of Waste Cellulose

Based on the data obtained from the Carbon-13 nuclear magnetic resonance (C-NMR)
spectrum of cellulose, specific carbon atoms exhibit distinct chemical shifts. In the C-
NMR spectrum of cellulose (Figure 3), the resonance at 110-107 ppm is attributed to C1,
while the glycosidic bond carbon, C4, displays shifts at 90-91 ppm. Additionally, C6 is

observed at 64 ppm. The resonance of the ring carbons C2, C3, and C5 exhibits chemical

shifts in the range of 79-74 ppm.
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Figure 3 C-NMR spectra of waste cellulose

2.4.2 Thermal Characterization Results

The thermal characterizations of neat PLA and PLA-based composites were evaluated by

observing the results of TGA and DTGA, as presented in Figure 4 and Table 3, TGA

curve of VC is given in Figure 5. All the materials start to decompose at above 236° C.

It can be seen that the degradations of PLA and composites are a single-step process with

a maximum degradation of around 264 °C observed in neat PLA.
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Figure 4 TGA thermograms of neat PLA and PLA hybrid composites with 30% filler
content. Weight change vs temperature at the top and derivative of weight change at the
bottom. Neat PLA (black), PLA30WC (magenta), PLA7.5VC22.5WC (green),

PLA15VCI15WC (orange), PLA30VC (purple)
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Furthermore, the addition of WC and VC, either separately or combined, decreases the
onset degradation temperature of the material by up to 10%. It is also worth noting that
waste cellulose (WC) containing composites thermally degrade completely without
almost any char formation. On the contrary, in vermiculite (VC) containing composites,
the addition of this mineral filler increases residue at elevated temperatures.

Table 3 Onset-Offset temperature and % residue of PLA and hybrid composite.

Name Tonset Toffset 5695 ;((j)uoec
°C °C %
Neat PLA 264 408 0.1
PLA_30WC 237 437 2.6
PLA_7.5VC-22.5WC 236 416 8.9
PLA_15VC-15WC 244 417 13
PLA_30VC 247 408 27.2

Figure 5 shows that up to 200 °C, the physical absorption of water has been observed. In
the temperature range from 200 to 500 °C, the dissociation of hydroxyl groups has
occurred. Above 500 °C, mass loss has been observed due to the degradation of organic
molecules or impurities. At higher temperatures, only inorganic residues (91.6%) such as

metal oxides remain in the structure.
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Figure 5 TGA thermograms of vermiculite
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Thermal properties such as glass transition temperature, melting enthalpy, and
crystallinity of samples are investigated by considering DSC measurements (Figure 6).
At around 100 °C neat PLA undergoes a cold crystallization. [54], [55] With varied
weight fractions of cellulose fibers there is no appreciable change in the glass transition
temperature of the PLA, Table 4. Vermiculite bundles, on the other hand, constrain
molecular motions and raise Tg slightly. [56] When the glass transition temperatures of
the 30% filled composites are examined, about a 4°C increase is observed compared to
the composite containing only cellulose. It is observed that Tg does not change
significantly in the produced composites. Thus, it is predicted that environmentally
friendly composites can be used alternatively in the application areas of neat PLA.

Table 4 Thermal properties of Neat PLA and PLA hybrid composites.

Glass ) )
o Melting Melting o
Transition Crystallinity,
Temperature, Enthalpy,
Name Temperature,

Tg Tm AH (679)
(°O) °O) (9/9) %
Neat PLA 58.9 174.2 6.1 6.6
PLA_10WC 61.6 175.2 21.5 25.7
PLA_20WC 64.4 178.5 19.7 26.4
PLA_30WC 60.9 176.7 17.5 26.8
PLA 7.5VC-22.5WC 64.5 177.5 12.8 19.6
PLA_15VC-15WC 63.6 175.3 16.7 25.7
PLA_30VC 63.2 174.0 22.8 35.1

The addition of 10% by mass of cellulose increases the enthalpy of the composite from
6.1% to 21.5%. However, enthalpy begins to decrease with increasing cellulose loading.
The enthalpy decreasing with the cellulose content might be considered as the cellulose
fibers make hydrogen bonds with hydroxyl groups of PLA, inhibiting the formation of
polymer crystals [57]. PLA crystallinity is expected to increase with the addition of

reinforcements made of cellulosic materials [58].
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Figure 6 DSC thermograms for a) Neat PLA and composites and b) Closer view; Neat
PLA (black), PLA1OWC (red), PLA20WC (blue), PLA30WC (magenta),
PLA7.5VC22.5WC (green), PLAI5SVC15WC (orange), PLA30VC (purple).

As can be clearly seen in Table 4, neat PLA has a crystallinity of 6.6%, while the
crystallinity improves drastically to 25.7% with 10% by weight cellulose addition.
Cellulose fibers on the other hand support a heterogeneous nucleation mechanism, which
lowers the free energy barrier and accelerates crystallization [59]. An increase in the WC
ratio seems to be ineffective in measuring sample crystallinity. On the other hand, the
same phenomenon is not observed in samples containing VC crystallinity increases with
respect to VC amount, reaching up to 35.1 % crystallinity for PLA30VC. The highest
number of crystalline regions however formed in PLA30VC samples which suggests that
VC particles increase PLA crystallinity by complex nucleation mechanisms. Clay
nanoparticles have been reported to influence the nucleation and crystal growth rates of
PLA-based composites [60]. In nanocomposites with an intercalated morphology, the
clay acts as an effective nucleating agent due to the incompatibility between the polymer
matrix and the inorganic clay, leading to an increase in bulk crystallization rates.
Dispersed nanosized clay particles might act as nucleating agents in PLA
nanocomposites, enhancing nucleation and enabling crystallization [61]. This leads to the
formation of smaller spherulites, and higher degrees of crystallization compared to
exfoliation [62]. These findings imply that vermiculite speeds up the crystallization of
polymer matrix, possibly due to its nucleation agent impact [63]. Crystallization

enthalpies rise with the addition of clay and as the clay loading rises. PLA30VC with a
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melting enthalpy of 22.8 g/J has the maximum value. The sample having less amount of
VC, PLA7.5VC722.5WC, has the lowest melting enthalpy out of hybrid composites. The
increase in composite enthalpy with increasing vermiculite content suggests that the
inorganic layers are well dispersed in the matrix as intercalated or exfoliated [64]. In the
case of the combination of WC and VC, it can be interpreted that the crystallinity is
regulated by VC.

2.4.3 Thermal Conductivity Results

Thermal properties of Neat PLA and PLA hybrid composites such as thermal
conductivity, diffusivity, and effusivity are investigated according to their filler content.
Table 5 shows that the thermal conductivity of the PLA hybrid composites increases
concerning the Neat PLA with increasing filler content. This increase is clearly
observable for samples PLAIOWC, PLA20WC, and PLA30WC where the waste
cellulose (WC) content is increased compared to neat PLA. This behavior of PLA-
cellulose composites can be explained by the morphology and chain alignment of the
samples. Since in semi-crystalline polymer crystalline domains are aligned and
amorphous domains are randomly twisted and entangled chains, the lack of periodicity in
the amorphous domains localizes the vibrational modes, thereby suppressing the thermal
conductivity. Therefore, increasing the chain alignment is expected to enhance the
thermal conductivity of polymers [65]. As opposed to Table 4, where crystallinity
increases with WC addition independent of its amount, thermal conductivity, on the other
hand, increases depending on WC amount for PLA1I0OWC, PLA20WC, and PLA30WC
samples. So, the aligned fibrous structure of the cellulose fibers enhances the thermal
conductivity of PLA-WC composites [66]. In addition to thermal conductivity values,
thermal diffusivity, representing the speed of propagation of heat during changes of
temperature over time, and thermal effusivity, representing the material’s ability to
exchange heat with the environment, which are the parameters dependent on thermal
conductivity also show an increasing trend upon increasing WC content [67].

The thermal conductivity values of PLA30WC, PLA7.5VC22.5WC, PLA15VC15WC,
and PLA30VC show that 30% filler content provides the highest thermal conductivity.
However, changing the content of these samples with increasing or decreasing WC/VC
ratio modifies the thermal diffusivity and effusivity values. Among these samples, the
increasing vermiculite content does not show a significant effect on conductivity and

moreover, the expanded layered structure of vermiculite decreases the speed of
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propagation of heat in the sample and decreases the thermal diffusivity values [68].
However thermal effusivity values experience an increase with the increase in vermiculite
values. This behavior may result from the stored thermal energy in vermiculite-
incorporated composites due to their poor thermal diffusivity. The material tends to
converge its steady state by liberating the stored excessive heat energy via dissipating it
to its surroundings which is defined as the increase in thermal effusivity.

Table 5 Thermal conductivity properties of Neat PLA and PLA hybrid composites.

Thermal Thermal  Thermal Thermal

Name Temperature Conductivity Diffusivity Effusivity Conductivity
°C WimK mm2/s - (%)
Neat PLA 21.8 0.21 0.14 555.6 0.0
PLA_10WC 21.8 0.25 0.19 582.5 21.6
PLA_20WC 22.4 0.29 0.22 610.2 39.7
PLA_30WC 24.2 0.34 0.29 636.3 64.5
PLA_7.5VC-22.5WC 24.0 0.34 0.30 616.1 61.9
PLA_15VC-15WC 24.0 0.33 0.26 654.9 59.9
PLA_30VC 24.0 0.35 0.26 685.1 68.0

When the effect of both fillers on thermal conductivity is considered, the effect of
vermiculite on the increase in thermal conductivity is more pronounced. The highest
thermal conductivity value is obtained with PLA30VC. However, their hybrid usage in
the samples PLA7.5VC22.5WC and PLA15VC15WC shows that when both fillers are
used together, thermal conductivity is dominated by WC since PLA7.5VC22.5WC have
higher WC content and higher thermal conductivity improvement (61%) compared to
neat PLA. This behavior can also be attributed to the chain alignment property of WC
fibers.

2.4.4 DMA results

Storage modulus and damping factor of all samples are investigated by DMA with a
temperature range between room temperature to 120 © C. DMA results of injection
molded samples are represented in

Table 6 and Figure 7.
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Tan delta (damping factor) can be interpreted as a compatibility criterion. There are 3
main conditions to fulfill to be mentioned ‘compatibility’. First, a shift in the maxima
through the higher T, second, a decrease in peak intensity, third, peak broadening [69].
For all composites, 2 of these are fulfilled except PLA7.5VC22.5WC. Almost all
maximum damping factor temperatures remain unchanged, which is around 65°C. Figure
7a shows that the maximum value of the damping factor decreased considering Neat PLA

and broader transitions are observed for all samples rather than PLA7.5VC22.5WC.
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Figure 7 DMA results of hybrid composites a) Damping factor b) Storage Modulus c)
Storage Modulus vs. Flexural modulus at room temperature d) Storage modulus at 26°C
and 65°C.

Storage modulus data show that in both glassy and rubbery regions all composites have
a higher modulus of neat PLA (Figure 7b and

Table 6). Transition from the glassy state to the rubbery state the storage modulus of all
samples decreased drastically as expected. However, increasing cellulose loading results
in increasing storage modulus for both glassy and rubbery regions. Cellulose restricts
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chain motions and improves modulus. Neat PLA has 11 MPa of storage modulus at 65°C.
PLA10WC, PLA20WC, and PLA30WC lead to enormous improvements such as 108%,
1136%, and 1417%, respectively, of storage modulus for the rubbery state. These
composites might be a candidate for solving the low heat resistance of PLA which is one
of the major drawbacks of PLA.

In Figure 7c, the correlation between flexural modulus and storage modulus at room
temperature has been proven. The same trend is observed for all datasets Figure 7d and

Table 6 show that flexural modulus storage modulus improved for both room
temperature and elevated temperatures (at 65 °C). Instead of Neat PLA, these produced
hybrids and upcycled products can be preferred as greener, cheaper, and more resistant
to heat alternatives.

Table 6 Flexural modulus and storage modulus at glassy (26°C) and rubbery (65°C)
regions.

Flexural Modulus Improvement  Storage Modulus

Names
MPa % MPa
Room Temperature 26°C 65°C
Neat PLA 3230 - 1034 11
PLA_10WC 4300 33 1213 23
PLA_20WC 5850 81 1252 134
PLA 30WC 6910 114 1322 165
PLA 7.5VC-22.5WC 7340 127 1278 62
PLA_15VC-15WC 7030 118 1343 90
PLA_30VC 7680 138 1435 18

2.4.5 Rheology Results

All samples investigated demonstrate a typical increase in storage (G’) and loss moduli
(G”’) with respect to angular frequency. However, composites’ rheological behavior
changes upon filler addition. In general, the G’ of the composites are higher than their
loss modulus (Figure 8 a, c¢). This demonstrates that samples are in elastic character and
degrade elastically. Both G* and G*’ of composites are higher than neat PLA at low
frequencies, except PLA30VC, implying that fillers are distributed uniformly within the
polymeric matrix. G and G of PLA30VC composite is lower than neat PLA,

particularly at higher frequencies, indicating that 30 wt. % VC reinforcement in fact
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reduces the elastic character. On the other hand, the addition of 10, 15, 20, 22.5, and 30
wt.% cellulose gradually increases G’ and G’’ implying that further entanglement is
introduced into the polymeric matrix. Here, there’s a slight deviation from the order, in
the case of PLA7.5VC22.5WC, which we observe throughout the whole rheology
measurements (Figure 8Figure 7-a to -f, green). This is probably due to the competition
between the contributing and impeding traits introduced by the fillers WC and VC,
respectively. Here, WC dominates the overall rheological characteristics as the increasing
trend of G’ and G’’ curves are similar, and the amount of VC introduced determines the
overall G’ and G’ values within the specified angular frequency range.

The evaluation of G’ with respect to temperature reveals that all the composites’ G’
increases with filler addition (Figure 8Figure 7-b). Moreover, G’ values of composites
containing 30, 20, and 15 wt.% WC are drastically higher than composites containing low
or no amount of WC. Hence, the incorporation of WC decreases the overall mobility of
the composites more distinctly than VC. Storage moduli of all composites are higher than
neat PLA at processing temperature (200 °C). Therefore, fillers aggravate shaping as
higher energy barriers should be overcome to distort them. Looking at the loss moduli
(Figure 8Figure 7-d), all the composites and neat PLA exhibit plastic behavior
(tand=G’’/G’>1). The same trend is observed in storage moduli; since VC does not melt
within the temperature range, it reduces the interaction between WC and PLA resulting
in lower viscosity [70].

Analyzing the complex viscosity from the angular frequency perspective (Figure 8-e),
all PLA composites within the dataset reveal a shear-thinning behavior. In addition to
that, a Newtonian plateau is not observed in composites (except neat PLA). As shear
thinning is an important factor for processability [71], we can conclude that both filler
materials contribute to the processability of PLA. Moreover, from the slopes of the
curves, it is evident that composites containing 10, 20, 22.5, and 30 wt.% of cellulose
demonstrate similar shear thinning trends while their complex viscosity values differ
concerning cellulose amount. However, there is a slight deviation from the cellulose
amount correlation as in the case of storage moduli. Another proof that there is
competition between the acting forces on polymer matrices, entanglements introduced by
WC, and the obstacles introduced by VC. Nevertheless, at the processing temperature,
only PLA7.5VC22.5WC composite exhibits elastic polymeric melt behavior.
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Figure 8 Viscoelastic behavior of PLA-WC-VC samples. Storage, loss modulus, and
complex viscosities with respect to angular frequency, (a, c, e, respectively) and with
respect to temperature (b, d, f, respectively).

Investigating the temperature profiles of viscoelastic properties of the samples, one can
easily notice that both G’, G, and melt viscosities decrease as the temperature increases.
Complex viscosities of PLA30WC, PLA20WC, and PLA15VCI5SWC are always
observed significantly higher than the neat PLA within the temperature range scanned
(Figure 8-f). This, again, means that these samples are more readily processable than neat
PLA, particularly within the compounding process temperature (200 °C).

Starting from the initial temperature (180 °C), the melt viscosity of neat PLA is greater
than PLA30VC, PLA15VC15WC, and PLA7.5VC22.5WC up to 190 °C. In this region,
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both fillers in this ternary system act as a lubricating agent to PLA [72]. As the system's
temperature reaches 190-205 °C, we observe a transition in the viscosity behavior of
PLA10WC and PLA30VC PLA7.5VC22.5WC compared to neat PLA. Above 195 °C,
PLA10WC and PLA30VC become more viscous than neat PLA. Similarly, above 200 °C
PLA7.5VC22.5WC becomes more viscous than neat PLA. Other samples never undergo
such a transition. In these regions, we may talk about two competing mechanisms of
extension between cellulose and vermiculite. In the case of cellulose, at high
temperatures, the disentanglement in polymer chains enables more flow, resulting in less
viscosity [73]. Conversely, vermiculite acts as an obstacle to flow, thus increasing the
viscosity. Here, it is important to note that the expansion of vermiculite starts after 300
°C. The counteracting effects cancel each other at temperatures where their complex

viscosity curves intersect with neat PLA’s.

2.4.6 Mechanical testing and hybrid strengthening mechanism by co-use of WC
and VC

The effect of the hybrid reinforcing strategy on the mechanical response of the PLA
matrix is evaluated by tension and 3-point bending tests assisted with fractographic
analysis for identification of failure modes. Tensile test results suggested that all the
samples behave elastically under applied tensile loading. Except for neat PLA and
PLA7.5VC22.5WC sample cases, stress-strain curves shown in Figure 8a contained a
mid-failure event changing the stiffness of the samples which suggests that the damage
progression mechanisms in hybrid composites are to be examined.
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Figure 9 a) Tensile stress-strain curves of PLA and composites (arrows indicating the
mid-failure events) b) Tensile modulus and tensile strength of PLA and PLA composite.
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An initial comparison was made between the samples containing only WC as a
reinforcement phase (namely PLA10WC, PLA20WC, and PLA30WC). The nature of the
stress-strain curves suggested that the E value increases and tensile strength remains
almost the same as the amount of WC increases (Table 7 and Figure 9b). For such
samples, the yielding event has caused a stress drop after specific stress and strain values
hereby named as ‘In-situ failure events’ (Figure 9a). The nature of this event has been
investigated on the fracture surfaces of failed specimens under tensile loading (Figure
10a-b-c). When examined at the presented scale, the presence of shear failure zones
causing ridges during brittle fracture [74], [75] is observed in the fracture surface
PLA10WC and PLA20WC. In the case of PLA30WC, the fracture surface (Figure 10c)
contains a lot more damage marks (more surface roughness) suggesting more damage
progression events before the final fracture.

Table 7 Tensile test results of Neat PLA and PLA composites

Name Tensile Young's Improvement Strain at

Strength Modulus break

(MPa) (MPa) % (%)

Neat PLA 66.9 (£0.1) 3236 (£30) 2.5(x0.0)
PLA_10WC 48.5 (+4.1) 4635 (£176) 43 1.5 (0.3)
PLA_20WC 58.9 (£3.4) 5908 (+£199) 83 1.6 (£0.1)
PLA_30WC 62.4 (£3.8) 7002 (+342) 116 1.6 (£0.1)
PLA_7.5VC-225WC  69.7 (£3.3) 7661 (£330) 137 1.3 (£0.1)
PLA_15VC-15WC  62.2 (£2.8) 7267 (x207) 125 1.3 (£0.1)
PLA_30VC 58.0 (0.2) 8008 (+£531) 147 1.1 (£0.1)

In the case of PLA10WC (Figure 10a), different from PLA30WC, the fracture surface was
less rough with periodic brittle cracking events (underlined in blue lines) separated with
a major transverse cracking plateau (dashed red arrows). The comparison of these
surfaces underlined the 2 in-situ failure events namely PLA micro-cracking and WC/PLA
fiber/matrix debonding events are present in all samples. The presence of such events is
identified as the cause of strength reduction on WC reinforced samples by causing

premature failure.
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Table 8 In-situ failure results of Neat PLA and PLA composites

In-situ failure In-situ failure

Name )
stress strain
(MPa) (MPa)
Neat PLA - -
PLA 10WC 31.3 0.7
PLA_20WC 445 0.9
PLA_30WC 54.8 11
PLA 7.5VC-22.5WC - -
PLA 15VC-15WC 59.7 1.1
PLA 30VC - -

Contrarily, when only VC is considered as the sole filler (PLA30VC), homogenized PLA
cracking events which are mostly transversely aligned (Figure 10f) suggest a more brittle
failure progression. Young's modulus and flexural modulus values (Figure 11) were

measured underlining the fact that an effective dispersion of VC platelets is achieved.

Figure 10 Tensile fracture surfaces of a) PLA10OWC, b) PLA20WC, ¢) PLA30WC, d)
PLA15VCI15WC, e) PLA7.5VC22.5WC, f) PLA30VC.
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The measured tensile strength of PLA30VC samples is higher than any in-situ failure
strength identified in WC-reinforced cases which suggests that VC-PLA matrix reactions
are more favorable than WC-PLA interactions in terms of failure. When both WC and VC
are used together inside the PLA matrix, the stress-strain curves suggest that, in the
PLA15VCI15WC case, the occurrence of in-situ failure events cannot be avoided. This
fact is shown in fracture surfaces (Figure 10d) where shear zones due to fiber debonding
and PLA micro-cracking events are observed. On the other hand, for PLA7.5VC22.5WC
samples with the highest tensile strength, any types of pre-mature failures were avoided
thanks to VC platelets reflecting the transverse PLA cracking that intensifies with the
debonding of main load carrier WC fibers. Compared to previous studies on cellulose-
based PLA composites, the improvements reported in Young's modulus of hybrid
formulation observed in the current study are significantly greater (137%) without any

significant strength loss than those observed in similar works in literature [7], [58], [76]
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2.5 Conclusion

The Current study demonstrates that hybrid composites of biopolymer, PLA, are
successfully produced via upcycled cellulose and vermiculite. These green hybrid
composites provide stiff, strong, thermally conductive, and environmentally friendly
alternatives to commercial petroleum-based polymeric composites. In general, no

obvious change is observed in the thermal stabilities of the composites when VC and WC
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fillers are added. Comparing the thermal decomposition properties of the samples,
composites with only cellulose incorporated as filler, and the onset temperature of thermal
degradation of PLA decreases slightly (up to 10%), independent of WC amount. Although
the overall onset degradation temperature drops slightly in VC-incorporated composites,
the onset temperature increases with respect to VC amount. It is also observed, from the
DSC results, that there’s no significant change in the Tg value of the polymer, implying
that the processability of PLA is not affected by the incorporation of fillers. It is also
worth noting that the slight increments in the Tg values are regulated by the VC amount.
In all composites (binary or ternary) the highest thermal conductivities are observed when
only VC is added (68%, PLA30VC). However, in hybrid composites where WC is added,
WC governs the thermal conductivity. DMA results shows that compared to neat PLA
modulus of the composites are improved for both glassy and rubbery region. Moreover,
storage moduli of all composites are higher than neat PLA at processing temperature (200
°C), implying that fillers aggravate shaping. Overall, all the composites are in elastic
character and degrade elastically (G’’>@G’). In rheology measurements from both the
angular frequency and temperature perspective, there is a deviation from the filler amount
order in PLA7.5VC22.5WC composite, and this deviation is attributed to the competition
between the acting forces of fillers to the PLA matrix. The incorporation of WC
introduces disentanglements at high temperatures which decreases the overall viscosity
of the composites, while the incorporation of VC introduces obstacles to the polymeric
matrix, thus increasing viscosity. The synergistic effect observed in PLA7.5VC22.5WC
1s attributed to the composite’s rheological properties at processing temperature (200 °C)
where only PLA7.5VC22.5WC composite exhibits elastic polymeric melt behavior.
Similar synergy is observed in mechanical results as well, all the composites except
PLA7.5VC22.5WC break before the ultimate tensile stress (UTS) point. This implies that
in the synergistic composition of PLA7.5VC22.5WC, we do not observe de-bonding and
no in-situ failure break. In general, the filler WC is responsible for de-bonding events that
cause strength reduction, while VC generates brittle fractures. But where the hybrid filler
strategy is concerned, PLA7.5VC22.5WC demonstrates the highest tensile strength. In
this particular composite, VC platelets introducing transverse cracking in the PLA matrix

are observed to intensify with the debonding of the main filler (WC).
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CHAPTER 3: A sustainable strengthening/stiffening approach for injection molded

polypropylene matrix thermoplastic composites

3.1 Abstract

Hybrid interaction/co-working mechanisms of waste cellulose (WC) fibers and expanded
vermiculite (VC) in polypropylene (PP) resulted in stronger, stiffer, and thermally durable
composites with ease of processing. Fibrous WC and particulate VC inclusions were
mixed with the PP matrix via high shear thermokinetic mixer under 4000 rpm. Thermal
and mechanical characterization efforts assisted with fractographic investigations are
performed on 5 sample sets such as i) two-phase WC fibrous PP composites and ii) three-
phase WC-VC hybrid composites. Results suggested that as the main reinforcement agent
WC is able to increase the axial stiftness of PP (1.7 GPa) up to 4GPa (30WC) as the
weight fraction increases with a reduction in ductility. However, a strength threshold due
to WC cluster entanglement leaving partially un-wet clusters of WC and limited
crystallization volume for PP at high WC weight fractions is noted. In-situ formed VC
platelets placed between WC fibers are proven to provide PP crystallization loci to
increase the axial stiffness (4.1GPa) and brittleness. When used with 10WC, they
contributed to lacking stress transfer between randomly aligned WC fibers. More
strikingly, in the 20WC10VC case the inherent problem of WC cluster entanglement and
consequently caused polymer shear failure significantly improved the tensile strength of

the samples (45MPa).

3.2 Introduction

There exists an accelerating demand for stronger and lighter thermoplastic composites
with a strong emphasis on environmental concerns [77]-[79]. This demand is mainly
driven by recyclability[80], ease of processing[81], and low energy consumption during
their entire life cycle[82]. One promising approach to fulfill this demand is offered using
natural fibers[83] either in the continuous form [84] to compete with conventional

composite structures[85], [86] or in the discontinuous form [87], [88] that are readily
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adaptable to conventional [89] and emerging polymer processing techniques[90]. Among
various thermoplastics, polypropylene (PP) is the most common petroleum-based
polymer product used in various industries such as construction, transportation, and
household appliances due to its attractive properties such as being lightweight and having
high strength, high stiffness, and hardness[91], [92]. Hence the composites of PP with
organic cellulose fibers[93], [94] and/or inorganic clay particles[95] occupy a great place

in industrial, technical, and scientific applications.

The linear filament structure of cellulose along with its long and strong molecular chains
provide enhanced tensile and flexural strengths as well as rigidity[96]. Also, hydroxyl
groups and their tendency to form hydrogen bonding play a key role in the reinforcing
nature of cellulose fibers[35]. On the other hand, mica-type layered silica particles such
as vermiculite platelets play an important role in strengthening the polymers[97].
Especially expanded vermiculite, forming a layered platelet structure with a high aspect
ratio, enables better intercalation with the matrix or forming fibrils that provide very high
stiftness and strength[41], [45]. Recent studies show that either individual or hybrid use
of these fillers contributes to the improvement of the mechanical properties of the polymer
matrix. For instance, Joseph et al.[98] studied the dynamic mechanical properties of PP
composites containing sisal fiber with a high cellulose content. They observed that the
addition of sisal fiber to neat polypropylene increased the storage modulus along with the
mechanical strength and modulus which were found to increase with fiber loading.
Difterent cellulose fiber types with increasing cellulose content in the PP matrix with and
without MAPP as a coupling agent are studied by Borja et al.[99]. Results reveal that
increasing the amount of fiber improves the tensile strength and modulus values. Also,
Bataille et al. introduce cellulose fibers into the PP matrix and obtain enhanced elastic
modulus values up to a threshold content of 30 phr, while endangering the yield stress
values which decrease with increasing cellulose content[100]. A similar threshold
challenge is observed in the study of Risnasari et al.[101] who use cellulose fibers in the
PP matrix which is either neat or modified with MA. While tensile modulus values
improve with increasing cellulose content and the coupling agent addition, the tensile
strength values slightly decrease with increasing cellulose content. On the other hand,
Gomes et al. studied the PP/vermiculite blends in different ratios investigating the
mechanical properties of the compounds, and observed an increasing trend in tensile

strength and modulus values [95]. Li et al. also used organic vermiculite in wood—plastic
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composites (WPC) and obtained improved mechanical properties as higher flexural and
tensile properties due to homogeneous dispersion and strong interfacial interaction in the
WPC suggesting enormous potential applications as WPC-based engineering
materials[102]. Another study conducted by Zhang et al. preparation of
polypropylene/organo-vermiculite nanocomposites revealed that the addition of
vermiculite in the PP matrix even in lower amounts (1%) the tensile and flexural strength
of these nanocomposites however, higher amounts of vermiculite does not show better
performance due to the change in its crystal structure[103]. Vermiculite incorporation into
the PP and PLA matrix is studied by Aritiirk et al. suggesting that vermiculite improves
the tensile and flexural properties of PP due to the fibrillation of vermiculite in the PP
matrix and acting as a reinforcing agent[104]. Hybrid formulations of these fillers arouse
interest due to synergistic effects between them, ecological concerns, and contribution to
ease of processing. Aritiirk et al. use cellulose and vermiculite in PLA matrix to obtain
hybrid green composites of PLA with improved tensile properties with easily processable
compounds[ 105]. Also, Mustapha et al. studied the co-incorporation of cellulose and clay
into the PP matrix which results in an improvement in tensile strength. This is attributed
to good dispersion and enhanced efficiency of the stress transfer mechanism between the
silica and the cellulose within the PP matrix resulting from the prevention of entanglement

of discontinuous cellulose fibers via clay addition[106].

This study comprises the preparation of hybrid composites of PP via the incorporation of
waste cellulose (WC) and vermiculite (VC) as natural reinforcing agents at different
loading levels to fulfill the expectation for mechanically improved, easily processable,
hybrid green composite polymeric materials. In this scope, using discontinuous fiber
reinforcements may be limited due to fiber entanglement which may deteriorate the
mechanical performance. However, with a hybrid approach, we are able to manufacture
hybrid PP composites that are manufacturable by injection molding, more crystallization,
and better resistance against shear deformation during failure without suffering from

inherent fiber entanglement causing insufficient polymer/fiber wetting.
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3.3 Materials and experimental

3.3.1 Materials

Waste cellulosic fibers derived from the textile industry were supplied by Zorlu Linen
Textile, Istanbul, Turkey. Superfine vermiculite with a reported average particle size of
1.4 mm was purchased from Serakulit, Canakkale, Turkey. Homopolymer PP (Borealis
HE125MO) with a melt flow rate of 12 g/10min (230°C/2.16kg) was purchased from Efa
Kaucuk, Kocaeli, Turkey.

As employed (as purchased) morphologies of fibrous WC and platelet expanded V in
Figure 12. The average width of WC fibers is 20 um they have varying individual
diameters, and several sheet-like WCs may be entangled /rolled to form larger fibers.
Such morphological variabilities of industrial waste-based fibrils are expected and noted
for further interpretation of the in-situ behavior of WC in PP.

. ] b ] Rolling

————

A T \. .>’ W

=3 Sheetlike WC

Figure 12 As used morphologies of a) waste cellulose, WC b) expanded vermiculite,
VC.

As employed (as purchased) expanded VC consists of nano-metrically stacked platelets
situated in significantly larger (as sold) VC particles (Figure 12b). It is then hard to predict
the in-situ particle size and geometry of VC particles which are known to go through

significant morphological changes depending on the co-processed polymer type[104].

3.3.2 High Shear Mixing

Thermokinetic mixer Gelimat GI (Draiswerke), Sabanci University, was used to prepare
the composite samples containing PP, WC, and VC in varying weight ratios reported in

Table 9. PP, WC, and VC were melt blended at around 4000 RPM.
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Table 9 Weight contents of formulations.

Waste Cellulose Vermiculite Polypropylene
Sample Name
Weight %

PP 0 0 100
10WC 10 0 90
20WC 20 0 80
30wWcC 30 0 70

20WC10vC 20 10 70
10wcC1ovC 10 10 80

After being removed from the mixing chamber of the thermokinetic mixer, the polymeric
composite is allowed to cool before being crushed into granules. In order to perform the
material performance tests, test samples are molded using an XPlore 12 mL micro-
injection molding machine (XPlore, Stittard, Holland). Injection molded composites and
their weight ratios are represented in Table 9. Example views from manufactured

composite samples are shown in Figure 13 .

Figure 13 Injection molded samples from left to right I0WC, 20WC, 30WC,
20WC10VC, and 10WCI10VC.
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3.4 Material Characterization

3.4.1 Thermogravimetric analysis

Thermo-gravimetric analyses of the samples were completed with TA Q 500 TGA using
Universal Analysis 2000 software. Analyses were conducted under a nitrogen atmosphere

at a heating rate of 20°C per minute from ambient temperature to 950°C.

3.4.2 Differential Scanning Calorimetry

Thermal analysis and the degree of crystallinity of polymer composite samples were
performed using Differential Scanning Calorimetry (DSC) method with DSC 3 + 700
(Mettler Toledo, Columbus, OH, USA) Mettler Toledo under a nitrogen environment
from 25 °C to 260 °C at a rate of 10 °C/min.

The melting enthalpies (Hm), melting temperatures (Tm), and crystallization
temperatures (Tc) were calculated using the STARe software (Mettler Toledo, Columbus,
OH, USA). The melting enthalpies were utilized to assess the degree of polymer
crystallinity in the composites. Table 10 shows Tm, melting enthalpies, and crystallinity

degrees.

o D

Crystallinity (x) % ==~ *

AH is the integral of the heat flow after the baseline subtraction, and AH* is the melting
enthalpy of a 100% crystalline PP, which can be found in the literature to be 207 J.g"!
[107] @ PP represents the weight fraction of PP in the composites.

3.4.3 Mechanical Testing

Tensile tests were performed to obtain mechanical properties by using a 5982 Static
Universal Test Machine in Sabanci University (UTM, Instron, Norwood, MA, USA) with
a rate of 2.0 mm/min and 5 kN load cell according to ISO 527-2 standards.

3.4.4 Electron Microscopy

The fracture surfaces of both the 3-point bending and UTM test specimens were coated
three times with a thin layer of gold-platinum in order to perform the morphological
examinations. Surface topography and failure morphologies were analyzed by using Leo
Supra 35VP Field Emission Scanning Electron Microscope, Sabanci University.

(FESEM, Carl Zeiss AG, Jena, Germany). Specimens were coated with a thin layer of
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gold-platinum. Fractographic analysis of the samples was performed in Insight

Technology Development, TR.

3.4.5 Rheology

Rheological assessments, including frequency sweeps were performed using the MCR
702 TwinDrive Rheometer from Anton Paar in Graz, Austria. The complex viscosity of
the samples was determined under a consistent shear strain of 10% at a frequency of 1 Hz

at 170°C.

3.5 Results and Discussion

3.5.1 Thermogravimetric Analysis

Manufactured samples via high-shear mixing were initially introduced to TGA to check
the obtained reinforcement weight fractions in the PP matrix as depicted in Figure 14.
Measured residues after applied temperature scan suggested that obtained wt.% of WC
were 9-18-32 (weight loss after T1) respectively for samples 10WC, 20WC, and 30WC
(Figure 14-a). As evident from the DTGA analyses (Figure 14-b), as in the PPWC
samples, there were 2 steps of degradation for all formulations. This phenomenon proves
that cellulose is responsible for two-step degradation. As expected, PPWC cases had no
residue at 950°C due to their organic content whereas incorporation of VC resulted in

increasing the residue amount at the same temperature.
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Figure 14 a) TGA measurements and b) measurements DTGA performed to
manufactured PP composites.
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The thermal resistance was preserved when the amount of cellulose was reduced, and V
was added in order to facilitate the production process. The thermal decomposition
temperature range can be considered as the T1 onset and T2 offset, it has been observed
that the thermal durability of the hybrid composites is improved by 20.9 % and 27.6 %
for 20WC10VC and 10WCI10VC, respectively, and has higher thermal resistance
compared to 30WC. Moreover, as portrayed in Figure 14a, for the 30WC sample there
exists a shift in weight % vs. temperature plots more towards pure WC curve indicating
possible non-wet WC fiber possibly in the WC-clusters that will be discussed thoroughly

in fractographic analysis.

3.5.2 Constituent interactions (DSC) and monitoring

The increase in cellulose content made the melt processing more challenging, hence
hybrid states were created by reducing the WC percentage and reinforcing with VC. These
hybrid states were analyzed for their thermal properties such as crystallization percentage
and melting-cooling behaviors using Differential Scanning Calorimetry (DSC). Table 10
shows that varied weight fractions of WC or VC additions did not contribute any notable
change in the melting transition temperature of PP. Thus, it can be deduced that
incorporation of VC into PP does not influence the processing of neat PP and PPWC
composites so hybrid composites can be used alternatively in the application areas of neat

PPWC composites.
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Figure 15 DSC measurements of manufactured PP composites.
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As shown in Figure 15 when 10% cellulose is added, the crystallization temperature of
neat PP was increased by 7°C. Typically, an increase in cellulose content would lead to a
higher crystallization temperature. However, unexpectedly, the crystallization
temperature (Tc) decreased instead. In fact, for the 30WC condition, it approached that of
neat PP. This phenomenon can be attributed to the increased entanglement with the higher
cellulose content which consequently resulted in insufficient interactions between WC
and polymer. That behavior limits the available volume for PP to crystallize around WC.
When VC is added to the formulation, the observed increase in crystallization temperature
can be attributed to VC reducing the existing entanglement, thereby creating available
spaces for crystallization.
While the addition of WC reduces Tc, the addition of VC increases Tc, meaning that
hybrid formulations are more prone to crystallization.
We can deduce that the increase in cellulose content has had a favorable effect by looking
at the crystallinity percentages[105]. Neat PP has a crystallinity of 45.8%, but 10WC,
20WC, and 30WC have enhanced to 52.8%, 53.9%, and 55.7%, respectively.
Reducing the cellulose content and adding VC resulted in higher crystallization
percentages. In WC-V hybrid composites, the highest crystallinity values reached were
59.2% and 57.2% for 20WC10VC and 10WC10VC, respectively.

Table 10 Melting characteristic and crystallinity % of samples.

Melting Crystallization Melting o
Crystallinity,
Sample Name Temperature, Temperature Enthalpy,

Tm Tc AH %

((®) ((®) (9/9) (0]
PP 166.9 118.0 94.9 45.8
10wcC 166.3 123.7 98.4 52.8
20WcC 165.9 121.2 89.3 53.9
30wWC 163.9 120.1 80.7 55.7
20wcC1iovce 165.2 125.0 85.7 59.2
10wcC1ovC 166.0 127.0 82.9 57.2

An important governing factor in the crystallization of PP around WC and VC is the in-

situ size of such inclusions. Due to their relatively high aspect ratio, WC-PP
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crystallization is limited with the surface of WC fibers ( Figure 16a) (highlighted as
yellow regions). This behavior is highlighted as trans-crystallization[108] and is
frequently mentioned in the literature. It is apparent from Figure 16b (a transverse fracture
region on WC) this region had significantly different properties than the bulk WC fibers.
A comparison of Figure 16¢ and Figure 16d shows that VC-PP crystallization rather affects
the whole volume of PP since high shear effectively turns large VC particulates into well-

distributed VC platelets in the bulk of the PP matrix.

Figure 16 a) A perpendicularly aligned WC fiber on tensile fracture surfaces with
hierarchical microstructure b) A transversely aligned WC fiber with progressive failure
over its thickness (yellow regions show PP/WC interaction regions) c) Neat PP
morphology d) A view from tensile fracture surfaces of hybrid composites.

3.5.3 Rheology measurements

A rheological analysis was conducted by performing a frequency sweep at 170°C to
investigate the frequency dependence of complex viscosity of both PP and the
manufactured composites. As shown in Figure 17, it is evident that the lowest complex

viscosity across all frequency ranges belongs to neat PP. With increasing cellulose content
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in the polymer matrix, the complex viscosity also increases, leading to enhanced flow
resistance. This situation has led to issues during the manufacturing process of
composites.

Previous studies have reported a correlation between the incorporation of fiber into
polymer matrices and the flow of the composites. Higher fiber contents obstacle the flow
and result in increasing complex viscosity [109]-[111].

When observing the 20WC10VC and 10WC10VC hybrids, it can be seen that they exhibit
a trend similar to that of 20WC. Consequently, by incorporating clay instead of cellulose,
it can be inferred that we attained the same complex viscosity trend with composites

having lower additive ratios, thereby facilitating the process.
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Figure 17 Angular frequency vs. complex viscosity plot for manufactured PP
composites

3.5.4 Mechanical Test Results and Fractography

Obtained stress-strain curves from uniaxial tension tests applied to investigated hybrid
composites with varying reinforcements are portrayed in Figure 18. Note that the strain at
failure for neat PP cases goes up to 600% and part of its stress-strain curve is portrayed.

The highly ductile behavior of the PP matrix is of crucial importance to note in

determining the deformation behavior of composite samples.
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Figure 18 Tensile Stress vs. tensile strain plot for manufactured PP composites.

In the case of 10WC strain at failure (emax) values decreased to 6.3% with a rather
increasing slope after the yielding stress which signals the contribution of WC to the
plastic deformation of the samples which will later on be revealed. This behavior was
investigated with the comparison of neat PP and 10WC fracture surfaces (Figure 19). A
region of interest with a large (entangled cluster) and a small (single fiber) WC de-
bonding event (marked by a red circle) was portrayed in Figure 20a. When PP
morphologies near such debonding events were investigated it is certain that there was no
change in matrix morphology due to local WC debonding even for the large debonding
area. This observation suggested two important conclusions such as 1) The interaction
between PP and WC was not favorable and debonding did not cause any shear
deformation if WC is not heavily entangled ii) the yielding of samples occurred due to
fiber debonding and individual PP yielding. When the overall fracture surface of the
sample (Figure 19a) was investigated such independent behavior was portrayed as locally
un-reinforced PP (schematically represented with red dots) and reinforced PP regions

(differentiable with fiber debonding and failure marks).
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Table 11 Tensile test results of PP composites

Tensile .
Improv Young's Strain at
Strength Improvement
Name -ement Modulus break
(omax)
(MPa) % (MPa) % (%)
560.0 (=
PP 28.7 (£6.8) 1880 (+51)

10.0)
10WC 38.2 (£0.3) 33 2774 (£25) 48 6.3 (£0.5)
20wcC 40.2 (+1.6) 40 3402 (£277) 81 4.0 (£0.3)
3owcC 40.5 (£1.2) 41 3998 (+288) 113 3.1 (+0.3)

20WC10VC  44.7 (+0.7) 56 4098 (£197) 118 3.2 (+0.3)
10WC10VC  39.5(+0.3) 38 3816 (+189) 103 3.6 (£0.2)

Table 12 Flexural test results of PP composites

Flexural Flexural
Improvement Improvement

Name Strength Modulus

(MPa) % (MPa) %
PP 46.9 (+0.5) 1690 (£28)

10wWC 53.3 (£2.1) 14 2310 (£167) 37
20WC 59.3 (=0.3) 26 3040 (£16) 80
30WC 57.0 (+4.0) 22 3520 (+ 229) 108
20WC10VC  66.6 (+0.8) 42 3630 (+£25) 115
10WC10VC  61.2 (+0.3) 30 3390 (+34) 101

As the WC amount was increased to 20 wt.%, Young’s modulus (E) of composites was
also increased up to 3.4 GPa and 3.0 GPa for flexural modulus (Table 12) with a decrease
in emax (4.0%) and a relatively slight increase in omax (40.2 MPa) (Table 11). This
behavior in stress-strain signaled an increased WC entanglement with increasing WC
content. Large-scale fractographs (Figure 19b) suggested that such entanglement caused
a 3D block failure which initiates, propagates in the PP matrix (smaller when compared
to 10WC), and ends up with the separation of large blocks of PP-WC clusters rather than
individual WC failure. An example region with such clustering is portrayed in Figure
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20b with marks of matrix shear deformation around WC which suggested that entangled
WC cluster -PP debonding and shear deformation of PP during such debonding played an

important role in the strength evolution of 20WC samples.

Figure 19 Large-scale tensile fractographs of a)10WC b)20WC ¢)30WC d)10WC10VC
€)20WC10VC (dotted regions correspond to distinguishable ridges on failure surfaces)

This behavior was further underlined in the case of 30 WC where no increase in omax, a
further decrease in emax, and an increase in E values are noted when compared to 20WC.
A similar block failure event was discovered in the middle of tensile test specimens
(Figure 19c). When combined with observations in 20WC it can then be suggested that
increasing the amount of WC is a limited strengthening approach for PP composites due
to the presence of WC clusters with rather random orientation which may remain un-

interacted with the polymer during processing (see TGA analysis).
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Figure 20a) A fiber (small) and cluster (large) debonding region in IOWC b) A fiber
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Figure 21 a) View from a WC cluster region on tensile fracture surfaces in 20WC10VC
with distinct WC failure modes. b) Zoomed in view of the yellow dotted circle in a) for
identification of PP/VC crazing event on the region encircling a single WC parallelly
aligned

In this context, 20WC10VC exemplified the effective reinforcement effect achieved with
20WC and observed the toughening effect in 10WC10VC with vermiculite platelets. The
noted average E value of this case was 4.1 GPa which is comparable with 30WC when

measurement errors were considered. The main superiority of 20WC10VC was its tensile
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strength (44.7 MPa). Large-scale fracture surfaces of 20WC (Figure 19b) and
20WCI10VC (Figure 19¢) were quite similar with block failure in the middle of the
specimen due to local fiber entanglement. However, when investigated on a closer view
(Figure 20d) it can be seen that it is due to that brittle PP nature that it cannot go through
the shear deformation underlined in Figure 20b which explains the further reduction in
emax for hybrid composites. The source of strength in this case was then improved tensile
strength of PP-VC regions enabling high crack resistance to fiber-related failures like

individual debonding and cluster debonding.

In order to provide solid proof of the hybrid toughening approach an important region of
interest on the fracture surfaces of 20WC10VC was portrayed in Figure 21a. In this
specific region, a single WC fiber fracture parallelly aligned to applied loading was
captured (encircled in a yellow dotted circle). On the left-hand side, an example of a
transversely fractured WC can be seen whereas on the right-hand side, a largely debonded
WC fiber was observable. Most importantly, in this specific region, longitudinal PP/VC
failure occurred at a relatively high-stress level causing crazing on the V-reinforced PP
region surrounding the fiber fracture event (Figure 21b). This observation underlines the

capability of reinforced PP/VC matrix in stress transfer during WC-related failure events.

3.6 Conclusions

Hybrid thermoplastic composites of waste cellulose and vermiculite have been effectively
manufactured by high-shear thermokinetic mixing. Such a process was shown to create
WC fiber clusters with heavily entangled randomly oriented WC fibers after 20 wt. %
fiber loading. The presence of these clusters dominated the failure behavior of PPWC
composites under tension and created a strength barrier due to enforced shear
deformation, especially in 30WC. On the other hand, when WC content remained low (10
wt. %) the stiffness of PPWC composites remained limited. When used along with WC
fibers, results showed that VC platelets have trend into small platelets situated in between
WC fibers while significantly increasing the thermal durability and crystallinity of PPWC
composites. From a mechanical point of view, when used in the presence of high fiber
content (20WC10VC) such platelets contributed significantly to tensile strength by
making PP more brittle and allowing for an effective stress transfer during WC cluster
debonding events. When used in the presence of low WC fiber content (10WC10VC) they

mainly contributed to the stiffness of the samples and made it comparable to that of
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30WC. In light of rheological measurements, it was also shown that such competitive
hybrid composites also provide ease of processing when compared with WC-only

composites.
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CHAPTER 4: Morphological adaptation of expanded vermiculite in polylactic acid

and polypropylene matrices for superior thermoplastic composites

4.1 Abstract

The morphological transformation of expanded vermiculite (VC) during injection
molding with brittle PLA and ductile PP polymers along with its positive and negative
contribution to mechanical response is investigated. Polymer/VC mixtures with 30 wt. %
VC are prepared by thermokinetic high shear mixing at 4000 rpm without any ex-situ
exfoliation agents or compatibilizers. Obtained composite mixtures are then injection
molded onto three-point bending and tensile test specimens. Performed mechanical tests
suggested a significant increase in tensile (110 %) and flexural modulus (112%) of
PP30VC samples. Presented fractographic and morphological investigations suggested
that the root cause of measured improved tensile (36%) and bending strength (26%) of
PP is the fibrillation of VC associated with PP/VC interactions under high shear. A
similarly increasing trend for tensile (147 %) and bending modulus (137 %) was observed
for PLA30VC samples. Contrary to PP30VC, a decreasing pattern was present in the case
of tensile (-40%) and bending strength (-13 %) of PLA30VC. The root cause for such
reduction is determined to be i) In-situ exfoliation of VC inside PLA matrix and
transformation of VC into micron-sized platelets i1) Evaporation of trapped
water/crystalline water in the interlayer region of VC which caused in-situ degradation of

PLA during manufacturing.
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4.2 Introduction

In recent years, various nanoscale reinforcing fillers inserted in polymers to create
nanocomposites have been regarded as one of the most attractive study fields in both
academic and commercial sectors. Clays, graphene, talc, and other nanofillers are
examples of these materials [112]. Clays are employed in industrial, technical, and

scientific applications as an affordable inorganic material [39].

Vermiculite represents a clay variety employed for enhancing the strength of polymers. It
belongs to the mica-type layered silicates [97]. Vermiculite, a naturally occurring
inorganic mineral with layered spacing, expands significantly upon high-temperature
calcination, resulting in one of the world's lightest minerals—expanded vermiculite.
Expanded vermiculite is a type of commercially available natural clay that has been used
in thermoplastic matrices for various property improvements. With a layered structure
and crystallization water between its layers, expanded vermiculite exhibits low density
and thermal conductivity. Introducing polymer chains into its interlayer spaces enhances
its properties, contributing to improved thermal stability, mechanical strength, and flame-
retardant characteristics when integrated into polymer [113], [114].

The presence of an exceptionally large interlayer region containing crystalline water that
loosely adheres to rather stiffer silicate layers [4], provides ease of ex-foliation down to
well-structured 2D silicate platelets [115], [116]. This loose interlayer bonding enables
for size reduction of VC down to micro -nano scale 2D silicate platelets [115], [116] by
the means of intercalation [117] and exfoliation. [118] Adaptation of these 2D platelets to
thermoplastic polymers through melt compounding can provide significant thermal [119]
and mechanical [41], [120] property improvements to host polymers with relatively lower
cost when compared to other 2D nanomaterials (i.e. graphene). A major point of attention
hereby is the host polymer/organo-clay interactions which are mainly governed by
polymer polarity. [121] The aim to achieve nano-scale dispersion also enforces the use of
organoclays at relatively low weight fractions. [122] Another approach to obtain a
homogeneous polymer/particle mixture is the implementation of compatibilizers or
modification and use of adaptable polymer mixtures [117], [123], [124] or co-
polymerization [125], [126] strategies. Even though previously proposed methodologies
provided significant Young’s modulus improvements 17.6% [45], 40.4% [126], 23.6%][ 3],
25.4% [127], tensile strength-wise, limited enhancements -10% [45], 3% [126], same[3],

8% [127] are reported. One fundamental reason for such a situation may be identified as
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the use of VC in the from platelets and in low volume fractions. Deriving from this point
and implementing our previous experience on the efficiency of high shear thermokinetic
mixing in melt compounding [128], [129], this short article aims to demonstrate
morphological changes and associated mechanical property improvements that could be
achieved by the integration of 30 wt. % expanded VC without any compatibilizers or any
ex-situ clay modification strategies. Polylactic acid (PLA) was chosen as the polar host
polymer whereas polypropylene (PP) was chosen as the non-polar host polymer.
Polymeric composite samples were prepared by high shear thermokinetic mixing at 4000
RPM. Obtained PLA30VC and PP30VC samples are then cast into tensile and bending
test specimens via injection molding. Thermogravimetric analysis along with the
morphological investigations suggested that expanded VC went through in-situ
exfoliation in PLA whereas it completely fibrillated in PP. Mechanical testing efforts
suggested that in both cases a homogeneous distribution was obtained resulting in
significant improvements in tensile (110%, 112%) and bending (147%, 137%) modulus
values for PP and PLA respectively. Both bending and tensile strength of PLA30VC
samples decreased, which is revealed to be water vapor/PLA interaction during high shear
mixing. Contrarily, significant improvements in tensile (36%) and bending strength
(26%) of PP30VC samples were measured due to VC fibrillation. In overall, the presented
work forms a basis for the failure mechanisms associated with the changes in strength
due to varying inclusion shapes and polymer types for VC reinforced polymeric
composites.

Overall, the presented work forms an example study on the effect of chemistry driven
polar/nonpolar matrix selection on the mechanical and rheological properties of PP and
PLA composites containing VC. Moreover, the connection between process induced
morphologic adaptation of VC to failure mechanisms associated with the changes in

strength are revealed.

4.3  Materials and experimental

4.3.1 Materials

Vermiculite (Superfine Vermiculite) consisting of various particle sizes (The abundances
based on the dimensions of vermiculite: size of 1.4 mm constitutes 46.3%, 1.0 mm
represents 35%, 0.7 mm accounts for 12.5%, 0.5 mm makes up 4.3%, and smaller than

0.5 mm contributes to 1.9% of the total) was purchased from Serakulit, Canakkale,
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Turkey. The material data sheet indicates that vermiculite is composed of 39.2% SiO-,
16.2% Al>O3, 15.4% MgO, 15.0% Fe203, 5.6% K-0, 4.8% CaO, and minor quantities of
various other compounds. An injection grade of PLA (Total Corbion, Luminy L130) with
a melt flow rate of 23g/10min (210°C/2.16kg) was purchased from Kumru Kimya,
Istanbul, Turkey. Homopolymer PP (Borealis HE125MO) with a melt flow rate of 12
g/10min (230°C/2.16kg) was purchased from Efa Kauguk, Kocaeli, Turkey.

4.3.2 Processing and Sample Manufacturing

30 wt.% vermiculite containing PP and PLA were mixed by a custom-made thermokinetic
mixer, Gelimat GI (Draiswerke). The high mixing speed of the thermokinetic mixer
generates shear, allowing even incompatible materials to be processed homogeneously
without the need for any external additives. Therefore, no compatibilizer has been used.
All materials have been used as received.

Since there is no screw system in gelimat mixing, there is no need for a pre-drying
process. With the help of the high shaft speed of the mixer, formulations were prepared
in less than a minute. At around 4000 RPM, the temperature of the mixing chamber
reaches 220° C and 240°C for VC loaded PP and PLA, respectively. The composites,
granulated with the help of a crusher, were prepared for injection molding. Neat PLA and
PLA30VC were dehumidified at 60° C for 8 hours to remove moisture before the injection
molding process. Test samples were molded by using an Xplore 12 mL micro-injection
molding machine. (XPlore, Sittard, Holland) with a pressure of 12 bar to perform the

reported mechanical tests.

4.4 Material Characterization

4.4.1 Thermogravimetric analysis

Thermal analyses were completed with TA Q 500 TGA by using Universal Analysis 2000
software. Analyzes were conducted at a heating rate of 20°C per minute from room
temperature to 950°C under a nitrogen atmosphere for polymer and polymeric composite

measurements and to 1500°C for vermiculite tests.

4.4.2 Mechanical Testing

Tensile and three-point bending tests were performed to obtain mechanical properties by

using a 5982 Static Universal Test Machine in Sabanci University (UTM, Instron,
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Norwood, MA, USA) with a rate of 2.0mm/min and 5 kN load cell for ISO 527-2 and
ISO 178 standards.

4.4.3 Electron Microscopy

Surface topography and composite morphologies were analyzed by using Leo Supra
35VP Field Emission Scanning Electron Microscope (FESEM, Carl Zeiss AG, Jena,
Germany) followed by Au/Pd coating.

4.4.4 Rheology

Rheological analyses, frequency sweep, and viscosity sweep were conducted by MCR
702 TwinDrive Rheometer (Anton Paar, Graz, Austria). The complex viscosity of samples

was measured under a constant shear strain of 10% at 1 Hz.

4.5 Results and discussions

4.5.1 Thermogravimetric Analysis

The mass loss percent versus temperature curve for purchased VC pellets is portrayed in
Figure 22a. The initial temperature region for VC was observed between 100°C -150°C
for 1.75 wt. % loss which belonged to moisture evaporation. A connected secondary event
between 180°C -200°C corresponds to crystalline water in the interlayer region with a %
weight loss of another 0.25wt%. It is vital to underline that this temperature range is in
the same range as achieved manufacturing temperatures for PLA (240°C) and PP (220°C)
during high shear mixing. The remaining decomposition events (500°C - 1400°C) in
Figure 22a corresponded to hydroxyl groups present in the octahedral layer of VC that

continued until only metal oxides remained.
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Figure 22 TGA analysis performed on nitrogen environment to a) as purchased VC and
b) neat and VC containing composites.

Thermogravimetric analysis performed on PP30VC and PLA30VC samples (Figure 22b)
suggested that the onset temperature of decomposition (Tonset) has decreased from 264°C
to 247°C for PLA30VC whereas it increased significantly from 318°C to 420°C for
PP30VC case. This suggested that the presence of VC negatively affected the pristine
molecular structure due to the effect of high-pressure water evaporation in hydrophilic
PLA matrix during high shear mixing which will later be seen on fracture surfaces. An
exact contrary situation was present in the case of a hydrophobic PP matrix where the
presence of highly heat deflecting PP-VC fibrils significantly delayed molecular

decomposition temperature onset and offset temperatures.

4.5.2 Constituent interactions in the absence of high shear

Constituent interactions were explored by 1) determination of internal structure of
expanded VC by heat application for potential particulate size ii) rotational rheometer
temperature scan of neat polymers and polymeric composites to assess the melt viscosity
which determines matrix/particulate wetting during manufacturing, iii) melt film casting
experiments for morphological investigations. The following facts are reduced:

1) Considered expanded VC contains silicate layers with thicknesses varying
from 40 microns (Figure 23a) to 100nm (Figure 23b) with inter-platelet
porosities.

1) With low melt viscosity (Figure 24a) and higher polarity PLA tends to fill
interplatelet porosities (Figure 23c) and causes further platelet exfoliation.
Surface interaction between resulting VC platelets and PLA is high (the
yellow region in Figure 23d with polymer deformation due to interfacial
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tension). Positive interaction may be due to the presence of carbonyl groups
available in PLA. [130]

1i1) With high melt viscosity (Figure 24a) and low polarity PP tends to bind VC
platelets (Figure 23¢) with no signs of in-situ exfoliation. Smaller VC platelets
can align with the PP matrix even under significantly low shear exerted on

samples during film casting (Figure 23f).

. ﬂ Local polymer <
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platelet

&
e M
Figure 23 a) A cross-sectional view from heat treated (1100°C) expanded VC b) A
zoomed in cross-sectional view with nanometric VC layers ¢) Several VC layers wetted
with PLA (yellow region showing the favorable PLA/VC interaction) d) A smaller VC
platelet and PLA e) A view from PP/VC films. f) A closer view of PP/VC films with
local VC rotation/alignment under shear due to film casting
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3.3 Mechanical testing and fractography

Stress-strain curves obtained from tensile testing of neat polymer and VC composites are
portrayed in Figure 24b and tensile fracture surfaces of tested samples are shown in Figure
25 a-b and Figure 25c-d-e respectively for PLA30VC and PP30VC cases. As a host
polymer PLA portrayed a linear elastic behavior with a brittle fracture with cu: =66.9
(£0.1) MPa (Table 13). When reinforced with homogeneously dispersed partially
exfoliated VC platelets (Figure 24a), a steeper elastic region (increase in Eiens) with a
lower tensile strength (58.0 (£0.2) MPa) was observed suggesting a pre-mature failure of
composite samples.

Table 13 Tensile test results of PLA, PP, and their VC-composites

Etens Improvement *Gyield Improvement Eyield

Name (MPa) % (MPa) % (%)
Neat PP 1880 (+51) 28.2 (£6.8) 3.6 (+0.3)
PP30VC 3957 (£158) 110 38.4 (x0.1) 36 2.1 (£0.2)
Neat PLA 3236 (+30) 66.9 (£0.1) 2.5(+0.0)
PLA30VC 8008 (+531) 147 58.0 (£0.2) -13 1.1 (£0.1)

*Gyield = oult for PLA and PLA30VC samples.

Table 14 Flexural test results of PLA, PP, and their VC-composites

Oflex Improvement Eflex Improvement
Name
(MPa) % (MPa) %
Neat PP 46.9 (£0.5) 1690 (+28)
PP30VC 59.3 (£2.2) 26 3580 (+120) 112
Neat PLA 105 (+7.7) 3230 (£65)
PLA30VC  64.0 (+8.2) -39 7680 (+£152) 138

A closer view of a 5 micrometers thick multi-layered VC platelet is presented in Figure
25b where the surrounding porous structure of PLA that was not present in previously
discussed film casting experiments is visible. The porous microstructure is hence
attributed to water evaporation event during in-situ VC exfoliation and resulting partial
dissolution of PLA matrix that caused the pre-mature failure. The same phenomena
caused a more drastic drop (Figure 24c¢) in the flexural strength (caex) of PLA30VC (64.0
(£8.2) MPa) when compared with the neat PLA samples (105 (£7.7) MPa).
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Figure 25 a) Tensile fracture surface of PLA30VC with brittle fracture (yellow regions
indicate dispersed VC platelets) b) A single partially exfoliated VC platelet inside
porous PLA matrix (arrows indicate interplatelet placement of PLA c¢)Tensile fracture
fracture surface of PP30VC with ductile polymer deformation and PP/VC
fracture/debonding regions d) A zoomed in view of a single PP/VC fibril with polymer
shear deformation e)A single PP/VC (diameter ~10 microns) fibril with layered micro-
structure

The closeness of oyield and onex values of PLA30VC samples suggested a tensile failure of

samples during bending loading.

Contrary to PLA, the PP matrix was rather ductile with a well-defined yield point (28.2
(£6.8) MPa) followed by a chain elongation region up to strain values of 560% (this
region is not portrayed in Figure 24b. Increases of up to 110% in Eens and 112% in Efex
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values are recorded for PP30VC when compared with neat PP samples. Most importantly,
this increase in stiffness did not subsequently result in a decrease but rather an increase
of up to 36% in Gyiela and 26% in onex characteristics. A major point of attention was the
ability of PP30VC samples to strain-harden during tensile testing. Along with
morphological investigations (Figure 23e and Figure 23f), this situation suggested that
VC fibrils portrayed in Figure 25¢c-d-e were composite fibrils consisting of aligned VC
particulates with PP holding/binding them together. Fracture surface analysis also
suggested that PP/VC composite fibril failure and fibril/matrix debonding events were

the ultimate cause of failure at the end of plastic deformation (Figure 25¢-d).

4.6 Conclusions

Composites with exceptional thermal stability and mechanical strength, capable of
processing without the need for any compatibilizers, form the cornerstone of our findings.
The thermogravimetric analysis of PP30VC and PLA30VC samples indicated a decrease
in decomposition onset temperature for PLA30VC and a significant increase for PP30VC.
The presence of VC negatively affected the molecular structure in the hydrophilic PLA
matrix, while in the hydrophobic PP matrix, VC fibrils delayed molecular decomposition
temperatures. When processed under high shear mixing (4000RPM) and in the absence
of any compatibilizers, polar and less viscous PLA matrix tend to exfoliate already multi-
layered VC platelets. Whereas nonpolar and more viscous PP matrices tend to bind those
layers. Upon high shear mixing where processing temperatures reach up to water
evaporation and crystalline water decomposition temperatures (200°C-240°C),
exfoliation in PLA further intensifies and the resulting PLA30VC composite is platelet
reinforced brittle composite with significantly high tensile (~8GPa) and bending stiffness
:(~7.5GPa). This in situ exfoliation assisted with water evaporation degrades the PLA
matrix by reducing its strength. On the other hand, high shear mixing transforms
individual VC platelets to VC/PP composite fibrils. The resulting PP30VC composite is
then a short fiber reinforced ductile composite with improved strength, stiffness, and

resistance to degradation.
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CHAPTER 5: General Conclusions

The demand for polymer-based materials with enhanced performance and environmental
compatibility has prompted researchers to pursue more sustainable and eco-friendly
composite material designs. The fundamental approach in such designs is the
incorporation of natural or recyclable material types that facilitate a more sustainable
product lifecycle while offering comparable material performance to conventional
alternatives. Meeting these demands necessitates a rigorous material selection process
that prioritizes enhanced component interactions and effective manufacturing strategies.
The application of these processes allows the discovery of new reinforcements adaptable
to traditional thermoplastic polymers. The primary objective of this thesis is to present
the results of a composite hybridization effort in which multiple reinforcement phases
were incorporated into a biodegradable (PLA) and recyclable (PP) polymer matrix. The
reinforcement types considered were cellulose fibers (WC), a textile industry waste, and
expanded vermiculite (VC), a naturally abundant clay. The rationale behind the choice of
reinforcement was based on the fibrous morphology of WC and the layered morphology
of VC. The objective was to investigate the synergistic effect of these reinforcement types
with two different properties when produced by high shear thermodynamic mixing and
injection molding. This thesis reveals the constitutive interactions between WC/VC and
the host matrices, resulting in improved mechanical response and ease of processing. The
principal materials and findings of this thesis are presented in summary form in Figure

26.
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Integration of Waste cellulose and Vermiculite in polymer matrices

WC and VC in Bio-polymer Matrix

The production of biebased composites via valorization of textile waste and eddendly clay.

Achieve superior characteristicsfor hybridcase (127 % and 137 % increase forEg,, and

Evoungs respectively).

68 % increase in conductivity for PLA30VC.

WC is responsible for debonding events that cause strength reduction, while VC generatdsrittle
fractures.

In the synergisticcomposition of PLA7.5VC22.5WC (highest strength), no de-bonding and no insitu

failure.

In this particular composite VC platelets introducing transverse cracking in the PLA matrix are observed t
intensify with the debonding of the main filler (WC).

PLA30WC lead to enormous improvements such as 141% of storage modulus for the rubbery state.

WC and VC in Petroleum Matrix

This study comprises the preparation of hybrid composites of PP via the incorporation of waste cellulose
(WC) and vermiculite (V) as natural reinforcing agents

With a hybrid approach producinghybrid PP composites that are manufacturable by injection molding
more crystallization, and better resistance against shear deformation during failure without suffering fro
inherent fiber entanglement causing insufficient polymer/fiber wetting.

the presence of high fiber content such platelets contributed significantly to tensile strength by making |
more brittle and allowing for an effective stress transfer during WC cluster debonding events. . The
enhancements in the PP hybrid composite were 118% for Young's modulus and 115% for flexural
modulus. Furthermore, the strength of PP was increased by the hybridization of WC and VC. The flexura
strength and tensile strength exhibited increases of up to 42% and 56%, respectively

When used in the presence of low WC fiber contenflOWC10VC) they mainly contributed to the stiffness

of the samples and made it comparable to that of 30WC

VC in both Bio-based and Petroleum Matrices

The presence of VC negatively affected the molecular structure in the hydrophilic PLA matrix

In the hydrophobicPP matrix, VC fibrils delayed molecular decomposition temperatures

Polar and less viscous PLA matrix tend to exfoliatalready multilayered VC platelets. Whereas nonpolar
and more viscous PP matrices tend to bind those layers.

PLA30VC compositeis plateletreinforced brittle composte with significantly high tensile (85Pa) and
bending stiffness: (7.5GPa).

Figure 26 Findings of the study
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In the initial chapter, the study is introduced and motivated. In the subsequent chapter, a
hybridization technique is employed, whereby vermiculite and waste cellulose fibers are
incorporated into a bio-based PLA. This approach was intended to create eco-friendly
composites with enhanced properties, including better thermal conductivity, improved
processability, and increased mechanical strength. Composite samples containing waste
cellulose fibers (WC) with an average diameter of 15 micrometers and vermiculite
platelets (VC) with an average size of 1.4 millimeters were targeted. In this context,
hybrid green composites of PLA were developed by incorporating waste cellulose (WC)
and vermiculite (VC) as natural reinforcing agents at varying levels. The use of high shear
mixing at 5000 rpm was a key innovation, allowing PLA, cellulose, and vermiculite to be
processed without any modifications or compatibilizers. The PLA/WC and PLA/WC-VC
blends were created to produce fully biobased and durable polymer compounds with
enhanced mechanical and thermal properties. The results indicated that a combination of
7.5 wt.% vermiculite and 22.5 wt.% waste cellulose yielded the best mechanical
performance. Compared to earlier research on cellulose-based PLA composites, this study
found that the improvements in Young’s modulus for the hybrid formulation were
substantially higher (137%) without a notable loss in strength, which surpasses the results
reported in similar studies in the literature. Generally, WC fillers cause de-bonding events
that reduce strength, while VC fillers lead to brittle fractures. However, in the hybrid filler
strategy, synergistic formulation shows the highest tensile strength. In this specific
composite, VC platelets induce transverse cracking in the PLA matrix, which is
intensified by the debonding of the primary filler, WC. Overall, combining waste
cellulose and vermiculite together in a PLA matrix creates promising a stronger, more
easily processable, and thermally conductive yet stable superior biopolymers that serve
as an eco-friendly alternative to petroleum-based polymers due to their superior

mechanical properties.

The third chapter focused on preparing hybrid PP composites by incorporating waste
cellulose and vermiculite as natural reinforcing agents at various loading levels, aiming
to create mechanically superior, easily processable hybrid green composite materials.
Discontinuous fiber reinforcements were found to be less effective due to fiber
entanglement, which compromised mechanical performance. However, using a hybrid
approach, it was possible to manufacture hybrid PP composites suitable for injection
molding. These composites exhibited increased crystallization and improved resistance
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to shear deformation during failure, without experiencing the fiber entanglement issues

that lead to inadequate polymer/fiber wetting.

In the fourth chapter, the behavior of VC clay when incorporated solely to two different
polymer matrices has been investigated. For this purpose, both bio-based PLA and
petroleum-based PP were chosen. New composites were fabricated by incorporating 30%
vermiculite into these two distinct matrices. These composites, along with the neat
polymers, were subjected to thorough analysis in terms of their thermal, mechanical,
rheological, and morphological properties. The results of mechanical testing indicated
that the tensile modulus (110%) and flexural modulus (112%) of 30 wt% reinforced PP
composite had significantly increased. According to the morphological and fractographic
studies, VC-PP fibrillation related to PP/VC interactions under high shear is the primary
reason for the observed increased tensile (36%) and bending strength (26%) of PP. For 30
wt.% VC reinforced PLA samples, a similar increase was noted for tensile (147%) and
bending modulus (137%). In contrast to PP30VC, PLA30VC exhibited a declining
pattern in both tensile (about 40%) and bending strength (about 13%). The primary
reasons for this decrease have been shown to be the in-situ exfoliation of VC within the
PLA matrix, resulting in the transformation of VC into micrometer-sized platelets, and
the evaporation of trapped water or crystalline water in the VC interlayer region, leading

to the in-situ degradation of PLA during the manufacturing process.
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Figure 27 Comparison of 30 % natural fiber loaded PLA composites considering
Young’s modulus and tensile strength

The tensile strength and Young's modulus of PLA composites with 30% natural fiber
additives are presented in Figure 27. When the results are compared with the hybrid
formula (22.5WC_7.5VC), it is observed that the composite produced makes a significant
difference in both tensile strength and Young's modulus compared to many studies in the
literature. Furthermore, the majority of the values reported in the literature research
contain compatibilizers, which is contrary to the thesis study. In this context, state of the
art compounds include recycled newspapers[131], man-made cellulose[132], cordenka-
rayon [133], kenaf fiber [94], wood flour[134], flax fiber [133], cellulose [135], fleece

[136], and coconut fiber [136] reinforcements.
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Figure 28 Comparison of PP-fiber and PP-hybrid composites

Figure 28 presents a compilation of studies that have employed both fiber addition to PP
and hybrid reinforcements. In the case of PP hybrid reinforcement, a significant increase
in strength was reported (20WC_10VC), and thus, only tensile strength was interpreted
in response to loading rate. It is noteworthy that the MAPP compatibilizer was utilized in
numerous instances across these literature research results. Nevertheless, it was observed
that the PP hybrid exhibited superior tensile strength values compared to numerous
studies at both low and high additive ratios. In this context, state of the art compounds
include banana fiber-coconut fiber [137] ,glass fiber-sisal fiber-jute fiber [138], sisal fiber
[139],hemp fiber [140], flax fiber [141], sisal-HNT[142], reed flour-nano clay [143],
hallow glass microspheres-bamboo fiber [144], exfoliated graphene nanoplate-kenaf fiber
[145], bagasse fiber-CaCO3 [146] reinforcement and mostly with addition of

compatibilizer.

57



Table 15 Cost Analysis

Raw Material €/kg Compound €/kg  Cost Down (%) €/tons
PLA 4.50 225WC-75vC  3.19 29 3190.00
PP 1.20 20WC-10VvC 0.89 35 890.00
VC:0,5 €/kg

Furthermore, a rough cost analysis shows that hybrid formulations offer cost advantages.
This analysis excludes transportation, compounding, and the price difference that would
arise from the purchase of high tonnages. As shared in Table 15, PLA hybrid provides a
cost advantage of 1170 €/ton while PP hybrid provides an advantage of 120 €/ton.

The final section of the study identifies promising avenues for further research on two
types of composites: PLA and PP hybrids, which are reinforced with waste cellulosic fiber
and vermiculite. Both materials exhibit considerable potential for a wide range of

applications but require further investigation to fully realize their potential.

The promising results of the PLA-hybrid study indicate that further investigations could
unlock the full potential of these bio-based composites. Firstly, investigating the
printability of the developed hybrid composites using 3D printing techniques could open
doors for complex and customized designs. It is possible that this printability would allow
for the creation of intricate structures not achievable with traditional methods. Secondly,
assessing water absorption and biodegradability is crucial for verifying their "green"
credentials. Furthermore, investigating their potential for applications such as acoustic
insulation and electromagnetic interference shielding can expand their range of uses.
Finally, a life cycle assessment will provide valuable information on the environmental
impact of the entire production process, allowing further optimization towards
sustainability. By studying these areas, hybrid reinforcement strategies can be developed,
thereby unlocking the full potential of these bio-based composites for diverse and

environmentally friendly applications.

The use of waste cellulose (WC) fibers and expanded vermiculite (VC) to develop
polypropylene (PP) composites presents a multitude of promising avenues for future
research. One crucial area of investigation pertains to the optimization of WC/VC ratios.

Current research indicates the existence of a strength threshold due to WC entanglement.
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Future research could explore the fine-tuning of these ratios to achieve an optimal balance
between stiffness and strength. This could entail the utilization of finer WC fibers or the
modification of the surface treatment of the WC to enhance adhesion with the PP matrix.
In addition to the optimization of the material itself, future research could investigate
promising applications for these improved composites. Their stiffer and potentially more
durable nature renders them suitable candidates for construction materials such as panels
or pipes. The automotive industry could also benefit from these lightweight composites
for car parts that require good stiffness. However, current research is primarily focused
on the initial properties. Future research should investigate the long-term durability of
these composites, examining their performance over time under various environmental
conditions. Additionally, the research is likely to involve small-scale production. Future
work could investigate how production processes can be scaled up for commercial

applications.

Although the existing research provides valuable insights, further investigation is
required to gain a comprehensive understanding of the interaction between VC and
diverse polymer types, such as PLA and PP. Future research could examine the impact of
varying VC content on mechanical properties and morphology. This could entail an
investigation of the effects of varying VC loadings (higher or lower) on the properties and
morphology of the composites. It would be beneficial to investigate alternative processing
methods and compatibilizers in order to optimize the interaction between VC, and the
polymers. This could entail investigating alternative mixing techniques, injection
molding parameters, or the use of compatibilizers to enhance the adhesion and dispersion
of VC particles. The impact of VC morphology on each polymer could be isolated to gain
a deeper understanding of the underlying mechanisms. This could entail differentiating
the impact of fibrillation (PP) and exfoliation (PLA) on the characteristics of the
composites. To gain a more comprehensive understanding of the composites'
performance, it would be beneficial to conduct tests on other mechanical properties,
beyond tensile and flexural strength. This could include evaluating impact strength,
thermal stability, and other relevant properties. To bridge the gap between fundamental
research and practical utilization, it would be advantageous to evaluate the composites in
real-world applications and assess their long-term performance under various conditions.
This could involve testing the composites in relevant applications and assessing their

durability under different environmental conditions.
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