Palacky University
Olomouc

Self-organized biopolymer layers and coatings with
mineral fillers for special applications

MSc. Yousef Murtaja

Summary of Ph.D. Dissertation in Nanomaterials Chemistry

Supervisor: Prof. Ing. Lubomir Lapc¢ik, Ph.D.
Department of Physical Chemistry, UPOL
Olomouc 2023

Faculty

@ of Science
Palacky University

Olomouc



Page 1 of 67

Contents

N 05 T P 4
N 01 1 P 5
I 118 (06 10T 5 ) 1 D PP 6
B 5 5 T0) 070 14 1) 7
3. INANOMALETIALS . ... et e e 9
4. Biopolymer nanopartiCles .........o.oiuuiu i 9
5. Polymer composite and NanOCOMPOSILE . ....ouuuenttentteitt et eae ettt e eeeeiaeeaeeaaeenns 10
6. NANOTIIETS . .. 12
7. BI0lOZICAL TOULES . ... ettt e e e 13
8. Properties Of bIOPOLYMET ..o e 14
TR 01071 1] L1 ] 10§ P 15
TO. PIOJECES ntieet e ettt et ettt e e e e e e e e e et et e et e e 15
10.1 Study of the material engineering properties of high-density poly(ethylene)/perlite
NANOCOMPOSILE MAECTIALS . .....ueitt ettt 15
020 I L 17 P 16
10.1.2 MethOdOLOZY ... ..ot 16
10.1.2.1 Scanning €lectron MICTOSCOPY .. uuuvnntttnttette et ette et eteeateeaeeaeeereenneeanans 16
10.1.2.2 Thermal analySis. .......oouuiiniiitii et e e e e e aae e 16
10.1.2.3 Uniaxial tensile teStING . ....oueutitiit ittt 16
10.1.2.4 Charpy ImMPact teSTINE ... ..u vttt et ettt et e et et e et e e e a e eeeaaeeeaeenaeenanns 17
10.1.2.5 Displacement transmissibility measurement ............c.ooevviuiiiieiiineenineeineennnennn. 17
10.1.3 Results and diSCUSSION . ......ututeittt ettt eee e 18
L0207 ) 1 Ted 16 ) 1) 23
10.2 Enhancement of the mechanical properties of HDPE mineral nanocomposites by filler
particles modulation of the matrix plastic/elastic behavior..................cooviiiiiiiionn... 24
TO2.1 MAterialS . ..ot e e 24
10.2.2 MethOAOIOZY ... nveeette ettt e e et e et e e e e e e e e eaeen 26
10.2.2.1 SEM and TEM. ... e 26
10.2.2.2 Thermal analysSis. ... ...oouuiiniiiii e e e e e 26
10.2.2.3 Uniaxial tensile teStNE ......o.uieiit ettt e e eee e e e e aaeanaas 27
10.2.2.4 Charpy ImMPact t@STINE . .. .u ettt ettt et ettt et e et e et e aeeeaeeaaeeeeeenneenans 27
10.2.2.5 Surface free energy (SFE) characterization.............c..coveviiiiiiiiiiiineinnennene. 27
10.2.2.6 MICTONATANESS .. .. e .ueeeeetee et e 27
10.2.3 Results and diSCUSSION .. ...ttt eeen 28

)R N e} 1 1o 11 13 o) o W 34



Page 2 of 67

10.3 Study of mechanical properties of epoxy/graphene and epoxy/halloysite nanocomposites

............................................................................................................... 35
TO3.1 MaAterialS . ..o e e 35
10.3.1.1 Preparation of nanocomposites and epoxy blends...............cooooiiiiiiiiiiiii. 36
10.3.1.1.1 CTBN—€pPOXY DIENAS ...ttt e e ee e 36
10.3.1.1.2 CTBN- GnPs—epoxy and CTBN-halloysite—epoxy composites ....................... 36
10.3.2 MEthOAOIOZY ...ttt ettt e s e e 37
10.3.2.1 SEM @nalySis ..o outteniititteit e ettt e e e e e et e e e 37
10.3.2.2 Uniaxial tensile teStiNg . .......oouuinuiii i 38
10.3.3.3 Charpy IMpPact tESTNZ . ... . eneetttte ettt ettt et et e e e e e e 38
10.3.3.4 MICTONAIANESS ... e ueetetee e e e 38
10.3.3.5 Uniaxial 3-point bending teStS.......o.uieutiiittitteie ettt aeeieeneeanans 38
4.3.3.6 Displacement transmissibility measurements.............ooeeieiiiiiniiiniiiinineenennen. 39
10.3.4 Results and diSCUSSION .. .....ueuutnt ittt 40
TO.3.5 CONCIUSION .« . ettt et e e e 44
10.4 Effect of conditioning on PU foam matrix materials properties .................ccoveevnenn. 45
TOA. T MAterialS . ....ooee e e 45
10.4.2 MethOAOLOZY . ...ttt ettt e et e e e e e e e e eaeen 45
10.4.3 Result and diSCUSSIONS . ... .ututtttt ettt et e eae e 46
O A ) 1 Ted 11 101 PP 7
L1, ClOSING TEMATKS . ...ttt e e e e e et e e e e et e e e anaeans 53
11.1 Further prospective suggestions for research.................cooiiiiiiiiiiiiiiiiiii i, 53
11.2 FINal CONCIUSION ...\uuett e 53
LSt Of PUDLICATIONS .. ...ttt e 55
CoNference PreSENLAIONS ... ...euueetteet ettt et et et et e et et eeteeaeeeaeeeeaneeennenns 56

RETEIEICES . ..ot e e e e e 57



Page 3 of 67

The dissertation was prepared as part of the doctoral studies in Nanomaterials Chemistry at the
Department of Physical Chemistry, Faculty of Science, Palacky University in Olomouc.

Ph.D. student: MSc. Yousef Murtaja

Department of Physical Chemistry, UPOL

Supervisor: Prof. Ing. Lubomir Lap¢ik, Ph.D.

Department of Physical Chemistry, UPOL

Opponents:

Place and date of defense:

Please note: Opponents and a place where it will be possible to get acquainted with the
dissertation and the assessments at least 14 days before the defense.



Page 4 of 67

Abstract

This dissertation emphasizes the application of mineral fillers in natural biopolymer layers for
specific purposes, polymer composites, and nanofillers and their properties. The thesis is
presented as a collection of scientific research in the form of thematically arranged published
papers, supported by an annotated theoretical framework. Alternatives to artificial coatings
are available in natural biopolymers with added mineral fillers, which are environmentally
friendly and sustainable in the long term. Integrating mineral fillers into these coatings can
improve their properties to meet specific application requirements. Nanofillers added to
polymer composites can improve mechanical strength and resistance to high temperatures
without any degradation effect.

The first research paper confirms that perlite plays a key role in the thermal and mechanical
properties of HDPE-based nanocomposite materials. Young's tensile modulus increases with
increasing filler material concentration, leading to an increase in stiffness. The degree of
fracture toughness decreases with increasing concentration of perlite at brittle fracture.
However, higher concentrations of filler material are also associated with the measured
ductile fracture behavior. SEM analysis confirms the strong bonding between the polymer
matrix chains and the filler particle.

Further research revealed the effect of two different types of inorganic mineral fillers,
calcium carbonate nanoparticles, and mineral nano silicates (nano clay), on the mechanical
behavior of HDPE nanocomposite polymers in a semi-operational test. The study focuses on
the characterization of fillers uniformly dispersed in the samples using SEM imaging
techniques, X-ray analysis of dispersion spectra, and the TEM method. However, the addition
of these fillers improves the technical properties of the polymer composites as shown by the
combination of the elastic modulus and the microhardness observed. The amount and extent
of fillers in the composites determine their elastic mechanical behavior and plasticity.

The technical properties of epoxy/HNTs & GnPs composites are the focus of the third
research study. These shows that planar particles exhibit mutual sliding during mechanical
testing, thereby reducing the overall stiffness of GnPs nanocomposites and increasing their
ductility and plasticity. The stiffness of epoxy/HNT composites decreases with the addition of
nanofiller, as indicated by the observed lower Young's modulus in tension. The study reveals
the different mechanical responses of the tested materials due to the ductile and brittle
fracture processes occurring.

In addition, the resistance of polyurethane foams to thermal degradation, including thermal
stress-induced changes in their mechanical properties, is studied wusing selected
physicochemical methods. The effect of increased relative humidity on degradation, leading
to a decrease in stiffness and permanent deformation, was also found. In addition, the
dynamic-mechanical properties of the studied composite materials were investigated by
measuring the vibration damping excited by a single degree of freedom oscillatory system
(SDOF). In this way, the changes in elasticity caused by different conditioning of the studied
samples, which led to progressive degradation and loss of thermal stability, were monitored.

In summary, this dissertation provides valuable insights into the latest research trends and
developments in natural biopolymer films with mineral fillers, their properties, and potential
applications. The results of the studies in this dissertation provide important data for the
design of sustainable and environmentally friendly materials for specific needs and offer
possible directions for scientific developments in the field of polymer composites and
nanofillers.
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Abstrakt

Disertacni prace klade diraz na aplikaci mineralnich plniv do pfirodnich biopolymernich
vrstev pro specifické ucely, dale na polymerni kompozity a nanoplniva a také na jejich
vlastnosti. Prace je prezentovana jako souhrn védeckého vyzkumu formou tematicky
uspotadanych publikovanych odbornych ¢lankti, podpoienych komentovanym teoretickym
ramcem. Alternativy k umélym natérim jsou dostupné v prirodnich biopolymerech s
pfisadami mineralnich plniv, které jsou Setrné k zivotnimu prostiedi a dlouhodob¢ udrzitelné.
Integrace mineralnich plniv do téchto natéri maze zlepsit jejich vlastnosti, aby vyhovovaly
specifickym aplikacnim pozadavkiim. Nanoplniva ptfidana do polymerniho kompozitu mohou
zlepsit mechanickou pevnost a odolnost viici vysokym teplotdm bez jakéhokoli degradacniho
ucinku.

Prvni vyzkumny ¢lanek potvrzuje, ze perlit hraje kliCovou roli v tepelnych a mechanickych
vlastnostech nanokompozitnich materiali na bazi HDPE. Youngtiv modul pruznosti v tahu se
zvySuje s rostouci koncentraci vyplinového materidlu, coz vede ke zvyseni tuhosti. Stupen
lomové houZevnatosti klesa s rostouci koncentraci perlitu pfi kiehkém lomu. Nicméné vyssi
koncentrace plniva jsou také spojeny s naméfenym prabéhem tvarného lomu. Analyza SEM
potvrzuje silnou vazbu mezi fetézci polymerni matrice a ¢astici plniva.

Dalsi vyzkum odhalil vliv dvou riznych typl anorganickych minerdlnich plniv, nanocastic
uhli¢itanu vapenatého a mineralnich nanosilikati na mechanické chovani nanokompozitnich
polymert HDPE v poloprovoznim testu. Studie se zaméfuje na charakterizaci plniv
rovnomérné rozptylenych ve vzorcich pomoci zobrazovacich technik SEM, RTG analyzou
disperznich spekter a metodou TEM. Ptidani téchto plniv vSak zlepSuje technické vlastnosti
polymernich kompozitt, jak ukazuje kombinace modulu pruznosti a zjisténé mikrotvrdosti.
Mnozstvi a rozsah plniv v kompozitech urcuji jejich elastické mechanické chovani a
plasticitu.

Technické vlastnosti epoxidovych/HNTs & GnPs kompoziti jsou stfedem zijmu teti
vyzkumné studie. Tato ukazuje, Ze planarni Castice vykazuji vzajemné klouzani v priabéhu
mechanického testovani a tim snizuji celkovou tuhost GnPs nanokompoziti a zvysuji jejich
taznost a plasticitu. Tuhost epoxidovych/HNT kompozith kleséd ptidavkem nanoplniva, coz
naznacuje zjistény niz§i Youngiv modul pruznosti v tahu. Studie odhaluje rizné mechanické
odezvy zkousenych materialii v disledku vznikajicich tvarnych i kiehkych lomovych déji.

Déle je pomoci vybranych fyzikélné-chemickych metod studovana odolnost
polyuretanovych pén vici tepelné degradaci véetné zmeén jejich mechanickych vlastnosti
indukovanych tepelnym namdhanim. Byl zjistén také vliv zvySené relativni vlhkosti na
degradaci, vedouci ke snizeni tuhosti a permanentni deformace. Déle byly prométeny
dynamicko-mechanické vlastnosti studovanych kompozitnich materiali metodou méieni
utlumu vibraci vybuzenych oscilacnim systémem o jednom stupni volnosti (SDOF). Timto
zpusobem byly sledovany zmény elasticity zpisobené riznym kondicionovanim studovanych
vzorkl, které vedly k postupné degradaci a ztraté tepelné stability.

V souhrnu, tato disertacni prace poskytuje cenné poznatky o nejnovéjsich vyzkumnych
trendech a vyvoji v oblasti pfirodnich biopolymernich vrstev s mineralnimi plnivy, jejich
vlastnostech a potencidlnich aplikacich. Vysledky studii této disertacni prace poskytuji
dulezita data pro tvorbu udrzitelnych a ekologicky Setrnych material pro specifické potireby
a nabizi mozné sméry védeckého vyvoje v oblasti polymernich kompozitl a nanoplniv.
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1. Introduction

All-natural biopolymers are now a promising solution for satisfying the increasing need for
polymeric materials and also addressing environmental issues. Natural biopolymers are
employed in daily life and many industries including engineering and medicine, defense, and
cars, allowing them to cross-link and produce lasting and revolutionary components. With
decreased economic variability, light polymer composites can tackle power use and high
price concerns in industries heavily reliant on heavy building materials. Furthermore,
substantial research is performed to enhance the qualities of biopolymers to minimize waste
as well as carbon emissions in materials-based industries. Biopolymers derived from natural
sources possess specific qualities because they can naturally appear inside living organisms,
call for no extra treatment just before use, happen in different physical forms solid, solution,
semi-solid, and are capable to make thin layers on solid surfaces. These characteristics render
them appropriate for utilization in the region of printing arts, the packaging market, the textile
market, and other industries. (1-3). Natural, renewable, and plentiful, cellulose is a complex
polymer with linear glucose-built alongside with polysaccharides. It also offers nourishment
to numerous organisms such as Algae, bacteria, and plant cells. (Figure 1.a) During the
1920s, carboxymethyl cellulose (CMC) (Figure 1.b) acquired considerable manufacturing
significance. Its discovery exposed its enormous potential in different industries like food
industries, textiles, paper, and drug sectors largely because of its economical manufacturing
process and high effectiveness. Nitrocellulose (NC) is a rich natural cellulose derivative
employed in printing inks, coatings, filter media, and biochemistry (5-7). Oxycellulose (OC)
is a chemically risk-free organic polymer that breaks down easily and is compatible
biologically (8,9). It finds application in surgical operations (10). The chemical substance
hydroxyethyl cellulose (HEC) (another derivative of cellulose) is a well-known component of
pharmaceuticals, skin care products as well as food businesses (Figure 1.c). It isn't toxic, non-

ionic, and hydrophilic (11,12).

a
HR
olr o
RO OR
o_o OTR
R OR
OR OR
RO
n OR n
2N
c

RO
OR

o

OF

R=H or} R=H or 4~O1f-y
COONa

b

Figure 1. (a) The structural formula of cellulose (b) The material configuration of
carboxymethyl cellulose together with sodium salt (c) The composition structural of
hydroxyethyl cellulose.

HEC coatings possess the superior capability to form a film, and their ability to break down
naturally and harmonize with biological systems makes them suitable for various biomedical
uses. (13) Therefore, thoroughly examining diffusion and diffusion aspects of swelling and
dissolution in the bio-polymers mentioned above, specifically CMC and also HEC, can
contribute to advancing the growth of contemporary industries that heavily rely on these bio-
polymers. Poly(ethylene) is a popular semicrystalline polymer that is extensively utilized
because of its affordable price and distinctive physiochemical characteristics. The HDPE
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nanocomposites demonstrate significant strength in their overall mechanical properties. The
difference in elasticity modulus between the filler nanoparticles and polymer matrix results in
a much better likelihood of cavity formation (14-18). The usage of inorganic mineral nano-
fillers is growing in popularity as a means to enhance the performance of polymers like
HDPE, particularly in terms of their ability to withstand wear and tear (19,20). The inclusion
of these additives can alter the physiochemical behaviors of polymers, impacting their ability
to wear durability wear and rupture, their surface strength, and their resilience and ductility
(20). The addition of tiny particles to thermoplastic polymers resulted in enhancements in
characteristics such as air permeability, elasticity, mechanical strength, rigidity and stiffness
(21-24). Mineral fillers like perlite have been found to enhance the thermal stability and
sound absorption aspects of polyesters (25-28). It is essential to comprehend how the
performance of composites in consumer products and industries is affected by the polymer
matrix and filler particles (28,29). The semi-crystalline polymers contain interconnected
spherulites that make up the crystalline portion (30). Current studies suggest that the
properties of thermoplastic polymer materials, including their mechanical characteristics and
the mechanism they melt and crystallize, are greatly affected by the type, shape, and size of
mineral fillers (31). According to reference (32), the overall effectiveness of mineral fillers in
composite applications is impacted by factors such as the size, shape, and dispersion of the
filler particles. To ensure a high level of consistency in producing biopolymer composites, it
might be essential to perform mechanical evaluations on the materials obtained from
commercially available fillers. The incorporation of nanofillers like GnPs and HNPs, along
with an appropriate polymer matrix, can greatly enhance the durability (toughness) of the
substances (33,34). Polymer composites such as polyester, polyurethane, and epoxy were
recognized for their extraordinary mechanical strength and ability to absorb moisture, as well
as their minimal shrinkage and reduced emission of toxic substances during the treating
process (35-37). Although the tribological characteristics of epoxy resin are restricted, its
influence on mechanical durability has made it a favored option in industrial settings. In
biopolymers with differing properties, HNTs and GnPs function as highly effective
nanofillers. GnPs possess excellent thermal stability, conductivity, fracture toughness, as well
as enhance lubrication. On the other hand, HNTs exhibit a greater dispersion ratio and have
surface hydroxyl groups with low density, leading to effortless diffusion and reduced
aggregation. Incorporating HNTs and GnPs nanofillers into epoxy matrix composites
produces a positive effect on the plasticity, mechanical strength, heat resistance, and
longevity of the material. Further investigation is needed to determine the individual impacts
of HNTs and GnPs as separate nanofillers (36-39).

2. Biopolymers

The amazing flexibility of intelligent materials has revolutionized sustainable product
development. The capability to respond to outside stimuli and also change with it their
surroundings has made them desirable for applications in engineering, defense, medicine,
and automobile manufacturing. Memory alloys, hydrogels, pigments with color changing
with light or temperature, and polymers which can recall and return to their initial form are
examples of smart materials (40). Smart materials provide a major benefit in that they can be
personalized to fit a certain usage, leading to a diverse array of physical, chemical, and
biological attributes. The trend has presented engineers as well as researchers with
stimulating opportunities to produce sophisticated single and combined systems that adjust
to industry requirements. The development of science and engineering has resulted in a need
for extremely innovative and environment-friendly materials which meet the requirements of
contemporary industries. Engineers specialized in materials are always exploring methods to
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utilize the distinct features of intelligent materials in an attempt to develop environmentally
friendly and inventive goods which fulfill the demands of contemporary society (41). Heavy
construction materials, in particular in transportation, are costly and call for a higher energy
level, which produces considerable problems in the materials industry for handling and
production. This has led scientists to research simple and cost-effective ways of producing
lightweight and strong mechanically-absorbing polymer composites. Additionally, because
green waste is lowering and carbon emissions rising, biopolymers are now being redesigned
to enhance their properties and properties. Research into different biopolymers including
Polylactic acid (PLA), polyhydroxyalkanoates (PHA) (42) starch, cellulose, pectin as well as
chitosan has produced a selection of biopolymers and bio composites which share qualities
with standard bio-packaging (43). Lightweight biopolymer composites should see
automobiles dropping in weight by 50% within the next ten years, meaning a 50% decrease
in gas use. The features of polymer composites and polymer-based ceramics might be
utilized to develop as well as make innovative lightweight engines. Natural biopolymers
possess many benefits, including their deliberate formation inside living organisms, their
mixed properties in solid, semi-solid, and liquid forms, and their potential to be used with no
further treatment, which is creating growing interest. In addition to that, they enable the easy
development of thin coatings on solid surfaces, which happens to be a method of industries
like printing arts, textiles, and packaging components (1,2). The surfaces are made more
water-repellent and water-attracting by this technique. Contact lens surface enhancement has
been discovered by utilizing cross-linked hydrogel coatings (44,45). Written works are
examined principally as carbon-based polymers (nanoscale fibers & dispersions, cyclic
fullerenes) and polymers made of boron and silicon. This particular thesis has emphasized
biopolymers such as cellulose and its variations, such as Nitrocellulose, hydroxyethyl
cellulose, carboxymethyl cellulose, along with oxycellulose. In (Figure 1) we see cellulose
placed like a linear polysaccharide of glucose (46) which offers mechanical support for plant
life, algae, fungi, and bacteria. Probably the most abundant and renewable resource on earth
is cellulose, an all-natural polymer. The annual production of cellulose is thought to be 75 to
100 billion tons (3) (A number which has developed since 1912). It's generally obtained as
pulp or extracted from organic sources such as cotton, bark, wood, jute, leaves, and timber.
As a derivative of cellulose, CMC received significance for commerce and industry during
the 1920s because of its easy production procedure as well as cost-efficient parts. CMC finds
application in different industries including food, beauty products, pharmaceuticals, paper &
textiles. Much like cellulose, the substance derivative nitrocellulose (NC) is commonly used
in industries like coatings, varnishing, filtration membranes, printing inks, and numerous
other purposes. Its particular nitrogen-based content (5,7,47) determines its useability for
various uses. The creation of NC aerogel is growing its usage in purification science,
separations, and biomedical applications (48). Oxycellulose (OC) is a non-toxic polymer that
can degrade effortlessly over time to be employed in surgeries. it's suitable for living
organisms and also may be utilized to avoid bleeding and tissue adhesion. The market
provides the product in two forms - knitted fabric or staple fiber. HEC is a kind of cellulose
that has no taste, is edible and has a strong water sensitivity. It's extensively used in the
pharmaceutical, cosmetic, and food industries as depicted in (Figure 1.c) (11,12). HEC
offers qualities including biocompatibility, biodegradability, and film-forming capabilities
which cause it to be extremely appropriate to be utilized in biomedical methods (48). Food
packaging materials are produced using aluminosilicates combined with natural biopolymers
(49). This dissertation is designed to examine different biopolymers with a particular focus
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on cellulose derivatives like hydroxyethyl cellulose as well as carboxymethyl cellulose. The
biopolymers discussed previously are graphically shown in (Figure 1). The thesis will
concentrate on the investigation of different polymer aspects including their spreading or
diffusion, swelling phenomena, and breaking down operations, surface force, strength, and
behavior of diffusion (50). The assessment (51-53) will focus on industrial additives
employed in the printing as well as textile industries. These additives are utilized for several
functions including safeguarding printing plates from dampness, protecting printing plates,
and enhancing textile coloration. The areas of biopolymer cross-link-linking and diffusion
coefficient will also be discussed. I will initially look at nanomaterials, polymers
composites, polymer nano composites, and nanofillers, and any configurations of the
polymers and its characteristics before proceeding to the characteristics of biopolymers.

3. Nanomaterials

Nanotechnology describes a scientific area and technological advancement wherein structures
and devices are controlled as well as examined at incredibly small scales, including atomic,
molecular, along with macromolecular levels. Scales generally measure between 1 to 100
nanometers (54). The word "nanotechnology" is believed to have its origins in (Japan), where
Taniguchi (55) coined it. The importance of dimensions of roughly 1 billionth of a meter is
particularly dealt with in this specific branch of manufacturing. Nanoparticles have been
found to have advantages over bigger than microspheres as demonstrated by research (56). In
addition, biological nanoparticles have mainly been created for drug delivery purposes as an
alternative to liposome technology (57). The objective of this particular method is to tackle
worries regarding the durability of liposomes in biological fluids while being kept.
Nanoparticle technology is a brand-new advancement that could boost the effectiveness of
medication. Colloidal drug delivery methods could include nanoparticles, therefore enabling
modified body distribution for specific drug delivery (58). Additionally, they might improve
the absorption of compounds into cells (59), which decreases the harmful and negative
consequences of unbound medicines (60). Nanoparticles may be carried from the bloodstream
to several locations within the entire body, facilitating treatments that target the whole system
(61). It's possible to produce nanoparticles utilizing different materials including proteins and
artificial polymers. The selection of materials for nanoparticles is determined by numerous
elements, including their size and structure, area charge, flexibility, compatibility and
biodegradability with living organisms, possible toxicity, and preferred drug release profile
(62,63).

4. Biopolymer nanoparticles

For The first time, albumin (64) and non-biodegradable artificial polymers like
polyacrylamide and poly (methyl acrylate) were utilized to develop biopolymer nanoparticles
(65,66). The danger of extended harm resulting from the build-up of biodegradable polymers
inside cells or tissues has become a significant obstacle to their application as a systemic
therapy for human beings. The main focus was moved to nanoparticles created from man-
made bio-degradable polymers including poly alkyl cyanoacrylate, poly (lactic-co-glycolic
acid) and polyanhydride (67-70). The literature presents substantial exploration from several
directions (71-76) on possible therapeutic uses of biodegradable colloid systems.
Nevertheless, earlier studies (77,78) have cautioned these systems might encounter
toxicological difficulties. Additionally, the hydrophobic qualities of the polymers utilized in
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bio nanoparticle-based delivery methods exert a constraint on effectiveness in supplying
hydrophilic substances like nucleic acids, proteins, and peptides (such as genes and
oligonucleotides). The process of enclosing and shielding the drug against enzyme
breakdown could be inefficient (75-79). Thus, scientists have looked at using naturally
occurring materials that possess a greater water affinity for nanoparticle manufacturing (80-
82). It had been recognized several years back those biodegradable nanoparticles are
necessary for their usage as drug carriers (83). Liposomes, virus-like particles (VLPs), in
addition to proteins, are biopolymer nanoparticles that possess a variety of benefits, including
their simplicity of generating from obviously degradable polymers and their enhanced
stability in natural fluids and storage (84). A report (85.) proposes that proteins and
polysaccharides might be blended to make biodegradable nanoparticles that may deliver
standardized, sustained, and targeted drugs. This delivery technique has demonstrated
promising accomplishments in improving the therapeutic effects of drugs while lessening
their negative effects.

5. Polymer composite and nanocomposite

PMCs and PNCs (Polymer composite & nanocomposite) consist of a Polymer element and
additives including inorganic fillers which improve the structure and also the function when
used. Or alternatively, polymer nanocomposites (PNCs) include molecules and fibers/films
which measure somewhere between 5 and 100 nanometers in dimension, with no less than 1
nm of those elements contained. PCMs and PNCs are made and formed by utilizing both
synthetic and natural polymers as matrices. The thermoplastic materials used in these
methods can undergo reversible viscous flow upon heating or a curing agent when exposed to
heat or a curing agent. Harito and colleagues (86) concluded that polymer nanocomposites
(PNCs) are matrices of polymer or copolymer-containing nanomaterials or even nanofillers.
Fillers containing at least 1 dimension measuring between 1 and 50 nm are specified. PNCs
have applications in electronics, structural, biomedicine, and optics. Hashim et al. pointed to
polymer thin films as crucial to a range of technical uses, which include adhesives and
coatings, and natural products. (87). Redondo and colleagues, based on (88), the existing
research emphasis is on adjusting the attributes of materials in polymer nanocomposites by
altering the size as well as the number of nanoparticles. Nevertheless, the difficulty is based
on effectively dispersing PNCs films or coatings. The polymer structure has nanoscale
particles but with increasing amounts of particles, dispersion becomes problematic because of
their tendency to aggregate together. To handle this particular issue, nanoparticles may have
chemically altered the surfaces to create a consistent dispersion. Complex and costly
fabrication methods might be created, possibly due to this (89). The function of the interface
between nanoparticles along with polymers is incredibly important in identifying the
physical, chemical, and also mechanical engineering attributes of polymer nanocomposites.
(90). In traditional polymer composites, a particular filler could affect other significant
qualities by impacting their general quality. A rise in stiffness of materials which block or
hold off flames can reduce durability, see-through ability, or mechanical characteristics.
Individually tailored nanoparticles can possibly reverse or eliminate specific properties
declining while concurrently improving numerous desirable advantages within nanoparticles.
(91). My studies suggest that perlite mineral filler plays a crucial part in the thermal and
mechanical properties of HDPE polymer nanocomposites. The Young's modulus
progressively increased with better filler concentration; break elongation decreased. Perlite
concentration of 15 wt.% exhibited a 37 wt.% increase in Young's modulus of elasticity
compared to pure HDPE. The stress-strain curve (Figure 2) was utilized to analyze all these
factors. Non-destructive vibration analysis (displacement transmissibility measurements)
confirmed the improved stiffness in uniaxial tensile mechanical strength experiments, which
revealed a change in the original peak frequency direction (position) towards higher degrees
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of excitation. The toughness against fractures reduced with increasing perlite content,
suggesting the fractures were much more likely to be brittle fracture. However, SEM pictures
showed places in which the fractures had been ductile-indicating greater filler levels-after
examination of the material. Perlite particles added stress concentration to the composite
matrix. The increased filler concentration was related to a modest temperature rise which was
linked with melting, suggesting a stronger link between the particles of filler and also the
chains of the polymer. Another study investigated the structural characteristics of epoxy resin
nanocomposites containing nanoscale graphene nanoplatelets (GnPs) along with halloysite
nanotubes (HNTs) as fillers. The experiment found that the modulus of elasticity of Young
was altered nonlinearly by the inclusion of GnPs fillers. The nanocomposites experienced
greater ductility when the GnPs nanofiller was between 1 and 0 wt.%. The reason for this
might be the movement between specific GnPs, nanoparticles that have been separated into
the matrix. Nevertheless, once HNTs fillers have been included, Young's modulus of
elasticity remained fairly consistent. The HNTs nanoparticles were caught inside the
surrounding material during mechanical tests and their movement was severely limited. The
SSC plot results (Figure 2) demonstrated that the more rigidity epoxy/HNTs nanocomposites
had greater fracture stiffness values at reduced filler levels than the epoxy/GnPs
nanocomposite. The GnPs filler does this mainly because of its gliding dissipative effect.
Elongation at break dimensions demonstrates the special epoxy/GnPs nanocomposite
combinations become more plastic and ductile as the GnPs filler quantity increases.
epoxy/GnPs nanocomposites showed a lower indentation modulus than ethylene HNTs
nanocomposites based on micro-hardness assessments. The very first one shows more
mechanical dissipation (the friction from the GnPs filler during a glide is in excess than the
epoxy/HNTs. The research utilized a non-destructive mechanical damping technique for
forced oscillations at a reduced frequency of 2-3,200 Hz to determine mechanical qualities by
locating the first resonance frequency peak. The verification of this effect has established the
plasticization effect in epoxy/GnPs nanocomposites. The epoxy/HNTs nanocomposites had a
considerably greater peak position for 1st resonance frequency than some other components,
indicating superior overall performance. The incorporation of little fillers including carbon
nanotubes, nitrocellulose and carbon graphene makes it easier to manage and enhance
polymer nanocomposites (86).

Engineering stress
(Load)s 4

Uniform strain

¢

3reaki trer
Onset diffuse necking )
Fracture strength F

Young's modulus= Y t v
Modulus of elasticity= fona i€ t |

Fracture stress
(Elongation at break)

stress

Slope= T v\

Plastic zone
(Plastic deformation)

e 5 .

Uniform plastic deformation Necking f Engineering stress
— = = > x
Line matioh) (Non-uniform plastic deformation (Deformation)«

a
Linear zone

Elastic zone

(Elastic deformatidn}

v
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6. Nanofillers

Nanofillers, especially those made of clays and carbon nanotubes, have received a lot of
attention in recent years. The widely accepted definition of nanoparticles requires that they
have at least one measurement between 1 and 100 nm and that their remaining dimensions
exceed 100 nm. It is feasible to classify these particles into more specific groups, depending
on the number of dimensions they possess within the nanometer scale. Nanoparticles are
zero-dimensional particles, nanofibers are one-dimensional particles, and nanoplates are two-
dimensional particles. To begin with, it should be noted that nanofillers aren't a new concept;
in fact, nanoparticle fillers are well-established on the market. The substances mentioned
above consist of calcium carbonates, fumed and precipitated silicas, and carbon blacks.
Synthetic polymer nanoparticles are also becoming popular. Our research studies investigate
precisely how the mechanical and structural properties of HDPE composites, manufactured in
a test facility, are influenced by the addition of nano-sized mineral fillers such as nano
CaCO3 and nano clay. The findings indicated that the inclusion of fillers had a notable
positive impact on the mechanical properties of the composites. This was evident through an
increase in both the elastic and indentation modulus. As an illustration, the HDPE's elasticity
modulus rose by 51.5% to 1470.0 + 54.7 MPa when 5% of nano CaCO3 filler was added, and
also by approximately 34.5% to 1304.9 + 83.7 MPa when 4% of nanoclay filler was added.
The type and amount of filler used in addition influenced the plastic-elastic mechanical
properties of the materials. This was evident from the materials' decreased ability to stretch
before breaking and increased area under the stress-strain curve at higher filler
concentrations. The optimal filler concentration for both composite types was discovered to
be 5%. Furthermore, the thermal stability of both nanocomposites was higher than that of
pure HDPE, suggesting a far more robust bond with the HDPE matrix. These results indicate
that the nanocomposites have the potential to be beneficial in complicated product designs as
they possess both elastoplastic mechanical properties across a variety of deformation rates
and increased stability in terms of heat. Although nanofillers have been receiving a great deal
of attention lately, it is crucial to keep in mind that the concept is not new. Nanoparticulate
material fillers have been on the market for quite some time and are widely recognized.
Examples of these kinds of materials are carbon blacks, fumed silicas, and precipitated
calcium carbonates. Thus, a significant portion of the potential nanoparticle market is
currently content. The discovery is likely to manifest itself as nanoplates as well as
nanofibers. In this specific context, nanoparticles are described as having at least one
measurement that ranges from 1-100 nm, except for flat substances such as graphene that
could potentially have a thickness smaller than one nm. In the absence of porosity effects, the
particular surface area of the nanoparticles can range from 25 to much more than 750 m?%g,
which can be used to steer their movement. The mentioned trait is able to change depending
on the specific weight and might display an unforeseen variation. When there is high density,
a specific measurement decreases in its magnitude. Particles that have three dimensions at the
nano scale are categorized as nanoparticles, whereas particles with one and two dimensions
are known as nanofibers and nanoplates, respectively. This is depicted in (Figure 3).
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Figure 3. Nanoparticles, nanofibers, as well as nanoplates may be differentiated by the number
of external measurements they possess on a nanoscale domain. Reproduced from (92).

7. Biological routes

Balaji et al. (93) highlighted the usage of natural substances as coating substitutes for
enhancing the biocompatibility of polymers. In the latest analysis of covering techniques. A
number of surface modification methods are continuously evolving to customize polymers'
biocompatibility and improve their interaction with the natural environment which is usually
known as biofunctionalization methods. The regular goal of these different techniques,
discussed in detail and depicted in (Figure 4). It is adapting the surface qualities related to a
certain polymer to direct its cellular interactions for the particular site where its application is
focused. Though diverse biofunctionalization techniques are obtainable, the thought of
utilizing natural materials for bettering biocompatibility appears effective and rational because
of the biofriendly exterior in which they're offered that's closer to imitating the innate
environment. Certain commonly found biomolecules, which include proteins, carbohydrates,
and peptides, have gained popularity on valuable items through innovative methods.
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Figure 4. The objective of biofunctionalization in relation to biomedical devices is to achieve
specific goals. Reproduced from (93).
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According to current scientific studies, biological substances are attracting increasing
scientific interest because of their nontoxic characteristics, compatibility with organic
organisms, ability to replicate natural conditions, wide accessibility, and capability to prevent
detrimental reactions related to synthetic polymer surfaces, like inflammation and also the
adherence of platelets. Biomaterials applied to a surface might induce cellular attachment,
development as well as specialization leading to an advantageous impact on wound healing
and tissue regeneration. Biochemical methods entail the transfer of substances including
lipids, medications, receptors, drugs, ligands, and peptides of proteins upon material surfaces
through bodily adsorption, and chemical or self-cross-linking conjugation. Integrating
environmentally friendly materials in biological techniques and eliminating damaging
materials make them more appealing for enhancing the compatibility of polymers with living
organisms. Surface chemistry is crucial for different biomedical applications because of its
ability to adhere or react chemically, as is surface morphology like roughness or texture.
There are situations where these requirements oppose one another for a specific material. The
utilization of silicones in cardiovascular implants might require the promotion of
advantageous cell attachment to facilitate the correct integration and connection of the
synthetic unit at the implantation area. On the other hand, some catheter silicones might
prevent cell adhesion to lessen contamination and blockage of the tube.

8. Properties of biopolymer

Biopolymers are polymers accessible naturally and are from living organisms. The source of
a substance might distinguish between various classes including polyesters, nucleic acids,
proteins, and carbohydrates. Biopolymers are appealing for different uses because of their
diverse characteristics (ability to decompose effortlessly, compatibility with living organisms,
replenishment, and long-term viability). Biopolymers are very appreciated for their capability
to biodegrade, meaning they could be naturally decomposed by bacteria, and enzymes,
together with various other all-natural mechanisms. Biopolymers are sustainable and may be
utilized in areas involving reduced waste and pollution. Biopolymers aren't harmful and are
compatible with living tissue or fluids. This distinctive property makes it ideal for biomedical
uses like drug delivery methods and tissue engineering. Biopolymers tend to be inexhaustible
and might be created by using sustainable energy sources like animals and plants, therefore
permitting large-scale production without consuming natural resources. They are especially
ideal for environmentally friendly and sustainably demanding applications because of this
particular feature. Ultimately, biopolymers possess a different set of chemical and physical
attributes which could be adjusted either by chemical alteration or by combining them with
various polymers. For example, they possess great strength and durability, together with
thermal stability, making them perfect for applications that require robust packaging materials
together with some other uses where strength and longevity are essential. Biopolymers are
appealing substances for different applications because of their assortment of distinct
qualities, which include medicine, agriculture, packaging, along with various other sectors.
While scientists continue to do research, they're finding new sources as well as strategies for
creating biopolymers, which might have a wider utility scope.
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9. Conclusion

The applications potential, natural breakdown, and distinctive characteristics of biopolymers
have drawn significant interest in recent years across various industries. The dissertation
examined several biopolymers (cellulose derivatives, starch, chitosan, and protein-based
biopolymers). Biopolymers possess broader structures, slim films, and flexibility enabling a
variety of smart uses. The evaluated biopolymers hold great possibility for constructing novel
high-tech coatings for biomedical and non-biomedical applications. The biomedical uses of
cellulose derivatives depend upon their lightweight features and compatibility with living
organisms. Cross-linked starches are being studied for their unusual mechanical strength and
water resistance. The dissertation thus gives a promising starting spot for scientists to
investigate the uses of biopolymers in different areas. While biopolymers are analyzed a lot
more profoundly, specialists are wanting to produce more advanced as well as substantial
elements, opening the door for natural biopolymer coatings to far more closely correspond to
the environment and operator requirements.
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10. Projects

10.1 Study of the material engineering properties of high-density
poly(ethylene)/perlite nanocomposite materials

Our published research paper B focused on the effect of perlite mineral as being a nanofiller
in polymer nanocomposites for exclusive needs. Re-search demonstrated that the thermal and
mechanical characteristics of HDPE compounds had been considerably influenced by the
perlite nanofiller concentration. An important finding was that Young 's modulus of elasticity
increased as the amount of the filler increased. It means that the stiffness of the HDPE
composites was improved with the inclusion of perlite. This outcome was backed by both
destructive uniaxial tensile mechanical strength and also nondestructive vibrator mechanical
dynamic testing, which measured via displacement transmissibility working with excitation
forced oscillation damped a single-degree-of-freedom (SDOF) technique followed by thermal
analysis as well. Nevertheless, the study as well observed a decreasing trend in fracture
toughness strength as the perlite concentration increased. This implies that the presence of
perlite resulted in a weak fracture (brittle fracture) conduct in the HDPE composites.
Furthermore, SEM examination proved that ductile fracture processes occurred at climbing
filler concentrations. This suggests that the composites exhibited both ductile and brittle
fracture surfaces, based on the perlite concentration. Additionally, SEM imaging
demonstrated that the filler particles and also polymer chains had comparatively strong
bonds. This implies great interfacial interaction and also adhesion between the HDPE matrix
as well as the perlite filler. Overall, the study demonstrated the substantial impact of perlite as
a nano filler on the thermal and mechanical properties of HDPE composites, with improved
stiffness along with an intricate fracture behavior (i.e., ductile and brittle) based on the perlite
concentration. The solid bonding between the polymer chains as well as the filler particles
further highlights the possibility for perlite to improve the functionality of polymer
nanocomposites in specialized aims.
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10.1.1 Materials

White pellets with lot number 1119091333 of HDPE type 25055E on the Dow chemical
company from (USA) have been utilized. The inorganic volcanic glass mineral perlite
(Supreme Perlite Company, USA), with a d50 diameter of 447 nm along with a density of
1.10 g/m?, continues to be used as filler particles (94). Perlite filler moisture content was 0.1
wt.%. 150 composite specimens of perlite/HDPE composites with inorganic filler percentages
of five, ten, in addition to fifteen wt.% were made (dog bone design for tensile evaluation,
Charpy's pendulum, and then damping dynamic vibrator examination). On the (German
Arburg Allrounder) type 420 injection molding machine, composite specimens were made
utilizing the injection molding technique. Applied processing temperature ranged from 190 to
220°C, mold temperature 30°C, injection pressure sixty MPa, and also injection rate 20 mm/s

(95). Extrusion machine Scientific was used for composite and virgin samples extrusion at the
handling ranging from 136 to 174°C, L/D = 40.

10.1.2 Methodology

10.1.2.1 Scanning electron microscopy

Images from an SEM were taken with a Hitachi SU 6600 (Japan) SEM. The Schottky cathode
serves as the electron's origin. This microscope has a resolution in secondary electron mode
(SE) of 1.3 nm and in backscattered electrons (BSE) of 3 nm. For these pictures, the SE and
an accelerating voltage of 5 kV were employed. There was a 6 mm gap between the specimen

and the sensor. Studied materials were placed on double-sided carbon tape on an aluminum
holder.

10.1.2.2 Thermal analysis

Virgin HDPE thermogravimetry as well as DTA studies were carried out for perlite/HDPE
nanocomposites using a concurrent DTA-TG device (Shimadzu DTG 60, Japan).
Observations were made between 30 and 550°C at a heat flow rate of 10°C/min in an
evolving nitrogen environment (50 ml/min). The crystallinity (wc) of the nanocomposites was
calculated according to the Formula (1) (96,97):

W, =i%x 100 (1)

Here: AHY, = 293 J/g is the heating of fusion for 100% crystalline material HDPE, warmed at
a speed of 10°C/min (96-98), and AH,,, J/g is calculated heat of fusion.

10.1.2.3 Uniaxial tensile testing

Injection-molded specimens had been mechanically tensile tried on a Zwick 1456
multifunctional tester (Germany). The measurements had been recognized according to CSN
EN ISO 527 1 and CSN EN ISO 527 2 standards (99). Samples have been strained at ambient
temperature up to fracture point at the test speeds of 50, 100, and 200 mm/min. Young 's
modulus of elasticity and elongation at break happen to be computed from the stress strain
correlations. Each experiment was repeated10 times at the surrounding temperature of 22°C,
along with average values and standard faults have been calculated.
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10.1.2.4 Charpy impact testing

With a fall energy of 25 J, impact testing was performed on the (German made) Zwick 513
pendulum impact tester according to CSN EN ISO 179 2 standards.

10.1.2.5 Displacement transmissibility measurement

The displacement transmissibility Td, that will be denoted through the system (100,101), talks
about the component 's capability to control dynamic mechanical damped vibrations which is
excited harmonically induced in single-degree-of-freedom systems:

Ty=2t= " 2)

- ’
Y1 ai

Where yi1 is the displacement capacity on the examined specimen input side and y2 represents
the displacement amplitude over the specimen output side, a1 is the speed amplitude over the
input side with the tested sample and a2 is the acceleration amplitude over the output side
with the examined sample. Based on the magnitude of the displacement transmissibility, there
are generally 3 major types of dynamic vibrations: resonance (Td>1), undamped (Td=1), and
as well damped Td(-) or (Td<1) vibration (101). The consequent formula (3) (100-102)
provides the displacement transmissibility of a spring mass damper process, that is
represented through the spring 's stiffness (k), damper's damping coefficient (c), and the mass

(m):

Td — \/ k2+(CX(,())2 (3)

(k—-mXxXw?2)2+(cxXw)?
. 1+(2X1)2
T Al (1-72)24(20x7)2

Where exactly the coming equations (4) and (5) (103,104) are used to explain the damping
proportion { along with the frequency proportion, respectively:

(= 2o 4)
T=w—n= o (5)

where w,, is the purely natural frequency plus would be the oscillation frequency (105,106),
And finding the frequency ratio r, where displacement transmissibility reaches its greatest
point (172) is possible if dTd/dr = zero in Equation (3):

/./1+8§2—1
To="">""

Y ()

Formula (6) makes it very clear that with a much better damping ratio { the regional
maximum of the displacement transmissibility is normally transferred to lower amounts
because of the frequency ratio r (or with the reducing material stiffness k). The area extrema
(i.e., Equation 6) results probably the highest amount with the displacement transmissibility

Td(max) in the frequency ratio . The forced oscillation technique was utilized to estimate the
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values under investigation for dynamic vibration damping. At frequencies between 2 to 3,200
Hz, the Td was driven using the BK 4810 vibrator along with a BK 3560-B-030 signal pulse
multi analyzer and also a BK 2706 power amplifier. Employing BK 4393 accelerometers
(Briiel & Kjaer, Nrum, Denmark), the acceleration intensities (a1 and a2) on the input and
output sides of the considered samples were measured 3 featured inertial masses of bandwidth
0, 90, and 500 g - that were set on top of the periodically evaluated specimens were used to
define the displacement transmissibility. The studied block item dimensions were (60 x 60 x 3)
mm (length x width x thickness). Each measurement was taking placed five times at a
temperature of 23°C.

10.1.3 Results and discussion

As reported in earlier studies (99), inorganic nano/microparticles are used as functional fillers
to alter the elastic plastic aspects of polymer composites. It was discovered that the key drivers
of the adjusted react structures of these supplies tend to be the physicochemical attributes of
the polymer matrix, LLDPE, LDPE, and HDPE alongside the properties of the filler particles
(like morphology, diameter, shape, and functionalization of the surface chemistry). The ratio
alongside the polymer matrix's amorphous to crystalline regions and the effectiveness of the
interface adhesion between the filler molecules as well as the polymer matrix are two extra
essential details which should be taken into our consideration (107). SEM pictures of the
perlite micro/nano filler particles are showed below in (Figure 5a and 5b). The existence of

PERLIT 5.0kV 7.2mm x1.80k

Figure 5. The perlite micro/nano-filler is depicted in an SEM image.

There is evidence confirming their permeable (porous) inner composition is supported by
proof (Figure 5a). It is generally understood from a variety of sources (94,108,109) that the
sound absorption, vibration damping, and dynamic mechanical characteristics of fillers or
entire composites are directly influenced by their porous micro/nanostructures (95,110,111).
The concentration of filler has a noticeable impact on the Young's modulus of elasticity (E) in
the perlite/HDPE composites tested, as shown in (Figure 6).
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Figure 6. The relationship between the concentration of inorganic perlite fillers and the
modulus of elasticity (E) of Young’s approach. Inset: Rates of deformation applied.

The steady increase in E with greater perlite content was characterized by deformation rates
of 50, 100 as well as 200 mm for all researches. A 37% increased E was observed for HDPE
samples that contain 15 wt.% perlite, which is the same as the E value of pure HDPE. This
led to a significant increase in the stiffness of the materials. As illustrated in (Figure 7), there
had been a gradual decrease in the elongation at break observed with increasing filler content,
following an exponential pattern.
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Figure 7. Perlite filler concentration vs elongation at break. Inset: Rates of strains applied.

The (Figure 8) indicated the consequences of fracture toughness evaluation was done.
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Figure 8. The correlation between the concentration of inorganic perlite fillers as well as the
maximum force and fracture toughness is interdependent.

The fracture toughness of perlite/HDPE composites showed a substantial decrease, going
from 3.8 kJ/m? (for pure HDPE) to 2.4 kJ/m? within the perlite concentration range of 5 to 15
wt.%. The addition of the mineral filler increased the stiffness of the composite material, as
demonstrated during the previous uniaxial tensile testing. This was evident in the increasing
modulus (E) as the concentration of filler increased. The Charpy pendulum was utilized to
confirm the impact strength during the assessment of fracture (Figure 8) because of the rise in
both the maximum force as well as the filler content concerning. The suggested mechanism
for transferring mechanical energy, it is apparent from the scanning electron microscope
pictures (Figure 9) that there are distinct areas of brittle fracture, as seen in (Figures 9a and
9b), as well as polymer regions that have undergone plastic deformation, characterized by the
presence of spurs and deformation shear bands, which are typical of ductile fracture
interfaces.
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Figure 9. Scanning electron microscope (SEM) images of the fractured surface were
observed after conducting mechanical tensile tests on the samples. HDPE composites with
perlite content of 5%, 10%, along with 15% by weight. (Applied deformation rate: (50
mm/min).

The investigation of the frequency’s correlation to the displacement transmissibility which was
used to determine the dynamic mechanical vibrations aspects of the composite materials being
undergone the examination are displayed in (Figures 10 as well as 11).
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Figure 10. Relationship between displacement transmission frequency and tested
perlite/HDPE composites). The concentration of perlite without any inertial mass is zero.
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Figure 11. The displacement transmissibility of the perlite/HDPE polymer nanocomposites
under examination was frequency dependent. The inertial mass contains 10 weight percent of
perlite.
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The position of the first resonance frequency peak (fr;) in (Table 1) suggests that there is
increased stiffness in materials with higher filler concentrations. This is in line with the
displacement transmissibility frequency patterns revealed in (Figures 10 as well as 11).

c[wt%] Quantity Inertial mass (g)
0 90 500
5 fr1 [Hz] 1,614 £72 593 £ 26 341+ 15
T dmax [=] 25+0.2 3.1+0.2 37+0.3
10 fr1 [Hz] 2,627 £ 112 603 £ 25 346 £ 16
T dmax [—] 12.1+0.9 33+0.2 45+04
15 fr1 [Hz] 2,944 + 129 626 +28 396 £ 17
Tamax [—] 142 +1.1 4.6+0.3 48+04

Table 1. The composites that were examined were subjected to harmonically induced
vibrations in order to ascertain their initial resonance frequency, fr;, and their maximum
displacement transmissibility, Td(max), that could be accommodated. the concentration of c-
perlite.

Equation (6) was evaluated for accuracy, and the results demonstrated that the fg; peak
position moves towards higher excitation frequencies as stiffness increases (or damping ratio
decreases). The results of the mechanical tensile testing, which included measuring the
concentration of perlite within the polymer composite matrix, were in complete agreement
with the resulting dynamic mechanical vibrations behavior, while conducting vibrational
tests, it was noticed that an increase in inertial mass caused a shift of fg; towards lower
frequencies of excitation harmonically. The observation that the normal frequency decreases
with an increase in inertial mass (m) is supported by Equation (4), which in turn results in a
alongside decrease in fr;. Vibration damping method enables the evaluation of stiffness of
polymer nanocomposites without causing any harm or destructive, unlike the damaging or
destructive tensile or fracture assessments. The thermal analyses are presented in (Table 2)
and (Figure 12).
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Figure 12. The TG-DTA thermal examination results for the perlite/HDPE polymer
nanocomposites have been determined. Inset: Concentration of perlite.
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c T, [°C] AH,, we [%] TA[°C] | Tp[°C] TWL
[Wt%] [Jgl [%]
0 137.4 177.7 60.65 455 4772 100.0
5 136.4 133.9 48.10 463.9 476.1 93.1
10 139.9 92.9 31.44 462.1 474.7 90.0
15 141.6 82.5 28.59 451.3 474.3 86.2

Table 2. The study examined the thermal properties of both pure HDPE and polymer
nanocomposites made with perlite and HDPE. The analysis focused on a number of
parameters including the concentration of filler (c), the melting peak point (Tm), the
temperature of fusion (Hm), the crystallinity (Wc), the peak of fission in the (DTA) curve (Tp),
the initial point (Ta), the total weight loss (TWL), and the endothermic course of action for
Hm for each specimen. The temperature range for the analysis was between 95 and 175
degrees.

10.1.4 Conclusion

The study investigated the influence of perlite mineral filler on the mechanical and thermal
properties of HDPE polymer nanocomposites. The findings demonstrated that as filler content
increased, Young's modulus of elasticity gradually rose with the decline in elongation at break.
At 15 wt.% perlite concentrations, there was a 37% increase in Young's modulus of elasticity
compared to the virgin HDPE. Nondestructive dynamic mechanical vibrator testing confirmed
the increased stiffness, as indicated by the shift of the first resonance frequency peak position
to higher excitation frequencies. However, the fracture toughness showed a decreasing trend
with increasing perlite concentration, suggesting brittle fracture occurrence. Regions of ductile
fracture processes were observed at higher filler concentrations through SEM images, which
were characterized by polymer deformation shear bands and spurs. In the complicated
composite matrix, the perlite particles behaved as stress concentrators The research also
discovered a little rise in melting temperature with rising filler concentration, suggesting a
more solid link between the polymer chains and the filler particles. Ultimately, the findings
imply that the thermal and mechanical characteristics of HDPE polymer nanocomposites are
considerably influenced by the perlite mineral filler.

seskokskok
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10.2 Enhancement of the mechanical properties of HDPE mineral
nanocomposites by filler particles modulation of the matrix
plastic/elastic behavior

Research paper C investigates the use of two separate mineral fillers at the nanoscale level
(nano clay and nano calcium carbonate) in the production of HDPE materials. The
composites that were created were analyzed for their physical and mechanical characteristics.
Making use of various techniques such as scanning electron microscopy, transmission
electron microscopy, along with energy dispersive spectroscopy, the scientists confirmed that
the fillers in the tested samples were evenly distributed. According to the study, the addition
of fillers enhanced the mechanical characteristics of polymer composites. Due to the
inclusion of additional fillers, there was an increase in both the elastic modulus as well as the
indentation modulus. The final composites plastic-elastic mechanical performance was
affected by the filler type and concentration used. In summary, the research indicates that
incorporating nanosized mineral fillers, like nano calcium carbonate and nano clay, can
enhance the physio-chemical characteristics of HDPE composites. The specific impact varies
based on the type and amount of filler used.

10.2.1 Materials

The material utilized in our study was HDPE of HD8100M quality, which was obtained from
polymer marketing company limited in (Thailand). The density measurement was 0.952
grams per cubic centimeter, while the melt flow index was 0.25 grams per 10 minutes. The
nano calcium carbonate particles referred to as adaCAL-N1-C were procured from Adacal co.
located in (Turkey) and underwent stearic acid treatment prior to being processed. The
scanning electron microscopy (SEM) confirmed that the particles had an average size of 0.05
m. The nano clay particles, specifically EsanNANO 1-140, were provided by Eczacbas Esan
in (Turkey) and their average size was determined to be 2.7 um through laser diffractometer
measurements. The uniform distribution of nanofillers within the HDPE matrix was verified
by TEM and SEM pictures (Figure 13), and this was additionally supported by EDS mapping.
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Figure 13. This research utilized inorganic nanofillers that were pictured on TEM. Nano clay
as well as nano calcium carbonate are additionally found.
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The chemical and physical features of the fillers are given in (Table 3) and are available in refs
(112,113).

Filler type Color Density Surface area Particle size
(g/em’) (g/m’) (um)

Nano clay Highly white 1.98 19 2-20

Nano-CaCO; Highly white 2.95 28 0.05-0.10

Table 3. Application of inorganic fillers and physical properties. Nano clay and nano calcium
carbonate are additionally examined.

Various filler concentrations have been arranged and categorized as CC for nano calcium
carbonate and also NC for nano clay. A process was conducted to combine nano clay and
HDPE, as well as nano calcium carbonate and HDPE, to create nanocomposites. This was
done utilizing a melt blending system that included a Banbury blender, one screw extruder,
along with a granule cutting unit. The production rate was 100 kg. The mixer contained a
combination of HDPE granules and also filler, and also the temperature for processing was
maintained at 180°C, which was attained in 15 minutes (114). The extruder screw speed was
330 rpm, and it had a temperature profile consisting of five-barrel temperatures: 200, 190,
190, 190, and 220°C. Afterwards, the nanocomposite blends were separated into small pellets
and utilized as experimental specimens for conducting tensile and also impact assessments.
To obtain the desired results, the PS40E5ASE injection molding equipment was utilized. The
equipment had a melt temperature of 210°C, mold temperature of 65°C, and injection
pressure of 50 MPa. The wetting liquids used for measuring contact angle were Millipore
water from the (USA), which had a conductivity of 0.06 ps/cm, ethylene glycol p.a. from
Lach-Ner in (Czechia), and 99% pure diiodomethane of ACS reagent degree from Sigma
Aldrich.

10.2.2 Methodology

10.2.2.1 SEM and TEM

To determine the structure among with morphology of the filler particles, TEM (FEI Tecnai G2
Spirit Biotwin model, FEI Company, USA) was employed. The nanofiller specimens were
deposited onto a standard 400-grid copper mesh and subsequently scattered in acetone via
ultrasonication for 15 minutes. The dispersions were then cast on the copper mesh and air-
dried. TEM measurements were conducted at an accelerating voltage of 120 kV. The
distribution of nano CaCO3 and nano clay in the HDPE matrix was analyzed by TEM, wherein
an ultra-thin section of approximately 100 nm thickness was obtained from the filled samples
using a microtome device (CM1950) from Leica Microsystems Inc. (Buffalo Grove, USA) in a
low-temperature environment. To conduct a more comprehensive analysis of the nanofiller
distribution, the composites underwent SEM characterization utilizing a (Zeiss EvoLS10)
instrument via an energy-dispersive X-ray detector (Germany).

10.2.2.2 Thermal analysis

Differential Scanning Calorimetry (DSC) evaluations were conducted in accordance with
ASTM E1356, utilizing a TA Instrument S10 model (Waters, USA) under a nitrogen flow
rate of 50 mL/min. The glass transition temperatures (Tg) of both virgin HDPE, as well as its
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nanocomposites, were ascertained through DSC curves utilizing the midpoint method at a
heating rate of 10°C/min from 30 to 300°C (113-115).

10.2.2.3 Uniaxial tensile testing

Tensile testing of injection-molded specimens was conducted using a universal testing
machine autograph AGS-100 Shimadzu from (Japan) and a Zwick 1456 multipurpose tester
from (Germany) equipped with a compact thermostatic chamber TCE Series. The data was
collected following the CSN EN ISO 527-1 and CSN EN ISO 527-2 norms, utilizing an
assessed gauge length of 8 cm. The experiments were carried out at room temperature with
deformation rates of 50, 100, and 200 mm/min until the specimens broke. The stress-strain
dependence plot was used to obtain the strength at break, Young's modulus, and strain at
break. Each study was conducted again 10 times, and the mean values along with standard
deviation were computed. The experiments were conducted under laboratory ambient
conditions at a temperature of 25°C.

10.2.2.4 Charpy impact testing

The impact tests were conducted by dropping a 25 J energy pendulum using a Zwick 513
Pendulum Impact Tester (Germany) following the CSN EN ISO 179-2 standard. The
experiments were repeated 10 times to obtain mean values and standard deviations.

10.2.2.5 Surface free energy (SFE) characterization

The surface free energy (SFE) of both pure HDPE and the researched composites was
determined using axisymmetric drop shape assessment, with measurements of the static
contact angle of wetting. The measurements were conducted at 23°C using a Kriiss DSA 30
(Kriiss, Germany), and repeated seven times. To determine the SFE, Owens, Wendt, Rabel,
and Kaelble's extension of Fowkes’s theory was utilized, which relied on the average static
contact angles for water, ethylene glycol, and diitodomethane (116,117).

10.2.2.6 Microhardness

The micro-indentation exams were taken place using a micro combi tester (Anton Paar,
Austria) due to the CSN EN ISO 14577 standard. A diamond tip of a cube corner shape
(Vickers, Anton Paar, Austria) was used for the measurements. The loading rate (unloading
rate) was set at 6 N/min, the maximum load was 3 N, and there was 90s holding time. The
depth-sensing indentation procedure was employed for the concurrent measurement of the
force on the indentor and the displacement of the indentor’s tip. The placement of the
indentation hardness (Hit) was studied by carrying out a division of the maximum load (Fmax)
by the projected region of the hardness impression (Ap). The indentation modulus (Eir) was
computed by estimating the Poisson's ratio (v) of the specimens (0.3-0.4) (118,119)) and using
the plane strain modulus of elasticity (E*).

F,
H — max’ 7
IT 4 (7)
Er =E*(1-v?). &)

After conducting the measurements 10 times, the average values and deviations were
calculated. The experiments were carried out in a laboratory setting at a temperature of 25°C.
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10.2.3 Results and discussion

The findings from the experiments conducted on the composites were condensed in (Figure
14). The obtained deformation curves for stress versus strain displayed the typical patterns of
elasticity (up to a 3% strain for minor deformations), a region where elasticity switches to
plasticity (up to a 10% strain for minor deformations), in addition to a region where stress
remains constant. The above-mentioned occurrence was noticed in composites of HDPE with
5 wt.% nano clay and 15 wt.% CC, when exposed to strains greater than 18% and 12%,
respectively. This observation was reported in reference (120). The curves seen in this
particular study were comparable to those found in our earlier research on mineral composites
of industrial HDPE under the exact same deformation rate (113-115). Additionally,
investigations were conducted on industrial HDPE mineral composites of industrial HDPE
under the same deformation rate (185-187). When there was no stress plateau-draw area, the
tensile deformation behavior of pure HDPE was more rigid. On the other hand, the 1 wt.%
filler concentration in CC/HDPE composites exhibited a greater degree of elastoplastic
behavior, as shown in (Figure 14b).

g ':(EE
< 16000 4 = 16000 -
[ (23
3 3
& 12000 { & 12000 .

sl

P
—— HDPE

il

——NC_1w. %/HDPE
——NC_5w. %/HDPE |

8 12 16

20 24 28

Strain (%)

32

28000

24000

20000

8000

4000

T

T

MR P T P

T
—— HDPE
e CC_1 w. %HDPE

~—CC_15 w. %/HDPE H

8

Strain (%)

12 16 20 24 28

32

Figure 14. (a) The overall mechanical performance of NC/HDPE, as well as (b)CC/HDPE
composites, was examined by conducting tensile tests at room temperature, with a constant

deformation rate of 50 mm/min, while varying the concentration of fillers. The outcomes are
displayed as dependencies between strain and stress.

The behavior of NC/HDPE composites was significantly influenced by the elastic-plastic
characteristics. Increasing the concentration of fillers led to improved plastic behavior, as

shown in (Figure 15).
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Figure 15. The relationship between Young's modulus and the amount of filler present in
CC/HDPE and NC/HDPE composites was investigated by conducting tensile tests at various
deformation.

This behavior was seen in all rates of deformation as shown in (Table 4). To illustrate, the
CC/HDPE composites containing 5 wt.% filler concentrations experienced an increase of
approximately 51.5% in the modulus of elasticity from the original HDPE's absolute rate of
970.1 = 111.7 MPa to 1470.0 £ 54.7 MPa. The addition of 4 wt.% inorganic filler levels
resulted in a 34.5% increase in the modulus of elasticity for the NC/HDPE composites,
achieving an absolute value of 1304.9 + 83.7 MPa. The results are consistent with prior data,
indicating that the gradual increase in the elasticity modulus of polymer composites as the
filler content increases (121,122) may be due to the presence of rigid mineral filler particles.
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Young Modulus (MPa) Upper Yield (MPa) Strain at Break (%)
. R . Fracture
Sample Rate (mm/min) Rate (mm/min) Rate (mm/min) Toughness (k] /m?)
50 100 200 50 100 200 50 100 200
HDPE 970.1 + 9438 + 10992 + 245 + 248 + 256 = 205 £ 258 + 166 % 36,69 £5.15
111.7 142.2 16.2 1.1 1.1 04 0.1 5.0 0.6 U
CC_1% 8375 + 6482 + 12027 + 254+ 243 £ 251 £ 308 + 332 + 198 + 31484243
10.8 419 32.1 0.6 1.1 0.5 3.1 6.7 0.3 o
CC_3% 12889 + 1368 + 11677 + 244 + 250 = 247 + 220 + 198 =+ 229 = 1726 +0.92
54.7 2.5 23.7 04 0.2 0.8 0.8 1.0 1.5 e
CC_5% 1322+ 10343 + 12379 + 236 + 254 + 250 = 250 + 285 =+ 172 = 26.29 + 1.04
10.8 299 13.7 0.5 34 1.1 3.0 14.7 3.1 e
CC_10% 14651 + 11128 =+ 13164 + 243 + 252 + 263 £ 186 + 205 + 141 + 28.69+ 3.4
12.3 273 04 1.3 1.0 0.7 2.3 74 04 e
CC_15% 1470 £+ 1155 + 1360.7 + 246 + 253 + 281 + 201 +* 197 =+ 112 =+ 3179 £ 3.94
54.7 255 1.7 0.2 1.1 2.8 2.6 6.9 2.2 o
NC_1% 11214 + 9829 + 11505 + 236 £ 265 + 274 + 328 + 193 + 164 =+ 2921 221
26.8 217 23.0 1.5 0.5 24 15.9 4.6 6.0 e
NC_2% 12654 + 10709 + 12156 + 258 + 274 + 300 = 212 + 205 =+ 121 = 2437+ 1.0
51.9 303 48.8 3.2 2.2 2.8 8.7 10.5 0.6 e
NC_3% 124877 + 9827 + 11349 + 273 + 239 + 224 + 198 + 31.1 =+ 266 * 28.44 % 0.09
28.1 213 61.2 1.9 1.6 04 32 11.2 2.2
NC_4% 13049 + 1060.1 + 13283 + 233 + 239 + 279 + 276 + 357 =+ 144 % 23354027
83.7 240 78.0 0.1 0.3 2.5 2.2 7.2 5.9 e
NC_5% 1255 + 10188 + 12233 + 23 + 235 + 247 + 289 + 3288 %+ 205 % 22,06 + 142

11.9 246 25.0 0.2 0.2 0.2 2.7 10 2.1
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Table 4. The research study presents the results of testing the tensile properties of HDPE
composites at three different deformation rates: 50, 100, and 200 mm/min. The sample
description provides information about the concentrations of fillers, which are expressed as
weight percentages.

(Figure 16) illustrates that both nano clay and nano calcium carbonate fillers exhibit nonlinear
patterns in terms of their upper yield and filler concentration dependencies in HDPE
composites. Nonetheless, the upper yield of CC/HDPE composites did not exhibit notable
alterations as the filler concentration increased, except for the composites that contained 4
and 5 wt.% filler concentrations when subjected to a deformation rate of 200 mm/min. In
these instances, the initial upper yield values of 25.6 + 0.4 MPa were increased to 26.3 + 0.7
MPa and 28.1 + 2.8 MPa, correspondingly.
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Figure 16. The CC/HDPE and NC/HDPE composites were found to be dependent on the
concentration of inorganic filler and upper yield when subjected to mechanical tensile tests
at different strain rates.

Figure 17 presents the information regarding the relationship between the concentration of
fillers and the elongation at break, which has been calculated at various deformation speeds.

The results obtained from the composites made of CC/HDPE showed that as the
concentration of filler increased, there was a decrease in the strain at the point of fracture.
This implies a decrease in ductility and increased brittle fracture in terms of mechanics
models. This supports the well-known principle that polymers with higher crystallinity
typically exhibit greater elasticity and stiffness when compared with amorphous methods,
which show more plastic behavior. However, in the case of NC/HDPE composites, there was
an opposite trend where increasing filler concentration resulted in increased strain before
breaking. The reason for this can be explained by how the platelet-shaped nano clay filler
particles align themselves at the interface of the polymer chains during the injection molding
process.
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Figure 17. The mechanical tensile examination of CC/HDPE and NC/HDPE composites at
different strain rates determines the elongation at break and nanofiller concentration.

The analysis of the elongation at break characteristic for 5 wt.% concentrations of
nanocomposite fillers, such as nano-clay and nano-calcium carbonate, showed that the
composite matrix containing flat-shaped nano clay particles exhibited greater flexibility as
compared to the other filler particles at various rates of distortion. The above-mentioned
statement is supported by the comparison of the measured values of Young's modulus of
elasticity, which demonstrates the CC/HDPE samples had a higher modulus of elasticity than
the NC/HDPE samples. Figure 30 illustrates the correlation between the fracture toughness
and the concentration of fillers in the composites that were tested. In comparison to the
original polymer or virgin one (HDPE), all composite materials exhibited a reduction in
fracture toughness. The composite containing 3 wt.% of nano CaCOs filler had probably the
most significant decrease, with a reduction of almost 52.96%. The fracture toughness of
NC/HDPE composites was found to be significantly lower, measuring at approximately 22.06
+ 1.42 kJ/m*.This represents a decrease of about 39.87% in comparison with the original
HDPE material. These findings suggest that the composites have an even greater tendency to
break easily and exhibit a more brittle behavior when compared with the virgin (Figure 18)
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Figure 18. The Charpy impact test was used to figure out the dependence of fracture
toughness and the concentration of fillers in CC/HDPE and NC/HDPE composites.

The results of the (SFE) calculations are presented in (Table 5), which shows that the addition
of CaCO3 and nano clay fillers brought about a decrease in the initial polarity of the pure
HDPE material, making it less polar. The measured increase in the dispersive component of
surface free energy (SFE) for composite materials containing Swt.% CC/HDPE increased
from 4.19 £ 0.81 mJ/m* (pure HDPE) to 39.51 + 0.63 mJ)/m?. Similarly, for composite
materials containing 3 wt.% NC/HDPE, the dispersive component of SFE increased from
4.19 + 0.81 mJ/m? (pure HDPE) to 39.70 + 1.09 mJ/m®. The overall surface free energy (SFE)
rose significantly in the Swt % CC/HDPE composites, going from 19.48 + 2.91 mJ/m* (HDPE
in its original state) to 32.95 + 2.58 mJ/m?, a rise of approximately 103.8%. In the 3 wt.%
NC/HDPE composite, the SFE increased by approximately 69.18% to 32.95 + 2.58 mJ/m>.
The composite interface is now suited for specialized applications like coating or adhesive
joints due to its improved adhesive properties, as evidenced by the observed results.

Surface free energy [mJ/m?]

Sample
Total Polar Dispersive
HDPE 1948 +291 1529+2.10 4.19+0.81
CC_1% 36.51+33.80 15.61+14.82 15.61 +14.82
CC_3% 3649+1486 11.84+7.77 24.65%7.08
CC_ 5% 39.70+£1.09 0.19+£046 39.51+0.63
CC_10% 23.45+4.41 0.01+0.07 23.44+434
CC_15% 26.19+0.05 041+0.01 25.78+0.03
NC_1% 3044+1.04 0.12+£0.04 30.32+1.00
NC_ 2% 30.28+092 1.19£0.15 29.09+0.76
NC_3% 3295258 00.08+0.16 32.86+2.42
NC_4% 29.22+0.66 0.22+0.13  29.00+£0.53
NC_ 5% 23.45+441 0.01+£0.07 23.44+434

Table 5. The Owens, Wendt, Rabel, and Kaelbe method was used to figure out the total
surface free energies, as well as the dispersive and polar components, of the HDPE
composites being studied. To obtain these measurements, contact angle measurements were
taken using axisymmetric drop shape assessment at a temperature of 23°C.

The data of the micro-indentation testing on the composite substances are shown in (Figure
19) it illustrates the relationship between the indentation modulus and the amount of the filler,
as referred to by the Eir pattern. The results display that as the concentrations of the fillers
rise, the indentation also increases, confirming that the fillers boost the mechanical properties
of the specimens.
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Figure 19. The relationship between the concentration of fillers and the modulus of
indentation (Eir). Type of filler: The Nano CaCOs has formed a full circle, while the Nano
clay remains empty like a diamond. However, a *Point has been deducted due to the lack of
linear regression.

10.2.4 Conclusion

The research examined the physical and mechanical characteristics of HDPE composites that
were produced using two distinct types of nano-sized mineral fillers, which is nano clay as
well as nano CaCOs. The findings demonstrated that the fillers significantly enhanced the
mechanical properties of the composites, including an increase in both the elasticity and
indentation strength of 170.4 MPa with regard to the modified HDPE. Nano CC/HDPE
composites made up of 5% filler concentrations exhibit strength of 54.7 MPa. Both the
nature and amount of the filler had an impact on the plastic-elastic aspects. An increase in
the stress level that remains constant and a reduction in the amount of ductility before
breaking were signs of this. For both kinds of composites, it was determined that the ideal
concentration of filler was 5 weight percent. Furthermore, it was observed that both
nanocomposites showed enhanced thermal stability when compared to virgin HDPE,
suggesting a far more robust bond with the HDPE matrix. These findings indicate that these
nanocomposites might be beneficial for incorporating into complex substance designs, as
they exhibit a combination of elastic and plastic mechanical properties across various
deformation rates, in addition to improved resistance to changes in temperature.

seskskosk ok
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10.3 Study of mechanical properties of epoxy/graphene and
epoxy/halloysite nanocomposites

The aim of research paper D is to contrast the mechanical characteristics of two distinct
nanocomposites. Epoxy/Halloysite and epoxy/graphene. Fillers of graphene nanoplatelets
(GnPs) and halloysite nanotubes (HNTs) are utilized in the study at various concentrations
and are distributed in epoxy resin matrices. The addition of rubber-modified epoxy resin,
particularly ~ carboxyl-terminated-butadiene-acrylonitrile ~ copolymer,  enhances the
characteristics of nanocomposites. During the process of mechanical evaluation, it was found
that the hypothesis of individual GnPs particles sliding within the complex resin
nanocomposite matrix was supported by the results. The addition of GnPs nanocomposites
resulted in enhanced ductility and plasticity, as demonstrated by a 39% increase in elongation
at break, which rose from 0.33 mm in the pure matrix to 0.46 mm. Nevertheless, the
utilization of HNTs results in a decline in mechanical rigidity, showing a 20% reduction of
Young's modulus of elasticity, declining from 3.4 to 2.7 GPa. The research findings suggest
that the behavior of the nanocomposites is intricate, involving both brittle and ductile
characteristics. This is supported by the measurements of dynamic stiffness. The research
indicates that the mechanical characteristics of epoxy-based nanocomposites can be improved
by using fillers in a broad sense.

10.3.1 Materials

The investigation utilized a resin known as DGEBA, which is also called laminating resin
MGS L[285, along with a hardener known as 3-aminomethyl-3,5,5-trimethyl
cyclohexylamine. Hexion, (USA) provided two materials, namely L2285, as shown in (Figure
20a). The research utilized liquid rubber made from CTBN copolymer, that had been
obtained from Zibo Qilong in China. The liquid rubber had an average of 0.58 - 0.65 carboxyl
groups per molecule. The molecular weight of the substance was approximately 3,800 Da and
it contained 8-12% acrylonitrile, as shown in (Figure 20c). The CTBN technical information
is contained in (Table 6). In (Figure 20), the chemical compositions of CTBN, hardener, and
epoxy are depicted. The planar shaped GnPs that were used in this study were not
functionalized and had an area of 800 square meters per gram, a thickness ranging from 3 to 7
nanometers, as well as an average width of 1.5 meters. The items purchased from (Nano grafi
in Ankara, Turkey) were of exceptional quality, and have a purity level of 99.9%. The HNTs
that were utilized (Al2Si205(OH)4) had a double layer structure that was not cylindrical in
form (Esan Eczacibasi, Istanbul, Turkey). The dimensions of the HNTs varied, with an inner
diameter ranging from one to 20 nm, an outer diameter ranging from 30 to 50 nm, and a
length ranging from 100 to 800 nm.



Parameter Value

Viscosity (40 °C) (Pa.s) T7-12

Carboxyl content (mmol/g) 0.58 —0.65
Nitrile group content (%) 8.0-12.0
Water content (%) <0.05
Volatile content (%) <20

Table 6. The liquid rubber CTBN used for application has specific properties.

10.3.1.1 Preparation of nanocomposites and epoxy blends

10.3.1.1.1 CTBN—epoxy blends

The mixture of epoxy resin and 10 wt.% CTBN liquid rubber was put in a beaker and stirred
on a warmed plate to solidify the mixture. Afterward, the resulting mixtures underwent
ultrasonication for a duration of 15 to 20 minutes to ensure uniformity. Subsequently, they
were degassed in a vacuum oven set at 60°C for a period of 1 hour. The amine-based hardener
was added by weight in a proportion of 80:20 (epoxy to hardener) with a slight agitation. After
that, the mixtures were poured into molds and left to harden at a temperature of 90°C for one
hour. This was followed by an additional 3 hours of post-curing at 120°C. (Figure 20) shows
the chemical equations for the epoxy blends used.

) H,C CH;
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Figure 20. The build of the substances (a) DGEBA, (b) 3-aminomethyl-3,5,5-
trimethylcyclohexylamine, and (c) CTBN as it comes to their chemical composition.

10.3.1.1.2 CTBN—- GnPs—epoxy and CTBN-halloysite—epoxy composites

Previous research determined the nano-reinforcement ratios of epoxy mixtures. A lot of
scientists have performed experiments to determine the amount of graphene nanoplatelets
(GnPs) and halloysite nanotubes (HNTSs) present in the epoxy matrix. The reported
concentrations have varied, with GnPs ranging from 0 to 1 weight percent (wt.%) and HNTs
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ranging from O to 5 (wt.%). The study has checked out how different amounts of fillers affect
the tensile, fracture, and flexural properties of the original matrix. In order to create epoxy
mixtures containing HNTs and GnPs, SEM images (Figure 21) have been taken of the epoxy
resin with varying concentrations of GnPs (0, 0.125, 0.25, 0.5, 0.75, along with 1 wt.%) and
HNTs (0, 1, 2, 4, 5, and 5wt.%) as part of the preparation process. The mixtures that were
obtained and moved to a RETSCH-PM 100 planetary mill and mixed at a speed of 200 rotations
per minute for a duration of 25 hours. The mixing bowls were filled with a combination of
epoxy mixtures and balls, resulting in a ratio of 30 balls to every 1 unit of powder. Initially, the
mixtures were blended together for a period of 30 minutes. After that, they were allowed to rest
for ten minutes in order to prevent excessive heating. Following this, the mixtures were blended
once again, and this process was repeated until the desired duration of mixing was achieved.
Subsequently, a 10 wt.% of CTBN was incorporated into each epoxy mixture, including those
containing GnPs and HNTs. This addition resulted in the formation of composite materials
known as CTBN-GnPs-epoxy and CTBN-HNTSs-epoxy. After that, the prepared mixtures were
stirred using ultrasonication for a duration of 25-30 minutes to achieve uniformity. Afterwards,
any gases present were removed by placing the mixtures in a vacuum oven at a temperature of
60°C for approximately 1 hour. In addition, the process of curing CTBN-epoxy blends, as
pointed out in (Section 10.3.1.1), was utilized to treat the CTBN-GnPs-epoxy and CTBN-
HNTs-epoxy composites. It is important to note that all the epoxy/graphene and
epoxy/halloysite nanocomposites that were studied had the same amount of CTBN liquid
rubber, which was 10% by weight. However, the original epoxy matrix didn't have exactly the
same content (123,124-128).

Figure 21. SEM images displayed the fillers that were analyzed, including GnPs and HNTs.

10.3.2 Methodology

10.3.2.1 SEM analysis

The examination of SEM was carried out by utilizing a Zeiss EvoLS10 microscope from
(Germany) that had an energy dispersive X-ray detector. In order to get the nanofiller samples
ready for imaging, the fillers were dispersed in acetone and subjected to ultrasonication for
fifteen minutes. The resulting mixture was then poured onto a copper mesh with a regular 400-
grid size and left to dry in the air. An accelerating voltage of two kilovolts was utilized to
obtain scanning electron microscopy images.
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10.3.2.2 Uniaxial tensile testing

The mechanical characteristics of injection-molded samples were evaluated through uniaxial
tensile testing, utilizing the universal testing machine Autograph AGS-100 Shimadzu from
(Japan) and the Zwick 1456 multipurpose tester from Zwick Roell, Ulm, (Germany). The
Compact Thermostatic Chamber TCE Series was incorporated in the Zwick 1456 tester. The
tensile test was carried out following the guidelines of CSN EN ISO 527-1 and CSN EN ISO
527-2, with an 80 mm gauge length and a deformation rate of 50 mm/min until the point of
fracture. The graphs that depict the relationship between stress and strain were utilized to
determine the Young's modulus of elasticity and the point of elongation where the material
breaks. A total of ten repetitions were carried out for each study, and afterwards, the average
values and standard deviations have been calculated. The experiments were performed at a
consistent temperature of 25°C in the laboratory. Nanofiller specimens were placed on a
regular copper mesh with a 400-grid pattern to capture SEM images. SEM analysis has been
carried out at 2 kilovolts accelerating voltage with a Zeiss EvoLS10 equipped with an energy
dispersive X-Ray detector (Germany). The fillers were mixed with acetone and subjected to
ultrasonication for 15 minutes. Afterwards, the mixture was poured onto a copper mesh and
then allowed to dry in the air. Finally, the samples were examined using scanning electron
microscopy (SEM).

10.3.3.3 Charpy impact testing

The Zwick 513 Pendulum Impact Tester from Zwick Roell in Ulm, Germany was used to carry
out impact tests following the guidelines of the CSN EN ISO 179-2 standard, allowing for a 25
J energy release. The fracture toughness was determined by taking the average and standard
deviation of 10 repeated experiments. The experiments were all carried out at the typical
temperature of the laboratory, which was 25°C.

10.3.3.4 Microhardness

Micro-indentation tests have been performed in accordance with the SN EN ISO 14577
standard using a micro-indentation tester (micro combi tester, Anton Paar, Austria) to
determine micro-hardness. The diamond tip utilized had a cube-corner shape and had been
created by Vickers, a company based in Austria. The 3 N was determined as the highest weight
allowed, with a loading and unloading speed of 6 N per minute, in addition to a duration of 90
seconds for holding. Tests were carried out using the depth sensing indentation technique,
which enables the measurement of both the applied force and displacement of the indenter tip
at the same time. The calculation of the indentation modulus was derived from the elastic
modulus of the strain at a particular level, using a Poisson's ratio within the range of 0.3-0.4
(129,130).

Er =E*(1—v?). )

In order to guarantee accuracy, the indentation modulus was measured multiple times (10
repetitions) as well as the mean values and standard deviations of these measurements were
computed. The laboratory conducted the experiments at its normal temperature of 25°C.

10.3.3.5 Uniaxial 3-point bending tests

The Zwick 1456 testing equipment supplied by Zwick Roell GmbH & Co, KG in Ulm,
(Germany) was used to carry out a unidirectional, 3-point bending test in accordance with the
CSN EN ISO 14125 standard. The outcomes were evaluated using TestXpert software. The
distance between the supports was found to be 64 mm, and both supports and also the load
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mandrel was found to have a circularity of 5 mm. During the 3-point bending experiment, the
speed of deformation was established at 1 millimeter per minute, while the pace of loading was
established at 50 millimeters per minute.

4.3.3.6 Displacement transmissibility measurements

The Formula (10) (131) is used to compute displacement transmissibility Td, which is the
measurement of displacement.

- ’
41 ai

The variables y1 and y2 represent the intensity of displacement on the input and output sides of
the specimen that was tested. The acceleration amplitude on the input side of the tested sample
is denoted by ai, while on the output side, it is denoted by a2. Equation (11) (132) offers a
solution. The transmissibility of displacement for a system consisting of a mass m, a spring
with stiffness k, and a damper with damping coefficient c.

(k-m.w?)2+(c.w)?
_ 1+(2.0.1)2
A @-r)242.01)2

The formula (11) enables the case dTd¢/dr = O to be met and the frequency ratio 7, can be
determined that corresponds to the greatest amount of displacement transmissibility (133,134):

Too NV T “14-8(2_1_ (12)

= 2.0

T, = \/ k2+(c.w)? (11)

The displacement transmissibility of any framework composed of a spring, mass and damper is
governed by the Formula (12). When the physical stiffness of an object decreases or the
damping ratio improves, the peak of displacement transmissibility moves towards lower
frequency ratios. The Formula (12) calculates the frequency ratio r, which produces the
maximum displacement transmissibility Twmax). The vibration-induced tests were carried out
using the forced oscillation technique. The experiment involved determining the displacement
transmissibility (Td) within a frequency range of 2 to 3,200 Hz. This was achieved using a BK
4810 vibrator, BK 3560-B-030 signal pulse multi-analyzer, as well as BK 2706 power
amplifier. Briiel & Kjaer's BK 4393 accelerometers were used to determine the acceleration
amplitudes (a1 and a2) at the input and output points of the specimens being measured. The
specimens that have been analyzed had three different inertial masses placed on them, which
were zero g, 90 g, and 500 g. The transmissibility of displacement was determined for every
one of these masses. The dimensions of the tested sample were (60mm x 60mm X 3 mm)
where a thickness of 3 mm. Five repetitions of all measurements was conducted at a
temperature of 22°C, which was the standard.
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10.3.4 Results and discussion

Section 10.3.1 demonstrated the typical forms of the nanofillers utilized in this research, as
shown in (Figure 21) through SEM analysis. (Figure 21a) shows the GnPs lamellar
configuration, which is identifiable by its layer thickness ranging from 3 to 7 nm and a layer
width of about 1.5 to 2.0 pum. In contrast, the condensed and aggregation clusters arrangement
of HNTs nanotubes (Figure 21b) is made up of separate nanotubes that measure around 30 to
50 nm in diameter and 100 to 800 nm in length. The findings from the tensile-testing trials
conducted on the investigated nanocomposites are showcased in (Figure 22) (135). Based on
the findings, the Young's modulus of elasticity (E) decreased during uniaxial testing as a result
of the rise in the percentage of GnPs filler. The value of the neat matrix dropped from 3.4 GPa
to 2.7 GPa with the inclusion of 1 wt.% epoxy and GnPs nanocomposite. The reduction in size
was linked to a nonlinear rise in the elongation at the point of fracture, which suggests that the
elongation at break increase and consequence the ductility of epoxy/GnPs nanocomposites
increased. This phenomenon could be credited for the impact of the GnPs nanofiller molding
on the mechanical characteristics of the composite substance. The behavior that was observed
was caused by the nanoplatelet sheets sliding into the complex structure of the epoxy/GnP
nanocomposite. The reason behind this movement was determined to be due to the bending or
turning of cracks, breakage of layers, and the separation or detachment of GnPs layers, as
previously mentioned in sources (136,137).
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Figure 22. The connection between Young's modulus of elasticity and also the elongation at
break of the investigated nanocomposites containing HNTs and GnPs, taking into account the
existence of nanofillers.

The speed at which the deformation was applied was fifty millimeters every minute. The chart
displays a complete line indicating the Young's modulus of elasticity, and a broken line
representing the elongation at the point of fracture. In comparison, the mechanical stiffness of
the elements studied decreased as seen in the (E) for epoxy/HNT nanocomposites which
decreased from 3.4 GPa in the pure matrix to 2.7 GPa in the 5 wt.% epoxy/HNTs
nanocomposite. The increase in HNTs filler concentration led to an increased stiffness
compared to epoxy/GnPs nanocomposites. The results show that there is a constant
relationship between elongation at break, which is around 0.36 mm, and the observed results
shown in (Figure 23). The composite material was thought to become a lot more brittle fraction
following the addition of HNT nanofiller based on the above data. The HNTs nanofillers were
prevented from sliding within the composite matrix, which was linked to this. The results of
the uniaxial tensile examinations matched the measurements of fracture toughness (136) in a
favorable fashion (Figure 23). At a filler concentration of 1 wt.%, the epoxy/HNTs
nanocomposites had a higher fracture toughness of 8.2 kJ/m? when compared with the
epoxy/GnPs nanocomposites that had a fracture toughness of 6.0 kJ/m*. The fracture toughness
showed a gradual decrease that was not linear when more HNTs filler (1-5 w.%) was added.
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Figure 23. The dependence of the concentration of the nanofiller on the unnotched fracture
hardness of the GnPs and HNTs nanocomposites was investigated.

The continuous composite matrix was accelerated by CTBN (Figure 21c), which resulted in
local deformations in the matrix. The distortion of the matrix mechanisms enabled the
spreading of external mechanical energy throughout a significant area, thus hindering the
formation of a single brittle crack. To be able to attain the highest level of effectiveness in
modifying rubber, specific requirements must be fulfilled, including the establishment of a
two-parts structure, sufficient bonding at the interface, and a precise separation distance
between adjacent rubber areas (138). According to (139), a similar pattern of conduct was
noticed in adaptable polymers that contained both soft and hard components, where the hard
parts showed increased stiffness, while the soft parts displayed greater elasticity. (Figure 24)
depicts the results obtained from the evaluations of micro-hardness versus filler concentration
for the two epoxy nanocomposites that were examined. According to the findings, the
indentation modulus EIT experiences a non-linear decrease as the concentration of filler
decreases. In relation to the epoxy/GnP nanocomposites, it was noticed that the effective
elastic modulus EIT of the material decreased from 4.3 GPa (without any GnPs/pure matrix) to
3.4 GPa (with 1 wt.% GnPs nanocomposite). While studying epoxy/HNTs nanocomposites,
researchers noted that the material's EIT decreased from 4.3 GPa (in its pure structure) to 3.8
GPa (when a 5 wt.% HNTs nanocomposite was existing). It was believed that the reduction in
surface hardness could be attributed to the plasticizing impact of the nanofillers.
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Figure 24. The relationship between the concentration of nanofillers as well as the
indentation modulus of HNTs and GnPs nanocomposites has been examined.
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The results of the 3-point bending tests carried out on the tested nanocomposites are shown in
(Figure 25). Brittle materials typically exhibit nonlinear decreasing patterns, which were
observed in both nanocomposites under investigation. The research discovered that there was a
decrease in the bending modulus (EB) that was not in a straight line as the amount of GnPs
filler increased. The bending modulus ranged from 4.3 GPa for the pure matrix to 2.8 GPa for
the nanocomposite containing 1 wt.% GnP. The noted occurrence was connected to a
consistent and non-linear increase in elongation at the point of fracture, ranging from 5.0 mm
(for the pure matrix) to 6.0 mm (for the nanocomposite composed of 1wt.% epoxy and GnPs).
The pattern indicates that the composite has increased ductility because of the plasticizing
impact of the nanofiller within the prepared epoxy/GnP nanocomposites. On the other hand,
the epoxy/HNTs nanocomposites showed a non-linear decrease in EB, going from 4.3 GPa
(pure matrix) to 3.0 GPa (in 5wt.% epoxy/HNTs nanocomposites). This indicates that the
substances being studied experienced a decrease in their mechanical stiffness. However, there
was a small non - linear decrease observed in elongation at break with respect to the amount of
HNTs filler present. The break values decreased the elongation from 5.0 mm for pure matrix to
4.1 mm for 5 wt.% epoxy/HNTs nanocomposites. The epoxy/HNTs nanocomposites are found
to be more brittle than the epoxy/GnPs nanocomposites, according to the findings.
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Figure 25. The concentration of nanofiller was investigated to determine the bending modulus
and elongation at the break of HNTs and GnPs nanocomposites. The deformation rate was 50
mm/min. The chart shows two factors, bending modulus, and elongation at break, illustrated by
a continuous line and a dotted line, correspondingly.

The researchers conducted dynamic mechanical evaluations on the nanocomposites being
studied, and the results are shown in (Figure 26) and (Figure 27). The frequency connections
of displacement transmissibility are depicted in (Figure 26). The results obtained demonstrated
a significant degree of similarity with the uniaxial tensile measurements. Figure 26 shows that
the displacement of the fr; peak towards higher excitation frequencies is a sign of an increase
in material stiffness. A small decrease in the stiffness of the 2nd type was noticed when there
were very low amounts of filler present. This was indicated by the minimal shift of fg; towards
lower values, as depicted in (Figures 26a) and (Figure 26b). The displacement
transmissibility's frequency connections are impacted by the size of the inertial mass, as
illustrated in (Figures 26¢) and (Figure 38d). According to the research, it was found that an
increase in inertial mass resulted in a decrease in the location of the very first resonance
frequency peak. As a result, this improved the damping properties of the mechanical vibrations
in the components (132).
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Figure 26. In order to determine the displacement transmissibility, a comparison was made
between the frequency dependencies of the evaluated GnPs and HNTs nanocomposites as shown
in the inset a and b. A mass of 90 g inserted in c and d with different concentrations of
nanofillers is subjected to inertial forces. The mass that is used in practical applications is
related to inertia.

Furthermore, the rise in fg; with the GnPs concentration validated the enhanced stiffness of the
substances, which is consistent with the findings from the prior assessments of the material’s
tensile strength and fracture toughness as shown in (Figures 22 and 23). The above
observations align with the results of the epoxy/GnPs nanocomposite experiment shown in
(Figure 27). The experiment demonstrated a clear connection between the concentration of the
filler as well as the linear increase of fr; (132). The mechanical stiffness of the epoxy/HNTs
nanocomposites decreased as shown by a decrease in fr; and an increase in the concentration
of fillers used for the inertial masses, according to (Figure 27) (132).
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Figure 27. The concentration dependences of HNTs and GnPs nanocomposites have been
compared to their original resonance frequencies. Legend is placed within the graphic.
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10.3.5 Conclusion

The current study has confirmed that it is possible to control the elastic-plastic mechanical
properties of complex epoxy resin nanocomposites by using nano-sized GnPs and HNTs
fillers. The graph shown in (Figure 22) demonstrates a complex and nonlinear relationship
between the concentration of GnPs filler and Young's modulus of elasticity. At exactly the
same time, there was an increase in the ductility of the nanocomposites being studied when the
concentration of GnPs nanofiller was between 0-1 weight percent. This was demonstrated by
the higher elongation at the point of fracture in the specimens, as shown in (Figure 22a). The
noted occurrence was ascribed to the interparticle sliding impact demonstrated by the distinct
GnPs nanoparticles that dispersed throughout the complex epoxy resin structure. The
examination of epoxy/HNTs nanocomposites at concentrations ranging from 1 to 5 wt.%
exhibited a steady pattern in Young's modulus of elasticity, with an average value of 2.8 GPa.
In addition, (Figure 22) shows that there was a non-linear elongation pattern of approximately
0.35 mm at the point of break. The limited movement of HNTs nanofillers in the matrix is
believed to be the root cause of the phenomenon observed during mechanical evaluations. The
results of fracture mechanical examinations indicate the rigid epoxy/HNTs nanocomposites
tend to be more fracture tough at lower filler concentrations than epoxy/GnPs nanocomposites.
This effect can be credited to the GnPs filler's ability to glide and dissipate. The ability of the
intricate epoxy/GnPs nanocomposites to change shape and adapt increased as the amount of
GnPs filler increased. This was observed through measurements of elongation at break during
uniaxial 3-point bending tests. The nanocomposites made of epoxy and HNTSs, with a
nanofiller concentration of 1 wt.%, exhibited a higher elongation at the point of fracture,
measuring 6 mm instead of 5.3 mm. Micro-hardness procedures produced a similar result, with
an indentation modulus of 3.4 GPa for epoxy/GnPs nanocomposites compared to 4.0 GPa for
epoxy/HNTs nanocomposites (nanofiller concentration 1 wt.%). The epoxy/GnPs
nanocomposites appear to have better dissipative mechanical properties, according to this
evidence. The previous occurrence was favored to the previously mentioned gliding friction
caused by the GnPs nanofiller. The research utilized a distinctive approach to reduce
mechanical vibrations, without causing destructive and, by use of forced oscillations. This
technique was used to compare the mechanical properties in the low-frequency range of 2-3-
200 Hz. The focus was on the location of the initial peak of the resonance frequency. The
research verified that epoxy/GnPs nanocomposites exhibited plasticization, as evidenced by a
decrease in the position of the very first resonance frequency peak fr; to 2.6 kHz, which was
lower than that of epoxy/HNTs nanocomposites, whose fr; magnitude was 2.8 kHz. These two
results were acquired when the nanofiller concentration was 1% by weight and there was no
inertial mass involved.
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10.4 Effect of conditioning on PU foam matrix materials
properties

The primary goal of the recently released research article E is to explore the impacts of
thermal aging on soft polyurethane foams (PU). Methods including thermal analysis, tensile
and compressive testing, and powerful mechanical vibration testing were employed to assess
the thermal and mechanical properties. The findings suggest that the physical stiffness of PU
foams decreases due to degradation processes caused by an increase in relative humidity in
the surrounding atmosphere. The above-mentioned occurrence is credited to the plasticizing
of the wall material made of polyurethane foam. As a result, there is a decrease in Young's
modulus of elasticity, which leads to an increase in the amount of permanent deformation.
The research used a novel approach of vibration damping testing, which does not cause
destructive, to confirm the decrease in mechanical stiffness. This decline in stiffness indicates
a loss of elasticity due to sample conditioning. The decrease in elastic mechanical
performance is further supported by the documented decrease in matrix hardness. The PU
foam loses significantly in thermal stability as a result of the conditioning impact.

10.4.1 Materials

The study utilized open-cell soft PU foams that were acquired from a local construction
hobby market. The foams had a density of more or less 35.4 grams per cubic centimeter with
a tolerance of 0.3 grams per cubic centimeter. Samples of polyurethane, also known as PU,
were tested in different shapes and sizes to assess their tensile strength (using dog bone
shape), evaluate mechanical vibration, permanent deformation, and measure hardness (using
cubic shape). The image depicted in (Figure 28) displays the PU foam utilized in the research.
PU foam fragments were utilized for the purpose of thermal analysis. The samples were
exposed to various levels of heat (45 and 80°C) and moisture (45 and 80%) for different
amounts of time, ranging from 0 to 300 hours, in a controlled environment chamber
Discovery 105, Angelantoni test technologies, Massa Martana, (Italy).

Figure 28. The picture below displays the PU foam material that underwent testing.

10.4.2 Methodology

The uniaxial tensile testing was conducted using the Autograph AGS-X instrument, which is
made by Shimadzu in Kyoto, (Japan). The device had been set up making use of the TCE
Series compact thermostatic chamber. Tests were conducted in accordance with CSN EN ISO
527-1 and 527-2 (140) guidelines, using a deformation rate of 100 mm/min. The study
consisted of performing each measurement 10 times and calculating the average results. The
research employed a thermal analysis instrument known as SDT 650 Discovery with TRIOS
software, which was produced by TA instrument in New Castle, DE, (USA). The instrument
was used for conducting DSC/TGA TG and DTA tests simultaneously, and Indium was used
as a calibration material for the equipment. Before taking each measurement, the specimens
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were placed in an aluminum tray. Consistent observations of weight heat flow and
temperature variations were made throughout the experiment. The experiment was carried out
in a stationary atmosphere with a heat flow of 10°C a minute, spanning a temperature range
of 30 to 300°C. Formula (13) (141) is used to assess the capability of a material to damping
mechanically and symmetrical induced vibrations in single-degree-of-freedom (SDOF)
systems, which is measured by the dynamic displacement transmissibility Td.

Ty=Y= %2_ J 24 cw)? (13)

(k—m-w?)?+(c-w)?

where the variables in this equation are known as follows: y1 represents the displacement
amplitude on the start point of the tested sample, y2 represents the displacement amplitude on
the end point, a1 represents the acceleration amplitude on the start point, a2 represents the
acceleration amplitude on the end point, k represents the stiffness, c represents the damping
coefficient, m represents the mass, and w represents the circular frequency (141,142). The PU
foams being studied were assessed for their dynamic mechanical vibration - damping abilities
using the technique of forced oscillation (143). The degree of permanent deformation has
been assessed by adhering to the' CSN EN ISO 1856 standard. The block being evaluated had
dimensions of 50 mm in length, 50 mm in width, and 50 mm in thickness. The displacement
transmissibility Td was evaluated by simulating measurements between the frequency range
of 2 Hz and 1000 Hz (144). This evaluation was conducted using the BK 4810 vibrator along
with the BK 3560-B-030 signal pulse multi-function analyzer and the BK 2706 force
amplifier. The samples under study were tested for both acceleration amplitudes a1 and a2.
The assessment was carried out using BK 4393 accelerometers made by Briiel & Kjaer
located in Nerum, (Denmark) (145). The dimensions of the sample being studied were 60
mm in length, 60 mm in width, and 50 mm in thickness. The average displacement-
transmissibility was calculated by measuring it three times at a temperature of 25°C, which is
considered normal. The indentation method was used to measure the foam hardness using the
standard method A of CSN EN ISO 2439 (645440) for flexible cellular polymeric materials.
The samples went through a compression procedure, leading to a 60% decrease in their initial
height. After a period of 30 seconds of deformation, the value of force (N) was computed.
The samples were measured to be 50 mm in length, 50 mm in width, and 50 mm in thickness.
Five measurements were carried out at specific temperatures of 45 as well as 80°C, along
with relative humidity levels of 40 and 80%, each measurement was repeated five times in the
experiment. The samples went through a 300-hour conditioning procedure where they were
subjected to the same temps and relative humidity levels mentioned earlier. After undergoing
conditioning, the samples were positioned in the gap of the pressing device and exposed to a
pressure that caused their size to decrease by 50 % from the original measurements. This
compression process lasted for 30 minutes. After being compressed, the samples were then
released and left unrestricted on the flat surface for 30 minutes. The lasting deformation was
measured as a ratio to the original size of the sample, and the thickness was reevaluated at a
later time.

10.4.3 Result and discussions

The tensile examination of the PU foam components under investigation is shown in (Figure
29). The study revealed that the cellular components improved in mechanical strength and
plasticity after 3 hundred hours of conditioning, when subjected to a temperature of 45°C
and a relative humidity of 80%, the sample showed an increase in stress at the point of
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rupture by 19%, increasing from 155 kPa to 184 kPa. The ductility also rose from 87%
under the given conditions of 45°C temperature and 45% humidity to 114% under the given
conditions of 80°C temperature and 45% humidity. The conditioning at 80°C exhibited a
correlation that remained relatively stable. The durability of the material improved following
a 24-hour period of conditioning at a temperature of 45°C and relative humidity of 80%.
However, after 48 hours of conditioning, there was a significant drop in mechanical strength.
Nevertheless, it was noticed that there was an increase following 3 hundred hours of
conditioning. The behavior mentioned previously indicated that significant changes in the
structure, which were caused by cross-linking, occurred after 48 hours of exposure to 80%
humidity. If the temperature is 80°C and the humidity is relative 45%, then the fracture
stress continued to be fairly constant. An increase of around 10% was noticed when the
relative humidity was elevated. The information depicted in (Figure 29) displays a
noteworthy rise in the ductility of the PU foam material, suggesting that the PU structure has
undergone additional plasticization. The improvement in ductility by 19 % from 87% to
114% after subjecting the foam to a 300-hour treatment at 80°C and 45% relative humidity
is attributed to changes in the elasticity of the specific cell walls within the foam matrix. The
alteration of the foam structure resulted in a modification of the size of each cell, resulting in
a rise in the pressure of the air. A change in the shape of individual cellular components is
linked to the alteration in magnitude. Cross-linking (146) and partial hydrolysis (147) might
have affected the viscoplastic and viscoelastic properties of the polyurethane (PU) matrix. It
was proposed that the swelling of various parts of the cell walls in PU is a complex reaction
of the material. It was hypothesized that the primary ways in which mechanical energy was
transferred and dissipated were through viscous friction and the stiffness of the walls (148).
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Figure 29. The results of testing the PU materials being studied through uniaxial tensile
evaluation include: (a) determining the stress at which the material breaks and the time it
takes to condition at different temperatures and levels of humidity, and (b) determining the
elasticity of the material, known as Young's modulus E, while conditioning at different
temperatures and levels of humidity. The inset displays the values for T, which represents
temperature in degrees Celsius, and RH, which stands for relative humidity in percentage.

The findings of the research indicate that the increased stress levels observed during the rest
of PU samples exposed to 80% relative humidity along with 45°C can be explained by an
increase in the stiffness of the structure and the elasticity of Young's modulus. As a result, the
brittle pattern of the matrix is enhanced. The research found that signs of matrix hydrolysis
were noticed while the conditioning process was carried out at a temperature of 80°C,
regardless of the level of relative humidity. The elasticity (E) of the specimen decreased from
1816 Pa (when it was not conditioned) to 1350 Pa (when it had been conditioned at 80°C and
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45% relative humidity) and 1600 Pa (when it was conditioned at 80°C and 80% relative
humidity). The displacement transmissibility gradually increased with conditioning
temperature and relative humidity reaching 80%, according to the results. The PU matrix
exhibited greater mechanical stiffness between 250 and 400 Hz, suggesting a higher
frequency range. (Figure 30a) illustrates this. A similar result was observed when the
conditioning was done at a relative humidity of 40%. According to the hypothesis, the
polyurethane matrices that were not reacted completely underwent a chemical process of
cross-linking during the first forty-eight hours of conditioning. This supposition is established
by the testing methods used in the past to determine tensile strength. The increased relative
humidity as shown in (Figure 30b) resulted in the enhancement of Td, which made the
improvement in mechanical stiffness of the PU matrix even more noticeable. The findings
from (Figure 31a) suggest that there is a significant link between the length of time the foams
were conditioned and their level of elasticity. The appearance of 2 peaks in the Td frequencies
(occurring at 280 and 430 Hz, with magnitudes of 0.014 and 0.017, respectively) can serve as
evidence of this. An increase in stiffness was noticed within the 200 to 600 Hz frequency
range, and there have been modifications in mechanical behavior after extended conditioning
as shown in (Figure 31b), indicating the presence of plasticity patterns. The foam's elasticity
in the frequency range of 200 to 600 Hz was decreased after subjecting it to a 24-hour
conditioning period at 80°C and 80% relative humidity, as compared to the initial
polyurethane sample. The wall material might have begun to decompose, possibly through
hydrolysis.
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Figure 30. The relationship between frequency and displacement transmissibility was
analyzed using vibration-damping measurements on the PU materials being studied. This was
done after a 300-hour conditioning phase, taking into account the impact of both temperature
and humidity conditions. Specifically, the effects of conditioning at 80% relative humidity and
below 45°C temperature were examined. The original sample without any conditioning is
denoted by the variables T for temperature in degrees Celsius and RH for relative humidity in
percentage.
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Figure 31. The examination of the PU substances' oscillation damping demonstrated the
correlation between frequency and displacement transmissibility. Figure a display the effects
of conditioning time under 45 °C and 80% RH, while Figure b shows the effects of
conditioning time under 80°C and 80% RH. The inset indicates the conditioning time in hours,
with the original non-conditioned sample.

The results of sample conditioning on PU foam toughness are shown in (Figure 32). The
results indicated that the toughness of all the materials tested decreased, except for those that
were subjected to a temperature of 45°C and longer conditioning time. The reduction in
hardness observed under the mentioned conditioning details can be attributable to the higher
crosslinking density of the PU foam wall matrix. The degree of hardness decreased by 10% to
18% after being conditioned for 300 hours at temperatures between 45°C and 80°C, and with
a relative humidity ranging from 45% to 80%. The hardness increased somewhat from 18N to
19 N when relative humidity and the temperature were both 45°C and 45%, respectively. The
researchers theorized that the breakdown of PU molecules could be brought on by higher
temperatures and increased humidity. Based on Weise et al. (222), crosslinking occurs more
frequently in PUs with increased poly(ester) content because ester groups are more prone to
hydrolysis than PUs with higher poly(ether) content. The FTIR analysis has confirmed that
when ester groups go through hydrolysis, they produce carboxylic acids. These acids then
function as unique and non-ductile ionic crosslinks. PU formulations containing only
macrodiols experienced a slight rise in mechanical stiffness within the first thousand hours of
exposure to weathering. Nevertheless, prolonged contact with weathering led to their eventual
deterioration, causing them to weaken to the point of breaking. The results suggest that the
deterioration caused a decrease in the mechanical characteristics of poly(ether) type PUs,
even though shorter but stiffer crosslinks formed during exposure to weathering.
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Figure 32. The correlation between the duration of conditioning and also the level of hardness
observed in diverse PU foams under different temperatures and levels of humidity. Inserted: T-
represents temperature in degrees Celsius, while RH symbolizes relative humidity in
percentage.

The results shown in (Figure 33) demonstrate that the conditioning temperature plays a
significant role in the irreversible deformation of PU foams. In particular, when subjected to a
temperature of 45°C during conditioning, there was an increase in elasticity and a decrease in
constant deformation when compared with conditioning at higher temperatures. This
discovery is in line with the data presented in (Figure 31b), which shows that the Young's
modulus of elasticity is greater at lower temperatures of conditioning. The PU foams lasting
distortion significantly rose from 18% to 46% as the temperature for conditioning increased
from 45°C to 80°C, regardless of the relative humidity. The results showed that the PU foams
had a reduced elasticity and an improved plastic mechanical behavior, which were both
linked to the reduction in E.
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Figure 33. The relationship between conditioning time and permanent deformation of PU
foams is being investigated under different temperature and relative humidity conditions. The
inset displays the values for T, which represents temperature in degrees Celsius, and RH,
which represents relative humidity in percentage.

The reference (149) states that single component PUs containing only poly (ester) or poly
(ether) macrodiols possess lower mechanical stability than two component PUs containing
both macrodiols. The result was a combined effect that resulted in a 24% increase in damping
abilities and an 18% enhancement in mechanical strengths after exposure to weather
conditions. The enhanced ability of the mixed PUs to absorb vibrations was attributed to a
decrease of 15% in the efficiency of the macrodiol chains in packing together, which
occurred due to the presence of two different functional groups. The research found that
mechanical stabilities increased after weathering, which was due to the combination of the
protection and degradation processes of the urethane set by the ester. The degradation
structure typically present in the studied polyurethane foams is shown in (Figure 34) and
(150,151). The degradation process began at a temperature of 260°C and resulted in a
reduction in weight of more or less 86%. Afterwards, there was a release of heat due to the
fusion process. The observed deterioration can be explained by the breakdown of the
polyurethane material into its individual polyol and also diisocyanate elements. The
diisocyanate was then thermally decomposed. The primary substances that were recognized
during decomposition were toluene, benzene, phenyl isocyanate, benzonitrile, and
methylbenzonitrile. The method of decomposition talked about earlier refers to the process of
breaking down diisocyanates and also polyols present in the polyurethane material. This
breakdown leads to the emission of carbon dioxide plus hydrogen cyanide gases (152).
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Figure 34. The red line on the graph signifies the typical thermogravimetric analysis (TGA)

pattern observed in the polyurethane foam material. Similarly, the blue line indicates the
differential thermal analysis (DTA) pattern observed in the very same material.
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The TGA's evaluation results are briefly summarized in (Figure 35) (152). The empirical
evidence suggests that weight loss improves somewhat with increasing conditioning duration,
regardless of temperature as well as humidity during conditioning. The alteration in the
chemical structure of the polyurethane foam probably resulted in the increase in quantity,
perhaps because of the inclusion of unattached isocyanate. The conditioning of PU foam
might result in a lessening in its thermal resistance, which is sensible to conclude.
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Figure 35. The PU foams being studied lose weight over time due to conditioning. T-
temperature (°C) and RH-relative humidity (%) are shown in the inset.

10.4.4 Conclusions

The aim of this research was to analyze the physical and chemical characteristics, as well as
the mechanical attributes, of commercially available gentle polyurethane foams when
subjected to thermal driven degradation. The findings showed that the decline in quality of
polyurethane foams began when the temperature and humidity in the surrounding
environment increased modulus, the polyurethane foam wall material went through a
decrease in stiffnesses due to its plasticization. This was evident from an increment in the
constant deformation and dropping in Young's modulus and the elasticity modulus's worth.
The phenomenon was even more validated through non - destructive dynamical - mechanical
vibration tests, which revealed that the samples exhibited greater vibration damping and
reduced elasticity. The decline in the firmness of the matrix was linked to alterations in the
mechanical characteristics, suggesting a reduction in the elasticity of the mechanical
performance. Moreover, the thermal stability of PU foam was greatly reduced by
conditioning.
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11. Closing remarks

11.1 Further prospective suggestions for research

The dissertation offers a number of paths for future research and technical progression in the
area of polymer nanocomposites. Prospective aspects include the following possibilities:

1) Optimization of filler concentration: Further investigation can focus on enhancing the
concentration of fillers in polymer composites to attain the aimed thermal and mechanical
features. researchers will be able to gather more comprehensive data and obtain a deeper
understanding of the effects of fillers. For specific purposes, it is possible to determine the
ideal combination of stiffness, fracture toughness, ductility, along with thermal stability.

2) Investigation of novel fillers: The scope for polymer composites can be expanded by
investigating new fillers that possess distinctive characteristics. Scientists have the ability to
explore how various forms of nanoparticles, fibers, or several other substances added as
fillers can enhance specific characteristics or achieve multiple functionalities. Understanding
the way in which polymers interact with matrices and how it affects their thermal and
mechanical performance is of utmost importance.

3) Advanced techniques for characterization: can offer more comprehensive understanding of
the performance of polymer composites. Advanced microscopy techniques like atomic force
microscopy (AFM) and electron microscopy can uncover the microscopic structure and
distribution of fillers in the polymer matrix at the nanoscale level. Furthermore, the use of in
situ mechanical testing in conjunction with imaging techniques that operate in real-time can
enhance comprehension of deformation and failure mechanisms.

4) Fillers that are Sustainable and bio-based: The quest for sustainable and bio-derived
substances to use as fillers in polymer composites is gaining greater significance as
sustainability becomes a more prominent concern. Investigations can center on the use of
fillers obtained from sustainable resources or discarded materials, which can help in the
advancement of environmentally friendly and financially feasible composites.

5) Modeling and simulation: Polymer composites and their thermal and mechanical features
can be contributed by using modeling and simulation software. By combining empirical data
and computer models, the researchers are able to enhance their understanding of the
fundamental of the behavior of composite materials in different strategies.

6) Application-based research: Prospective research can be driven by specific needs, such as
automotive, aerospace, construction, or biomedical sectors. By tailoring the mechanical and
thermal aspects of polymer composites to meet the requirements of these applications,
researchers can participate in the development of high-performance, and sustainable
substances.

11.2 Final conclusion

The objectives of the dissertation are to improve overall understanding and advancements in
technology through the following targets:

1) Exploration of the impact of fillers: The main focus of the thesis is to explore how
different fillers, including perlite, nano CaCO3, nano clay, GnPs, and HNTs, impact the
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thermal and mechanical characteristics of polymer composites, thereby adding to the general
comprehension of this topic. The thesis improves our realization of how fillers and polymer
matrices interact by looking at the impacts of these fillers.

2) Mechanical property improvement: The technology is advanced through the examination
of how mechanical properties in polymer composites can be improved, as explored in the
thesis. The study examines the effects of fillers on Young's modulus of suppleness,
elongation at break, fracture toughness and plastic elastic behavior. The examination of the
mechanical characteristics of composites can assist in developing materials that possess
greater strength and longevity, suitable for a range of uses.

3) Nondestructive testing methods: The technology is enhanced by the thesis through the
utilization of non-destructive testing methods such as non-destructive vibrator testing along
with dynamic mechanical vibration testing. These techniques provide an understanding of
the mechanical behavior of polymer composites without causing any damage. The results
will aid in evaluating the reliability and excellence of composite materials in practical
situations.

4) The fourth aspect is related to the resistance of a substance to heat and its potential
breakdown: The research conducted in the thesis adds to the overall understanding of
polymer foams and composites by examining their thermal stability and patterns of
degradation. This study investigates how variations in temperature and humidity during
conditioning affect the mechanical characteristics and thermal endurance of polyurethane
foams. To create products that are more durable and dependable, it is necessary to have an
understanding of the ways in which these materials degrade and behave under different
temperatures.

In outline: The dissertation's essential argument sets the stage for future investigations into
enhancing the amount of filler used, synthesis of novel types of fillers, improving methods for
analysis, and creating patterns that account for multiple measurements. These possible topics
have the potential to lead progress in the creation and improvement of polymer composites,
resulting in boosting features and expanded uses.
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