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ABSTRACT

Polyetheretherketone (PEEK) is a high-performance semicrystalline thermoplastic
polymer with excellent chemical and thermal stability that has been widely used in the
biomedical field as a substitute for human cortical bone. However, low bioactivity and weak
mechanical properties restrict the use of PEEK in orthopedic implants. Reinforcement of PEEK
by nanoparticles such as hydroxyapatite (HA) and multiwalled carbon nanotubes (MWCNTS),
is a technique that has the potential to prepare PEEK composites with enhanced properties.
Nevertheless, the homogenous dispersion of MWCNTSs in the polymer matrix is a primary
processing challenge. The present study reports an environmentally friendly approach for
homogeneous MWCNTSs dispersion in PEEK composites by using ionic liquids (ILs) with
different loadings via melt-blending and compression molding techniques. To examine the
effect of ILs on PEEK composites, optical microscope, FESEM, DSC, TGA, nanoindenter and
UTM analysis were performed. Moreover, the effect of HA on biological properties, and
thermal degradation kinetics of PEEK composites were also explained. ILs provoked a uniform
MWCNTSs dispersion in PEEK, as confirmed by FESEM and optical micrographs. The thermal
properties including decomposition temperature and percentage crystallinity of PEEK
composites with the employed ILs were enhanced. PEEK composites containing 1 wt% of 1-
butyl-3-methylimidazolium hydrogen sulphate ([BMIM]HSO.) exhibited 37 % and 6.33 %
increase in elastic modulus and tensile strength, respectively. The Alamar blue assay
investigation confirmed that inclusion of HA to PEEK composites improved the cells viability
(more than 80 %). Also, the effectiveness of PEEK composites with and without ILs was
modelled using Coats-Redfern, Broido and Horowitz-Metzger models, and it was discovered
that a 3-8 % rise in the activation energy of ILs treated composites was found. The considerable
improvements indicated that ILs-based approaches could be a novel, green, and promising
processing method for uniform MWCNTSs dispersion in PEEK for prospective biological

applications.
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ABSTRAK

Polyetheretherketone (PEEK) ialah polimer termoplastik semikristalin berprestasi
tinggi dengan kestabilan kimia dan haba yang sangat baik yang telah digunakan secara meluas
dalam bidang bioperubatan sebagai pengganti tulang kortikal manusia. Walau bagaimanapun,
kurangnya bioaktiviti yang rendah serta sifat mekanikal yang lemah menyekat penggunaan
PEEK dalam implan ortopedik. Pengukuhan PEEK oleh nanopartikel seperti hidroksiapatit
(HA) dan tiub nano karbon berbilang dinding (MWCNTS), adalah satu teknik yang berpotensi
untuk menyediakan komposit PEEK dengan sifat yang dipertingkatkan. Meskipun demikian,
penyebaran homogen MWCNT dalam matriks polimer adalah cabaran pemprosesan yang
utama. Kajian ini melaporkan pendekatan yang mesra alam sekitar untuk penyebaran MWCNT
homogen dalam komposit PEEK dengan menggunakan cecair ionik (IL) dengan beban yang
berbeza melalui teknik pengacuan leburan dan mampatan. Untuk mengkaji kesan IL pada
komposit PEEK, mikroskop optik, FESEM, DSC, TGA, nanoindenter dan analisis UTM telah
dilakukan. Selain itu, kesan HA ke atas sifat biologi, dan kinetik degradasi haba komposit
PEEK turut dijelaskan. 1L mencetuskan penyebaran MWCNT yang seragam dalam PEEK,
seperti yang disahkan oleh FESEM dan mikrograf optik. Sifat terma termasuk suhu penguraian
dan peratusan kehabluran komposit PEEK dengan IL yang digunakan telah dipertingkatkan.
Komposit PEEK yang mengandungi 1% berat 1-butil-3-methylimidazolium hidrogen sulfat
([BMIM]HSO,) masing-masing menunjukkan peningkatan 37 % dan 6.33 % dalam modulus
elastik dan kekuatan tegangan. Siasatan ujian biru Alamar mengesahkan bahawa kemasukan
HA ke komposit PEEK meningkatkan daya maju sel (lebih daripada 80%). Selain itu,
keberkesanan komposit PEEK dengan dan tanpa IL telah dimodelkan menggunakan model
Coats-Redfern, Broido dan Horowitz-Metzger, dan didapati bahawa peningkatan 3-8% dalam
tenaga pengaktifan komposit yang dirawat IL telah ditemui. Penambahbaikan yang ketara
menunjukkan bahawa pendekatan berasaskan IL boleh menjadi kaedah pemprosesan yang baru,
hijau, dan menjanjikan penyebaran MWCNT seragam dalam PEEK untuk aplikasi biologi
prospektif.
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CHAPTER 1
INTRODUCTION

1.1 Overview

In this chapter, the background of the study is described. The significance of
PEEK polymer, with a particular emphasis on biomedical applications, is discussed,
as well as challenges and concerns about biological and mechanical characteristics.
Furthermore, the problem statement, research objectives, and scope of the study are

provided.

1.2 Background

In recent years, polymers have received augmented significance because of their
lightweight, reasonable cost, ease of handling, and good processability. They are widely
used in a broad range of applications, including packaging, coatings, storage,
electronics, optical, and biological implant materials [1]. Among polymers,
polyetheretherketone (PEEK) is a high-performance semicrystalline (30-35%)
thermoplastic polymer with a rigid benzene ring, flexible ether bonds, and carbonyl
groups, as shown in Figure 1.1. This configuration makes the polymer thermally stable
even at a high temperature (usually over 300 °C) [2]. Since its commercialization, this
polymer has found widespread use in different industries, including pharmaceutical,
chemical, aerospace, automobiles, telecommunication, and biomedical applications,
especially for human bone fixation devices [3]. Despite these outstanding features, a
mismatch of mechanical properties and biological inertness (limited capability to join
with bone tissues) compared to human bone retards its biomedical engineering

applications [4-7].
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Figure 1.1: Structure of PEEK [2]

The biological characteristics of PEEK polymer can be altered by including a
variety of biomaterials [8, 9]. Hydroxyapatite (HA) is the most commonly utilized
bioactive material as a PEEK coating because of its similarity to human bone minerals.
The HA is calcium phosphate-based bioceramic with the chemical formula
Ca10(POa4)s(OH)2) [10]. The approaches to incorporate PEEK with the HA are surface
coating [11], surface modification [12] and composite preparations [13]. Among these,
the most practical and useful technique is polymeric composite material manufacturing
[14, 15]. Composite materials are classified as materials composed of two or more
constituent phases with substantially different physical or chemical properties that
remain distinct and separate within the structure. The overall properties of a composite
are superior to those of the individual components. Composites are made up of a
continuous phase called the matrix (polymer) and a distributed phase called the
reinforcement [16, 17]. It was worth noting that the addition of HA to PEEK [18, 19]
enhanced the functional integration of human cells line with the synthesized
composites. Nevertheless, the mechanical properties were reduced with the introduction
of HA into PEEK [20].

Polymer composites with improved mechanical features are becoming more
popular in high-performance applications, including aerospace, automotive industries,
and biomedical engineering applications. In particular, the mechanical performance of
PEEK composites was enhanced by using different reinforcement fillers such as nano
Si02 [21], montmorillonite (MMT) [22], carbon fibres (CFs) [23], multi-walled carbon
nanotubes (MWCNTS) [24, 25] and graphene [26]. Conversely, MWCNTSs are
prioritized over other nanofillers due to their low cost, large surface area, negligible
toxicity, bone-tissue compatibility, outstanding mechanical and thermal properties, and

low mass density (1.3-2.1 g/cm?®), making them excellent nanofillers for large scale



industrialization to improve the properties of polymeric composites [27-29]. In recent
years, PEEK/MWCNTs composites have been prepared through two different
strategies, covalent functionalization [30], and non-covalent functionalization [31]. In
the first method, chemical reactions are involved, which is time-consuming, expensive
and cause damage to the CNTs surface [15]. In comparison, non-covalent
functionalization methods are eco-friendly and do not change the CNTSs characteristics,
and they interact with the polymers via n-n interactions and van der Waals forces [32,
33]. In non-covalent functionalization, preparation of composites via solution mixing
[34, 35], and melt blending [1, 24, 27, 36] is involved. The solution mixing method is
the most common strategy for preparing CNTs-polymer composites in which a suitable
solvent (the solvent can dissolve polymer matrix) is used for the dispersion of CNTs by
magnetic stirring or ultrasonication. After magnetic stirring, CNTs are combined with
the polymer at a specific temperature, and the solvent is evaporated in the vacuum oven
[15, 35, 37]. Whereas, in the melt mixing method, thermoplastic polymers are heated
above their melting point for the fabrication of CNTs-polymer composites by several
processes such as extrusion [24, 38], internal mixer [39], injection molding [34] and
compression molding [35]. In addition, this method is best suited for polymers which
are insoluble in common organic solvents. However, several studies have been reported
in which PEEK/MWCNTSs composites were prepared via solution mixing and melt
blending methods; the homogenous and precise dispersion of MWCNTSs in PEEK still
presents significant challenges because of low dispersibility, high aspect ratio (ca. 300—
1000) and agglomeration of MWCNTSs in the PEEK polymer. Recently, the use of ionic
liquids (ILs) for effective MWCNTSs dispersion in polymeric composites could be an

alternative method.

The growing interest in ILs primarily from the increased awareness of their
possible applications in "green chemistry,” with a corresponding focus on the
dispersion of MWCNTSs into different polymers. Generally, ILs consist of an organic
cation (usually an alkyl-substituted imidazolium) and an inorganic/organic anion. The
melting temperature of ILs is usually less than 100 °C, and they remain liquid across a
wide temperature range (usually up to 400 °C). The length and symmetry of alkyl-
substituted groups, as well as the degree of delocalization of anion charge, are all factors
that influence the physical, chemical, and biological properties of ILs [40, 41]. The
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physicochemical characteristics of ILs can be easily tuned by making appropriate
changes to the cation and anion structures [42]. lonic liquids with extremely low vapor
pressure, high solvation interactions, and outstanding chemical and thermal stability,
are the prime candidates for homogenous MWCNTSs dispersion into polymer matrices
[41, 43]. In particular, ILs containing imidazolium-based cations and hydrogen
sulfate/acetate-based anions are believed to be non-toxic and cost effective [44-46].
Over the past few years, ILs have comprehensively been studied as a promising
alternative to flammable, hazardous, toxic and highly volatile organic solvents for

polymer composites [47], in which filler distribution have been investigated [48, 49].

1.3 Problem Statement

PEEK is a polyaromatic ultra-high performance thermoplastic polymer that is a
viable option to be used in various engineering applications such as aerospace,
electronics and biomedical, especially for the substitution of human bone implants
because of its excellent biocompatibility, radiolucency, chemical resistance, and
mechanical characteristics similar to those of human bone [50]. The elastic modulus (4
GPa) and tensile strength (80 MPa) of PEEK are comparable to that of human
cortical bone (7-12 GPa, 85-100 MPa), which is suitable for a bone implant. However,
PEEK demonstrates two serious shortcomings. When PEEK is utilized in body
implants, it has been linked to inadequate bone union [51]. In fact, PEEK is a
biologically inert polymer that is incapable of promoting bone-implant integration due
to the lack of a chemical connection between the implants and human bone tissues.
Secondly, pure PEEK cannot satisfy the stringent criteria for weight-bearing bone
fracture replacement devices since the mechanical characteristics of unfilled PEEK are

close (lower limit) to those of human cortical bone [52].

PEEK materials can be made more bioactive by including various bioactive
compounds, such as hydroxyapatite (HA) [53]. Surface modification, surface coatings,
and composites preparation are some of the methods that can be used to treat HA in
PEEK. The PEEK/HA composites [53, 54] provoked considerably better bioactive

characteristics than those of pure PEEK but at the sacrifice of the mechanical properties



[55]. The incorporation of HA into PEEK results in interfacial debonding between the
PEEK matrix and the HA, resulting in nanocomposite with weak mechanical properties.
To enhance mechanical performance, it has been shown that reinforcing PEEK with a
variety of nanofillers such as multiwalled carbon nanotubes (MWCNTS) is
advantageous owing to their large surface area, low density, and higher tensile attributes
[24]. It is discovered that the characteristics of PEEK/MWCNTS are strongly reliant on
the homogeneous dispersion of MWCNTSs in PEEK. Multiple techniques, including
solution mixing [56], compounding and injection molding [7], as well as covalent and
non-covalent modification [57] have been used to improve the MWCNTS distribution
in various polymeric matrices. However, MWCNTSs have a significant proclivity for
agglomeration and entanglement as a result of VVan der Walls forces, high aspect ratio,
and the lack of active sites on their surface to promote filler-matrix interactions [58].
Therefore, using ionic liquids (ILs) to disperse MWCNTSs effectively in polymeric

composites could be an alternative approach [59].

It is thereby required to build a novel, environmentally acceptable, and efficient
pretreatment technique capable of dispersing MWCNTSs into the polymer matrix. ILs
are low vapor pressure tunable solvents with strong solvation interactions and good
thermal stability, rendering appropriate alternatives for homogenous MWCNTSs
distribution in the polymer matrices [41, 48]. ILs can accelerate the interactions of
MWCNTs with the polymer matrix, resulting in improved filler dispersion [58]. ILs
have been utilized in numerous polymer processing methods to develop
polymer/MWCNTSs composites for multiple applications. Nevertheless, no research has
been conducted on the use and optimization of the quantity of ILs for the fabrication of
PEEK/MWCNTSs composites for biomedical applications.

After treating MWCNTSs with ILs, thermal degradation Kinetics is critical for
the logical design of molding and thermoplastic processing methods for the
manufacturing of PEEK/MWCNTs/nHA/ILs composites. The thermal kinetics must be
predicted in order to design the impact of ILs-treated MWCNTSs on PEEK composites.
Nonetheless, no discussion of kinetic modelling of the thermal degrading behavior of
PEEK/MWCNTs/nHA/ILs composites has been found in the literature.



1.4 Research Objectives

The main objective of the present work is to explore the effect of ILs modified
MWCNTSs on the preparation of PEEK nanocomposite. In this approach, the specific
objectives are:

1. To investigate the effect of IL and organic solvent on MWCNTSs dispersion

in the PEEK nanocomposites.

2. To synthesize and compare the properties of PEEK/MWCNTs/nHA
nanocomposites by using ILs treated MWCNTSs by melt blending and compression

molding processes.

3. To evaluate the biocompatibility and cells viability of fabricated

PEEK/MWCNTS/ILs nanocomposites incorporated with nanohydroxyapatite (nHA).

4. To assess the effect of ILs modified MWCNTSs on the thermal degradation

kinetics of the PEEK nanocomposites by adopting the activation energy approach.

1.5 Hypothesis

The development of environmentally friendly approach could greatly influence
the biological and physical characteristics of PEEK/MWCNTs/nHA/ILs
nanocomposites for biomedical applications. The addition of HA and MWCNTSs could
enhance the biocompatibility and elastic modulus of PEEK composites. IL as a designer
solvent can be utilized to disperse MWCNTSs in PEEK polymer for improving the
tensile strength and elastic modulus of synthesized PEEK composites for human bone
substitution. Thermal degradation kinetics models could provide the understanding of
the logical design of molding and thermoplastic processing methods for the
manufacturing of PEEK/MWCNTs/nHA/ILs composites.



1.6 Scope of research

This thesis aims to investigate the effect of ILs on the MWCNTSs dispersion into
PEEK as a promising 'green’ approach for the fabrication of PEEK nanocomposites

incorporated with nHA.

The dispersion of MWCNTs into PEEK was investigated by using IL,
[EMIM]HSO4 (1 wt %) and DMF (1 wt %). The strong interactions between IL-
modified MWCNTSs and PEEK provoked that IL could be a benign and environmentally
friendly solvent for polymer composites. The MWCNTSs distribution in PEEK was
examined by optical microscope and field-emission scanning electron microscope
(FESEM).

Four ILs (0-2 wt %) containing different alkyl chain length imidazolium-based
cations with hydrogen sulphate and acetate-based anions were used in this work due to
their high dissolution capability for PEEK and provided advantages of cost [45, 46, 60].
PEEK nanocomposites were also produced utilizing the standard solvent
dimethylformamide (DMF, 1 wt %) [30, 61] for effective implementation and
comparison of IL capabilities. To investigate the impact of ILs modifications on the
dispersion of MWCNTSs (1 wt %) [62] for the development of PEEK nanocomposites
containing nHA (10 wt %) [63], as well as to evaluate morphological, thermal, and

mechanical properties before and after ILs modification.

Further, a conventional nanocomposite manufacturing approach was followed
that involves the physical mixing of MWCNTSs and ionic liquids by using agate mortar
followed by magnetic stirring. After adding PEEK and nHA powder into IL-modified
MWCNTSs, the formulations were melt blended at 350 °C in the internal mixer and
compounded in compression molding at 390 °C. The cells viability and
biocompatibility of ILs based PEEK/MWCNTSs nanocomposites was compared with
non-IL and DMF based PEEK nanocomposites.

The work continued by measuring the biocompatibility of the
PEEK/MWCNTs/nHA nanocomposite prepared with the different ILs and compared
with the human bone cortical bone. Besides, the effect of ILs modified MWCNTSs on



the thermal degradation kinetics of PEEK composites using Coat-Redfern, Broido and

Horowitz-Metzger approaches was also established.

1.7 Thesis outline

This thesis is divided into five chapters, each of which contains the following

information:

Chapter 1: The PEEK/MWCNTSs/nHA based composites with use of ILs and
their background, also including problem statement and existing technological

challenges, objectives, and approaches of this research work as well as thesis outline.

Chapter 2: Literature Review, which covers the present role of PEEK in
biomedical engineering applications, existing strategies for PEEK/HA composites to
improve the biological and mechanical properties, and the need of homogenous
MWCNTSs dispersion in polymers with the introduction of ionic liquids as innovative
solvents. Recent research reports on the kinetic analysis of thermal degradation of

PEEK nanocomposites using the activation energy method are also included.

Chapter 3: Research Methodology; the detailed experimental steps to prepare
nanocomposites, including modification of MWCNTSs by ILs, physical mixing of PEEK
and nHA powder, ultrasonication, and processing of nanocomposites by melt blending
and compression molding processes are included. Particularly, various PEEK
nanocomposites characterization approaches, as well as the calculation of properties of

prepared nanocomposites, are listed.

Chapter 4: The findings of morphological, thermal, mechanical, and biological
characterizations of untreated and ILs-treated PEEK nanocomposites are discussed.
The effect of ILs on the thermal degradation kinetics of PEEK nanocomposites on the

activation energy approach has also been explored.

Chapter 5: This chapter summarizes the conclusions of the current study and

suggestions for the potential research.



1.8 Summary

The use of PEEK-based nanocomposites has received increased attraction in
different engineering applications, especially in biomedical field for human bone
replacement, due to the concerns of low mechanical properties and the inert nature of
pure PEEK polymer. The MWCNTSs agglomeration impedes the effective interaction
of MWCNTSs with the polymer matrix. The effective strategy for fabricating PEEK
nanocomposites with homogenous MWCNTSs dispersion is an important and
challenging task. Various pretreatment methods for homogenous MWCNTS dispersion
into polymer matrices are currently under practiced and remains challenging.
Therefore, the development of a new, cost-effective and environmentally benign
pretreatment technology for efficient MWCNTSs dispersion is required. ILs have
emerged as a promising and environmentally friendly alternative solvent for the
uniform distribution of MWCNTSs. The main goal of this research is to determine the
impact of ILs on the morphological, thermal, mechanical, and biological characteristics
of PEEK/MWCNTs/nHA nanocomposites.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

This chapter covers the overview of PEEK polymer in the biomedical uses. The
challenges and available methods to improve the biological and mechanical properties
of PEEK composites are explained in this chapter. The advantages of using ILs in the
polymer composites for MWCNTS dispersion are highlighted in detail. In later sections,

an overview of thermal degradation kinetics of polymer composites is provided.

2.2 Polyetheretherketone (PEEK)

PEEK is a ultra-high performance semicrystalline thermoplastic polymer
(shown in Figure 2.1) with a rigid benzene ring, flexible ether bonds, and carbonyl
groups [64]. This configuration makes the polymer thermally stable even at a high
temperature (usually over 300 °C) [2]. The general properties of PEEK polymer are
given in Table 2.1. Johnson et al.(1967) [65] registered the first attempt to prepare
PEEK by polycondensation of bisphenolate with activated dihalides in Dimethyl
sulfoxide (DMSO) with sodium hydroxide (NaOH) as a basis. Due to crystallinity and
the subsequent insolubility of polymers in DMSO, high molecular weight polymers
were difficult to develop. To evade the solubility problem, Attwood and Rose [66] used
diphenyl sulfone as a solvent and polymerized near the melting point. Later on, it was
commercialized by Imperial Chemical Industries (ICI) in the early 1990s with the
unique combination of high chemical stability, excellent mechanical properties, and
flame retardance [2, 67]. PEEK has been used in a broad variety of applications since
its commercialization, from the chemical process industry to the electronics,
telecommunications, transportation sectors (automobile, aeronautics, and aerospace),

and in biomedical engineering applications, as shown in Figure 2.2 [68, 69].

10



Table 2.1: General properties of PEEK [2, 30]

Property Value

Solubility in water Insoluble

Specific gravity 1.30

Melting point 343 °C

Glass transition temperature 143 °C

Thermal stability Stable at room temperature

Crystallinity 30-35%

Tensile strength 80 MPa

Elastic modulus 4 GPa
EA 2
s
2 :

Figure 2.1: PEEK, an ultra-high performance polymer [64]

Many reports have been published in the last few decades on the structural [68],
thermal [70], and mechanical [71] characteristics of this linear aromatic polymer. The
following are the features [72, 73] of this high-performance material:

e Chemical and hydrolysis resistant: Insoluble in conventional solvents, provides

outstanding resistance to both organic and inorganic liquids.

e Wear resistance: superb tribological properties under a variety of environments.

e Radiation resistance: It can withstand heavy doses of gamma radiation.

e High-temperature reliability: At temperatures up to 300°C, outstanding

mechanical properties are maintained.
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e Electrical: Superior electrical performance that is consistent at a higher

temperature and frequency spectrum.

Biomedical A
Plastic erospace
industry engineering
Chemical
Electronics PEEK Polymer process
equipment
Telecommunication Oil and gas
Automobile

Figure 2.2: Some of the applications of PEEK [68, 69]

2.3 Motivation for use of PEEK in composite preparation

PEEK has been extensively used in various biomedical engineering
applications, especially for load-bearing hip implants, bone fixation devices and human
cortical bone because of its elastic modulus resembling human bone, non-toxic
behavior, and excellent radiolucency [50, 74]. Despite these excellent features, PEEK
is bio-inert and cannot functionally integrate with the surrounding bone tissues upon
implantation [75]. In other words, the PEEK biocompatibility with the living host:
natural bone is poor. The term “biocompatibility” referring the capacity of a material
to perform with an adequate host response in a given condition. It can be seen as a
relationship between the host and the bioactive material [76]. The lack of bone
attachment at the implant surface may trigger a vicious loop of implant micromotion
and inflammation, ultimately resulting in fibrous layer thickening, osteolysis (bone loss
and degradation), and implant loosening [77-79]. Therefore, the optimization of PEEK
bioactivity is a major obstacle that must be overcome in order to fully understand the

potential benefits. In the last decades, several strategies (Figure 2.3) have been used to
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enhance to biological performance of PEEK, including surface coatings, composites

processing, and their comparison is illustrated in Table 2.2.

PEEK (Inert)

Improve bioactivity

Surface Modifications Surface Coatings Composites Preparation

Chemical Treatment Physical Treatment Conventional Nano-sized

Figure 2.3: Some of the current strategies to improve the bioactivity of PEEK [18]

2.4 Current methods to promote PEEK bioactivity

Because of the poor functional integration of PEEK and widespread use,
developing procedures to encourage biocompatibility with the bone and underlying
tissue is of considerable science and clinical importance. The surface and bulk
modifications via chemical and physical treatments, as well as composite preparation,
are currently used. The aim of these treatments is to have a more desirable relationship

at the bone-implant interface, as the implant surface is vital for osseointegration [80].

2.4.1 Surface modification

It is well established that micrometer and nanometer seized features can
improve the surface properties such as osseointegration of orthopedic implants [81]. In
fact, for subsequent cell adhesion and proliferation, substrate surface properties are

sometimes more important than surface chemistry [82]. Studies have shown that high
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surface roughness has been shown to be critical for the long-term osseointegration of
implants [79]. The PEEK polymer also exhibited a differentiated response as compared
to machined and injection molded samples [83]. Despite the fact that PEEK is still
physically and chemically intact, it may be modified by physical or chemical
treatments. The plasma modifications (such as oxygen (O2) plasma, ammonia (NHa)
plasma, nitrogen and oxygen (N2/O2) plasma, methane and oxygen (CH4/O2) plasma,
oxygen and argon (O2/Ar) plasma, ammonia/argon (NH4/Ar) plasma, and
hydrogen/argon (H2/Ar) plasma) and accelerated neutral atom beam (ANAB) plasma
are the most widely employed physical treatments. In chemical modifications, wet
chemistry or sulfonation treatments are generally used for enhancing the bioactivity od
PEEK.

2.4.1.1 Physical Treatment

Plasmas are ionized gases generated by excitation with electro-magnetic waves
in a closed reactor device comprising a low-pressure gas mixture [84]. The reactive
particles produced in this way can interfere with the surface of the biomaterial deposited
in the reactor, modifying its physical and chemical surface characteristics while
retaining the mechanical, electrical, and optical properties unchanged [85]. Briem et al.
(2005) studied the proliferation and separation of primary fibroblasts and osteoblasts
on plasma-treated PEEK using two plasma processes. They discovered that the
osteogenic behavior of cells grown on treated PEEK was similar to that of tissue culture
polystyrene (TCPS), and that plasma modification methods could be used to reliably
stimulate and inhibit cell proliferation [84]. In another study, the bioactivity of PEEK
was increased by treating it with N2/O> low-pressure plasma by Ha et al.(1997) [12].
On the surface of plasma-treated PEEK, a carbonate-containing calcium phosphate
coating with a thickness of up to 50 um was produced after 24 days of exposure in
calcium and phosphate-saturated solution. The cell viability of plasma-treated and
calcium phosphate coated PEEK was slightly higher than that of untreated PEEK.

Awaja et al. (2012) [51] used radiofrequency (RF) plasma with a mixture of CH4/O> to
modify the PEEK surface. They discovered that CH4/O> gas treatment increased bond
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intensity considerably over untreated samples. They also observed the formation of
oxygen-rich nanofilms on PEEK with high surface energy using a plasma immersion
ion implantation and deposition (PI11&D) strategy with a CH4/O> gas mixture, which
significantly enhanced cell adhesion. Waser-Althaus et al. (2012) [86] treated the PEEK
surface with O2/Ar or NH4 plasma. They found that plasma-treated PEEK increased the
adipose tissue-derived mesenchymal stem cells (adMSC) adhesion, proliferation, and
osteogenic differentiation and revealed that osteogenic differentiation was based on
plasma strength. Khoury et al. (2013) [87] used the ANAB technique to improve the
surface biocompatibility of PEEK without changing the surface composition or
including bioactive substances. The cell proliferation assay and microscopy revealed
that ANAB-treated PEEK promoted the growth of human fetal osteoblast cells (hFOB)

relative to untreated PEEK in vitro.

2.4.1.2 Chemical Treatment

The chemically modifying PEEK with wet surface chemistry has resulted in a
number of surface-functionalized PEEK. Several studies have shown that wet chemical
treatment can improve the bioactivity of PEEK. Different PEEK surface chemistry
modifications to PEEK-ONa, PEEK-OH, PEEK-F and PEEK-OH (CFClIs) have shown
a reduced water contact angle of the implant and thus an improvement in PEEK
bioactivity [88]. The wet chemical processing strategy was used utilized as a pre-
treatment to improve apatite formation through immersion in stimulated body fluid
(SBF). The impact of NaOH pre-treatments on PEEK apatite formation in SBF revealed
that NaOH pre-treatments increased the growth of the apatite coating layer [89]. A 3D
porous and nano-structured network with bio-functional groups was generated on
PEEK by sulfonation and subsequent water immersion to prepare two types of
sulfonation-treated PEEK (SPEEK) samples (SPEEK-W (water immersed and rinsing
after sulfonation)) and SPEEK-WA (SPEEK-W with more acetone rinsing)) [90]. The
findings indicated that SPEEK-WA was found to induce the pre-osteoblast functions
such as proliferation, initial cell adhesion, increased osseointegration and strong bone-
implant bonding ability. Recently, the chemical deposition method was used to deposit
HA crystalline particles on the surface of PEEK through plasma spraying [91]. The
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Table 2.2: Comparison of different approaches for biological performance of PEEK

Methods to improve PEEK  Benefits

bioactivity

Drawbacks

Ref.

Pure PEEK

Physical Treatment

Chemical Treatment

Non-toxic

Excellent corrosion

resistance

Elastic modulus close

to bone

The most commonly

used approach

In this strategy, the
bioactivity of PEEK
is enhanced without
affecting/decreasing
the mechanical and
electrical properties.

In this method, the
cell adhesion,
biocompatibility, and
osteointegration can
be significantly

increased.

The formation and

growth of the apatite

16

Biological inert

A non-uniform
(amorphous) HA-
coated layer
deposited on
PEEK.

The chemical

methods are rarely

[92-94]

[18, 95,
96]

[18, 19,
91]



layer on PEEK were  employed for
enhanced. PEEK

modification.

Alter and weaken
the surface and
structure of the

polymers.

The mechanical
characteristics of
the substance were
lowered as the
surface chemistry

of the material

changed.

Surface Coatings Create a rough and It was difficultto  [19, 97-
porous surface for deposit HA 99]
cells viability. crystalline on the

PEEK surface for a

long duration.

Some surface
coating methods
were not used
because of the low
melting point of
PEEK.

Irregular coating

thickness.
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Inhomogeneous

melting of HA at

2000 °C.
PEEK-HA The biological The mechanical [13, 53,
composites/nanocomposites activity and elastic properties of 100-
modulus were PEEK-mHA 102]
boosted. composites were
reduced as

compared to those
of pure PEEK.

The mechanical
characteristics of
the PEEK were
lowered by
increasing the
nHA

concentration.

The agglomeration

of HA particles.

results such as deposition of HA coating, strong chemical bonding between HA and
PEEK, enhanced surface roughness, and an increase in the wettability of the treated

samples were reported.

2.4.2 Surface coatings

There are many approaches for depositing the bioactive material on PEEK,
including plasma spraying, vacuum deposition, dip coating, and immersion in SBF
[103]. The bioactive materials (Table 2.3) including, hydroxyapatite (HA), bioactive
glass (BG), and tricalcium phosphate (TCP), have been deposited on the surface of
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PEEK to enhance cells proliferation and biocompatibility [104]. They generate a good
response at the interface among the living tissues and the implant in the biological
environment, resulting the strong bonding. BG is the inorganic bioactive material with
four components including SiO2, CaO, Na.O and P20s that has been used in implant
materials. The essential characteristics of bioactive glasses that generate appropriate
applicants for bone tissue application, are their capability to improve revascularization,
osteoblast adhesion, and enzyme process. On the other side, BG is brittle which have
limited toughness and cannot be used in the bulk form for the load bearing
implantations[104]. Tricalcium phosphate (TCP) (Cas(POa4).) is a member of calcium-
phosphate ceramics. TCP are highly bioactive ceramics which form bone-like apatite
on their surface in vivo and bond to living tissues via the apatite layer formation.
Nevertheless, they have poor mechanical properties and fracture toughness, not being

suitable for load bearing implantation[104].

Hydroxyapatite is the most commonly utilized bioactive material as a PEEK
coating because of its similarity to human bone minerals. The HA is calcium phosphate-
based bioceramic with the chemical formula Caio(POa4)s(OH)2) [10]. It was reported in
many studies (Table 2.4) that the HA modification has successfully enhanced the
biocompatibility, osteointegration, and bioactivity of PEEK [105, 106]. Lee et al.
(2013) [11] produced HA-coated PEEK using a cold spray technique and examined its
bioactivity in vitro and in vivo. In vitro studies revealed that HA-coated PEEK
increased the adhesion and viability as compared to uncoated PEEK. For in vivo
experiments, the authors used micro-computed tomography (micro-CT) and
histomorphometry analysis to show that HA-coated PEEK cylinders facilitated implant
osteointegration with the bone tissue in a rabbit ilium model. Barkarmo et al. (2019)
[44] used a spin coating technique to fabricate nanocrystalline HA-coated PEEK
cylinder implants and implanted them into the femurs of rabbits with non-coated
cylinders as controls. The mean bone-implant interaction in nano-HA coated PEEK
cylinders was higher than in uncoated cylinders, suggesting that nano-HA coated PEEK
had stimulated the osteointegration. The PEEK polymer is bioinert, and the
development of a HA coating layer on it after immersion in an aqueous solution is low.
The PEEK surface is combined with Mg as a bioactive additive to manufacture

PEEK/Mg composite, which allows for better deposition of the HA coating layer in an
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aqueous solution. In contrast to pure PEEK, the HA coating layer developed on the
surface of the PEEK/Mg composite exhibits enhanced in vitro bioactivity with more
associated MC3T3-E1 cells [107].

Table 2.3: Different types of bioactive materials [104]

Type of Biomaterial ~ Benefits Drawbacks

Hydroxyapatite (HA)  Similarity to
human bone

minerals

Can increase the
bioactivity of
PEEK

Increase cells

proliferation

Bioactive Glass (BG) Can enhance Brittle which has
osteoblast limited toughness
adhesion and

revascularization

Tricalcium Phosphate  Used to create Poor mechanical
(TCP) bone-like apatite and fracture
layer toughness

The degree of crystallization of the HA coating is one of the challenges of HA
deposition on PEEK. The HA coating layer should be crystalline for long-term
orthopedic and dental implant durability due to the low solubility of crystalline HA in
water. However, the coated HA is generally amorphous, requiring a further heat
treatment step. The annealing process at 600 °C or above for at least one hour is a

conventional heat treatment for crystallization of the HA coating layer. The standard
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annealing process cannot be utilized to crystallize the HA layer on the PEEK surface
due to the low melting point of PEEK (343°C).

This issue has been solved using three different approaches. The first method
involves using a microwave to heat the HA coating layer only. This approach relies on
the electromagnetic absorption properties of HA coating and the PEEK transparency to
electromagnetic properties [108]. The second approach, laser-induced crystallization,
employs a short pulse length to heat just a thin coating of the surface [109].
Hydrothermal annealing is the third approach that has been proposed. In this approach,
the coating layer is subjected to saturated steam at 200 °C or lower temperature in a
high-pressure vessel, which produced excellent results for the crystallization of the HA
coating layer [110, 111]. Even with the use of these approaches, the HA coating layer
crystallization issue was one of the greatest challenges for PEEK coating because of its

heat-sensitive characteristics [110].

2.4.3 Bioactive PEEK composites

As previously explained, one of the ways for increasing the bioactivity of PEEK
implants is to compound with bioactive material. In the polymer composites technique,
different materials, including hydroxyapatite (HA), bioactive glass (BG), and calcium
silicate (CS) have been used to boost the biological activity of polymers [112]. Several
studies have been conducted to explore the impact of HA on the biocompatibility and
biological performance of PEEK composites (PEEK/HA). The most common
application is load-bearing implants [113], although various studies (Table 2.4) have
been conducted to demonstrate the possibility of manufacturing three-dimensional
porous scaffold PEEK/HA for tissue engineering [114, 115] and cervical spinal fusion
cages [116]. PEEK/HA composites were prepared with 0-40 vol % HA to analyze the
effect of HA on the bioactivity of PEEK using melt compounding and injection molding
processes. The biocompatibility and functional integration of PEEK was boosted, and
the authors proposed that filler matrix bonding is essential for improvements of the
biological performance [13, 100].
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Table 2.4: The biological assessment of PEEK

Bioactive Bioactive Processing Biological Ref.
PEEK materials Technique activity/Mechanical
Properties
PEEK/CS Calcium Plasma treatment A layer containing [12]
Silicate carbonate with calcium
phosphate
PEEK Surface Plasma treatment The maximum bonding [51,
modification strength was achieved. 117]
by methane
and oxygen
plasma
PEEK Surface Plasma treatment Changed the PEEK surface  [86]
modification chemistry and topography
by oxygen for osteogenic
and ammonia differentiation
plasma
PEEK/OH Chemical treatment  Improved the [88]
biocompatibility of PEEK
PEEK/HA HA Chemical The wettability and [91]
deposition bioactivity of PEEK/HA
were increased.
PEEK/HA  HA Cold spray PEEK-HA enhanced the [11,
technology bifunctionality and 118]
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PEEK/Mg/
HA

PEEK/HA

PEEK/HA

PEEK/Sr/H
A

PEEK/HA

PEEK/HA

HA

HA

HA

HA

HA

HA

Compression

molding

Selective laser

sintering

Compounding and

injection molding

Compression

molding

Surface Coating

In situ synthesis

Enhanced biocompatibility
without sacrificing the

mechanical properties

The cells viability to PEEK

was improved

The elastic modulus of
PEEK/HA was calculated
within the range of human

cortical bone

Strontium modified
hydroxyapatite (Sr-HA)
enhanced the PEEK

bioactivity

The mean bone-implant
contact (BIC) percentage

was significantly higher

PEEK/HA showed
satisfactory biological
results without
compromising the

mechanical properties

[107]

[115]

[13]

[119]

[97,
120,
121]

[122]

In another study, bioactive PEEK/HA composites were prepared using solvent-

based extrusion and compression molding processes to control the biological

characteristics for bone tissue engineering scaffolds. The results showed that PEEK/HA

composites exhibited a good interface and excellent biocompatibility between the HA

and PEEK matrix [123]. In a vivo study, bioactive materials can generate a bone-like

apatite coating on their surfaces, and this apatite layer may bond to the bone. Thus, the

capacity of a material to generate apatite layer on its interface in a simulated body fluid
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(SBF) with ion concentrations nearly equal to that of human blood plasma
was examined [112]. The SBF bioactivity experiment on HA/PEEK composites with
varied volume fractions up to 40%, which were made by combining PEEK and
HA powders, compaction, and sintering, and revealed that the HA layer formation for
the composite with a larger HA volume fraction percentage of HA [124]. Zhang et al.
(2009) used primary human osteoblast cells to assess cell adhesion, morphology,
proliferation, and differentiation after fabricating HA/PEEK composites using the
selective laser sintering (SLS) process. In comparison to thermanox (TMX) and
polyvinyl chloride (PVC), they discovered that SLS-treated HA/PEEK promoted
osteoblast development and revealed that composites with increased HA content

displayed improved cell growth and osteogenic differentiation [125].

Liu et al. (2016) [1] used melt blending to incorporate HA and MWCNTS into
PEEK to improve the biological and mechanical characteristics of PEEK composites.
The cellular metabolic activity (MTT) was employed to determine the viability of the
cells, and it was found in Figure 2.4 that PEEK/(0.93 percent MWCNTSs) and
PEEK/(1.86 percent MWCNTS) composites displayed greater cell metabolic activity
than pure PEEK. After introduction of HA into the PEEK/MWCNTs composites,
significant effects were seen; cell survival and biocompatibility were greatly increased

compared to those of pure PEEK.

I PEEK

1 [ PEEK/(0.93% MWNT)

I PEEK/(1.88% MWNT)
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Figure 2.4: MTT assay results for PEEK/MWCNTs/HA composites [1]
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Ma et al. (2013) employed an in situ synthetic technique to effectively create a
HA/PEEK composite with good bonding between the PEEK matrix and hydroxyapatite
fillers. The in situ synthesized composite materials were shown to have high
biocompatibility without toxicity or compromising mechanical performance [122]. The
Invibio has introduced “PEEK-OPTIMA HA enhanced polymer,” a HA-filled PEEK
compound containing microscale HA particles for use in implants. PEEK-OPTIMA HA
augmented biomaterial was introduced with good mechanical properties and
performance, biocompatibility, elastic modulus comparable to cortical bone, reduced
stress shielding, and a high degree of radiolucency that allowed for clear fusion
evaluation. In a pre-clinical in vivo investigation, employing a sheep model, Invibio
"PEEK-OPTIMA HA enhanced polymer" revealed improved bone apposition within
four weeks after implantation as compared to PEEK-OPTIMA® Natural [18].

Maheshwari et al. (2014) [126] fabricated and evaluated
polycaprolactone/polyvinyl alcohol/hydroxyapatite nanoparticles (PCL/PVA/HAp)
scaffolds for bone tissue regeneration application. The structural, thermal, and
biological properties of the prepared scaffolds were determined. The composition and
Ca/P ratio of HAp was found out using Energy Dispersive X-ray analysis (EDX) for
analyzing the biocompatibility and the results showed that the HAp particles had a Ca/P

ratio of 1.62 (Figure 2.5B), very close to natural bone.
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Figure 2.5: (A) SEM image of Hap and (B) EDX result of Hap [126]

Other bioactive materials, such as strontium with hydroxyapatite (Sr-HA),
calcium silicate, glass fibres, bioglass, and B-tricalcium-phosphate (B-TCP), were also

employed to generate bioactive PEEK composites. By using a compression molding
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process, Wong et al. (2009) [119] synthesized Sr-HA/PEEK composites with Sr-HA
concentration varying from 15-30 vol%. Based on a qualitative evaluation of apatite
production in SBF and a quantitative evaluation of MG-63 cell-mediated mineralization
using alizarin red staining in vitro, Sr-HA surpassed HA in improving the bioactivity
of the composite. Kim et al. (2009) [127] manufactured a calcium silicate-
modified PEEK composite (CS/PEEK) with 0-50 vol % CS and soaked specimens in
SBF with pure PEEK as a control. With the exception of pure PEEK, all of the CS
modified composites induced apatite coating on their surfaces, indicating the ability to
attach to living bone. The mechanical characteristics of the samples after immersion in
SBF did not substantially decrease compared to those samples that were not subjected
to SBF. Petrovic et al. (2006) [128] investigated the impact on normal human osteoblast
(NHOst) cells of PEEK with 5, 10, 20, and 40% wt. % B-TCP produced by injection
molding. The findings revealed that NHOst cells growing on 3-TCP/PEEK had lower
proliferation rates than those growing on pure PEEK, but that B-TCP/PEEK had no
concentration-dependent reduction in cell proliferation when compared to pure PEEK.
VVon Wilmowsky [129] also discovered that 3-TCP/PEEK had reduced cell viability
and proliferation when compared to pure PEEK. These authors speculated that the
inhibitory impact of B-TCP/PEEK on cell growth might be due to a change in the pH
of the cell culture medium caused by the breakdown of the B-TCP molecule. Therefore,
further research was needed to fully comprehend the effects of B-TCP/PEEK on
osteoblasts. According to some studies, increasing the volume percentage of HA in the
HA/PEEK composite enhanced the biological activity but decreased its mechanical
strength and strain at the fracture point because of debonding between the PEEK and
HA composites [13, 63, 102].

2.4.3.1 PEEK/HA composites with nano-sized fillers

Due to debonding between the HA filler and the PEEK matrix, conventional
HA/PEEK composites may not be able to withstand long-term critical loading, and
material scientists have used nanotechnology to solve this issue. Li et al. (2012) [130]
used powder processing and sintering to make HA/PEEK nanocomposites, and they
discovered that this new HA/PEEK nanocomposite had good mechanical
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characteristics and a high surface HA content. The findings of SBF immersion, cell
adhesion, and proliferation in vitro indicated that the biocompatibility of PEEK/HA
nanocomposites was boosted compared to those of pure polymer matrix. The
PEEK/HA nanocomposites were recently fabricated using integrated solvent-based
extrusion with the purpose of optimizing the biological and mechanical characteristics
of the composites [131]. The researchers discovered that PEEK/HA composites had
good biocompatibility, yields and compressive strength within the range of human
cortical bone, making them suitable for load-bearing applications.

The structural, mechanical, and biological characteristics of highly porous
polyetheretherketone  (PEEK)/hydroxyapatite (HA) nanocomposite scaffolds
reinforced with carbon fibre (CF) and carbon nanotubes (CNTSs) were examined in
detail [55]. In biological tests, cytotoxicity and cell viability of the prepared PEEK
composites were evaluated as presented in Figure 2.6. It was worth noting that the
prepared composites were non-toxic, and the biocompatibility was significantly
enhanced in comparison to those of pure PEEK. The findings indicated that PEEK/HA
nanocomposites containing CF and CNTSs are a viable choice for bone scaffolding and

other tissue engineering applications.
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Figure 2.6: Cell viability of PEEK and its nanocomposites [55]

Ma et al. (2014) [132] developed PEEK/nHA nanocomposites by vibrating a
ball mill and then injection molding process. They discovered that adding 40 wt % (21.5

vol %) nHA to PEEK increases the elastic modulus to 4.6 GPa. The elastic modulus of
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the prepared nanocomposites was substantially lower than the bottom limit for cortical
bone modulus, i.e., 7 GPa. Recently, PEEK/nHA nanocomposites were prepared by
using 4.4-21.5 vol % nHA for improving the bioactivity and mechanical properties
[101]. The findings demonstrated that increasing the nHA content had enhanced the
tensile strength and modulus of elasticity of PEEK-based hanocomposites. PEEK/nHA
nanocomposites, on the other hand, were very brittle, with just 0.63 % fracture
elongation. Because of their brittleness, PEEK/nHA nanocomposites were found to be
inappropriate for use in load-bearing implants. To address this issue, different inorganic
fillers were employed to enhance the mechanical properties of different polymer

nanocomposites [1].

Among the several existing ways for modifying and enhancing the biological
activity of PEEK, we concentrate on the fabrication of PEEK/HA composites by melt
blending due to its simplicity of design and practicality. On the other side, when HA
was coupled with PEEK through surface coatings/modifications, a non-uniform
(amorphous) HA coated layer formed on the PEEK surface, altering the surface and
mechanical characteristics of the polymers. In the recent literature, it was observed that
the biological and mechanical properties of PEEK/HA composites were improved.
However, the perfect control of the mechanical characteristics of the produced
PEEK/HA composites is difficult to obtain. As a result, studies have continued to
produce a variety of PEEK ternary composites, the most prominent of which is
PEEK/MWCNTSs/nHA.

2.5 Carbon nanofillers: Responsible for high mechanical strength

The effectiveness of the composites can be defined by their type, quantity,
orientation, and alignment. Carbon nanofillers are defined as fillers with a carbon
content of at least 92 wt % [133]. Polymer composites with carbon-based nanofillers
have several potential uses, including electronics, fuel cells, transportation, and
biomedical applications. The carbon-based nanofillers, such as carbon nanotubes
(CNTSs) and carbon nanofibers (CNFs), can increase the mechanical characteristics of

polymer composites as well as their electrical and thermal conductivities [134, 135].
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The commercially available carbon nanofillers based on their structure are categorized
into three groups; General purpose (GP), high-performance (HP) and activated carbon
fibres (ACF). The amorphous and symmetric structure, poor tensile strength, and
relatively low cost are the characteristics that belong to the general purpose. Their uses
are sealing materials, electrically charged materials, heating elements, filters, and as a
reinforcement in concrete. The high-performance type can be utilized in many
industries as the effective fillers in different kinds of materials, such as plastics, metals,
and ceramics due to their high strength and modulus. And, the activated carbon fibers
possess low strength and modulus, as well as a significant number of open micro pores

that serve as adsorption sites.

2.5.1 Carbon nanotubes, classification, and significance

Carbon nanotubes (CNTSs) have received a lot of interest among all the carbon
nanofillers because of their excellent mechanical and electrical qualities as well as their
ease of processing. Although, lijima [136] is generally associated with discovering
CNTs, Roger Bacon [137]reported the synthesis of carbon nanotubes as early as 1960.
There are also reports from the 1950s catalysis literature to eliminate unwanted fibrous
carbon deposits. Although nanotubes were not discovered in his studies, it was possible
that they were present as a by-product when he utilized the electric arc technique to
manufacture graphite whiskers. Some previous literature showed the development of
carbon tubular structures when Endo was involved in hydrocarbon decomposition in
1976 [138]. However, in 1991 lijima found the graphical tube structure of CNTSs in the
arc discharge equipment used in the production of C60 and other fullerenes.

The CNTs are the cylindrical structures of carbon atoms that are covalently
bonded. They resemble the graphitic platelet, which are wrapped in smooth cylinders.
Hemifullerenes are often used to cover the ends of cylinders in CNTs. There are two
types of carbon nanotubes (CNTSs) based on the number of stacked graphitic layers:
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSYS), as presented in Figure 2.7.
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Single-walled CNT Multi-walled CNT

Figure 2.7: Single-walled carbon nanotubes b) Multiwalled carbon nanotubes [15,
139]

In MWCNTSs, multiple rolled layers of graphite are placed coaxially around a
central hollow core with van der Waals forces connecting subsequent layers, while a
single sheet graphene cylinder is used in SWCNTSs [15, 139]. The MWCNTSs have an
outer diameter that varies depending on the number of graphene layers and is typically
between 10-50 nm, which is around ten times that of SWCNTs. MWCNTSs have an
inner diameter that is generally half of their outer diameter. Because of the smaller
diameter and larger surface area, SWCNTSs agglomerate more readily than MWCNTSs
and may build ropes or oriented bundles of SWCNTSs. As a result, the cost of pure
SWCNTs is often higher than that of MWCNTS, and their comparison is listed in Table
2.5 [140, 141]. In certain cases, the lengths of single and multi-wall carbon nanotubes
may vary from a few micrometers to a few centimeters [142]. The resulting CNTs may
differ greatly in terms of geometrical characteristics, such as diameter, aspect ratio, and
entanglement, and crystalline perfection, including crystallization and purity,
depending on their fabrication technique, which can significantly affect their properties
[143].
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Table 2.5: Comparison between MWCNTs and SWCNTSs [140, 141]

Single-walled carbon nanotubes Multi-walled carbon nanotubes
(SWCNT3S) (MWCNTS)

It is simple to characterize and evaluate =~ Complicated structure

Single graphene layer Multiple graphene layers
Malleable and easily twisted Not easily twisted

Need catalyst for the synthesis Cannot prepared without catalyst
Difficult to disperse Less agglomeration capability
Purity is a problem Purity is high

30-50 wt. % with chemical vapor 35-90 wt. % with CVVP method

deposition (CVP) method

Up to 80% via arc discharge method

Low mechanical strength High mechanical strength
During functionalization, the risk of a When using the arc-discharged
defect is higher approach, the chances of a defect

are reduced

It is difficult to synthesize in large MWCNTS need easy processing to

volume manufacture in large quantities

The CNTs with the associated materials and their applications have received
augmented attention in the last two decades. CNTs possess a high degree of flexibility,
chemical robustness [144], thermal stability even at more than 1000 °C temperature
[145], a low mass density, and a high aspect ratio (usually >1000), whereas several
experimental results suggested that these materials have extraordinarily high

mechanical properties including tensile strength and elastic modulus [146]. The
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mechanical characteristics of CNTs [147, 148] are compared to those of other
extensively used engineering materials and are enlisted in Table 2.6. It can be observed
that CNTs have a substantially higher elastic modulus (E) and tensile strength than the
most easily accessed materials. Because of these excellent features, CNTs have been
used in a wide range of applications, including electronic devices, sensors, and
biosensors, as well as transistors, batteries, hydrogen storage cells, and electrical

shielding [149], and shown in Figure 2.8.
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Figure 2.8: Some applications of CNTs [149]

2.5.2 Polymer/carbon nanotubes composites

The multifunctional characteristics of MWCNTS, particularly their superior mechanical
strength, make them the ideal reinforcing agent in different engineering applications,
especially for human bone fixation devices. The PEEK-HA composites have already
been used in biomedical applications, with mechanical characteristics being sacrificed
[1, 13, 132]. The MWCNTSs can be introduced into PEEK-HA composites to boost their
mechanical characteristics which are comparable to that of human cortical bone. The
addition of even a small amount of carbon nanotubes has been shown to produce major
changes in the mechanical performance of the nanocomposites. In 1994, after the first

polymer nanocomposites with the reinforcement of CNTs by Ajayan [150], different
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researchers had been experimenting with a variety of approaches for producing CNT
polymer nanocomposites, including covalent and non-covalent functionalization of
CNTs [15].

Table 2.6: Mechanical properties of CNTs [147, 148]

Fiber Material Specific Density Elastic Modulus Tensile
(g/cm?) (TPa) strength (GPa)

CNTs 1.3-2 1 10

High strength steel 7.8 0.2 <10

Carbon fiber 1.7-2 0.2-0.6 0.3-24
Quartz 2.3 0.07 3.4

Boron 25 0.4 3.5

Glass fiber 2.5 0.07-0.08 4.8

The addition of even a small amount of carbon nanotubes has been shown to produce
major changes in the mechanical performance of the nanocomposites. In 1994, after the
first polymer nanocomposites with the reinforcement of CNTs by Ajayan [150],
different researchers had been experimenting with a variety of approaches for
producing CNT polymer nanocomposites, including covalent and non-covalent
functionalization of CNTs [15].

2.5.3 Modification of polymers with carbon nanotubes

The polymer modification with CNTs can be categorized into two classes:
covalent and non-covalent functionalization between the CNTs and the polymer as
shown in Figure 2.9 and their comparison is explained in Table 2.7. The covalent
functionalization is concerned with the chemical bonding (grafting) of polymers to

CNTs, in which strong chemical bonds are formed between nanotubes and polymers.
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Polymer Composites

A \ 4

Covalent Functionalization Non-covalent Functionalization

A

Melt Blending Solution Mixing

Figure 2.9: Different methods for preparation of polymer composites [30, 31]

2.5.3.1 Covalent functionalization of CNTs with polymers

Based on the construction of polymers, there are two major methods for
covalent modifications of CNTs. The "grafting to" method needs manufacturing a
polymer with a certain molecular weight that is ended with reactive groups or radical
precursors. The polymer chain is then linked to the nanotubes surface through addition
reactions in the second step [151]. The drawback of this strategy is that the grafted
polymer content is restricted due to poor reactivity and the strong steric hindrance of
macromolecules [152]. On the other hand, the "grafting from™ method involves
generating polymers from CNT surfaces by in situ polymerizations of monomers
induced by chemical species adsorbed on the sidewalls and edges of the CNTs. This
type of polymerization is an example of a surface-initiated polymerization process.
Because of the strong reactivity of monomers, this approach allows for efficient,

controlled, designable, and customizable grafting [15].

Diez-Pascual et al. (2010) [153] synthesized a hydroxyl polyetheretherketone
derivative (PEEK-OH) which was covalently grafted to the acid-treated CNTSs surface
through a one-step process involving the activation of the carboxylic groups and a two-
stage process involving acylation of the nanotubes with thionyl chloride resulting in a
grafting degree of about 12 %. Zehua et al. (2008) [154] grafted the styrene-maleic
anhydride copolymer (SMA) on MWCNTSs and then incorporated the modified material
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into the polyvinyl chloride (PVC) matrix. The mechanical tests revealed considerable
improvements in impact strength and elongation at break. The major drawback of this
technique is that initial polymer chain binding sterically inhibits the migration of
subsequent macromolecules to the CNT surface, resulting in a low grafting density.
Additionally, only polymers with reactive functional groups are allowed to be

employed [15].

The “grafting from” method includes polymerizing monomers from surface-
derived initiators on CNTs. These initiators are covalently linked via small-molecule
functionalization reactions such as acid-defect group chemistry and CNTs sidewall
functionalization [155]. The benefit of the “grafting from” strategy is that polymer
growth is not hindered by steric hindrance, enabling high molecular weight polymeric
materials to be grafted effectively. The introduction of an atom transfer radical
polymerization (ATRP) initiator onto the CNTs surface was used to graft the styrene-
co-acrylonitrile (SAN) copolymer from MWCNTSs [156]. For comparison, polystyrene
and polyacrylonitrile-grafted MWCNTSs were produced. The quantity of PS, SAN, and
PAN covalently bound to MWCNTSs were determined as 63.4, 45.5, and 64.5 wt. %,
respectively. The glass transition temperature of the grafted polymer was increased
significantly, showing that the chains were better immobilized because of adsorption
on to CNTs. The limitation of this approach is that it requires precise control of initiator
and substrate quantities, as well as the conditions necessary for the polymerization

process [15].
2.5.3.1.1 Limitations of covalent functionalization
e Chemical reactions are involved.
e Itis time consuming method.
e Expensive and cause damage to the surface of the CNTSs.
¢ Inthisapproach, the dispersed filler is not adapted for higher temperature [121].

e It cannot be conducted without using environmentally unfriendly strong acids
or oxidants [48].
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2.5.3.2 Non-covalent functionalization of CNTs with polymers

The CNTSs functionalization by chemical procedures not only causes damage to
varying degrees, limiting CNTs reinforcement, but it is also difficult to commercialize
because of their complex procedures. Many researchers are becoming interested in non-
covalent modification since it is more practical than covalent modification [157, 158].
The dispersion of noncovalently modified CNTSs in the polymer is mainly accomplished
by van der Waals forces, n-n interactions, and hydrogen bonding among the polymer,
surfactant, and the surface of CNTs [159]. The non-covalent approach enables different
groups to adsorb on the surface of CNTs without disrupting the CNTSs surface structure.
As a result, non-covalent surface treatment using different surfactants or polymers is
often employed in the formulation of aqueous or organic solutions having a high weight
fraction of homogenously distributed CNTs. The non-covalent aggregates have been
effectively formed using surface-active compounds like sodium dodecyl sulfate (SDS)
or benzylalkonium chloride [160, 161].

CNTs are incorporated into different polymeric host matrices using a variety of
synthesis processes [162-164]. With certain compromises in the properties, one may
select the appropriate processing technique for a specific scenario based on the thermal
or mechanical characteristics of the matrix polymer, ease of synthesis from suitable

monomers, desired composite performance indices, and cost limitations.
2.5.3.2.1 Solution Processing

The most common method to fabricate CNT-based polymer nanocomposites is
solution processing which uses vigorous agitation (e.g., refluxing, mechanical stirring,
vigorous shaking, bath/probe sonication) to aid rigorous and thorough mixing of CNTs
with polymer in a solvent to enhance nanotube de-bundling and dispersion inside the
polymer matrix [163, 165]. It is worth noting that this approach is only confined to the

solvent-soluble polymers.
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Table 2.7: Different methods for preparing PEEK/MWCNTs composites

Type of Methods Benefits Drawbacks Ref.
Covalent This method is used to In this approach, chemical [33, 48,
Functionalization increase the adhesion and reactions are involved. 121, 165]
chemical properties of It is a time-consuming
composites. method.
This method is effective
for homogenous CNTs Expensive and cause damage
dispersion. to the surface of the fillers.
The covalent In this approach, the
functionalization on dispersed filler is not adapted
composites was used in ~ for higher temperature.
this approach to prevent It cannot be conducted
functional group without using
incompatibility with environmentally unfriendly
polymer matrices. strong acids or
oxidants.
CNTs Re-agglomeration in
the polymer matrix.
Non-covalent This strategy is eco- In this method, CNTs [15, 41]

Functionalization

friendly and does not
change the CNTs
characteristics.

It is related to the
physical adsorption of
polymers to the surface
of CNTs and has no
effect on the final
structural properties of

the material.
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Solution Mixing

Melt Mixing

In this method, strong -
cation interactions with
the inorganic fillers are
involved.

This method is used to
boost the
thermomechanical
performance properties
of the composites.

This is the most common
strategy for preparing
polymer composites.

The suitable and cheap
conventional solvents are
used for the dispersion of
fillers in polymer

matrices.

This method is
environmentally benign
because of the absence of
organic solvents.

It is compatible with
industrial applications.
This approach is suitable
for polymers that are
insoluble in common
solvents and, therefore,
cannot be processed
using solution

techniques.

In this method, upon solvent
removal, the
intercalated/exfoliated
structure/re-agglomeration
remains, resulting in polymer
composites.

The effective removal of the
solvents is still challenging.

In this method, CNTs are re-
agglomerated.

This approach is successful
at low CNTs concentrations
since the viscosity of
nanocomposites increased

with greater CNT loadings.

[15, 166,
167]

[15, 168,
169]
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The general procedure is dispersing CNTs in the suitable solvent and
combining them with the polymer solution is shown in Figure 2.10 [148, 170], and other
steps, including film casting and solvent evaporation, producing a nanocomposite
film/sheet behind, are displayed in Figure 2.11. The selection of solvents is mostly
determined by the solubility of the polymer matrix. Additionally, the solvents for CNTs
and polymer distribution could be the same or different, but they must be capable of
allowing intimate mixing between phases. In many applications, CNTs are not
dispersed separately; instead, they are introduced immediately to the polymer solution,
followed by vigorous stirring before film casting. The main disadvantage of using high
power ultrasonication or shear mixing for a prolonged period is that it might result in
tube lengthening, which weakens the composite characteristics. The boiling point of the
dispersant or solvent has been discovered to have a significant influence on the
characteristics of nanocomposites that have been produced [171]. The low-boiling point
(i.e., quick evaporating or drying) solvents are recommended because they are easier to

remove from the solution-casted nanocomposites.

Blending Film
@F‘ casting
Polymer CNTs
solution dispersion mixture

Figure 2.10: Schematic diagram of the solution processing approach [148, 170]

On the other hand, the solvents with higher boiling points are harder to remove
and tend to get stuck in the solidifying/curing mass. An entrapped solvent may hinder
the curing processes (in thermosetting polymers) or serve as a softener (in thermoplastic
polymers), affecting electrical, thermal, and mechanical performance. Also, attempts to
remove the solvent and avoid evaporation-induced void formation add to the
complexity and expense of the system by requiring the use of regulated heating,
vacuum/pressure, and other components [172]. Another issue with solution processing
is that the slow evaporation of solvent allows enough time for CNTs to re-agglomerate

and settle differentially, which result the inhomogeneous CNT dispersion in the matrix
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and poor properties. The solvent evaporation rate constraints may be overcome by
gradually pouring a CNT/polymer nanocomposite dispersion over a revolving substrate
(spin coating) [173] or on a drop casting [174]. The spin coating method is confined to
thin films (a few nanometers thick) that cannot be pulled away from the substrate, while
drop-casting method has problems with uniform drying throughout the thickness and a
significant risk of void formation. Another effective technique uses coagulation of
CNT/polymer distribution by pouring it into the excess of non-solvent, resulting in
quick polymer chain precipitation and rapid entrapment of CNTs (without allowing
CNTs to diffuse and settle) [175, 176].

CNTs Solvent
Dispersion
) Polymer
Intercalation
Evaporation
| Solvent

Nanocomposite

Figure 2.11: Different steps in the preparation of a polymer composite by solution
mixing [170]

Because of the various benefits of this approach, many investigations on PEEK-
MWCNTSs composites have been described in the literature (Table 2.8). PEEK/ZrO;
coated MWCNTSs have been prepared using Brabender Plasticoder to improve the
mechanical and thermal properties [177]. The authors revealed that at below glass
transition temperature, the storage modulus of the composites rises gradually with the
addition of wrapped MWCNTS, indicating the stiffening impact of these MWCNTSs.
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Because of the homogenous MWCNTSs dispersing ability combined with a stronger
PEEK-MWCNTSs interfacial adhesion, the notable modulus enhancement reported in
the PEEK/ZrO, wrapped MWCNTs nanocomposite should be associated to a more
efficient load transfer from the matrix to the fillers.

The mechanical characteristics and biological functioning of PEEK/HA
composites with 0-1 wt. % functionalized CNTs were examined [178]. The
nanocomposites were manufactured through melt blending by dispersing MWCNTSs
uniformly in the PEEK employing ethanol as a solvent. The findings of mechanical and
biological investigations revealed that elastic modulus and biological performance (cell
attachment) were enhanced, and the synthesized composites were encouraged for use

as an implant material.

The flexible PEEK/MWCNTSs nanocomposites were successfully synthesized
employing GENIOPLAST PELLET S (GPPS), a high-temperature lubricant for
uniform MWCNTSs dispersion in PEEK [179]. The GPPS has efficiently reduced the
melt viscosity of PEEK and improved the MWCNTSs dispersion inside it, allowing
PEEK composites with improved mechanical characteristics. Importantly, the thermal
stability (degradation temperature with 5% mass loss was 586 °C) and mechanical
characteristics (tensile strength = 101 MPa) were recorded. Based on these findings,

this method was suggested for improving MWCNTSs dispersion in PEEK.

Lin et al. (2019) [180] used bulk conjugated carbazole side chains (PAK-Cz) as a
solubilizer to investigate the interfacial compatibility of PEEK and CNTs. PAK-Cz has
the benefits of ease of manufacture, cheap cost, excellent thermostability, and excellent
solubility in N-methyl pyrrolidone (NMP). As predicted, all of these composites
outperformed the pure PEEK material and the MWCNTS/PEEK (no solubilizer)
composites in terms of mechanical performance, tensile strength, flexural strength, and
simultaneous toughening effect. These findings indicate that PAK-Cz is a potential

solubilizer material for CNT/PEEK composites.

The biocompatible PEEK/BG/MWCNTSs ternary composite scaffold was
successfully fabricated through compounding and injection-molding processes, and
their mechanical properties were investigated [34]. It was noted that the mechanical
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properties of PEEK/BG/MWCNTSs were vastly superior to the binary PEEK/BG
composites. Because of the excellent interfacial bonding between MWCNTS and the
PEEK matrix, as well as the homogeneous distribution of nanotubes across the
composite, MWCNTSs may penetrate into and entangle with the polymer matrix leading
to increase the modulus and strength. Moreover, it was found that MWCNTS in
composite further promoted cell metabolic vitality and osteogenic differentiation of

osteoblast cells.

A unique coprecipitation-compounding and injection-molding approach were
used to effectively produce biocompatible MWCNTS/PEEK nanocomposites
comprising 1-10 wt. % MWCNTSs using sodium dodecyl sulfate (SDS) as a solvent for
uniform MWCNTSs. The mechanical characteristics of MWCNTSs in PEEK polymer
were enhanced by their homogenous dispersion and tight adhesion, which were similar
to those of human cortical bone. Additionally, the researchers demonstrated that strong
n-1 interactions between the extended n-conjugated core of PEEK polymer chains and
the sides of MWCNTSs increased the amount of MWCNTS in the polymer [7].

To enhance the mechanical characteristics of hydroxyapatite—
polyetheretherketone (HAP—PEEK) composites for bone tissue engineering, a nano-
sandwich scaffold was constructed by mixing two-dimensional graphene nanosheets
(GNSs) with one-dimensional carbon nanotubes (CNTSs) [20]. The long tubular CNTs
in these nano-sandwich composites penetrated the graphene interlayers and resisted
aggregation, enhancing the contact area between the MWCNTsand PEEK. In
comparison with HAP-PEEK, the compressive strength and modulus of the PEEK-
HAP-GNSs-MWCNTs have been enhanced 63.58 % and 56.54%, respectively.
Moreover, after immersion into simulated body fluid, apatite layers were produced on
the scaffolded surface, and the cells adhered across the scaffold surface, showing high
viability and differentiation. This finding suggests that HAP-PEEK scaffolds

augmented with GNSs and CNTSs are a potential bone tissue engineering alternative.
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Table 2.8: PEEK/MWCNTSs composites prepared by solution mixing approach

Composite

Processing
Technique

Key Results

References

PEEK/MWCNTSs

PEEK/CNFs

PEEK/CNTSs

PEEK/MWCNTSs/BG

PEEK/MWCNTSs/GO

PEEK/MWCNTSs

PEEK/MWCNTSs/HA/GNSs

Elastic modulus 2.10

GPa

Tensile strength 85
MPa

The elasticity was
maximum at 2 %
CNFs

Poor dispersion
between PEEK and
CNTs

Satisfactory
mechanical properties
with high degree of

bioactivity

High mechanical and
thermal stability

Enhanced
compatibility between
MWCNTSs and PEEK.

Apatite layer
formation with
modulus of 4.79 GPa

[181]

[182]

[183]

[184]

[185]

[30]

[20]



PEEK/MWCNTSs/BG

PEEK/MWCNTSs

PEEK/MWCNTS/PES

PEEK/MWCNTSs

PEEK/MWCNTSs/HA

PEEK/MWCNTSs

Solution

Mixing

44

MWCNTSs enhanced
the cells viability in
the prepared
composites

Better mechanical

performance

High thermal stability
and good mechanical

properties

Effect MWCNTSs
debundling and
disentanglement in
PEEK

13 % improvements in

elastic modulus

MWCNTS helped to
promote cells
attachments and
biocompatibility of
PEEK and HA

Agglomeration and
bundling are caused
by higher filler

concentrations.

The MWCNTSs
dispersion, thermal

stability and

[34]

[180]

[179]

[177]

[178]

[25]



mechanical properties
were higher at 1 %
MWCNTSs.

MWCNTSs

agglomeration at 2%.

2.5.3.2.1.1 Limitations to use solution processing

The inclusion of high boiling point surfactant/solvent imposes the inevitable
restriction of surfactant retention in the nanocomposites, impairing their thermal

and mechanical characteristics [186].

The trapped solvent may obstruct the curing process (in thermosets) or serve as
a softener (in thermoplastics), weakening the electrical, thermal, or mechanical
characteristics. Also, attempts to remove the solvent and avoid the development
of evaporation-generated voids add to the complexity and expense of the
process by necessitating the use of controlled heating, vacuum/pressure, and
other equipment [187].

The slow evaporation of the solvent allows ample time for CNTs to re-
agglomerate and settle differentially, resulting in inhomogeneous CNTs
dispersion in the matrix and the observation of non-uniform and poor

characteristics.

2.5.3.2.2 Melt Mixing

Melt processing is regarded as a promising method for producing thermoplastic

matrices based CNTs/polymer composites owing to its cheap cost and suitability for

large-scale fabrication for industrial uses. The elevated temperatures are used to melt

the receptor thermoplastic matrix polymers, forming a viscous liquid that is designed

to flow [163, 188]. High shear forces are generated by the molten polymer flow, which

facilitates partial debundling of CNTs and their dispersion within the matrix. Melt

blending has three main benefits: it is more customizable because the polymer does not
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need to be dissolved; it is compatible with traditional industrial operations like
extrusion, internal mixer, injection, and blow molding, generating large-scale
applications; and it is environmentally benign because organic solvents are not used
[14].

In general, melt processing can be achieved in two stages. It involves melt
blending of polymer with CNTs nanoparticles using high shear forces in an extruder or
internal mixer. The extended mixing intervals often result in better dispersion of the
nanotube bundles. The bulk samples can be subsequently prepared using a variety of
methods, including compression or injection molding, depending on the ultimate
morphology/shape of the nanocomposite [189]. The schematic flowchart for melt

blending can be seen in Figure 2.12 [148].

y’ Melt
blendmg
Polymer Matrix =~ Carbon Nanotubes Polymer/CNTs Nanocomposite film
(CNTs)

Figure 2.12: Schematic diagram of the melt mixing approach [148]

Recently, melt mixing/blending was effectively used to disperse carbon
nanotubes (CNTs) inside a variety of thermoplastic matrices, polyamide 6 [190],
polymethylmethacrylate(PMMA) [191], polyethylene(PE) [192], polystyrene(PS)
[193], and polypropylene(PP) [194]. PEEK has been combined with CNTs to develop
polymer nanocomposites with improved thermal and mechanical characteristics as
compared to neat polymers since the introduction of CNTs as a high-performance
nanofiller, as seen in Table 2.9. The flowchart for basic steps involved in melt blending
is shown in Figure 2.13 [170].
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CNTs Polymer

Blending

Nanocomposite

Figure 2.13: Flowchart describes the major steps of melt blending of polymer

composite [170]

The PEEK/MWCNTs and PEEK/MWCNTSs/tungsten carbide (WC)
nanocomposites were prepared using a twin-screw extruder with different volume
percentages of MWCNTs and WC [24]. The comparative morphological, thermal and
mechanical properties were evaluated. The addition of nanofillers enhanced the thermal
and mechanical performance of the nanocomposites. The increase in the temperature
where the maximal degradation occurs and the improvement in the initiation
of degradation temperature were indications of the resistance provided by the
nanofillers in polymer nanocomposites. The incorporation of nanofillers to PEEK
composites also improved the mechanical characteristics (stiffness and rigidity).

The compounding and injection molding processes were used to manufacture
MWCNTSs filled PEEK nanocomposites with filler loadings ranging from 0.5 to 5 wt %
[27]. The homogeneous distribution of CNTs inside the matrix indicated an
exceptionally high strain at rupture (up to 140 % ) and enhanced elastic modulus. The
authors discovered that the nanotubes served as a confining agent for the polymer chain,

preventing it from moving freely.

The agglomeration of nanofillers, such as CNTs in the PEEK matrix remains a
difficult task owing to the inert nature of PEEK towards organic solvents [195]. The

MMT (organically modified montmorillonite) was used as a second filler to promote
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the dispersion of CNTsin the PEEK matrix and toimprove the mechanical
characteristics and minimize the material costs. The melt-blended PEEK/CNTS/MMT
nanocomposites enhanced the dispersion capacity of CNTs in the PEEK, and the
findings showed that elastic modulus was 23.3 % greater than pure PEEK at 0.5 wt %
CNTs and MMT. In summary, the addition of MMT as an additional filler has a

reinforcing impact on PEEK by enhancing CNT dispersion in the matrix.

The poor wettability of carbon fibre (CF) and inert PEEK resulted in weak
interfacial adhesion, which limited the application potential of PEEK/CF composites
[68]. PEEK/CF composites were developed by grafting hydroxylated PEEK on
MWCNTSs and modifying the interface among PEEK and CF. The interfacial adhesion
was enhanced by the n-n interactions (as illustrated in Figure 2.14 [68]) between the
aromatic rings of each component. The mechanical strength of PEEK/CF

nanocomposites was improved as a consequence of these strong interactions.

Good compatibility through
entanglement and diffusion

Mechanical
interlocking

M-HPEEK -7 Interaction

| — OCF :
I PEEK matrix I
| s M-HPEEK :
: —— Hydrogen bond :
I

[

Figure 2.14: The =-7 interactions between PEEK and CF [68]

PEEK foams with various HA, CF, and CNTs nanoparticles were produced
using the cast melting and salt porogen leaching manufacturing methods [196]. The

inclusion of HA, CF, and CNTSs substantially improved the elastic modulus and yield
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strength of materials when compared to base PEEK. The introduction of 0.5 wt % CNTs
to the PEEK/20 wt % HA composite resulted 186 % increments in compression
modulus. However, incorporating a large quantity of carbon particles into PEEK,
decreased the mechanical characteristics owing to carbon particle agglomeration,

which acted as a stress enhancer.

In another study, the MWCNTs were intended to be incorporated into
PEEK/BG to develop a composite of PEEK/BG/MWCNTS using compounding and
injection-molding methods [34]. The PEEK/BG/MWCNTSs composites with improved
mechanical characteristics and good biocompatibility were obtained by combining the
benefits of BG and MWCNTs. At 6 wt % of MWCNTSs in PEEK composites, the
highest elastic modulus value (6.1 GPa) was achieved as compared to plain polymer (4
GPa). The authors discovered that the aggregation of MWCNTSs (Figure 2. 15) in
PEEK/BG composites, as well as their low elastic modulus compared to human cortical

bone (7 GPa), limited its use as a bone repair biomaterial.

Figure 2.15: MWCNTSs agglomeration in PEEK/BG composites [34]

The amounts and dispersion of MWCNTSs are the key parameters to boost the
thermal and mechanical properties of the PEEK/MWCNTs nanocomposites using melt
mixing techniques. A twin-screw extruder was used to produce PEEK/MWCNTSs
nanocomposites with improved mechanical characteristics [197]. The MWCNTSs were
homogeneously distributed in the PEEK matrix, as revealed by transmission electron
microscopy (TEM) images. By adding up to 17 wt % CNTs to the produced composites,
the tensile elastic modulus was increased linearly. At 17 wt % MWCNTS, the maximum
modulus (50 % higher than pure PEEK) was achieved. The obtained value of elastic
modulus was 6.6 GPa which was lower than those of human cortical bone (7 GPa). The
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Table 2.9: PEEK/MWCNTSs composites prepared with melt mixing

Polymer Filler Fabrication Key results Ref.
Composite loading technique
(%)
PEEK/MWCNTs 0-15 Extrusion The elastic modulus of  [198]
the composites
increased by 89 %.
PEEK/CNTSs/PElI  0-1% Extrusion An increase in [199]
decomposition
temperature (18 °C)
than pure PEEK.
35 % higher modulus
values than neat
PEEK.
PEEK/MWCNTs 2-17 Extrusion Formation of [200]
MWCNTSs
agglomeration
PEEK/MWCNTs 0-17 Extrusion Elastic modulus was [197]
6GPa
PEEK/MWCNTs/ 0.5-5 Internal mixer Improved mechanical  [201]
CNF properties
PEEK/CNTs/PS - Extrusion CNTs agglomeration [169]
(Polysulfones) at higher contents
PEEK/MWCNTs 0-5 Extrusion Better mechanical [37]
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PEEK/CNTSs/PS
(Polysulfones)

PEEK/CNTSs

PEEK/CNTSs

PEEK/MWCNTSs

PEEK/CNTs

PEEK/CNTSs

PEEK/CNTs/HA/

GNS

PEEK/MWCNTSs

PEEK/MWCNTSs/
HA

PEEK/MWCNTSs

PEEK/MWCNTSs

Extrusion

0.1-0.9 Extrusion and hot
press

0.1-0.9 Extrusion and hot
press

9-15 Injection molding

0.1-1 Internal mixer
and hot press

0.1-2 Haake Rheocord

0-10

0-5 Haake MiniJet

0-3 Extrusion

0.5-5 Compounding
and injection
molding

0-1.5 Extrusion
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Enhanced thermal and

mechanical stability

CNTs aggregates
bigger than 2um

CNTs agglomerates

with 65nm diameter

Considerable high

mechanical properties

Good MWCNTSs
dispersion

Small amounts of

fillers are effective.

56.54 % increased

elastic modulus

Improvement in
thermal degradation

temperature

MWCNTSs
agglomeration

Maximum elastic

modulus was 2.9 GPa

Higher mechanical
properties than pure
PEEK matrix

[202]

[203]

[38]

[204]

[62]

[205]

[20]

[206]

[1]

[27]

[24]



PEEK/MWCNTs/ 0.5 Injection molding 23.3 % greater elastic ~ [195]
MMT modulus than pure
PEEK

PEEK/CNTs 1-10 Extrusion Thermal stability [207]
decreased because of
heterogenous

nucleators.

PEEK/CNTs 0.1-1 Compression Elastic modulus range  [69]
molding (4.6-5.1 GPa)

PEEK/CNTs 0.1-2 CNTs agglomeration  [25]

authors recommended that novel and environmentally friendly approaches should be
employed to promote the distribution of MWCNTSs in PEEK polymer matrix for

increasing the required properties.
2.5.3.2.2.1 Limitations to use melt processing

Although melt mixing technique is simple but some issues that hindered it from
being used in different polymer composite processing applications.

e The strong shear force and increased temperature must be appropriately handled
to prevent nanocomposites from deteriorating. While, significant shear forces aid
in the dispersion of carbon nanotubes, they can also result in undesired CNTs

fragmentation or polymer chain scission [148].

e [t is not well designed for the fabrication of polymer composite having a
higher amount of CNTs (> 5 wt %) [208]. Likewise, the inclusion of larger
concentrations of CNTSs significantly increases the viscosity and MWCNTSs
agglomeration in the polymer composites, rendering extrusion or internal

mixer very challenging.
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To overcome the aforementioned limitations, researchers are focusing on the use of
ionic liquids (ILs) as possible solvents or dispersing agents for the synthesis of polymer
composites owing to their outstanding physicochemical characteristics. Over the past
decade, more than 1845 papers have been published, demonstrating the significance of
utilizing ILs in polymer composites synthesis. Indeed, as illustrated in Figure 2.16, studies

on the preparation of polymer composites employing ILs is growing linearly.
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Figure 2.16: The number of articles published in the past decade (Source:

ScienceDirect, keywords (Polymer composites; lonic liquid), June 2021)

2.6 lonic liquid assisted fabrication of Polymer/MWCNTSs composites

2.6.1 lonic liquids and their properties

ILs are mainly composed of an organic cation and an inorganic anion. The alkyl-
substituted imidazolium, quaternary ammonium, or pyridinium ions are the most
common cations. The melting point of ILs is generally below 100 °C, and they stay
liquids over a broad temperature range (around 400 °C). In 1914, Walden [209]
developed the first IL, ethyl ammonium nitrate, and in the 1970s-1980s, by combining
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aluminum halides with the imidazolium halides, the 1st generation ILs (alkyl
imidazolium halogen aluminate) were synthesized [210]. The cationic structure (e.g., the
length and geometry of alkyl-substituted groups), as well as the degree of anion charge
delocalization, determine the chemical, physical, and biological properties of ILs [46].
The physicochemical characteristics of ILs may be readily adjusted by altering the
structure of the anions and cations. As a result, the properties of ILs include a broad
range of values and are very difficult to generalize. Zhang et al. (2006) collected a
detailed database on the physical characteristics of ILs, comprising viscosity, melting
point, and density [42]. The Figure 2.17 illustrates some of the most frequently used ILs
cations and anions for fabrication of polymer composites and the properties of ILs are
shown in Table 2.10.
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Figure 2.17: Most frequently used cations and anions for polymer composites [211]

ILs are categorized as extremely polar solvents on their solvation properties.
The partitioning, solvatochromic dyes, and fluorescence probe techniques have been
used to obtain knowledge on the ILs polarity [212]. Also, several empirical and
semiempirical polarity measurements have been used to estimate and compare the
solubility of polymers in ILs with their polarities, including the Hansen solubility
parameters [213], COSMO-RS [214], and Kamlet-Taft [215]polarity technique.
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Table 2.10: Properties of ILs for polymer composites

Property

Description

Ref.

Intermolecular interactions

Miscibility of ILs with other

solvents

Solubility in water

Thermal performance

ILs are likely to interact with polymers in a
variety of ways, including m-r interactions,
hydrogen bonding, and van der Waals

interactions.

There is no universal rule. Certain polar
solvents, such as ketones and lower
alcohols, are miscible with it, while others,

such as ethyl acetate and hexane, are not.

Two types of ILs: hydrophilic (water-
miscible) and hydrophobic (water-

immiscible)

ILs are extremely stable solvents, having
thermal stability up to 440°C and just 5-
10% degradation. As a result, ILs are
excellent high-temperature solvents for

making polymer composites.

[216]

[217]

[218]

[211,
219]

The majority of conventional solvents are thermally resistantat high

temperatures for relatively short periods; prolonged exposure often results in undesired

breakdown [220]. On the other hand, it is well recognized that ILs are thermally stable

up to 440 °C. The thermal stability of ILs is determined by the strength of their

hydrocarbon bonds. It is noted that ILs with a greater transfer of protons decompose

prematurely before achieving their boiling points at temperatures of between 100 °C

and 360 °C [221]. Due to their bond strength arising from resonance stabilization [222],

ILs containing alkylammonium, imidazolium and a variety of many other heterocyclic

cations are categorized as the most stable ILs. It is well proven that anionic components

contribute significantly more to the thermal properties of ILs than their cationic
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counterparts. In addition, the hydrophilic nature of the anions causes a reduction in the
thermal characteristics of the ILs [223].

lonic liquids are considered to be appropriate for a wide variety of
intermolecular interactions, including =-7 interactions, hydrogen bonding, and van der
Waals interactions among polymers and fillers. Such strong matrix-filler interactions
improve the interfacial adhesion and contribute to significantly enhance the composite
characteristics such as filler dispersion, thermal stability and mechanical strength [211].
ILs possess a low vapor pressure (negligible), which is generally lower than the
degradation temperature, as well as a high conductivity (~10%-102 cm™) [224] times
greater than organic solvents. Moreover, because of their high solubility and miscibility
with a wide variety of compounds (organic/inorganic/polymeric materials), ILs with
these unique properties (Figure 2.18) can be used in lieu of conventional organic
solvents [225]in a number of techniques, including organic reactions, catalysis,
extraction, and separation, thereby supporting the implementation of green chemistry

and clean technologies [226].

Highly
thermal
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/

Figure 2.18: Important characteristics of I1Ls [211]
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2.6.2 lonic liquid properties and processing affecting MWCNTSs dispersion

2.6.2.1 Cationic and anionic structures

The most extensively studied ILs for polymer composites are incorporated
with imidazolium-based cations due to aromatic nature of delocalized =-n electrons.
The cations having heterocyclic aromatic functionality, such as imidazolium
(hydrophobic), were also shown to have a greater capacity to distribute inorganic fillers
in polymer composites [227]. Furthermore, ILs containing non-aromatic cyclic cations
such as piperidinium or pyrrolidinium are ineffective in dispersing CNTs in the polymer
nanocomposites [228]. Imidazolium based ILs with HSO4 and acetate anions have
extensively been employed for the dissolution and dispersion of various polymeric
materials and are also attractive from a cost perspective [45, 46]. Moreover, increasing
the chain length of a cation in a specific IL increases the dispersion of CNTs into the
polymer matrices because of stronger n-r interactions between imidazolium ring and
n-electronic nanotubes. Fang et al. (2018) [58] extensively examined the impact of alkyl
chain lengths ranging from C4 to C6. Interestingly, IL with a longer alkyl chain (C6)

exhibited improved dispersion and higher thermal stability.

The importance of anions in dispersing inorganic fillers (CNTSs) into polymer
matrices has been shown in fundamental investigations. It was demonstrated that anions
(such as [OAc] and [CI]) with exceptional hydrogen bond basicity have a greater
capacity for dispersing inorganic fillers into polymers [46, 229]. The basicity value has
a significant effect on the distribution and dissolution of different fillers in polymers.
In comparison, anions having low basicity are ineffective for polymers and filler [230].
Additionally, ILs containing HSO4 as an anion have a substantial influence on the
characteristics (morphology) of polymer composites and are economically viable
anions. Indeed, since bigger anion sizes have a lower capacity for hydrogen bond
formation, increasing the anionic size significantly reduces the dissolving ability of ILs
[231]. The effect of IL anion on polymer composites is entirely determined by its
hydrogen-bond basicity since IL anions contribute significantly to the breakdown of

inter- and intramolecular hydrogen bonding [232].
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2.6.2.2 Particle size and loadings

The novel nanomaterials with unique characteristics have been developed as a
result of recent advances in nanotechnology research. In general, nanomaterials have
superior physicochemical characteristics to their micron-sized equivalents [1]. To
improve the surface characteristics of polymers containing ILs, such as the dispersion
of inorganic fillers, small-sized particles are essential [218]. In this regard, the most
significant variables in achieving uniform distribution are the sizes of polymer
matrices and inorganic fillers. According to Ke et al. (2017) [233], PVDF/CNTSs
nanocomposites were fabricated using IL as a dispersant to ensure homogeneous
dispersion of CNTs. The dispersion of CNTs in PVDF was significantly enhanced with
the help of IL. This phenomenon was ascribed to strong surface adhesion between the
nano-sized carbon nanotubes and IL, which may enable the CNTs in correctly
dispersing on PVDF. Additionally, IL-assisted CNTs had a significantly higher mean
molecular weight than the untreated sample. Likewise, the modified MWCNTSs
demonstrated increased thermomechanical stability on comparing to the samples that
were not pretreated [234].

The concentrations and quantities of ILs and MWCNTS used in the preparation
of polymer composites are also critical characteristics. In this respect, Subramaniam et
al. (2011) [235] studied the impact of different concentrations of IL on the mechanical
and electrical properties of polychloroprene rubber (CR) nanocomposites containing
MWCNTSs and proposed the optimal weight ratio (MWCNTS: IL) for achieving the best
properties. It was also discovered that increasing the IL loading caused the mechanical
characteristics of the composite to deteriorate. The examples show that using nano-
sized fillers with optimum amounts of ILs and inorganic fillers to facilitate the
fabrication of CNT-based polymer nanocomposites may be a very useful and cost-

effective method.

2.6.3 MWCNTSs Dispersion in ILs for polymer composites preparation

Numerous research has recently concentrated on utilizing ILs to pretreat CNTs
for polymeric composites, demonstrating the tremendous potential of IL as a solvent.
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Because of their particular structure, ILs have distinctive solubility properties in
comparison to other polar molecular and conventional organic solvents. This section
gives a quick summary of how to produce various polymer composites using MWCNTSs
distributed by ILs. Table 2.11 shows the features of environmentally friendly

composites made from CNTs that have been pretreated with ILs.

The role of IL, 1-carboxyethyl-3-methyl-imidazolium bis(trifluoromethyl
sulfony)imide (CMI), on polymer filler interactions, filler distribution, thermal
stability, and mechanical characteristics of polychloroprene (CR)/MWCNTSs
composites was investigated [48]. The non-covalent functionalization
of MWCNTs/CMI was attributed to the strong interaction, which included the cation-
© and nt-7 stacking interactions, and other potential interfacial properties between CMI
and MWCNT, as shown in Figure 2.19. The tensile strength was enhanced from 12.4
MPa to 18.2 MPa as a result of these interactions with decreased filler agglomeration.
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Figure 2.19: Schematic diagram of different interactions between CMI and MWCNT
[48]

Abraham and coworkers (2018) produced well-dispersed, durable, and
mechanically stable MWCNTSs-styrene-butadiene rubber (SBR) composites using a
melt mixing method with the use of an IL as dispersant [49]. They investigated

the dispersion and mechanical characteristics of MWCNTs in SBR. The tensile
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experiments demonstrated that the mechanical reinforcement was enhanced as a result
of appropriate CNTSs distribution in the SBR matrix. It was shown that the well-settled

MWCNTSs increased the tensile strength to 318 % over the pure polymer.

A new method for manufacturing extremely piezo-resistive and robust
poly(vinylidene fluoride) (PVDF)-based polymer nanocomposites was developed by
adjusting the interactions among the polymer matrix and CNTs through the use of an
ILas an interfacial linker/modifier [233]. The pretreatment of CNTs with IL
substantially enhanced their macro-dispersion in the PVDF matrix. It was discovered
that when the IL content increased, the agglomerates shrink in size and the area ratio of
remaining aggregates (Aagg) reduced substantially. For instance, the nanocomposite
10IL-2CNTs displayed an Aagg Of about 0.2 %, which was approximately 23 times less
than the Aagg OF the reference nanocomposite (4.8 %). TEM also confirmed the findings
from the microscope, indicated that IL-pretreated CNTs exhibited reasonably uniform

dispersion in PVDF, despite the presence of a few small entangled CNTSs.

The addition of plain CNTs and IL-coated carbon nanotubes (IL@CNTS) to
synthesized PVDF nanocomposites by extrusion and injection molding methods [47].
The morphological and microstructure analysis revealed that the IL@CNTs had
superior dispersion than the CNTs in the PVDF nanocomposites, as can be seen in
Figure 2.20. It was worth mentioning that all PVDF/IL@CNTSs samples had a high
melting point compared to PVDF/CNTs samples with the same CNTs concentration.
The significant nucleation effects provided by the CNTs into PVDF were attributed to

these improvements in the melting point.
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PVDE/CNT-I PYDEAL@CNT:1

Figure 2.20: The CNTs and IL@CNTSs distribution in DMF solvent [47]

The impact of IL/MWCNTs on the mechanical, thermal, and electrical
characteristics of PMMA nanocomposites was explored [236]. The mechanical
properties, including tensile strength and elastic modulus of PMMA composites, were
estimated. The tensile strength and modulus were determined to be 46.52 MPa and 2.25
GPa at 0.5 wt % IL/MWCNTS, respectively, which were 119 % and 58 % higher than
pure PMMA. This is because of the significant & or m-n interactions between the
IL/MWCNTSs and the polymer matrix, which inhibited the polymer chain mobility from
deteriorating.

Amit and coworkers combined MWCNTSs with IL to facilitate their dispersion
in the PVDF matrix, and the PVDF composites were synthesized by melt blending
[237]. The FESEM and TEM images showed that the IL-bound MWCNTSs were
uniformly distributed throughout the PVDF matrix. MWCNTSs/ILs were shown to be
an effective nucleating cites for PVDF crystallization in the differential scanning
calorimetry (DSC) investigation. The glass transition temperature (Tg) was
progressively raised in accordance with the amount of MWCNTS/IL. The Young's
modulus was also improved (77 % higher at 1 wt % IL than those without IL) with the
concentration of MWCNTS/IL, and the findings indicated that at their low
concentrations, they followed a parallel alignment to the film surface.
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Table 2.11: Polymer composites prepared by IL-modified CNTs

Polymer lonic liquid  Loading Processing Key results Ref.
Composite (%) approach
Epoxy- [EPIL]BF4 0-2 Internal mixer =-m interactions [238]
MWCNT and hot press
Epoxy- Phosphoniu 5 Speed mixer  Excellent MWCNTs  [59]
MWCNTs  m based IL dispersion
(PPIL)
Epoxy- [OMIM]BFs 1.5 Showed synergistic  [239]
CNTs effects between
epoxy resin matrix
and IL-modified
CNTs
PS- Phosphoniu 5 Melt mixing Higher thermal [33]
MWCNTs  m based IL stability due to the
strong interactions
between IL and
MWCNTSs
SSBR- BMI 5 Hot press n-1 Stacking [240]
CNTs interactions and
plasticization effects
of IL
PC- CMI 0-8 Hydraulic 46 % improvements  [48]
MWCNTSs press in tensile strength
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PC-
MWCNTSs

PMMA-
CNTs

PMMA-
MWCNTSs

PS-PMMA-

PC-CNTs

PAI-
MWCNTSs

BMI

[BMIM]PFs

[HMIM]PFs

[BMIM]PFs

[OMIM]BF4

Imidazolium
based IL

1-20

10

0-10

0.5

5-15

Hot press

Internal mixer

Batch mixer
and hot press

Grinding and

ultrasounds

Melt mixing

63

50 % increments in

elastic modulus

Physical (cation-

pi/pi-pi) interactions

Strong interactions
between
[HMIM]PFs and
CNTs because of
longer alkyl chain

length

IL acted as an
effective
compatibilizer, and

plasticizer.

Thermal
decomposition
temperature was

improved.

Decomposition
temperature
increased (5 %) than
those of pure
PMMA

Homogenous
MWCNTSs

dispersion

[241]

[58]

[242]

[243]

[244]



SBR-
MWCNTSs

SBR-
MWCNTSs

SBR-
MWCNTSs

PU-
MWCNTSs

PVDF-
CNTs

PVDF-
CNTs

[AMIMICI,
EMIT,
MOIC

[BMIM]CI

[BMIM]CI

[HEMIM]BF

[VEIM]BF,

[BMIM]PFs

1

0-30

1-10

8.56 g

10

1-5

Compounding

Melt mixing

Melt mixing

Hot plate

Internal mixer

and hot press

Compression

molding

64

Enhanced dispersion
and superior
mechanical

properties

Strong interface
between IL-
MWCNTSs and SBR

matrix

Strong cation-nt

interactions

Higher thermal and
mechanical
properties with low
amounts of
MWCNTSs in the

composites

Homogenously
dispersed CNTs in
PVDF

3.6 % improvements
in crystallization

temperature

Plasticization effects
of IL

Strong PVDF-CNTSs
bonding by IL

[245]

[49]

[246]

[247]

[234]

[233]



Uniform CNT
dispersion in PVDF

PVDF- [BMIM]PFs  1-5 Melt Improved interfacial  [47]
CNTs compounding interactions between

PVDF matrix and

filler.
PVDF- [BMIM]PFs  0-5 Batch mixer  IL:CNTs (1:1) (w/w) [43]
MWCNTSs is the optimum ratio

for higher thermal

properties
PVDF- [EMIM][TF, 1-5 Extrusion Cation-m interaction ~ [248]
MWCNTs N]

Enhanced thermal

and mechanical

performance
PVDF- [AEIM]Br 0-1 Melt blending  Young’s modulus [237]
MWCNTSs increased from 1.3

to 2.5 GPa

Tensile strength
(300 % higher than
those of pure PVDF)

For tissue engineering applications, IL/PVDF nanocomposite having multiple
ILs, 1-butyl-3-methylimidazolium chloride [Bmim][Cl], and 2-hydroxy-ethyl-
trimethyl ammonium dihydrogen phosphate [Ch][DHP] were developed [249]. It was
discovered that adding [Bmim][CI] and [Ch][DHP] to the mixture enhanced the PVDF
crystallization. The thermal and mechanical characteristics of the composites were also
improved by the presence of the ILs. Also, the non-cytotoxicity of the IL/PVDF
nanocomposite films and the proliferation of C2C12 cells proved the potential of the

composites for muscle regeneration methods.
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2.7 Polymer composites processing approach

2.7.1 Internal Mixer

Internal mixers have been effectively used for high and low viscosity
environments in the polymer composite industry, where high-power mixing is needed
for masticating and compounding processes. The general objective is to introduce solid
and/or liquid components into a plastic or rubber matrix. The additives or inorganic
fillers (aggregated nanoparticles or droplets trapped together by surface tension) should
be detached, decreased in size, and dispersed equally throughout the matrix: There are
two kinds of mixing that occur: extensive mixing and intense mixing. Extensive (also
known as distributive) mixing is responsible for the spatial distribution of the individual
particles within the polymeric matrix. Intensive (also known as dispersive) mixing is
responsible for separating and reducing the particle size of the additives. Table 2.12

summarizes some of the advantages of internal mixers for polymer composites.

The maximum dispersion of inorganic fillers into polymers is obtained by
choosing the appropriate equipment and process parameters. Internal mixers with
intermeshing and tangential rotors are designed nowadays and mixing performance is
highly dependent on the rotor design. In the enclosed mixing chamber, the spiral-
shaped rotors spin in opposite directions at the same speed or at varying speeds to
maintain the material circulating, as shown in Figure 2.21. The space between the rotor
blades and the chamber walls causes the mixture to be sheared vigorously. A hopper is
used to load materials, and a batch is contained inside the mixing chamber by an air-
operated piston in the feed neck. The discharge door enables the mixture to be unloaded

quickly and efficiently at the completion of the mixing process.
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Table 2.12: Advantages of internal mixer for the processing of polymer composites
[167]

Processing Technique Advantages

Most efficient technique, since no

solvent is required
Highly compatible for the insoluble
polymers

Internal Mixer Environmentally benign approach

It is suitable for the current industrial

processes

An efficient method for dispersing
inorganic additives in the polymer

nanocomposites

Figure 2.21: Top and bottom view of rotor geometrics of the internal mixer [250]
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Table 2.13: Polymer composites using internal mixer

Filler Polymer Internal mixer processing  Ref.
condition

Cellulose nanocrystals Thermoplastic starch 115 °C, 8 min [251]
(CNCs)

CNTs Polyethylene 180 °C, 10 min [252]
CNTs Natural rubber 60 °C [253]
CNTs PVDF 190 °C, 3 min [254]
Lignin Poly(lactic) acid 180 °C, 10 min [255]
Silicon carbide PEEK 365 °C, 5 min [256]
Cellulose nanofibers  PMMA 175 °C, 15 min [257]
(CNFs)

Numerous research has been conducted on the fabrication of polymer
composites using the internal mixer method, as shown in Table 2.13. Fang et al. (2018)
[58] presented the fabrication of PMMA based composites by employing CNTSs.
The composites with various amounts of CNTs were produced immediately by melt
blending at 170 °C for 5 min at 50 rpm in the internal mixer. The mechanical properties
of PEEK-HA composites have been examined after the dispersion of CNTSs in the
polymer matrix [178]. The PEEK/HA/CNTs composites were prepared by using the
internal mixer and the authors claimed that the higher mechanical properties were

achieved because of the uniform MWCNTSs distribution in the polymer composites.

2.8 Thermal degradation kinetics of polymers and inorganic fillers

Multiwalled carbon nanotubes are the potential and most popular inorganic
fillers for the fabrication of thermoplastic polymer composite with enhanced thermal
and mechanical properties. The detailed understanding of thermal stability and the
investigation of thermal decomposition kinetics under pyrolytic environments through
various kinetics models (Table 2.14) are essential for the processing and using
MWCNTSs fibres as raw materials in the fabrication of polymer composites. It is crucial
to understand and anticipate the kinetic parameters of thermal degradation of polymer
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nanocomposites in order to develop molding and processing methods effectively [258,
259]. Furthermore, determining the activation energy of fillers enables precise
prediction of their behavior under a variety of thermo-molding circumstances, which is
very beneficial for their processing with a variety of thermoplastic polymer composites
[260].

The thermogravimetric analysis was used to determine the thermal degradation
kinetics of epoxy and epoxy/silica nanoparticle nanocomposites at a temperature
ranging from 25 °C to 600 °C employing a single heating rate of 10 °C/min in an inert
environment [261]. At various conversion ranges, the Kinetic parameters such as
activation energy, pre-exponential factor, and thermodynamic properties were
measured at different amounts of silica nanoparticles. With increasing the silica
nanoparticle concentration, the thermodynamic parameters (activation energy,
frequency factor, and rate constant) were improved because of the strong bonding

between the filler and the polymer matrix.

Li et al. (2019) [262] used the Coats-Redfern technique to investigate the
thermal degradation and kinetics of a micro-encapsulated red phosphorus /high density
polyethylene (MRP/HDPE) nanocomposite at various heating rates. The findings
showed that the activation energy (Ea) of the 4 % MRP/HDPE composite was greater
than that of pure HDPE and that the inclusion of MRP increased the thermal resilience
and delayed its thermal disintegration. By adding MRP as the filler, the degradation

process of HDPE was altered, resulting in a reduction in the decomposition rate.

The melt blending method was used to manufacture polyetherimide (PEI)-
MWCNTSs nanocomposites, and the surface of MWCNTs was modified by acid and
plasma treatments [263]. The thermal degradation kinetics of PEI/MWCNTSs
composites was investigated extensively using the Coats-Redfern method.
The activation energy was increased by 699 KJ/mol at 2 wt% MWCNTS, implying
the improved thermal degradation stability. The enhanced thermal resistance of PEI
composites was attributed to the improved interfacial interactions of the polymer with

the employed filler.
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Recently, the effect of IL-assisted pretreatment on the decomposition kinetics of
oil palm biomass-derived biocomposites using thermoplastic starch as the polymer
matrix was investigated [264]. Before fabricating thermo-molded composite panels, oil
palm frond (OPF) fiber was pretreated with ILs, 1-butyl-3-methyl-imidazolium
chloride ([Bmim][CI]) and 1-ethyl-3-methyl-imidazolium diethylphosphate
([Emim][dep]). To estimate the activation energy, several kinetic models were
explored, including the Coats-Redfern approach. When compared to untreated
composites, the findings showed that composites produced with ILs pretreatment had a
10-125 % greater activation energy. The increased activation energy indicated that the

fibres were more thermally stable and had greater fibre-polymer phase adhesion.

The thermal stability of bromo-butyl rubber (BIIR) nanocomposites
was enhanced by  employing a  solution  compounding  technique
after including ILs modified graphene oxide (GO-ILs) [265]. The values of activation
energy of the produced composites were determined employing the Kissinger
and Flynn—-Wall-Ozawa techniques. The addition of IL-modified GO significantly
improved the thermal performance of the BIIR nanocomposites. At 4 wt % of GO-ILs,
the activation energy of BIIR nanocomposites was 27 % higher than the pure matrix

because of the significant interfacial adhesion between GO and the rubber.

Conversely, by modelling thermogravimetry analysis data for lignocellulosic
Spartium junceum (jute) fibre-based biocomposites, the Broido model was used to
estimate the activation energy [266]. To improve the fire resistance of the composite
material, the fibres were processed with montmorillonite nano clay prior to composite
development. The model fitting was carried out between 340 and 400 °C since this
temperature range exhibited the quickest decomposition phase for all biocomposites.
Biocomposites prepared with NaOH treated fibres (reference sample) showed a greater
value of activation energy of 224.16 kJ/mol than composites reinforced with
montmorillonite nano clay (156.59 kJ/mol). It was suggested that the interactions
between the fibre and the matrix were the primary factor affecting the thermal

properties of fabricated biocomposites.
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Table 2.14: Thermal degradation kinetics models for polymer composites.

Kinetic Expression Plot Ref.
model
In <— In(1 - oc)> I AR E,
T? BE, RT
and o is,
o= my —m
mo — m¢
Where mo, m¢, and m are initial
mass, final mass, and mass at a
temperature.
Coats- o= decomposition factor ~In(1-a) [267]
Redfern A=frequency or pre-exponential 1D <T> vs 1000/T
factor (s4)
E,= apparent activation energy
(J/mol)
B= heating rate
R= universal gas constant (8.3145
J/mol K)
n= order of reaction (s?)
Inln (l) = —E+T[
a RT
and o is,
L Ve wr
Broido Hom Intn () vs 1000/T [268]

Where wo, ws, Wt are weight at
initial, final, and at a temperature
o= decomposition factor

E,= apparent activation energy
(J/mol)
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R= universal gas constant (8.3145

Jimol K)
In {ln (ﬂ)} = Ea6
Wt RTr%lax
0 = T-Trmax
Horowitz- 1= femperature at any fime In {ln (ﬂ)} vs 0 [269,
Metzger ~ Tmax=temperature at which e 270]

decomposition rate was highest
E,= apparent activation energy
(J/mol)

R= universal gas constant (8.3145
J/mol K)

Using the ecologically benign 1-butyl-3-methyl-imidazolium chloride
(BmimCl) ionic liquid, green nanocomposites comprising cellulose/exfoliated graphite
nanosheets with lower filler loadings were synthesized [271]. The thermal properties of
the fabricated nanocomposites were evaluated employing the Broido method. When
0.75 wt% GNS treated with ILs was added to the nanocomposites, the activation energy
was increased to 15.31 kJ/mol from 13.2 KJ/mol of the pure cellulose. The increment
in the activation energy values of the manufactured composites indicated that they were
more thermally stable than the pure films. This supported the fact that ILs-GNS

inclusion influenced the morphology of regenerated cellulose composite crystals.

Similarly, MWCNTs-reinforced polylactide (PLA) composites were injection
molded onto a microneedle pattern mold [272]. The Horowitz-Metzger model was used
to examine the impact of MWCNTs on thermal characteristics. The
interactions between PLA and MWCNTSs, as well as the physical barrier provided by
the MWCNTS, increased the activation energy values of the produced composites. Pure
PLA had the activation energy of 21.3 KJ/mole, which was increased to 30.1 KJ/mole
for PLA/MWCNTS composites.

The biodegradable ternary blended films of polyvinyl alcohol (PVA) and
biomaterials (corn starch and pectin) were fabricated using the solution casting
technique with water as a solvent to enhance the thermomechanical stabilities [273].
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The tensile characteristics of blend films were improved, and blends with a
starch/pectin ratio of 1:5 had a tensile strength (18.85 MPa) as well as the maximum
elongation at break (516 %). Additionally, it was also observed that the activation
energies of the prepared blends were substantially increased owing to the strong

interactions provided by the biomaterials with the PVA.

Overall, the activation energy of thermal decomposition is a useful tool for
examining the impact of IL-modified CNTs on the thermal properties and resultant
bond strengths of the composite materials. Thus, the activation energy of
thermal decomposition kinetics for a composite material may reveal the macroscopic
characteristics of the composite, which are usually determined by the intrinsic qualities
of the components, which are mostly influenced by their chemical composition.
Especially, the estimation of activation energy through the proper model-fitting of
thermal decomposition of untreated and ILs-treated nanocomposites may offer insight
into the influence of ILs introduction in the filler-polymer interactions during the melt
blending operation. The filler-polymer interactions are among the most important
factors that determine activation energies pre and post modification, and it may be a
significant indicator of the effectiveness of IL addition in the fabrication of polymer
nanocomposites. Based on this, it was suggested that the activation energy of thermal
degradation might be a useful approach for determining the kinetics of thermal
decomposition and the resultant bond energies because of the interactions of different

materials throughout the melt blending process.

The rate of decomposition (i—?) of polymer nanocomposites can be expressed

using the equation below [274].

Ea
T=Ae®(1-a)" (2.1)

The terms A, E,, and o are frequency factor/pre-exponential factor (s), apparent
activation energy (J/mol), and decomposition factor, respectively. The below formula

can be employed to determine the value of a.

o = Dot (2.2)

mo—mf
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Where mo, m¢, and my are initial, final, and given masses at a temperature.

Equation for a linear heating rate (J) is,

d A _Ea
ﬁ = Ee RT(]. — O()n (23)
Or
® da A T Ea
fo o = & f e RrdT (24)

After integration, equation (2.4) is,

1-(1-a)'™®  ART? _Ea 2RT
1on  BE, C T (1 B Ea) (2.5)
Logarithmic form of equation (2.5) is,
1-(1-)™™) AR 2RT Ey
n(Soe) = (G — 5 (2.:6)
As, (1 - ZET) « 1, so simplified form of equation (2.6) is,
1-(1-)™™) AR Ea
In(Siase) = () — = @7)
or
—In(1-a)\ _ AR\  Ea
In (T) =1In (BEa) RT (2.8)

Equation (2.8) is called Coats-Redfern model for a single order of a reaction [267].

—In(1-a)
T2

The plots of In ( ) and 1/T give the straight line with the slope (— %‘) and the

activation energy of the composites can be calculated (equation 2.9):
E, = —R X slope (2.9)

Broido [268] proposed the following formula (Equation 2.3), which may be
employed to determine the activation energy of thermal decomposition of polymer

composites using TGA data.
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Inln (i) =—24m (2.10)

Where 1t is a constant.

For a single heating rate, the Equation (2.10) provides a straight line with slope (— %)

after plotting InIn (1) vs 1/T and the activation energy can be determined:

«
E, = —R X slope (2.11)

Similarly, the equation for Horowitz-Metzger [269] can be obtained from the
Equation (2.3) for thermal degradation kinetics of polymer composites.
Wo _ Eae
Inln (Ft) = (2.12)
Where w, and w are initial weight and weight at a given temperature, 6 = T — Ts, 6

is variable auxiliary temperature, T is the degradation temperature with time and Tmax

is maximum decomposition temperature (peak temperature). The kinetic energy can

Wo

be calculated from the below equation obtained after plotting InIn (;) and 6. The
t

mathematical equations for the thermal decomposition kinetic models are described in
Table 2.14.

E, = R X slope xT32.« (2.13)

2.9 Summary

PEEK is a high-performance thermoplastic with superior thermal and chemical
characteristics. It is extensively used in the medical technology, energy, and chemical
industries. When employed in biomedical industries, PEEK has additional advantages,
such as the capability to be sterilized repeatedly and to be easily molded through
machining. Nevertheless, PEEK is usually bioinert in the absence of further surface
coatings or modifications. Therefore, in order to make it a better option for biomaterial

applications, its bioactivity must be enhanced.
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Hydroxyapatite (HA) is a biocompatible and biodegradable substance, and it
may establish a strong interaction with the surrounding bone tissues. The inclusion of
HA to PEEK is expected to enhance the biological characteristics of composites used
in bone tissue engineering. Today, a variety of methods exist to alter the PEEK surface
with HA. These methods are divided into four broad classifications: physical, chemical,
surface coating, and composites preparation. However, the incorporation of HA to the
PEEK matrix would reduce the mechanical properties of scaffolds, particularly in

extremely porous structures.

MWCNTSs have been broadly applied as efficient reinforcing fillers in a wide
variety of thermoset and thermoplastic polymers for the purpose of enhancing the
mechanical properties of the composites. Additionally, MWCNTSs are usually nontoxic
and biocompatible due to their ability to encourage osteoblast adhesion and
proliferation on the polymer composites surfaces. Despite these advantageous
properties, the agglomeration of CNTsina polymer matrix has proved to be
problematic because of their large aspect ratio. Multiple approaches have been used to
enhance the dispersion of CNTs in polymer matrices, including covalent (chemical,
surface modifications) and non-covalent functionalization (solution mixing, melt
mixing). The most practical approach for tuning the interfacial characteristics of CNTs
by using physical interactions is a non-covalent modification (melt mixing), which
can prevent CNTSs aggregation. In this method, the commonly available organic
solvents (DMF, NMP, acetone etc.) have been employed for breaking the CNTs bundles
in the polymer composites. However, the key issue of CNTs agglomerations is still

uncertain in the polymer/CNTs/HA composites.

To  address the  aforementioned impediment, an  efficient
polymer/CNTs interface linker is needed. lonic liquids (ILs) are composed of an
organic cation and an inorganic anion and typically have a melting point of less than
100 °C. The cationic structure of ILs, as well as the degree of anion charge
delocalization, influence their chemical, physical, and biological properties. Particular
ILs (low cost and high power of dissolution in the polymer matrices) have an
exceptional ability to distribute and break down CNTs bundles into polymer matrices,

consequently improving the necessary characteristics. To fully develop the polymer
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composites, it is necessary to modify the inorganic filler with the ILs for excellent
CNTs distribution. Among the many polymer processing methods, internal mixer and
compression molding are well-known and often used in the fabrication of polymer filler

composites.

The investigation of thermal decomposition kinetics under pyrolytic conditions,
as well as a comprehensive understanding of thermal stability, are particularly
important for the processing and use of ILs-modified CNTs in bioactive polymeric
composite materials. It is critical to understand and estimate the thermal degradation
kinetics of the polymer composites in order to develop reasonable molding and

thermoplastic processing methods.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Overview

This chapter discusses the materials and methods for modifying multi-walled
carbon nanotubes using ILs (ILs/MWCNTS), as well as the different phases involved
in the manufacturing of bioactive PEEK nanocomposites using ILS/MWCNTS in
combination with PEEK and hydroxyapatite (HA). The equipment used to fabricate the
nanocomposites and the evaluation of untreated and IL-treated PEEK composites with

the various characterization techniques are briefly described.

The overall research flow chart for the development of PEEK/MWCNTS
composites via internal mixer and compression molding processes is depicted in Figure
3.1. Broadly, the experimental procedure could be divided into four parts: (1)
effectiveness of IL and organic solvent for MWCNTSs dispersion (2) fabrication and
characterization of PEEK/MWCNTSs composites (3) evaluation of biological properties

and finally (4) thermal degradation kinetics.

3.2 Materials

The following chemicals and materials were employed in this research to
manufacture polymer nanocomposites for the purpose of studying human bone
regeneration in biomedical applications. All the chemicals were of analytical quality
and were used without further processing. Table 3.1 summarizes some of the most
significant physicochemical characteristics of the materials and chemicals employed in

this research.
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Figure 3.1: Overall research flow chart for the development of PEEK/MWCNTS

Cells were seeded at a
density of 50000 cells per
well in 24 well tissue culture
plates on samples for 24 h

I
I
I
I
I
I
I
1 I
I
I
I
I
I
I
I
I
nanocomposite

79

Coats-Redfern
Broido
Horowitz-Metzger

Determination of
Activation Energy

Objective 4



Table 3.1: Material and chemicals used for the fabrication of PEEK composites

Chemical Name Purity Size Brand

(%)
PEEK 99 37 um Huaian, China
MWCNTSs 97 15 nm Ugent, Malaysia
[EMIM]Ac 98 - Sigma Aldrich
[EMIM]HSOs 95 - Sigma Aldrich
[BMIM]Ac 96 - Sigma Aldrich
[BMIM]HSOs 95 - lo-li-tec
nHA 99.7  20-50 nm Huaian, China
DMF 99.8 - Sigma Aldrich
Silicone spray - - Allopar
Mold release 99 - Honey wax
wax
Teflon paper 999 - Local

3.2.1 Polyetheretherketone (PEEK)

The PEEK powder (particle size 400 microns and molecular mass of a repeating
unit: 288.31 g/mol) was collected from Huaian RuanKe Plastics, China. The ultimate
choice of the polymer for composite fabrication is a basic requirement. For long-term
utilization in the human bone replacement, the polymer should have superior

mechanical and biological characteristics. PEEK being an attractive thermoplastic
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polymer for bone regeneration with elastic modulus close to human bone [34, 178] and

fulfilling required criteria was selected as the base polymer.

3.2.2 Multiwalled carbon nanotubes (MWCNTS)

The MWCNTSs (15 nm in diameter, 5 um length) were purchased by Ugent Tech
Sdn. Bhd, Malaysia. Inorganic fillers are most often employed to improve the thermal,
mechanical, and other basic characteristics of polymeric materials. The MWCNTSs are
the preferred reinforcing filler for biomedical applications because to their non-toxic
nature and high biocompatibility with surrounding bone structures after
implantation[20, 29].

3.2.3 lonic Liquids (ILs)

The four imidazolium ILs with distinct alkyl chain length and anions, 1-ethyl-
3-methylimidazolium acetate ([EMIM]ACc), 1-ethyl-3-methylimidazolium hydrogen
sulphate ([EMIM]HSO,), 1-butyl-3-methylimidazolium acetate ([BMIM]ACc), and 1-
butyl-3-methylimidazolium hydrogen sulphate ([BMIM]HSO4) were taken from
Sigma-Aldich, Germany and their chemical structures are displayed in Figure 3.2. ILs
are environmentally friendly and designer solvents which exhibit numerous solvation
interactions with the polymers in comparison to volatile organic solvents. They are
employed in polymer composites to facilitate the stronger interactions of the filler with
the polymer matrix. ILs are regarded as the primary driving factor for strong filler-
polymer interactions, which led to the homogeneous dispersion of MWCNTSs in
numerous polymer matrices. Based on these insights, ILs have been employed for the
first time to disperse MWCNTSs in PEEK composites for improved thermomechanical
characteristics for human bone substitution. The imidazolium cations (which are most
successful in polymer composites)[211, 219], as well as acetate[45] and hydrogen
sulfate[46, 60], are considered appealing anions due to their cheap cost and strong
solvation interactions with the polymers. Table 3.2 summarizes some critical

physicochemical characteristics of the ILs utilized in this research.
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Figure 3.2: Chemical structures of used ILs

Table 3.2: Physicochemical properties of ILs

Property [EMIM]Ac  [EMIM]HSOs [BMIM]Ac  [BMIM]HSOq4
CAS No 143314-17-4 412009-61-1  284049-75-8 262297-13-2
Molecular mass 170.21 208.24 198.26 236.29
(9/gmol)

Density (g/cmq) 1.28 1.367 1.1 1.27
Viscosity (Pa. s) 0.162 0.798 0.484 1.049
Decomposition 224 359 212 340

temperature (°C)
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3.2.4 Hydroxyapatite (HA)

The nanohydroxyapatite (nHA, purity 98.7%) was received from Huaian
RuanKe Plastics, China. The nHA is calcium phosphate-based bioceramic with
chemical formula Caio(PO4)s(OH)2)[10] used to enhance the biocompatibility and

biological characteristics of the polymer composites.

3.2.5 Dimethylformamide (DMF)

DMF (purity 99.8 %) was purchased from Sigma-Aldich, Germany and its
chemical structure is shown in Figure 3.3. The DMF seems to be significant in the
debundling and separation of CNTs into individual CNTSs. It is conceivable that DMF
first adsorbs on the CNTSs, reducing their van der Waals affinity[275].

@)
)J\ CH,
H N
CH,

Figure 3.3: Chemical structure of DMF

3.3 Preparation of PEEK/MWCNTSs and PEEK/MWCNTS/IL composites

PEEK, PEEK/MWCNTs (employing conventional organic solvent
dimethylformamide), and PEEK/MWCNTS/IL (using [EMIM][HSO4]) composites
were synthesized via compression molding method and the summary of the basic steps
and amounts of the used materials are illustrated in Table 3.3. MWCNTSs were modified
with DMF in PEEK/MWCNTSs composites, while PEEK/MWCNTS/IL composites
were prepared using IL-assisted MWCNTSs. The experimental method for producing
PEEK/MWCNTs and PEEK/MWCNTS/IL composites were broadly subdivided into
two stages, as shown in Figure 3.1 (objective 1) and the summary of the basic steps is
explained in Figure 3.4. The schematic representation of possible polymer-filler
interactions after the incorporation of DMF and IL are illustrated in Figure 3.5.
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1. Agate mixing 2. Magnetic stirring 3. Ultrasonication 4. Compression molding

Figure 3.4: General steps involved in the preparation of PEEK nanocomposite
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Figure 3.5: Polymer-filler interactions after using DMF and IL

3.4 PEEK/MWCNTSs/nHA/ILs composites

The purpose of this research is to determine the possibility of producing
bioactive PEEK/MWCNTs/nHA/ILs composites by employing ILs supported
MWCNTSs. The primary objective was to utilize ILs to ensure homogeneous MWCNTSs
dispersion in PEEK/MWCNTs/nHA/ILs composites for improvements in the
mechanical and biological properties of the final composite materials. Four ILs
containing imidazolium-based cations were selected for this purpose in this research as
pretreatment for MWCNTS. Indeed, ILs having imidazolium-based cations offer better

dissolving properties for a range of polymeric materials and have been shown to be
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more dissolvable than ILs containing other cationic groups such as morpholium,

piperidium, and pyrrolidinium [40, 49, 58, 219].

On the other hand, it is thought that the anionic component is mainly important
for the stronger interactions of IL with MWCNTSs. lonic liquids comprising hydrogen
sulfate and acetate anions outperformed other anionic classes such as PFs, BF4, and
MeSOQq in terms of polymeric material dissolving. Interestingly, ILs with hydrogen
sulfate and acetate anions are cheap and economical than other groups [46, 60, 276-
278]. Hence, ILs comprising hydrogen sulfate and acetate-based anions have been

extensively applied in polymeric materials to enhance fibre-polymer interactions.

3.4.1 Preparation of PEEK/MWCNTs/nHA composites (without IL)

The preparation of PEEK/MWCNTs/nHA composites includes the following
steps (i) physically mixing of filler with solvent, (ii) adding polymer and biomaterial in
the filler/solvent solution and (iii) composite sheets obtained after melt mixing and
compression molding. 1 wt % of DMF and MWCNTSs were physically mixed in an
agate mortar for 10 min, followed by magnetic stirring for 2 h at 180 °C. The mixture
was then degassed for 30 mints in a sonication bath (Transonic Digital S, EIma®). After
that, PEEK and nHA (10 wt %) were added in a homogenized solution of
MWCNTs/DMFs. The PEEK/MWCNTs/nHA composites pellets were successfully
obtained from the internal mixer (Madina engineering materials, Pakistan) after melt
mixing at 350 °C for 3 min with a rotating speed of 80 rpm and the composite sheets
were prepared in the compression molding (Madina Engineering materials, Pakistan) at
390 °C and at 20 MPa for 10 min.

3.4.2 Preparation of PEEK/MWCNTs/nHA/ILs composites (with 1Ls)

To synthesize IL-modified MWCNTSs, the MWCNTSs were combined with each
of four ILs (1l-ethyl-3-methylimidazolium acetate (EMIM]Ac)/1-ethyl-3-
methylimidazolium hydrogen sulfate ([EMIM]HSO,)/1-butyl-3-methylimidazolium
acetate ([BMIM]Ac)/1-butyl-3-methylimidazolium hydrogen sulfate([BMIM]HSO4))

in an agate mortar for 10 min at room temperature, followed by magnetic stirring for 2
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h at 180 °C (Figure 3.1; objective 2). The weight percentage of IL to MWCNTSs varies
between 0:1 and 2:1. After that, IL modified MWCNTSs were mixed with nHA (10 wt
%) and PEEK powder and homogenized by ultrasonication for 30 min. The
PEEK/MWCNTs/nHA/ILs composites were successfully produced in the internal
mixer at 350 °C for 3 min with a rotating speed of 80 rpm. The internal mixer pellets
were melt compounded in the hydraulic press at 390 °C and at 20 MPa for 10 min. The
detailed schematic diagram of preparing PEEK composites was shown in Figure 3.6.

A total of twenty (20) polymer composites were prepared and classified into
four (4) composites groups as illustrated in Table 3.3. Firstly, a reference polymeric
composite comprised entirely of PEEK was synthesized. Secondly, a polymeric
composite (PEEK/MWCNTSs) based on an organic solvent (1 wt % DMF) was
produced. Thirdly, ionic liquid (1 wt % of [EMIM]HSOs (1-ethyl-3-
methylimidazolium  hydrogen sulfate)) was employed to manufacture
PEEK/MWCNTS/IL composites for comparison to pure PEEK and PEEK/MWCNTSs
composites. This IL ([JEMIM]HSO4) was chosen for the comparative study in order to
investigate the effect of IL on PEEK/MWCNTSs composites due to its anion, which has
the potential to form stronger physical interactions with the PEEK polymer [238]. 1 wt
% of IL (EMIMHSOs) was employed since at this composition, optimum
thermomechanical properties in polymer composites were achieved. Additionally, this
type of IL is inexpensive and has significant solvation interactions with the polymers
[238]. Lastly, four imidazolium-based ILs (1-ethyl-3-methylimidazolium acetate
([EMIM]AC), 1-ethyl-3-methylimidazolium hydrogen sulfate ((EMIM]HSO4), 1-butyl-
3-methylimidazolium acetate ([BMIM]ACc), 1-butyl-3-methylimidazolium hydrogen
sulfate ([BMIM]HSO4) with various amounts (0.5, 1, 1.5 and 2 wt %) were used to
fabricate PEEK/MWCNTs/nHA/ILs composites. The MWCNTSs (1 wt %) and nHA (10
wt %) were also introduced in the composites for improving their mechanical properties
and biological performance, respectively. Based on literature, 1 wt % of MWCNTSs [24,
25], 10 wt % of HA [5, 178] and 0-2 wt % of ILs [43, 242] were chosen since at this
compositions, they exhibited superior thermomechanical characteristics in polymer

composites.
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3.4.3 Preparation of PEEK composite pellets

Internal mixers are widely recognized as one of the most flexible and fast
mixing equipment available with high throughput. Two parallel rotors with "flight™ or
"nogs" are used in the working portion of the internal mixer to revolve against one
another in a cylindrical enclosure, and these rotors are operated by motor and gear.
Dispersion is usually accomplished in the small area around the rotor, and the chamber
wall, where the circulation is uniform and shear stress is considerable. It also assists in
the assimilation and distributional mixing of components. The breadth of the rotors tip
has a significant effect on both the total shear and the time of the material spends inside
the high shear zone [279]. By estimating its volume and contrasting it to the overall free
volume of the mixing chamber, the quantity of material flowing through this zone may
be determined. The rolling bank volume relies on the film thickness and the speed of
the rotor: The volume of the rolling bank decreases as the rotor speed increases, and an
increasing amount of material fills the area behind the rotor tip [280]. Figure 3.7 a)
shows the used internal mixer in this study.

In order to be successful in dispersion, the shear stress inside the clearance
between the flying tip and the chamber wall must exceed a critical value, which is the
stress needed to break the agglomerates. If the shear force is significantly greater than
the critical stress, only those aggregates with their longitudinal direction perpendicular
to the streamlines that are oriented to the linear flow in the clearance will break. Without
additional dispersive or distributive impact, the residual agglomerates will eventually
align with the flow [281, 282]. The stress in the clearance between both the chamber
wall and flight tip is dependent on the width and depth of the channel [283]: the
higher shear force varies inversely with the clearance between the chamber wall
and flight tip, creating the shear stress extremely sensitive to clearance variations and

necessitating very narrow clearances for elevated shear stresses [281].

First of all, the internal mixer was heated to 350 °C and set the rotor speed to 80
rpm. The predetermined amount (14 g) of the sample was put into the sample area and
heated for 3 mints. The spinning rotor ensured that the sample was adequately mixed
with each component distributed evenly to prepare homogenized PEEK composite

pellets. The internal mixer was turned off once the required time was elapsed, and the
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molten material was extracted from the rotors using a spatula. The pellets were
produced when the sample was removed and air-cooled to room temperature, as
illustrated in Figure 3.7 b).

a)‘
| (S

Figure 3.7: a) Internal mixer machine used in the current study b) PEEK pellets

obtained from the internal mixer

3.4.4 Hot-press molding to prepare PEEK composites

The final stage to prepare PEEK composites sheets from the internal mixer
pellets is hot-press molding. Evidently, a broad range of thermoplastic polymers have
been used in hot-press molding for the development of polymer-filler based
nanocomposite materials. For this, mild steel molds with standard specifications based
on modified ASTM D638 [284] were employed to fabricate PEEK composites. This
standard covers the testing of polymer-based composites with inorganic fillers [35,
285].

A predetermined amount of PEEK/MWCNTs/nHA/ILs was injected into the
female section of the mold at a mass flux of 0.2411 gcm with interior dimensions of
7.62 cm x 7.62 cm. The target density (Table 3.4) of the final composite sheet with
specifications of 7.62 cm x 7.62 cm x 0.2 cm would be 1.21 gecm™ using the value

of mass flux distribution.

Volume of final composite = 7.62 cm x 7.62 cm x 0.2 cm= 11.613 cm?®
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If, the required density= 1.21 gcm™
Then, mass of compounded mixture =volume x density = 11.613 cm3x 1.21 gcm™
=14¢

Further, cross-section area of the mold = 7.62 cm x 7.62 cm= 58.0644 cm?
So, mass flux distribution= 14 g/58.0644 cm? = 0.2411 gcm

The resulting density of polymer composites is essential since it has a huge
effect on the thermomechanical and other characteristics of the nanocomposites. Thus,
nanocomposites made of MWCNTSs and IL-modified MWCNTSs were synthesized at
the same target density allowing for the study of the impact of IL-modified MWCNTSs

on the characteristics of nanocomposites to be conducted independently.

The adhesion of the final products with the interior walls of the mold after
cooling and reducing the pressure is a frequent and inconvenient problem that generally
results in the breaking of the molded specimen during the thermo-molding stage. This
issue is particularly acute for the nanocomposites, which include
thermoplastic polymers as matrices. While mold ejector pins and mold release wax are
employed to circumvent this issue, these methods generally operate effectively for
thermosetting polymer-based composites but fail miserably when used to thermoplastic
polymer-based composites. To address this problem, we used a modified Teflon
paper as a mold-releasing agent which is impervious to high pressure of several bars

and temperature of up to 420 °C.

Following that, the mold was closed and put onto the pre-heated plates of the
compression molding machine (Madina engineering materials, Pakistan) (Figure 3.8a).
The mold was then thermally compressed for 10 min at 390 °C and 20 MPa. It should
be remembered that during the molding of thermoplastic-based composite materials,
the mold cannot be released immediately after 10 min of compression but must be
cooled to room temperature while maintaining pressure in order to prevent spoiling of
the molten polymer in the mold [286]. The summary of the operational conditions used
during the manufacturing of PEEK nanocomposites is explained in Table 3.4. For
further characterization, the final product (Figure 3.8b) was wrapped in plastic bags

and placed in airtight boxes.
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Table 3.4: Overview of operational parameters for several stages in the fabrication of

PEEK nanocomposites

Process

Operating parameters

DMF modified MWCNTSs

ILs modified MWCNTSs

Bioactive PEEK composites
before melt blending

PEEK/MWCNTSs/nHA/ILS

pellets in the internal mixer

PEEK/MWCNTSs/nHA/ILS
sheets in the compression

molding

MWCNTSs = 1 wt%

DMF =1 wt%

Conditions = 140 °C, 2h, 400 rpm

MWCNTSs = 1 wt%

ILs =0.5,1.0, 1.5, 2.0 wt%

Conditions = 180 °C, 2 h, 400 rpm

nHA= 10 wt%

PEEK (wt%) = 100 - (MWCNTSs+ILs+nHA) wt%

Conditions = 350 °C, 3 min, 80 rpm

Target density = 1.21 g cm™

Mass flux distribution = 0.2411 g cm™

Sheet dimensions = 7.62 cm x 7.62 cm x 0.2 cm
Mold material = Mild steel

Conditions = 390 °C, 10 min, 20 MPa
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Figure 3.8: a) Compression molding machine used in the current study b) Final

product for characterization

3.5 Characterization of prepared PEEK-MWCNTs/nHA/ILs composites

To examine the impact of MWCNTs and ILs-modified MWCNTSs on the
characteristics of  PEEK/MWCNTs/nHA/ILS  nanocomposites, multiple
characterization techniques (Figure 3.9), including morphological study, thermal
stability evaluation, mechanical performance, and cells viability investigation were
performed. The next section provides an overview of various characterization

techniques.
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Figure 3.9: Characterization of prepared PEEK composites

3.5.1 Optical microscope (OM)

Optical microscopy (OM) is widely utilized as a viable technique for

determining the morphology of an inorganic filler in the various polymer matrices. The

OM, also known as the "light optical microscope,” is a kind of microscope that

magnifies pictures of tiny materials using visible light and a lens system. It is performed

to determine the nanoparticles dispersibility inside the polymer matrix, which is

essential for high mechanical characteristics of nanocomposites. The size of MWCNTs

aggregates in PEEK composites prepared with and without ILs modifications was

determined with the Dino-lite microscope bought from AnMo Electronics Co. Taiwan

(AD4113ZT Dino-lite). The dimensions of the testing sample were 1 cm x 1 cm x 0.2

cm. Optical microscope is effective for 0-250 mm magnification range.
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3.5.2 Field-emission scanning electron microscopy (FESEM)

The field-emission scanning electron microscopy (FESEM) has become a
comprehensive technique for capturing images of the microstructures of the
used materials in the composites. FESEM has been usually conducted in a high vacuum
environment since gas molecules attempt to influence the electron beam and the
released secondary and backscattered electrons employed for imaging. The
morphologies and mapping of the produced PEEK composites were investigated by
FESEM/Energy Dispersive X-Ray (SUPRA 55VP, Germany). FESEM images were
obtained at a magnification of 500X using double-faced tape to adhere the composites
on metal stubs with sample size of 1 cm x 1 cm x 0.2 cm. Prior to imaging, specimens

were coated with gold-palladium by a sputter coater.

3.5.3 Differential scanning calorimetry (DSC)

The determination of phase transition temperature (melting point, Tm) and
crystallinity of thermoplastic polymer composites with homogenous MWCNTSs
dispersion is regarded to be one of the primary parameters. Differential scanning
calorimetry (DSC; Q2000 USA) was used to evaluate the melting point and
crystallization temperature of PEEK composites. A sample weighing about 5-10 mg
[287] was heated at a rate of 10 °C/min from ambient temperature to 400 °C in a
nitrogen environment. After 5 min at the isothermal temperature, the specimens were
cooled to 40 °C at a rate of 10 °C/min. Using the below formula (Equation 3.1), the
degree of crystallinity (X¢) of PEEK and its nanocomposites was calculated.

<. = —AHm
€7 AHo(1-9)

x 100 (3.1)

Where, AH,, is melting enthalpy and (AH,) is heat of fusion of a 100 % crystalline
PEEK sample (130 J/g), and @ is the mass percent of the MWCNTS in the PEEK

nanocomposites [2].
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3.5.4 Thermogravimetric analysis (TGA)

The capacity of a composite material to maintain necessary properties such as
strength, hardness, or elasticity at the operating temperatures is referred to as thermal
stability. Therefore, it is always necessary to investigate the thermal degradation
properties of polymeric composites. The thermogravimetric analysis (TGA Q600;
TA) was used to determine the thermal decomposition behaviour of the produced
PEEK nanocomposites. The specimens (5-10 mg) were heated up to 800 °C at 10
°C/min. Simultaneously, an inert environment was produced to avoid undesired
oxidation using pure nitrogen (10 mL/min) as carrier gas. To maximize moisture
evaporation, the samples were vacuum dried overnight at 100 °C. In general, a change
in thermal properties is recorded during TGA measurement in terms of % mass loss as
a function of temperature. The decomposition temperature of the samples was obtained

from the TGA curves.

3.5.5 Nanoindentation

Polymeric composites would have a wide range of engineering applications, but
only if they have the desired mechanical characteristics. For most applications,
mechanical properties, particularly mechanical strength and elastic modulus, are the
most important of all the chemical and physical characteristics of polymer composites.
Nanoindentation is a technique for determining the nanomechanical characteristics and
machinability of polymeric materials. The elastic modulus and load-displacement
curves of prepared PEEK composites (1 cm x 1 cm x 0.2 cm) were obtained from the
nanoindentation (NANO INDENTER® (supplied by Zwick/Roell)) at Poisson ratio 0.5
with the QCMS modulus-hardness method. The nanoindentation tests were conducted
with a maximum indentation force (100 mN) and displacement (70 um) with a 20 sec

hold time.

3.5.6 Universal testing machine (UTM)

The tensile test is a basic material evaluation that includes stressing a sample in

uniaxial tension till failure to determine the association in between tensile stress and the
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tensile strain. Tensile tests can be used to determine a variety of mechanical
characteristics, which include tensile strength, total elongation, and elastic modulus. To
examine the effect of ILs modified MWCNTSs and plain MWCNTSs on the mechanical
properties (tensile strength and elastic modulus) of PEEK composites by using Zwick-
Roell Amsler HA-50 UTM (Universal Testing Machine) and employing the modified
standard test method of ASTM D638. The initial clamping length and crosshead speed
were set at 70 mm and 5 mm/min, respectively, with a preload of 5 KN.

3.5.7 Proliferation Analysis

Biocompatibility of the pure PEEK and synthesized PEEK/MWCNTs/nHA/ILs
scaffolds was determined using the murine fibroblast cell line NIH3T3. The cells were
cultured for 3 days in Dulbecco’s Minimal Essential Medium (DMEM) with 10% Fetal
Bovine Serum (FBS) and 1% Penicillin Streptomycin till confluence (Figure 3.4;
objective 3). At 80% confluence the cells were trypsinized and centrifuged to remove
trypsin and re-suspended in DMEM for subsequent plating. The cells were seeded at a
density of 50000 cells per well in 24 well tissue culture plates and allowed to adhere

for 24 hours before adding 1ug/ml of each type of the samples. The dimensions of the

testing sample were 1 cm x 1 cm x 0.2 cm.

3.5.7.1 Alamar Blue Assay

To evaluate the cell attachment and viability, Alamar blue absorbance
measurements were taken after 24 h. A redox indicator changing from oxidized (blue)
to a reduced (red) form due to activity of dehydrogenase enzyme inside the
metabolically active cells was analyzed by Alamar blue testing. The cell seeded samples
were washed by phosphate buffer solution (PBS) prior to adding 0.5 mL of Alamar blue
solution (Sigma Aldrich, UK) (saturated 1:10 with phosphate buffer solution) and
incubated at 37 °C for 4 h. The absorbance readings were recorded at 570 nm using a

fluorescence plate reader (Bio Rad, UK, PR4100 Absorbance Microplate Reader).
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3.5.7.2 In vitro degradation study

The initial weight of dry samples (w;) was determined prior to incubation in two
distinct aquatic environments. For time period (6 months), the sample tubes were
incubated in phosphate buffer solution (PBS) and lysozyme solution (1 mg/mL) in PBS
at 37 °C. After the specified time, samples were removed and dried at 37 °C for 24 h.
Afterwards, the samples were weighed (w,). The subsequent equation [288, 289] was
used to estimate the deterioration rate of the composites.

Degradation = %x 100 (3.2)

1

3.5.8 Statistical Analysis

The quantitative experimental results were expressed in terms of the average
value = standard deviation. At p < 0.05, the differences were deemed statistically
significant. MS Excel 2016 was used to perform the statistical analysis.

3.6 Calculation of thermal activation energy

The thermal decomposition pattern of a substance with respect to temperature
under a particular heating rate is determined by dynamic thermogravimetric analysis
(TGA). The renowned techniques for predicting the thermal degradation parameters of
the polymer composites are Coats-Redfern (Equation 3.3), Broido (Equation 3.4), and
Horowitz-Metzger (Equation 3.5). These models were used to analyze the TGA data
(temperature range; 560-600 °C) of PEEK nanocomposites with and without ILs, and
the activation energy for each component was determined from the slope of the graph.
Figure 3.10 illustrates the procedure for using thermogravimetric data to determine the

thermal activation energy.

In (%) vs 1000/T (3.3)
Inln (i) vs 1000/T (3.4)
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In {1n (%)} vs 0 (3.5)

t

Where a, T, w,, w; and 0 are decomposition factor, temperature at any time t,
weight at initial temperature, weight at final temperature and variable auxiliary

temperature respectively.

TGA data of PEEK

composites

A 4

Parameters

(Temperature and weight loss)

|

Thermal degradation kinetics

model fitting

A 4

Calculation for activation

energy

Figure 3.10: Procedure used to calculate activation energy of PEEK composites

3.7 Summary

PEEK/MWCNTSs/nHA composites without ILs and PEEK/MWCNTs/nHA/ILs
composites with different amounts of ILs [EMIM]Ac, [EMIM]HSO04, [BMIM]Ac and
[BMIM]HSO. were prepared under mild operating conditions (180 °C, 2 h). The weight
percentage of IL to MWCNTSs varies between 0:1 and 2:1. The PEEK composite pellets
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were obtained after melt mixing in the internal mixer (Madina engineering materials,
Pakistan) at 350 °C and 80 rpm for 3 min. The final product was collected after the
thermo molding of the PEEK pellets in the compression molding (Madina engineering
materials, Pakistan) at 390 °C with 20 bars for 10 min. The final dimensions of the
PEEK nanocomposite sheets were 7.62 cm x 7.62 cm x 0.2 cm with the target density

of 1.2 gcm™3,

The untreated and ILs treated PEEK composites were characterized for
morphological, thermal stability, mechanical performance and biological properties by
following standard analytical techniques. Optical microscope and FESEM were used to
examine the MWCNTs dispersion in PEEK composites. DSC testing of the
nanocomposite sheets was conducted to observe the melting and crystallization
temperature. The decomposition temperature of the prepared PEEK nanocomposites
was determined with the help of the TGA study. Nanoindentation and UTM
experiments were used to measure the elastic modulus of the fabricated PEEK
nanocomposites with and without ILs modifications and compared with those of pure
PEEK and values of human cortical bone. The biological properties were assessed by
the proliferation. Thermogravimetric profiles of the PEEK composites were modelled
by using Coats-Redfern, Broido and Horowitz-Metzger methods to calculate the

thermal activation energy of the materials.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Overview

This chapter describes a comprehensive evaluation of the characteristics of
prepared composites. The comparative impact of organic solvent and different ionic
liquids on the morphological, thermal and mechanical performance of the composites
is studied. The biological study of pure polymer and its composites has also been
presented. Moreover, the thermal degradation kinetics of ionic liquid assisted polymer
composites with three existing methods, such as Coats-Redfern, Broido and Horowitz-
Metzger, is determined.

4.2 Effect of organic solvent and ionic liquid on the properties of PEEK
composites

4.2.1 The MWCNTs dispersion in PEEK composites

The Dino-lite microscope was used to examine the surface morphology of pure
PEEK, PEEK/MWCNTs, and PEEK/MWCNTS/IL nanocomposites, as illustrated in
Figure 4.1. As shown in Figure 4.1b, large-sized aggregates with an average size of
0.38 mm were observed in the PEEK/MWCNTSs composites after the incorporation
of DMF with MWCNTSs. It demonstrates the poor MWCNTS dispersion in the PEEK
matrix [58, 290]. However, when IL was employed to distribute MWCNTSs into PEEK,
a substantial decrease in MWCNTSs agglomerates (0.20 mm) was found. This decrease
in MWCNTSs agglomerations could be attributed to the strong interactions among
[EMIM]JHSOs and MWCNTs than those of DMF and MWCNTSsin
PEEK/MWCNTS/IL nanocomposites [243].
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50 mm
s

Figure 4.1: a) Optical micrographs of neat PEEK b) PEEK/MWCNTSs ¢)
PEEK/MWCNTS/IL at 50 mm magnification

To illustrate the role of [EMIM]HSO; as a distributing agent for MWCNTS,
Figures 4.2 and 4.3 exhibit FESEM micrographs of pure PEEK and its nanocomposites.
Figure 4.2 (c, d, e) confirms that the distribution of components in PEEK/MWCNTSs
composites (PEEK nanocomposites based on DMF) was not uniform. On the other side,
when IL-modified MWCNTs were employed, mapping demonstrated a more
homogeneous dispersion of components (C, O, and S) as shown in Figure 4.2 (f, g, h).
Due to the large surface area and poor compatibility of MWCNTSs [34, 291], thick
agglomerates of MWCNTSs were found in PEEK in the absence of IL, as displayed in
Fig 4.3b. Additionally, these MWCNTSs aggregates were formed in the composites due
to the poor affinity of MWCNTSs for the PEEK matrix [292]. On the other hand, IL-
modified MWCNTSs offered excellent dispersion and enhanced compatibility with the

PEEK, as seen in Figure 4.3c. The uniform distribution and deagglomeration of
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MWCNTSs represented the existence of strong n—m interactions between the surface of

the m-electronic nanotubes and the imidazolium ring of the IL [293, 294].

C Kal

C Kal

C Kal O Kal SKal

Figure 4.2: Mapping of pure PEEK (a, b), PEEK/MWCNTSs (c, d, e),
PEEK/MWCNTS/IL (f, g, h)

Figure 4.3: FESEM images of PEEK (a), PEEK/MWCNTSs (b), PEEK/MWCNTS/IL
(c) at X500
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4.2.2 The thermal properties of PEEK composites

The tendency of a composite material to maintain necessary properties such as
strength and hardness at the service temperature is referred to as thermal stability.
Therefore, it is always necessary to investigate the thermal degradation properties of
polymeric composites. Thermal characteristics of pure PEEK, PEEK/MWCNTSs, and
PEEK/MWCNTS/IL were evaluated using thermogravimetric analysis in an inert
environment, as shown in Figure 4.4, and the parameters inferred from TGA profiles
are given in Table 4.1. The thermogram of the PEEK/MWCNTSs/IL composite
indicated that it degraded in two phases. The first decomposition stage was due to the
presence of IL, whereas the second stage was corroborated to polymer matrix. Similar
degradation behavior for IL [227, 295], and PEEK polymer [74], have been described

in the literature.

The Tis (15 % weight loss) of PEEK/MWCNTS/IL was 614 °C, which was
considerably greater than the corresponding values for PEEK/MWCNTSs (583 °C) and
pure PEEK (570 °C). The enhanced thermal resilience shown by PEEK/MWCNTS/IL
composites was due to the considerable interfacial interactions between IL-modified
MWCNTs and PEEK polymer [242, 296] and restricting the molecular chain
movement of polymer around MWCNTSs [48]. Takassi et al. (2017) [244] found similar
findings for poly(amide-imide-1L)/MWCNTSs composites.

Takassi et al. (2017) [244] used a well-established synthetic method to create a
novel salicylic acid-incorporating diacid monomer using widely accessible chemicals.
The diacid produced was exploited to make a thermally resistant poly(amide-imide)
through direct polycondensation using 4,4'-diphenylmethanediamine in an IL, 1,3-
diisopropyl-imidazolium bromide as a green media. The manufactured polymer was
served as the matrix for the formation of poly(amide-imide)/multiwalled carbon
nanotube composites at three different MWCNTS concentrations (5, 10, and 15% wit).
The microscopy methods revealed the uniform MWCNTSs distribution in the
poly(amide-imide) matrix. The decomposition temperature at 10 % (Tad10) weight
loss of the composite containing 5% MWCNTs modified with IL was greater (41
°C) than that of pure PAI. It might be due to excellent dispersion and high heat

104



transmission of MWCNTSs, which prevented it from accumulating at specific locations

and causing deterioration.
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Figure 4.4: Thermogravimetric (TG) curves for the PEEK, PEEK/MWCNTSs,
PEEK/MWCNTSs/IL at 10 °C/min

DSC is a commonly used industrial quality control method for observing
the physical processes in polymeric composites such as crystallization, fusion, and glass
transition temperature. The DSC heating and cooling profiles of pure PEEK and its
nanocomposites are displayed in Figure 4.5, and the associated data are summarized in
Table 4.1. The melting point (Tm) and crystallization temperature (Tc) of each sample
were determined using these graphs. The Tr, of pure PEEK was 342 °C, but it raised to
347 °C and 350 °C for PEEK/MWCNTs and PEEK/MWCNTS/IL composites.
Likewise, for pure PEEK, PEEK/MWCNTSs, and PEEK/MWCNTS/IL, the T¢ values
were 283 °C, 285 °C, and 290 °C, respectively. The enhanced Tm and T values
revealed that the thermal stability of the produced nanocomposites has been improved.

Yang et al. (2018) [47] found a similar effect when poly (vinylidene fluoride)
(PVDF) nanocomposites were fabricated with IL-modified CNTs for increased Tm and
T because of the homogeneous dispersion of MWCNTS in the presence of IL. It
demonstrated that CNTSs treated with IL served as the most efficient nucleation sites for
polymer crystallites [234, 293]. The enhanced PEEK matrix crystallization in
PEEK/MWCNTS/IL could be due to the strong interactions between the PEEK polymer
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and the well-dispersed MWCNTSs through IL [47], which promoted the nucleation
density of the PEEK.
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Figure 4.5: Heating (a) and cooling (b) curves of differential scanning calorimetry
(DSC) for PEEK and its nanocomposites at 10 °C/min.

Table 4.1: The thermal properties of PEEK and its nanocomposites

Sample Crystallization ~ Melting Melting Degree of Decomposition
temperature temperature  enthalpy crystallization temperature
Te (°C) Tm (°C) AHm (J/g)  Xc (%) Tis (°C)
PEEK 283+2.3 342+ 1.2 48.62+0.3 37.40+21 570+ 3.2
PEEK/ 285+ 1.3 347+0.8 50.03+0.5 38.87+1.3 583+2.8
MWCNTSs
PEEK/ 290£2.9 350+£1.8 529105 41.11+£17 614 £ 3.5
MWCNTSs/IL

4.2.3 The mechanical properties of PEEK composites

Nanoindentation is commonly used to study the nanomechanical characteristics
of materials and may also be used to assess the machinability of polymeric materials.
Figure 4.6 shows the typical loading and unloading profiles obtained from the
nanoindenter for PEEK composites. The maximum indentation penetration of 80 um
was achieved at 100 mN of indentation force. From the Figure 4.6, when comparing the
PEEK/MWCNTs compositesto the neat PEEK, it wasnoticed that the
PEEK/MWCNTSs had a harder behaviour (2%). It may be attributed to the inclusion of
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MWCNTSs in the PEEK [297, 298]. Because of the nucleation actions between the
PEEK matrix and the MWCNTSs, the presence of MWCNTSs in the composites enhanced
the degree of crystallinity [299]. At the same indentation force, the curve of
PEEK/MWCNTS/IL was considerably harder (5%) than that of neat PEEK due to the
homogenous distribution of MWCNTSs in the PEEK matrix via IL. Qiu et al. (2013)

found similar findings on polyamide 66/MWCNTs composites [300].
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Figure 4.6: Indentation load-displacement curves for the PEEK, PEEK/MWCNTS,
and PEEK/MWCNTSs/IL

The elastic modulus is a fundamental mechanical property of the materials that
has a significant effect on their stiffness and reliability. The elastic modulus of the
manufactured laminates is described in terms of contact depth (um), and typical PEEK
nanocomposites curves are given in Figure 4.7. At low contact depths (5-20 pum),
elevated modulus values were found as a result of minor changes in the
polymer physical characteristics. As seen in the figure, the inclusion of MWCNTSs and
IL-modified MWCNTSs increased the elastic modulus of the developed samples [298,
301]. However, owing to the uneven dispersion and agglomeration of MWCNTS, the
required elastic modulus value was not achieved in the PEEK/MWCNTSs. On the other
hand, the modulus of the PEEK/MWCNTS/IL composite was raised to an acceptable
level as a result of the MWCNTSs being successfully dispersed inside the PEEK polymer
via IL [300].
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Figure 4.7: Elastic Modulus as a function of contact depth for PEEK nanocomposites.

Figure 4.8 illustrates the stain-stress behavior of pure PEEK, PEEK/MWCNTS,
and PEEK/MWCNTSs/IL composites and Table 4.2 summarizes the tensile
characteristics of synthesized nanocomposites and human bone. The elastic modulus
and tensile strength of pristine PEEK were estimated to be 4 GPa and 80 MPa,
respectively, and were raised to 5.5 GPa and 83.4 GPa for PEEK/MWCNTSs.
PEEK/MWCNTS/IL, on the other hand, had elastic modulus (7.06 GPa) and tensile
strength (88.7 MPa) and compared to human bone (7-12 GPa, 85-100 MPa) [1].

Liu et al. (2010) [247], found similar findings when they used IL-modified
MWCNTSs in poly(urethane) composites and revealed that mechanical characteristics
of the composites were raised. The enhanced mechanical strength was suggested to be
related to the efficient dispersion of MWCNTS in the composites by ILs. Moreover, the
homogenous dispersion of MWCNTSs constrained the amorphous phase by enhancing
polymer crystallinity. Due to the restriction sites, the polymer was unable to deform,
resulting in a reduction in ductility and improvements in stiffness and toughness [302].
Similar behavior was also observed by other researchers [49, 235, 240]. The uniform
distribution of MWCNTSs was critical in the load transfer between the matrix and the
MWCNTSs. Because of the stress being transferred from the composites to the

MWCNTS, both the tensile strength and elastic modulus were enhanced.
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Abraham et al. (2018) [49] synthesized well-dispersed, durable, and
mechanically long-term reliable multiwalled carbon nanotube (MWCNT)-styrene-
butadiene rubber (SBR) composites using a melt mixing method with the intervention
of an ionic liquid (1-benzyl-3-methylimidazolium chloride) as a dispersant. The
mechanical characteristics of MWCNTS/SBR vulcanizates were examined under a
variety of loading conditions, and it was discovered that the uniform structure
promoted mechanical performance with increased stiffness. It was discovered that the
homogeneously dispersed MWCNTs immobilized the length of polymer chains,
resulting in a significant increase in mechanical properties. Virgin SBR has elastic
modulus of about 1.44 MPa, while 10 phr addition of ionic liquid modified
MWCNTSs resulted in elastic modulus of approximately 6.45 MPa (347 %
improvements) owing to the addition of a stronger substance to the rubber matrix.
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Figure 4.8: Stress-Strain curves of a) PEEK and its nanocomposites

The comparative impact of DMF-modified MWCNTs and IL-modified
MWCNTs on PEEK nanocomposites clearly indicated that the composites fabricated
with IL assisted MWCNTSs have superior thermal and mechanical properties. FESEM
and optical micrographs revealed that IL improved MWCNTSs dispersion in
PEEK/MWCNTS/IL when compared to the PEEK/MWCNTs composites. The
decomposition temperature of PEEK/MWCNTS/IL was increased by 9.8% than that of
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neat PEEK. Additionally, the elastic modulus and tensile strength of
PEEK/MWCNTS/IL composites were significantly greater than those of pristine PEEK
and PEEK/MWCNTSs composites and were equivalent to those of human cortical bone.
Thus, it might be claimed that IL is an effective and environmentally benign reagent
for the preparation of PEEK/MWCNTSs nanocomposites with potential uses in the

biomedical applications.

Table 4.2: The mechanical properties of PEEK and its nanocomposites

Sample Type Tensile Strength  Elastic Modulus
(MPa) (GPa)

PEEK 80.0+0.30 4.00+0.80

PEEK/MWCNTSs 83.4+1.80 5.30+0.10

PEEK/MWCNTSs/IL 88.7 £2.04 7.06 £0.40

Human Bone 85-100 7-12

4.3 Effect of ionic liquids with different amounts on the properties of PEEK
composites

4.3.1 Effect of [EMIM]Ac and [BMIM]HSO4 on the MWCNTS dispersion in
PEEK composites

The homogeneous MWCNTSs dispersion in a range of polymer matrices is
considered essential for enhancing the thermomechanical properties of polymer
composites employed in a wide variety of engineering applications. The micrographs
of the produced PEEK nanocomposites in Figure 4.9 were taken using an optical
microscope to determine the size of the nanofiller particles. Figures 4.9 (a) and 4.10 (f-
i)show PEEK nanocomposites without ILs and PEEK nanocomposites
with [BMIM]HSO4. Because of the poor compatibility of the filler with PEEK,
MWCNTS created very big agglomerates in sample S4, as seen in Figure 4.9 (a). While,
when IL contained MWCNTs were employed, the compatibility and dispersion of
MWCNTSs in the PEEK polymer were significantly improved. For instance, the average

size of the MWCNTSs agglomeration in S4 nanocomposites was 250.57 um, while in
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S20, nanocomposites were significantly decreased to 73.63 um. The strong cation-m or
n-1t stacking interactions among the m-electronic nanotubes surface and imidazolium
cation are responsible for the decrease in the MWCNTS aggregation in the polymer
matrix [303, 304].

The micrographs in Figure 4.9 (b-e) are of [EMIM]Ac-based PEEK composites
obtained using optical microscopy. For sample S4, when MWCNTSs were used in
PEEK, the MWCNTSs clusters were observed because of their strong Vander Waals
forces. By contrast, it can be demonstrated that strong physical interactions between
MWCNTSs and PEEK supplied by IL greatly inhibited MWCNTSs aggregation. The
average size of MWCNTSs agglomerates for samples S5, S6, S7 and S8 was observed
as 140.89, 115.45, 103.61 and 89.72 um, respectively. The improvement in the
dispersion of MWCNTSs after introducing [EMIM]ACc could be attributed to the strong
interactions between PEEK and MWCNTSs [305].

Therattil et al. (2020) [306] conducted similar experiments using IL,
[BMIM][CI] (1-butyl-3-methylimidazolium chloride) to distribute MWCNTS into
natural rubber (NR). Both [BMIM][CI] and MWCNTSs were shown to have substantial
synergetic effects on properly dispersing MWCNTs into NR. The morphological
findings indicated that IL modified MWCNTs were uniformly spreaded without
intertubular connections, with a good tube—tube contact and few aggregates. It was
believed that the exfoliation of highly entangled MWCNTSs bundles was resulted by the
strong interactions between the cation of the imidazolium ring and r-electrons of the
MWCNTSs.
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Figure 4.9: PEEK composites micrographs obtained from optical microscope a)
Without IL, b-e) [EMIM]Ac based composites, f-i) [BMIM]HSO4 based composites

The FESEM experiments were performed to evaluate further the effect of ILs
and optical micrographs on the distribution of MWCNTSs into PEEK. FESEM images
and the comparisons of the non-IL and ILs based PEEK nanocomposites with varying
IL loadings are provided in Figure 4.10. The distribution of elements (mapping) and the
EDX analysis are illustrated in Figures 4.11 and 4.12. As shown in Figure 4.10 (a), low
compatibility and the thick clumps of MWCNTSs in PEEK were found as a result of the
low dispersibility of MWCNTSs in PEEK. Similar findings were reported by Ke et al.
(2017) [233], in which the extrusion and compression molding techniques were used to
prepare CNTs/PVDF (polyvinylidene fluoride) nanocomposites. It was discovered that
extremely large CNTs agglomerates were formed in the produced composites as a result
of the high aspect ratio and poor dispersion capability of MWCNTSs in the polymer
matrix. On the other hand, when [BMIM]HSO4 with MWCNTSs were used (Figure 4.10
f-i), the aggregation of MWCNTSs was considerably reduced [307]. It was also noticed
that the uniform MWCNTS distribution in PEEK composites were observed at higher
concentrations of [BMIM]HSO4.
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The Figure 4.10 (b-e) shows the outcomes of FESEM images for 0.5 to 2.0 wt
% of [EMIM]Ac-based PEEK composites respectively, whereas Figure 4.11 and Figure
4.12 depict the results of mapping and EDX, respectively. When contrasted to Figure
4.11 (a-d) (PEEK composites without [EMIM]ACc), the uniform distribution of the
elements was seen in Figure 4.11 (e-h). The dispersion of MWCNTSs in PEEK and their
compatibility were enhanced when various amounts of [EMIM]Ac were utilized, as
shown in Figure 4.10 (b-e).

Similarly, for both [EMIM]Ac and [BMIM]HSOs, the use of IL to MWCNTSs
(2:1) substantially correlates to homogeneous MWCNTS dispersion in the PEEK matrix
as presented in Figures 4.10 (e, i). These FESEM findings are in agreement with the
optical micrographs. In addition, the good dispersion and disintegration of the
MWCNTSs are attributed to the strong m-n interactions between the w-electrons of the
MWCNTSs and the cation of ILs [233, 308]. Thus, it might be argued that exploiting
ILs-modified MWCNTs may be a viable, environmentally friendly method for
producing PEEK composites with homogeneous MWCNTSs dispersion for use as a

substitute for human bone in biomedical applications.

Figure 4.10: FESEM images of a) without IL, b-e) [EMIM]Ac based PEEK
nanocomposites, f-i) [BMIM]HSO4 based composites at 500X

113



C Kal O Kal P Kal Ca Kal
C Kal O Kal P Kal Ca Kal

C Kal O Kal P Kal Ca Kal

Figure 4.11: Mapping and EDX of PEEK nanocomposites a-d) Without IL e-h)
[EMIM]AC based PEEK nanocomposites, i-1) [BMIM]HSO4 based PEEK composites

oW 8 Doy gy 4 5§ 02 W % OB N 0 2 4 6§ 8 0 0 W 6 B N
%V FulSeale 1565 ts Cusor 0000 KeV Ful Seale 1568 s Cursor 0000 eV

8 10

0 2 46
Full Scale 1566 cts Cursor: 0000

Figure 4.12: EDX images a) without IL b) [EMIM]Ac based PEEK nanocomposites
c) [BMIM]HSO4 based PEEK composites

4.3.2 Effect of [EMIM]HSO4 and [BMIM]Ac on the MWCNTSs dispersion in
PEEK composites

The inclusion of ILs primarily seeks to enhance the filler dispersion by
preventing the agglomeration of MWCNTS, thus encouraging a stronger interaction of
the filler with the polymer matrix. As a result, composites composed of ILs-treated
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MWCNTs often show better characteristics than those comprised of untreated
MWOCNTSs. The effect of different quantities of [EMIM]HSO4 (0.5 - 2 wt %) on the
dispersion of MWCNTSs in PEEK composites was explained in Figure 4.13 (b-e),
respectively. These results clearly indicated that the thick clumps of MWCNTSs (S4 =
250.57 um) were observed in PEEK composites without IL. However, ILs modified
MWCNTSs (0.5:1 to 2:1) exhibited the uniform structure with MWCNTSs aggregates
(90.3 um). Le et al. (2016) [290] studied the effect of different amounts of ILs on the
dispersion of CNTs in styrene-butadiene rubber composites. The macro dispersion
(A/Ao) of CNTs in SBR composites without IL was found to be 13%, but decreased to

1.6% when IL was added, owing to the greater interactions among CNTs and SBR.

The optical microscope was used to assess the dispersion of MWCNTS in PEEK
composites prepared without IL and with various [BMIM]Ac loadings, and the results
are included in Figures 4.12 (a) and 4.12(f-i), respectively. The MWCNTSs
agglomeration was noted in sample S4 because of the poor compatibility between the
MWCNTSs and PEEK [28]. While after using ILs-modified MWCNTSs, the MWCNTSs
aggregation was minimized with the average size 83.07 um for S16 sample. Similar
findings [309] were also noted in which the authors determined that ILs can provide the
active surface sites for the possible stronger interactions between the filler and the

polymer matrix.
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Figure 4.13: PEEK composites micrographs obtained from optical microscope a)
Without IL, b-e) [EMIM]HSO4 based composites, f-i) [BMIM]Ac based composites

The FESEM images, mapping and EDX analysis of PEEK composites
fabricated without and with different concentrations of [EMIM]HSO4 are displayed in
Figure 4.14 (b-e), Figure 4.15 (e-h) and Figure 4.16 (b), respectively, to verify the
outcomes of optical microscopy. The mapping confirmed that the elements were
homogeneously distributed in the PEEK composites manufactured with IL-modified
MWCNTSs (Figure 4.15 e-h) than those to the PEEK composites without ILs (Figure
4.15 a-d). It can also be seen from Figure 4.14 (b-e) that the PEEK composites produced
with various amounts of [EMIM]HSO4 indicated the uniform MWCNTSs dispersion
when compared with sample S4 (without ILs). This change is attributed to the addition
of ILs in PEEK composites which enhanced the MWCNTSs dispersion by stronger nt-nt
interactions among imidazolium ring and MWCNTS [43].

The impact of [BMIM]Ac on the dispersion of MWCNTSs in PEEK composites
is presented in Figure 4.14 (f-i), Figure 4.15 (i-1) and Figure 4.16 (c). The mapping
(Figure 4.15 i-1) of these results evidenced that a uniform surface was observed when
IL was employed in PEEK composites. However, when PEEK composites were
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fabricated without [BMIM]Ac, the MWCNTSs aggregation was observed as depicted in
S4 sample (Figure 4.14 a). After using IL-modified MWCNTSs, the uniform MWCNTSs
distribution was divulged by using up to 2 wt % of IL. These FESEM results were
corroborated with the optical micrographs.

The findings obtained for PEEK composites containing varying concentrations
of ILs were consistent with the literature. For example, Fang et al. (2018) [58]
synthesized poly(methyl methacrylate)/carbon nanotubes (PMMA/CNTS) composites
employing two types of ILs, [BMIM]PFsand [HMIM]PFs, using the internal mixer. The
inclusion of ILs substantially improved the CNTs distribution in the PMMA matrix
owing to the development of n-n stacking interactions among ILs and CNTs. This may
limit the CNTs-CNTSs interaction, thus reducing the CNTs aggregation in the fabricated
composites.

A comparison of PEEK composites produced without and with various
imidazolium-based ILs revealed that IL-modified MWCNTs were very efficient at
enhancing the dispersion of MWCNTSs in PEEK composites. The present study found
that PEEK composites with a higher alkyl chain length decreased the aggregation of
MWCNTSs when compared to composites prepared with [EMIM] based ILs. These
results are supporting the previously reported data [58, 290] in which the authors
explained that ILs with higher alkyl chain promoted stronger interactions among the

nanofiller and the polymer matrix.
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Figure 4.14: FESEM images of a) without IL, b-e) [EMIM]HSO4 based composites, f-
i) [BMIM]ACc based composites at 500X
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Figure 4.15: Mapping of PEEK nanocomposites a-d) Without IL e-h) [EMIM] HSO4
based PEEK composites i-1) [BMIM]Ac based PEEK composites
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Figure 4.16: EDX analysis of PEEK nanocomposites a) Without IL b) [EMIM] HSO4
based PEEK composites ¢) [BMIM]Ac based PEEK composites

4.3.3 Effect of [EMIM]Ac and [BMIM]HSO4 on thermal properties of PEEK
composites

The aggregation and unequal distribution of MWCNTS in numerous polymer
matrices have a considerable effect on the thermal resilience and degradation
temperature of composite materials, which becomes the basic restriction for their use
in many applications. The results from the thermogravimetric study of untreated and
ILs-treated PEEK-based composites are included in Figure 4.17 and Table 4.3. The
Figure 4.17 (b) demonstrates the disintegration temperature of specimen S4, which was
570 °C. According to Figure 4.4, the decomposition temperature of pure PEEK was 560
°C. The addition of MWCNTSs in the PEEK was responsible for the increase in thermal
stability [310]. The inclusion of MWCNTSs in PEEK has accelerated the crystallization
of PEEK via the formation of nucleation sites [311]. In comparison, the degradation
temperature of the S17 composite was 573 °C, which was increased to 581 °C for
sample S18 due to the restriction of agglomeration, stronger nucleation actions, and r-
7 stacking interactions between the IL modified MWCNTSs and PEEK. These results
corroborated prior studies indicating that ILs were the primary driving factor for the

strong m-nt stacking interactions among MWCNTSs and PEEK [312].

Furthermore, the breakdown temperatures of composites S19 and S20 were 578
and 576 °C, accordingly. This drop in thermal stability relative to sample S18 was a
result of the plasticizing actions of ILs [293]. The synthesis of PMMA/IL/MWCNTS
nanocomposites exhibited a similar performance [242]. The higher decomposition
temperature for [BMIM]HSO4 based PEEK composites was attributed to the stronger
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interactions between IL and filler due to the longer alkyl chain length of [BMIM]HSO4
[58, 313]. The existence of longer alkyl chains ILs had improved the capacity of the
imidazolium ring to lay parallel on the surface of CNTSs, which was helpful for strong

m-1t interactions.

Figure 4.17 (a) displays the thermograms of the PEEK composites prepared
without IL and with different [EMIM]Ac loadings. It was discovered that all PEEK
composites degraded in a single stage in the nitrogen environment and the
decomposition temperature of S4 was 570 °C and shifted to 572 °C and 580.12 °C for
samples S5 and S6, respectively, and presented in Table 4.3. The incorporation of
[EMIM]Ac in PEEK composites caused the nucleation effects and restricted the
polymer chain movement with the cation-r or -7t strong interactions [236] between IL
and MWCNTSs, confirming the improved thermal stability of composites made with
well-separated IL-modified MWCNTSs. However, the decomposition temperature for
samples S7 and S8 were 577 °C and 574.91 °C, which were less than S6 because of the
plasticized nature of the IL [242] at higher concentrations.
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Figure 4.17: TGA curves of PEEK composites without and with different amounts of
a) [EMIM]Ac and b) [BMIM]HSO4 at 10 °C/min

The calculation of the phase transition temperature (melting point; Tm) and
crystallinity (Xc) of thermoplastic polymer composites containing homogeneous
MWCNTSs dispersion is often recognized as a primary issue. The DSC curves of PEEK
composites containing varying quantities of [BMIM]HSO4 are shown in Figure 4.18 (b,
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d), and Table 4.3 provides the associated Tm and T¢ values for the samples. As
illustrated in Figure 4.18 (b), sample S4 had a T of 285 °C, which was significantly
enhanced to 288 °C and 295 °C for samples S17 and S18, respectively. This
improvement indicated that the PEEK polymer crystallized more rapidly in samples
S17 and S18 than in samples S4 [314]. On the other hand, sample S18 had a Tm of 353
°C, which was greater than the Tr, of the other samples, demonstrating that the optimal
ratio of ILs to MWCNTSs was (1:1), as described in Figure 4.18 (d). The increased
thermal stability of the fabricated nanocomposites was a result of the improved Tm
values. The findings revealed that efficiently dispersed MWCNTS acted as powerful
nucleating agents [238, 314] and restricted the PEEK polymer chain to degrade [236],
facilitating PEEK crystallization promptly.

A recent study demonstrated a similar effect in which polyvinylidene
fluoride/multiwalled carbon nanotubes/ionic liquid (PVDF/MWCNTS/IL) composites
were prepared with improved thermal characteristics [237]. In comparison to
aggregated MWCNTS, the authors found that evenly distributed MWCNTS assisted by
ILs provided effective PVDF nucleation sites. Additionally, the T and T. values of
composite materials S19 and S20 were diminished but not to the extent of composite
S18, demonstrating that [BMIM]HSO, was plasticized [58, 242].

The crystallization (T¢) and melting temperature (Tm) of PEEK crystals as a
measure of the [EMIM]Ac to MWCNTSs ratio were determined by DSC profiles are
depicted in Figure 4.18 (a, c). In Figure 4.5 (b), we demonstrated that the pure
MWCNTSs (S4) promoted the crystallization of PEEK. By including ILs-modified
MWCNTSs into PEEK composites, samples S5, S6, S7, and S8 quickly raised the
crystallization temperature to 287 °C, 293 °C, 291 °C, and 289 °C, respectively, as
shown in Figure 4.18 (a) and the deduced parameters are presented in Table 4.3. This
indicated that modified MWCNTS containing varying concentrations of IL exhibit more
effective nucleation effects than virgin MWCNTSs. The particular interaction among the
PEEK polymerand the imidazolium cation bound on MWCNTSs surface was
responsible for the synergetic nucleation actions of IL and MWCNTSs [43]. Moreover,
due to the plasticization interactions [315] of IL with PEEK, the overloading of IL

culminated in the saturation of the surface of MWCNTs modification, and the free IL
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reduced the T, of samples S7 and S8. As a result, raising the IL to MWCNTS proportion
above 1:1, reduced the T of PEEK composites.

The ratio of IL to MWCNTs had a significant impact on the melting
temperatures of the PEEK composites that were produced, as illustrated in Figure 4.18
(c). The melting temperature of S5 was raised by a lower quantity of IL-MWCNTSs to
348 °C. When the IL to MWCNTs ratio was raised from 1:1 to 2:1, PEEK crystallization
intensified and the Tmrose to 351 °C, 350 °C, and 349 °C for S6, S7, and S8,
respectively [43]. This is due to the strong interaction and nucleation centres between
MWCNTSs treated with IL and the PEEK polymer. However, it was important to note
that the Tm values for S7 and S8 were lower than those for S6 because of the

plasticization caused by greater IL concentrations [316, 317].

It was revealed that the highest T. and Tm values were achieved at a 1:1 ratio of
IL and MWCNTS, which resulted in enhanced PEEK crystallization. This may be linked
to the crystalline phase and homogenous dispersion [43] of MWCNTSs in the PEEK

matrix.

The comparative study of PEEK composites manufactured using various
amounts of [EMIM]Ac and [BMIM]HSO4 demonstrated the superior thermal stability
for [BMIM]HSO4 based PEEK composites. This could be attributed to the longer alkyl
chain length of the ILs, which resulted in stronger interactions between the filler and
polymer matrix, which were necessary for enhancing polymer crystallization effects
and delayed the thermal breakdown [318]. In contrast, the thermal properties were
lowered at higher compositions (1.5 and 2 wt %) of employed ILs owing to their

plasticizing nature [58].
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Figure 4.18: Cooling and heating curves of PEEK-based composites at 10 °C/min a)

Cooling curves of [EMIM]Ac based composites b) Cooling curves of [BMIM]HSO4

based composites c¢) Heating curves of [EMIM]Ac based composites d) Heating
curves of [BMIM]HSO4 based PEEK
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Table 4.3: Thermal properties of [BMIM]HSO4 and [EMIM]Ac based PEEK

composites

Sample Decomposition Crystallization Melting Melting Crystallinity
Name temperature temperature temperature enthalpy
Ta(°C) Te (°C) T (°C) AHm (JI9) X, (%)

S4 570.00£ 2.2 285+ 1.2 347 £0.8 474115 36.84+1.1
S5 572.00+0.1 287 +2.1 348 £ 15 49.29+0.7 38.30+2.1
S6 580.12+ 2.3 293+1.6 35127 50.63+1.4 39.34+1.3
S7 577.00£1.3 291+14 350+ 1.3 50.96+1.1 39.60+0.4
S8 5749118 288 £0.9 349+ 1.1 51.52+0.8 40.03+0.9
S17 573.00£ 0.6 288+14 349 £ 3.2 49.81+2.1 38.70+1.7
S18 581.09 £ 0.6 295+ 3.2 35327 51.62+1.3 40.11+0.9
S19 578.00 £ 0.9 291 £2.3 352 +£0.8 51.87+x0.6 40.30+1.2
S20 576.12+ 1.4 290+ 15 351+£0.7 52.31+0.4 40.64+0.8

4.3.4 Effect of [EMIM]HSO4 and [BMIM]Ac on thermal properties of PEEK
composites

The findings of thermogravimetric analysis (TGA) using untreated and IL,
[EMIM]HSO4 modified MWCNTSs at a continuous heating rate of 10 °C/min are
presented in Figure 4.19. The outcome (Table 4.4) demonstrated unequivocally that the
thermal stability of PEEK composites was greatly improved via the use of different
compositions of ILs. It was worth noting that the S10 had a greater decomposition
temperature (10.45 °C) than the untreated sample (S4). This improvement in thermal
characteristics may be attributed to the proper distribution of MWCNTSs in PEEK,
which restricted the polymer ring mobility and retarded the breakdown of polymer
composites. Additionally, the degradation temperatures of samples S11 and S12
(577.12°C and 575°C, respectively) were lower than those of S10 owing to the
plasticizing effects of ILs (more than 1 wt % ). Similar observations [319, 320] have
been noted in the literature for greater loadings of IL.

Also, the thermal stability of PEEK composites formed with varying
concentrations of [BMIM]Ac can be seen in Figure 4.19 (b). From Figure 4.19 (b) and
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Table 4.4, it was elucidated that the inclusion of ILs-modified MWCNTS increased the
disintegration temperature of the PEEK composites. Due to the substantial cluster of
MWCNTSs in PEEK, the decomposition temperature of S4 was found lower. On the
other hand, the addition of [BMIM]Ac improved the compatibility of MWCNTSs and
PEEK which delayed the PEEK polymer to degrade. Also, the decomposition
temperatures of samples S4, S13, S14, S15, and S16 were recorded as 570 °C, 572.30
°C, 580.89 °C, 577.49 °C, and 575.95 °C, respectively.

The results acquired for PEEK composites having different amounts of ILs are
agreed with the previous literature. Sa et al. 2018 [236] investigated the thermal
characteristics of PMMA/CNT composites employing 1L, 1-butyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide ([BMIM][TFSI]). The thermal
properties of polymer nanocomposites were increased as a result of the strong
interactions between the IL-MWCNTSs and the polymer matrix. These interactions

enhanced the dispersion of MWCNTSs inside PMMA and immobilized the polymer ring.
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Figure 4.19: TGA curves of PEEK composites without and with different amounts of
a) [EMIM]HSO4 and b) [BMIM]Ac at 10 °C/min

Figure 4.20 (a, c) depicts the DSC cooling and heating curves of PEEK
composites without and with EMIMHSO4 for melt-blended samples, and the findings
are listed in Table 4.4. As displayed in Figure 4.20 (a), sample S4 had a T of 285 °C,
whereas samples S5 and S6 had a T¢ of 287.4 °C and 294 °C. The increase in T¢ is

clearly due to the polymer improved compatibility and crystallization effects when
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combined with the IL modified filler. As shown in Figure 4.20 (c), the Tm value for
PEEK composites without IL was 347 °C, which was raised to 348.5 °C and 352 °C for
samples S9 and S10. The explanation for this result might be that homogenously
dispersed IL modified MWCNTSs acted as heterogeneous nucleation sites in the PEEK

matrix, which encouraged the polymer crystallization [238, 314].

Furthermore, the impact of IL-modified MWCNTSs on Tm and T¢ of PEEK
composites can also be observed from Figure 4.20 (a, c) when the amount of ILs was
higher (more than 1 wt%). Both the Tm and T. of samples comprising over 1 wt%
[EMIM]HSO4 (S11 and S12) were found to be lower than those containing 1%
[EMIM]HSO4 (S10). This shift might be attributed to the free space occupancy and the
considerable plasticizing impacts [321, 322] of the IL in PEEK composites.

The cooling and heating patterns for [BMIM]Ac based PEEK composites are
presented in Figure 4.20 (b, d), and their Tc and Tm are included in Table 4.4. The T
and Tm of S4 were 285 °C and 347 °C, respectively, and were moved to 288 °C, 294.5
°C, and 348.8 °C, 352 °C for samples S13 and S14. As previously stated, this increase
in thermal characteristics was due to the uniform dispersion of MWCNTSs in PEEK and
the polymer crystallization activities [234, 248]. Whereas the T and Tm readings for
S15 and S16 were estimated to be 291 °C, 289.5 °C and 351 °C, 350 °C, respectively.
The decrease in temperature values relative to S14 was ascribed to the plasticizing
effects [317, 323] of [BMIM]Ac at larger loadings (more than 1 wt%) in polymer

composites.

The T. and Tm values obtained for PEEK composites containing varying
quantities of ILs are consistent with prior literature. Zhao et al. (2012) [242] synthesized
PMMA/MWCNTSs composites using a facile melt blending technique with the addition
of IL, 1-butyl-3-methyl-imidazolium hexafluorophosphate([BMIM][PFs]). The IL was
found to perform different features during the fabrication of the PMMA composites: it
functioned as an efficient compatibilizer, significantly enhanced the distribution of
MWCNTSs in the PMMA matrix; and it also behaved as a plasticizer for the prepared
composites, lowered the thermal characteristics in the PMMA matrix. The authors

concluded that the approach was solvent-free and applicable to industrial applications,
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which offered new possibilities for the production of polymer/carbon nanotube

composites on a large scale.

When the thermal properties of different concentrations of [EMIM]HSO4 and
[BMIM]Ac based PEEK composites were contrasted, it was analyzed that the PEEK
composites fabricated with 1 wt % of [BMIM]Ac exhibited higher performance. It
might be referred to higher alkyl chain length of the [BMIM]Ac, which led to stronger
connections of filler-matrix. These interactions could be responsible for enhancing
thermal stability of the prepared composites [236]. At higher concentrations (1.5 and 2
wt % ) of used ILs, the thermal characteristics of the composites were reduced because
of the plasticization effects [323].

Also, the comparative evaluation of the thermal performance of PEEK
composites produced with ILs, [EMIM]Ac, [EMIM]HSOs, [BMIM]HSOs and
[BMIM]AC revealed superior performance for [BMIM]HSO4 in terms of crystallization
and melting temperature. This justification became stronger in light of previously
published research in which many authors [318, 324, 325] showed that ILs with a longer
alkyl chain length could form stronger connections with the filler and polymer matrix,
which were critical for enhancing polymer crystallization effects. Furthermore, owing
to its high affinity and strong interactions with the filler and polymer matrix, the thermal
stability of [BMIM]HSO4-based PEEK composites were upgraded than other PEEK
composites fabricated with other ILs [326].
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Figure 4.20: Cooling and heating curves of PEEK-based composites at 10 °C/min a)
Cooling curves of [EMIM]HSO4 based composites b) Cooling curves of [BMIM]Ac
based composites c¢) Heating curves of [EMIM]HSO4 based composites d) Heating
curves of [BMIM]Ac based PEEK composites
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Table 4.4: Thermal properties of [EMIM]HSO4 and [BMIM]Ac based PEEK

composites
Sample Decomposition Crystallization Melting Melting Crystallinity
Name  temperature temperature temperature enthalpy
T4 (°C) Tc(°C) Tm (°C) AHm (J/1g)  Xc (%)

S4 570.00 + 2.2 285.00+ 1.2 347.0+0.8 47.41+15 36.47+1.1
S9 572.00+ 1.2 287.71+0.5 348.6 £1.1 49.51+0.9 38.47+1.2
S10 580.45+ 1.5 294.00 £ 2.1 352.0+2.2 50.87+0.4 39.53+0.4
S11 57712+ 1.2 291.00+1.8 351.0+1.1 51.09+0.2 39.70+0.2
S12 575.00 £ 0.8 289.40+0.8 349.9+1.7 51.74+1.3 40.20+0.5
S13 572.30+3.1 288.00+ 1.2 3488+ 1.4 49.75+1.2 38.66+1.1
S14 580.89 + 2.3 29450 + 2.3 352.0+1.7 50.97+0.2 39.60+0.4
S15 57749+ 1.1 291.00+ 1.3 351.0+2.8 51.42+1.3 39.95+0.9
S16 575.95+19 289.53+ 1.1 350.0+1.2 51.89+0.2 40.32+0.6

4.3.5 Effect of [EMIM]Ac and [BMIM]HSO4 on mechanical properties of PEEK
composites

Polymeric composites could be used in a broad variety of engineering
applications, if they exhibit good mechanical properties. For most applications,
mechanical characteristics of polymer composites, especially tensile strength and
elastic modulus, are the most essential of all the physicochemical properties of polymer
composites. The load-displacement curves of nanoindentation investigations on PEEK
nanocomposites at different [BMIM]HSO4 compositions are shown in Figure 4.21 (b),
using a maximum indentation depth of 70 um, an indentation force of 100 mN, and a
holding duration of 10 s. For non-IL composite (S4), the indentation displacement was
70 um, which was reduced to 62 um, 60.5 um, 61 um, and 61.55 um for samples with
IL (S17, S18, S19, and S20), respectively. This drop in indentation displacement
suggested that the stiffness of composites was improved. Several studies have been
conducted in the literature to substantiate these findings [327]. This change may be due

to the uniform dispersion of MWCNTSs inside PEEK and the enhanced r-interactions
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between the nt-electrons of MWCNTSs and the cation of the IL, as confirmed by FESEM
and DSC. Additionally, the indentation displacement was increased at higher amounts
of IL (1.5 wt % and 2 wt %) compared to 1 wt % of IL. This behavior was found,
showing the existence of IL at higher concentrations in nanocomposites, which resulted
in plasticization [236].

In Figure 4.21 (a), the nanoindentation curves are presented for various
concentrations of [EMIM]Ac in PEEK composites. The maximal indentation load
(100mN) and holding duration (10 sec) were applied, and the resultant indentation
displacement (70 um) was measured. From Figure 4.21 (a), it can be observed that the
loading-unloading lines of samples were moved to the left, and the maximum depth
was decreased with the addition of [EMIM]Ac-modified MWCNTS, suggesting that the
mechanical resilience of PEEK composite to indentation load was enhanced. The
indentation displacement for samples S4, S5, S6, S7, and S8 was 70 um, 62.35 um,
60.80 um, 61.05 um and 61.60 um, respectively. This increase in mechanical stiffness
of PEEK composites corroborated the effectively dispersed and strong interactions
between MWCNTSs and PEEK through [EMIM]Ac [241, 300]. However, the curves for
S7 and S8 also demonstrated the impact of IL on the plasticity of PEEK composites
[328].
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Figure 4.21: Load-displacement curves of PEEK-based composites with different
loadings of a) [EMIM]Ac b) [BMIM]HSO4
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The elastic modulus is an essential attribute to examine when considering PEEK
nanocomposites as a replacement for human bone fixation devices in biomedical
engineering applications. The elastic modulus-contact depth patterns of PEEK
nanocomposites are depicted in Figure 4.22 (b), and the corresponding parameters are
reported in Table 4.5. As seen in Figure 4.7, the addition of MWCNTSs to polymer
matrices enhanced the elastic modulus relative to pure polymer [3]. Similarly, different
IL compositions were added into PEEK nanocomposites, which significantly
increased the mechanical properties of the composites. The elastic modulus of sample
S18 was 37 % greater than that of sample S4, despite the fact that modulus values were
lowered (not less than S17) at higher amounts of IL (1.5 wt % and 2 wt %). The
crystallization and elastic modulus of PEEK composites were improved by
deagglomerating and debundling MWCNT [249]. To support these findings, Boyer et
al. (2012) [297] synthesized PEEK/CNTs composites with superior mechanical
properties. This work proved that the homogeneous distribution of MWCNTSs in PEEK
enhanced nucleation sites, hence increasing the crystallinity and modulus values of the

nanocomposites.

The elastic modulus of PEEK composites containing several quantities of
[EMIM]ACc was determined using Figure 4.22 (a), and the findings are summarized in
Table 4.5. The modulus of S4 was 5.5 GPa which was shifted to 7.01 GPa, 7.38 GPa,
7.22 GPa and 7.18 GPa for S5, S6, S7 and S8, respectively. It was noticed that the
incorporation of IL with MWCNTSs improved the modulus of the PEEK composites to
a level comparable to that of human cortical bone (7-12 GPa) [1]. The improvements
in mechanical characteristics confirmed that MWCNTSs were distributed uniformly in
PEEK [300]. In addition to that, PEEK composites fabricated with more than 1 wt %
[EMIM]ACc (S7, S8) demonstrated the plasticization nature of the utilized IL. This

phenomenon was commensurated with the previous findings [324] in the literature.
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Figure 4.22: Elastic modulus profiles of PEEK-based composites with different
loadings of a) [EMIM]Ac b) [BMIM]HSO4

When inorganic fillers are incorporated into different polymer matrices, one of
the primary concerns is the compromise in the mechanical performance (tensile
strength). The stress-strain curves of PEEK composites with varying IL concentrations
are shown in Figure 4.23. As observed in Figure 4.23 (b), the elastic modulus and tensile
strength of specimen S4 were 5.5 GPa and 83 MPa, respectively, whereas these values
were enhanced to 7.08 GPa and 84.5 MPa for S17. This shift occurred as a result of
significant cation-n or - connections between the IL modified MWCNTSs and the
PEEK polymer [306, 329, 330]. The mechanical stability of S18 PEEK composites,
including its elastic modulus and tensile strength, was determined to be the maximum.
The elastic modulus and tensile strength of the composite S18 containing 1 wt % of IL
were 7.65 GPa and 89 MPa, respectively, suggesting improvements of 37% and 7.2%
over the non-IL PEEK nanocomposite (S4).

Also, a reduction in tensile characteristics (elastic modulus was 7.35 and 7.22
GPa for composites S19 and S20) was also seen with larger quantities of ILs
(composites S19 and S20), although the reduction was not as significant as for
composite S17, attributed to the plasticization effects of the ILs [233, 331]. As reported
earlier, IL was used to develop styrene-butadiene rubber/multiwalled carbon nanotubes
(SBR/IMWCNTS) with  enhanced MWCNTS dispersion

nanocomposites and
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mechanical properties [49]. The tensile properties of the produced composites were

found to be diminished because of the plasticization of ILs under higher loading.

The stress-strain curves of PEEK composites in which MWCNTSs are modified
without and with various amounts of [EMIM]Ac are presented in Figure 4.23 (a) and
the obtained findings are mentioned in Table 4.5. The results revealed that the
mechanical performance (elastic modulus and tensile strength) was improved (0.72 %
and 27.45 %) for S5 when compared to PEEK composites comprising no IL. Also, these
characteristics were modified (elastic modulus and tensile strength, 7.38 GPa, 7.22
GPa, 7.18 GPa and 87.9 MPa, 87 MPa, 86.9 MPa) for S6, S7 and S8 in contrast to S4
(7.01 GPa, 84.3 MPa), respectively. It was observed that maximum elastic modulus and
tensile strength were measured for S6 due to strong cation-r or ©t-w interactions between
equally dispersed MWCNTs and PEEK matrix [310, 332, 333], whereas the decline in
the properties was also noticed for S7 and S8 owing to plasticizing behavior [306] of

the IL employed.

Subramanian et al. (2011) [241] used an eco-friendly method to develop
polychloroprene rubber/multi-walled carbon nanotubes (CR/MWCNTS) composites
through the usage of ionic liquid, 1-butyl-3-methyl imidazolium bis(trifluoromethyl
sulphonyl)imide via the hot press. The physical (cation-r/z-1t) linkages between the
cation of ionic liquid and r-electrons of MWCNTSs were evidenced. In comparison to
unmodified CR/MWCNTs composites, the author showed that the modulus of CR
composites made using ILs-modified MWCNTSs was enhanced by 50 %.

One potential explanation for the improved mechanical characteristics of the
ILs-treated MWCNTSs in PEEK composite was that MWCNTSs entanglement and
agglomeration were significantly decreased. The deagglomeration of MWCNTSs had
enhanced the cation-rt or mt-n interactions between the MWCNTSs and PEEK matrix.
This firm bond amongst the filler and the polymer matrix was thought to be the primary

cause for the superior mechanical characteristics of the PEEK composites.

When the elastic modulus and tensile strength of PEEK composites
manufactured with varied concentrations of [EMIM]Ac and [BMIM]HSO4 were

compared, it was discovered that the PEEK composites formed with 1 wt % of
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[BMIM]HSO4 performed better. This could be attributed to bigger alkyl chain length of
[BMIM]HSO4, which culminated in greater filler-matrix physical interactions. These
connections might contributed to enhanced mechanical stability of the produced
composites [300]. Also, due to the plasticization effects of the applied ILs at higher
concentrations (1.5 and 2 wt %), the mechanical properties of the composites were
diminished [328].
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Figure 4.23: Stress-strain profiles of PEEK-based composites with different loadings
of a) [EMIM]Ac b) [BMIM]HSO4

Table 4.5: Mechanical properties of [BMIM]HSO4 and [EMIM]Ac based PEEK

composites

Sample Tensile strength Elastic modulus
Name (MPa) (GPa)

S4 83.0+22 550+0.12
S5 84.3+0.3 7.01+0.02
S6 87.9+1.2 7.38 £ 0.07
S7 87.0+£0.7 7.22+£0.12
S8 86.9+0.8 7.18 £0.03
S17 845+04 7.06 £0.14
S18 89.0+£0.2 7.65+0.12
S19 88.2+0.9 7.35+£0.12
S20 88.0+1.3 7.22+£0.10
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4.3.6 Effect of [EMIM]HSO4 and [BMIM]Ac on mechanical properties of PEEK
composites

It was clear from Figure 4.24 (a) that the load-displacement profiles of PEEK
composites were influenced by the incorporation of EMIMHSO4.modified MWCNTS,
In particular, the curve for S9 was shifted left with the indentation displacement to 62.35
um from 70 um for untreated composite (S4). Likewise, the load-displacement curves
moved to 60.60 um, 61.20 um and 61.70 um for S10, S11, and S12, respectively. In
fact, the stiffness of the composites was intensified by the compatibility and strong
linkages provided by EMIMHSO4 in PEEK/MWCNTSs composites [297]. Besides, the
improvements in the mechanical characteristics were affected by the plasticization and
free movement of the polymer ring [236] for S11 and S12 when compared to those of
S10.

In Figure 4.24 (b), the load-displacement curves of PEEK composites
incorporated with different amounts of BMIMHSO, are briefly explained. The
maximum indentation depth of 70 um was observed for S4 when 100 mN load was
applied with 10 s holding time. After the modification of MWCNTSs with BMIMHSO4
in PEEK composites, the resultant displacement was reduced to 12.54 %, 15 %, 14.6 %
and 13.64 for S13, S14, S15 and S16 when compared to untreated PEEK composite
(S4), respectively. It was because of the presence of IL-modified MWCNTSs which
increased the formation of PEEK crystal through nucleation sites among MWCNTSs and
PEEK [298]. As explained earlier, for PEEK composites prepared with other ILs, the
stiffness of the composites S15 and S16 was also decreased owing to the plasticization
behavior [334] of the used IL in PEEK composites. Qiu et al. (2013) [300] reported

similar findings to improve the surface and mechanical properties of polyamide 66.

135



100 4 100
= Z'100 %100 /,T
< £ Z @ 80 /|
€ 804 o Z 8+ 8 y//
Q 5 E |2,
5 5" 4 8 ¢
2 3 4 / S 604 Eaw V5
L 609 Zw L 1% Y )4/
c g / c @ /
9 2 & o] £ 201 Z /
® Sy 50 55 60 8 70 & 45 0 &5 6 65 70
g 40 Indentation Displacement (um) € 404 Indentation Displacement (um)
E 5
= S4 = =08
35 s13
20 | =29 209 |—s14
—S10 e iis
—S11 W
- 0 T T ([ 1 T T T
& ' ' ' ? y ' ' 0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80

Indentation Displacement (um) Indentation Displacement (um)

Figure 4.24: Load-displacement curves of PEEK-based composites with different
loadings of a) [EMIM]HSO4 b) [BMIM]Ac

The elastic modulus and contact depth curves of without and with [EMIM]HSO4
treated PEEK composites were represented in Figure 4.25 (a), and their results are
inferred in Table 4.6. The modulus of unmodified PEEK composites (S4) was 5.5 GPa
and shifted to 7.31 GPa (32.9 % higher than S4) for S10 because of homogenous and
precise dispersion of MWCNTSs through [EMIM]HSO4 in PEEK. The well-separated
MWCNTSs boosted the physical interactions [219, 245] between IL-modified MWCNTSs
and the PEEK polymer. Besides, these increments in elastic modulus were diminished
for S11 and S12 owing to the higher concentrations of IL in PEEK composites and
induced the plasticization behavior [243, 248].

PEEK composites containing various concentrations of [BMIM]Ac for
indentation modulus is explained with contact depth of 70 um (Figure 4.25 b). As
illustrated in Figure 4.25 (b), it was interesting to note that the elastic modulus of PEEK
composites varied in accordance with the IL loadings. The escalating trend with the
values of 5.5 GPa, 7.02 GPa and 7.45 GPa was observed for S4, S13, and S14,
respectively due to the strong n-w interactions between MWCNTSs and PEEK provided
by used IL [237]. This behavior was in agreement with the reported work by Sa et al.
(2018) [236]. On the other hand, the depression in modulus readings was noticed for
S15 and S16 when compared to those with S14 because of the higher amounts of ILs
that produced plasticization effects [335] in the PEEK composites.
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Figure 4.25: Elastic modulus profiles of PEEK-based composites with different
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The modulus and tensile strength values (listed in Table 4.6) were evaluated by
tensile experiments for unmodified and modified PEEK composites with various
quantities of [EMIM]HSOg4 (Figure 4.26 a). The modulus of S4 was 5.5 GPa, and rose
t0 6.95 GPa, 7.31 GPa, 7.20 GPa and 7.16 GPa, respectively, equivalent to an increase
of 26 %, 32.9 %, 30.9 % and 30.18 % with respect to the unmodified PEEK composite.
Also, the tensile strength of S9, S10, S11 and S12 was boosted by 0.72 %, 5%, 4.18 %
and 4.06 % when compared to S4. This transition was witnessed due to robust cation-
7 Or -7 interactions between the IL modified MWCNTSs and PEEK polymer [290, 306,
329]. These linkages constrained the polymer ring free mobility and enhanced its
mechanical resilience. At high concentrations (1.5 wt % and 2 wt % of [EMIM]HSO4),
the mechanical properties were diminished because of the free polymer ring movement
induced by the plasticization effects [336, 337].

To provide an understandable representation of the mechanical characteristics,
the stress-strain graphs of PEEK composites without and with [BMIM]Ac are
described in Figure 4.26 (b), and the results are tabulated in Table 4.6. In comparison
to S4, the tensile strength and elastic modulus of other composites were significantly
elevated. The highest tensile strength and elastic modulus (88.8 MPa, 7.45 GPa) for
S14 were observed. The increased mechanical stability was ascribed to the dispersion
of the filler and strong interfacial interactions [49, 313] among modified filler and the

matrix. The uniform distribution of the filler and the powerful interactions restricted the
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movement of the polymer chain. However, the mechanical attributes were faded for
S15 and S16 in contrast to S14 owing to the softening behavior of employed IL in the
PEEK composites. Similar observations were discussed in the hitherto published
literature [338, 339].

Abraham et al. (2018) [49] produced well-dispersed, durable, and mechanically
stable MWCNTs-styrene-butadiene rubber (SBR) composites using a melt mixing
method with the use of an IL, 1-benzyl-3-methylimidazolium chloride as a dispersant.
The authors thoroughly investigated the dispersion and mechanical characteristics of
IL-assisted MWCNTSs in SBR matrix. The tensile experiments demonstrated that the
mechanical reinforcement was enhanced (tensile strength was 318 % higher than those
of pure polymer) as a result of appropriate MWCNTSs distribution in the SBR matrix
which provoked the physical linkages (r-7 interactions) among SBR and MWCNTSs.

The comparative analysis of PEEK composites made with varying proportions
of [EMIM]HSO4 and [BMIM]ACc indicated that [BMIM]Ac-based PEEK composites
had higher mechanical stability. This might be due to the ILs longer alkyl chains, which
contributed in stronger interactions between the filler and the polymer matrix, which
were important for boosted mechanical performance [237]. By contrast, the mechanical
characteristics of the used ILs were degraded at larger amounts (1.5 and 2 wt %) due to
their plasticizing tendency [338].

Overall, the mechanical characteristics of PEEK composites synthesized with
ILs ([EMIM]Ac, [EMIM]HSOs, [BMIM]AC, and [BMIM]HSO4) were evaluated and
compared. It was noticed that [BMIM]Ac and [BMIM]HSO4 based PEEK composites
exhibited enhanced elastic modulus and tensile strength than other ILs. This
explanation has become stronger in view of previous literature in which numerous
authors [318, 324] demonstrated that ILs with a bigger alkyl chain might
established significant interactions with both the filler and polymer matrix, that was
critical for improving the MWCNTSs distribution and mechanical stability. Further, the
mechanical stability of 1 wt % of [BMIM]HSOs-based PEEK composites was
highest compared to other PEEK composites produced with other ILs, due to its high

affinity and strong interactions with the filler and polymer matrix [326].
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Figure 4.26: Stress-strain profiles of PEEK-based composites with different loadings
of a) [EMIM]HSO: b) [BMIM]Ac

Table 4.6: Mechanical properties of [EMIM]HSO4 and [BMIM]Ac based PEEK

composites

Sample Tensile strength Elastic modulus
Name (MPa) (GPa)

S4 83.0+2.20 550+0.12
S9 84.3+0.22 6.95 + 0.08
S10 87.9+0.19 7.31+0.10
S11 87.2+0.17 7.20 £ 0.02
S12 87.1+0.38 7.16 £ 0.08
S13 84.5+0.20 7.02 £ 0.04
S14 88.8+0.12 7.45+0.11
S15 88.0 £ 0.49 7.28 +£0.12
S16 87.8+1.10 7.22 +£0.09

4.3.7 Effect of [EMIM]Ac and [BMIM]HSO4 on the biological properties of

PEEK composites

The inclusion of HA into PEEK is deemed critical for its comprehension and

assessment of biocompatibility in biological applications [340]. The viability of cells
grown on pure PEEK (control), PEEK/MWCNTs/nHA (without ILs) and different
amounts of [BMIM]HSO4 and [EMIM]Ac based PEEK composites is demonstrated in




Figure 4.27 and tabulated in Table 4.7. The NIH3T3 cells were deposited onto the
scaffolds and incubated with the cells for 24 h. As determined by absorbance tests, all
composites containing varying concentrations of ILs were biocompatible with NIH3T3
cells. The biocompatibility and proliferation of cells in all samples were significantly
greater than the permissible range (80 %) of control. It can be deduced that when HA
was included in the composites, the absorbance values (cells viability and proliferation
rate) were much larger than those for the control. The transformation of an oxidized
(blue) redox indicator into a reduced (red) form due to the action of dehydrogenase
enzyme inside metabolically active cells revealed the development of cells. The cell
culture investigation established that the produced PEEK/MWCNTSs composites with
HA were nontoxic [341]. These findings were supported to earlier research
demonstrating the increase in biocompatibility after the integration of HA in PEEK [63,
342]. The overall data suggested that PEEK as well as all the materials used in the
fabrication of scaffolds for hard tissue regeneration were found to be biocompatible and
nontoxic in vitro.

Rashidi et al. (2021) [178] investigated the impacts of carbon nanotubes and
hydroxyapatite on the biological characteristics of PEEK. The melt blending at 400 °C
was used to produce the PEEK composites for biological applications. The findings
indicated that CNTs and HA improved the biological properties of PEEK composites.
Additionally, it was shown that both fillers, CNTs and HA had a number of advantages
in biological properties, including cell differentiation, protein absorption, and cell
adhesion, and it was concluded that PEEK/HA/CNTs composites could offer the

optimal circumstances for cell development.
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Figure 4.27: Cells viability of [EMIM]Ac and [BMIM]HSO4 based PEEK composites

Table 4.7: Cells viability of PEEK composites made with [EMIM]Ac and

[BMIM]HSO4
Sample Cells
Name Viability (%)
Control 100
S4 120+ 0.8
S5 122+1.0
S6 123+1.0
S7 123+1.8
S8 124 +0.9
S17 123+1.2
S18 124 £ 0.5
S19 124+ 1.3
S20 124 £1.2

The EDX analysis was used to determine the calcium/phosphorous (Ca/P) ratio in
the PEEK composites prior to their biological assessment. As seen in Figures 4.28 (b-
d), the addition of HA to PEEK resulted in the presence of Ca and P peaks in the

composites, as compared to pure PEEK (Figure 4.28 a). The composites are biologically
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compatible with the human bone if Ca/P ratio is 1.67. PEEK composites fabricated
without IL and with ILs showed the value more than 1.67. Thus, it could be ascribed
that the biocompatibility of prepared PEEK composites was considerably enhanced by
the introduction of the bioactive material (HA). These findings are consistent with the

previously reported literature [343].

Maheshwari et al. (2014) [126] fabricated and evaluated
polycaprolactone/polyvinyl alcohol/hydroxyapatite nanoparticles (PCL/PVA/HAp)
scaffolds for bone tissue regeneration application. The EDX analysis was conducted to
determine the composition and ratio of Ca/P in the composites and concluded that the
ratio value was 1.62, close to natural bone. This value showed that PCL/PVA/Hap

nanocomposites were biocompatible and could be used as substitution for human bone.

The comparative investigation of PEEK composites comprising variable
concentrations of [EMIM]Ac and [BMIM]HSO4 revealed that PEEK composites
incorporating [BMIM]HSO4 had greater bioactivity. By using [BMIM]HSOg, the
dispersion and =-7 interactions between HA and PEEK were enhanced, which were
important for boosting biocompatibility [63, 342]. Additionally, the proliferation and
absorbance of the cells were linearly related to the quantities of ILs applied. This
suggested that the biological characteristics of PEEK composites were enhanced by

increasing the quantity of ILs.
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Figure 4.28: EDX analysis of a) pure PEEK b) without IL c) 1 wt % of [BMIM]HSO4
d) 1 wt % of [EMIM]Ac

4.3.8 Effect of [EMIM]HSO4 and [BMIM]ACc on the biological properties of
PEEK composites

The Alamar blue assay (cells proliferation) was conducted to determine the viability
of control and HA-induced PEEK/MWCNTSs composites produced with [EMIM]HSO4
and [BMIM]Ac, and the findings are shown in Figure 4.29 and Table 4.8. It was worth
mentioning that the biological behavior of the PEEK composites was enhanced when
contrasted to pure PEEK in terms of absorbance (um). It revealed that PEEK
composites were cytocompatible in terms of viability and proliferation, which could be
credited to the incorporation of HA into PEEK [344]. Furthermore, the attachment of
cells was augmented with the presence of various concentrations of both ILs [345, 346].
This might be ascribed to the homogeneous and evenly distributed MWCNTSs and HA,

which increased the potential of cells adhering to the PEEK surface.
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The results obtained for composites of PEEK/MWCNTs/nHA/ILs with various
quantities of ILs were similar with those found in the literature. For example, Sabir et
al. (2020) [347] synthesized and characterized the cellulose/hydroxyapatite composites
for dental restorations. Alamar blue compatibility experiments were used to determine
the biological characteristics of the manufactured composites. The findings indicated
that microwave irradiation method could be employed to effectively generate HA on
cellulose fibres, thus enhancing the biological attributes (over 90% cell proliferation)
of dental resin composite materials.

In another study, to determine the biocompatibility of PEEK tertiary
composites, PEEK/nHA/CF (polyetheretherketone/nanohydroxyapatite/carbon fibre)
were produced by melt blended technique. The cell culture investigation was carried
out to analyze the cytocompatibility and cellular growth of these composites. The
synthesized ternary composites were thought to be cell-compatible, with no cytotoxicity
effects. Thus, the improved biological performance of the PEEK/nHA/CF ternary
composite gave tremendous prospects as a bioactive implant substrate in dentistry and

orthopedic applications [52].
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Figure 4.29: Cells viability of [EMIM]HSO4 and [BMIM]Ac based PEEK composites
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Table 4.8: Cells viability of PEEK composites with [EMIM]HSO4and [BMIM]Ac

Sample Cells
Name Viability (%)
Control 100

S4 120+ 0.8
S9 120+1.2
S10 123+0.5
S11 123+1.2
S12 124 £ 0.3
S13 123+0.3
S14 124 £ 0.3
S15 124 +1.0
S16 124 +£0.4

The biological evaluation and comparison of pure PEEK and PEEK composites
prepared with HA by EDX analysis are presented in Figure 4.30. This study was carried
out to determine the presence of Ca and P elements in the prepared composites. It was
not only confirmed that Ca and P were presented in the prepared PEEK composites
(Figures 4.30 b-d) but also the Ca/P ratio was more than the required value of human
bone (1.67). It can be concluded that the introduction of HA had enhanced the biological
properties of the PEEK composites.

The purpose of this study was to synthesize and characterize polylactic
acid/nano-hydroxyapatite (PLLA/nHAP) composite scaffolds for bone regeneration
[348]. The manufactured composites were examined for their morphological,
biological, and mechanical characteristics. The composition and structural features of
the manufactured nHAP were found to be identical to those of natural bone apatite.
According to EDX analysis, the Ca/P molar ratios were about 1.6, which was near to
the stoichiometric composition of nHAP (Ca/P = 1.67).

The degradability results of PEEK composites were evaluated after putting the
samples in phosphate buffer solution (PBS) and lysozyme solution at 37 °C for 6

months. It was determined that there were no contaminants in the solution, confirming
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that the manufactured composites were not biodegraded. Similar results were obtained
by Hahn et al. (2013) [349] for PEEK/HA composites.

The comparison of PEEK composites containing various concentrations of
[BMIM]Ac and [EMIM]HSOs demonstrated that composites having [BMIM]Ac
exhibited better bioactivity. The addition of [BMIM]Ac increased the dispersion and r-
7 interactions between HA and PEEK, which were significant for promoting
biocompatibility [344]. Furthermore, cell growth and absorbance were directly
proportional to the amount of ILs given. This showed that raising the concentration of

ILs in PEEK composites improved their biological properties.

The biological assessment of PEEK/MWCNTs/nHA/ILs composites made with
different ILs, [EMIM]Ac, [EMIM]HSO4, [BMIM]Ac, [BMIM]HSO4 recommended a
green and ecologically friendly strategy by demonstrating no cytotoxic effects and
improved cell proliferation. In this study, the biological characteristics of the
composites increased linearly with the quantity of ILs present. Overall, the
biocompatibility of PEEK composites with various ILs was almost same, however the
addition of HA improved the bioactivity of PEEK composites significantly when
compared with pure PEEK. Hence, the produced formulation can be exploited in the

biomedical sector as a substitute for implant material.
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Figure 4.30:EDX analysis of a) pure PEEK b) without IL ¢) 1 wt % of [EMIM]HSO4
d) 1 wt % of [BMIM]Ac

4.3.9 Effect of [EMIM]Ac and [BMIM]HSO4 on thermal degradation kinetic of
PEEK composites

It is essential to understand and anticipate the thermal degradation kinetics in order to
develop efficient molding and thermoplastic processing methods for the manufacturing of
PEEK composites using various ILs. The thermal decomposition kinetics of polymers are
studied using a variety of integral and non-isothermal approaches. The Coats-Redfern
method using a single heating rate is the most often used integral method for
determining apparent activation energy (Ea) [274]. The temperature zone of 560 °C-600
°C was chosen as the temperature range with the quickest degradation rate since all
samples degraded within this range [62]. Figure 4.31 (b) illustrates the Coats-Redfern
plots with various concentrations of [BMIM]HSO4 based PEEK nanocomposites, and
Table 4.9 provides their calculated activation energy and regression coefficient. The
parallel lines with R? (not less than 0.9987) for [BMIM]HSO,; based PEEK
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nanocomposites were achieved. These findings suggested that the Coats-Redfern model
can be used to evaluate the thermal degradation of PEEK composites. The Ea of sample
S18 was 222.17 KJ/mol, which was greater than the activation energy of all other
produced samples and revealed that these results are consistent with TGA and DSC
data.

The Coats-Redfern data (Figure 4.31 a) for PEEK composites in which
MWCNTSs were modified through various concentrations of [EMIM]Ac are evaluated.
The activation energies determined from the slope of these parallel lines in the
temperature region 560 °C-600 °C where the quickest pyrolysis rate happened, are
provided in Table 4.9. The activation energy calculation clearly demonstrated that
treating MWCNTSs with varying concentrations of [EMIM]Ac had a significant effect
on their thermal breakdown rates. Interestingly, substantial enhancements in the
activation energy of PEEK composites (made through IL) were found when contrasted
to untreated composites. It was clear from Table 4.9 that the activation energy of S4
was 207.85 KJ/mol, which was enhanced to 209.62 KJ/mol, 222 KJ/mol, 218.15
KJ/mol and 218.01 KJ/mol.

The PEEK composites incorporated with [EMIM]Ac demonstrated a close
resemblance to [BMIM]HSO4 based composites. The thermal properties of polymer
nanocomposites were discovered to have a linear relationship with the apparent
activation energy [261, 350]. This demonstrated that the addition of IL-assisted
MWCNTSs into PEEK improved the MWCNTS dispersion and substantially hindered
the thermal degradation of composites [258]. Also, the flexible polymer ring mobility
and plasticizing effects of ILs decreased the activation energy and thermal stability of
polymer composites when the amounts of ILs ([BMIM]HSO4 and [EMIM]AC) are more
than 1 wt % [236, 351].
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Figure 4.31: Coats-Redfern plots of PEEK composites with various amounts of ILs a)
[BMIM]HSO4 b) [EMIM]AC

The thermo Kkinetic characteristics of PEEK composites without and with
[BMIM]HSO4 were obtained (Table 4.9) under constant heating rate using the non-
isothermal Broido technique (Figure 4.32 b). In general, kinetic quantities, including
activation energy (Ea; kd/mol) and regression coefficient (R?), were calculated from the
linear plots of In In (1/a) and 1000/T (K'). As shown in Table 4.9, the Ea of S4 was
measured as 192 KJ/mol, which was changed to 196.61 KJ/mol, 199.72 KJ/mol, 199.52
KJ/mol and 199.12 KJ/mol for S17, S18, S19, and S20, respectively, corresponding to
2.4 %, 4.02 %, 3.92 % and 3.7 % improvements than unmodified PEEK composite.
This confirmed the increased crystallization of PEEK as a result of the strong physical
contacts between the IL-treated filler and the polymer matrix [271]. While the Ea for
PEEK composite materials with greater IL loadings (S19 and S20) was reduced when
compared to those for S18, due to the plasticity of the used IL [236].

The parallel lines in Figure 4.32 (a) demonstrate the untreated and [EMIM]Ac-
treated composite samples heated at a steady rate applying the Broido model, while
Table 4.9 provides the average activation energies in the temperature region of 560 °C—
600 °C as estimated using the slope of these segments. Table 4.9 displayed that 1 wt %
of [EMIM]ACc treated composite had the highest activation energy of 197.91 kJ/mol,
preceded by 1.5 wt % and 2 wt % of IL treated composite with values of 197.84 kJ/mol
and 197.78 KJ/mol, respectively, whereas non-IL sample had the lowest activation
energy of 192 kJ/mol. The higher activation energies of ILs-treated composites

suggested that ILs loading had increased the attachment of MWCNTSs to polymer,
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requiring a larger amount of energy to disrupt the composites bonds on a macroscale
[352]. In addition to that, the values of kinetic parameters, including activation energy
of PEEK composites (more than 1 wt % of IL) were reduced due to the softening effects
[319] induced by IL.
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Figure 4.32: Broido plots of PEEK composites with various amounts of ILs a)
[BMIM]HSO4 b) [EMIM]AC

The Horowitz-Metzger method calculated the activation energy for PEEK
composite materials, including [BMIM]HSO4 using TGA data collected with a heating
rate of 10 °C/min as illustrated in Figure 4.33 (b) and their outcomes are listed in Table
4.9. The activation energy (Ea) and regression coefficient (R?) of thermal disintegration
of IL-modified MWCNTSs in the PEEK composite sample (S18) were found to be 239
kJ/mol and 0.9983, which were greater than the non-IL PEEK composite (S4) and all
the remaining specimens. The incorporation of IL-assisted filler nanoparticles to the
polymer matrix increased the Ea significantly, indicating that the PEEK composites
were more resistant to break as a consequence of the inclusion of evenly distributed IL-
treated MWCNTSs [296, 353]. Additionally, the computed Ea values had a high degree
of reliability in representing the thermal decomposition kinetics of the PEEK
composites, as the R? values were greater than 0.99. Conversely, the Kinetic properties
of the S19 and S20 composites were decreased slightly in contrasted to S18, suggesting
a small shift in thermal stability. This could be because to the high concentration of IL

[290, 354], which led to low thermal resilience.
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The Ea can be calculated from the slope of the straight lines of Horowitz-
Metzger plots (Figure 4.33 a) of PEEK composites manufactured with various loadings
of [EMIM]Ac. The kinetics parameters after calculations are deduced in Table 4.9. By
increasing the concentration of [EMIM]Ac to 1 wt%, the kinetic properties, including
Ea, were augmented to 238.01 KJ/mol as compared to untreated PEEK composites (232
KJ/mol). These findings showed that IL-modified inhibited the breakdown of PEEK
composites, indicating that more energy was needed for thermal decomposition [270,
272]. In addition to that, thermal properties were diminished for more than 1 wt % of
[EMIM]ACc based PEEK samples because of the plasticization of used IL [354, 355].

Hamayoun et al. (2016) [356] investigated the flexural and thermal
characteristics of the manufactured composite panels and observed significant
enhancements after modification of OPF (oil palm frond) nanoparticles with the ILs
[EMIM]Ac and [BMIM]CI at high initial solid loading and comparatively moderate
processing parameters. It was evidenced that composites modified with ILs had greater
activation energies, which were ascribed to their increased thermal properties as a
consequence of the ILs treatment. The improved activation energies of ILs-treated
composites showed that pretreatment with ILs strengthened the adherence of OPF
particles to the polymer binder, requiring a larger amount of energy to disrupt these
interactions, which manifested in the composites better mechanical characteristics on a

macroscale.

When the kinetic parameters including activation energies of PEEK composites
fabricated with various amounts of [EMIM]Ac and [BMIM]HSO4 were evaluated, it
was revealed that PEEK composites formed with 1 wt % of [BMIM]HSO4 presented
the highest values. This might be due to the longer alkyl chain length of [BMIM]HSOa,
which led to strong physical interactions between the filler and matrix. These
associations may have aided in prolonging thermal breakdown and resulting in higher
Ea values [271]. Additionally, the Ea of the PEEK composites were dropped owing to
the plasticizing effects of the added ILs at higher quantities (1.5 and 2 wt %) [236, 351].
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Figure 4.33: Horowitz-Metzger plots of PEEK composites with various amounts of
ILs a) [BMIM]HSO4 b) [EMIM]Ac

Table 4.9: Kinetic parameters of [BMIM]HSO4 and [EMIM]Ac based PEEK

composites

Sample Coats-Redfern Broido Horowitz-Metzger

Ea R? Ea R? Ea R?
S4 207.85+0.9 0.9991 192.00+1.6 0.9990 232.00+2.3  0.9980
S5 209.67+1.2 09992 19537+0.8 09991 233.17+2.1  0.9980
S6 222.11+0.8 0.9991 197.91+2.3 0.9982 238.01+2.1  0.9980
S7 218.15+3.2 0.9993 197.84+3.6 0.9988 237.42+2.4 0.9979
S8 218.01+2.2 0.9990 197.78+1.5 0.9986 237.32+0.8 0.9979

S17 211.25+2.4 0.9987 196.61+3.3 0.9991 234.12+2.4  0.9978
S18 225.19+1.1 0.9994 199.72+1.4 0.9992 239.00+1.6 0.9983
S19 220.44+22 0.9993 199.52+1.6 0.9989 238.11+2.1 0.9982
S20 219.45+1.7 0.9993 199.12+2.3 0.9988 237.92+2.2 0.9980

4.3.10 Effect of [EMIM]HSO4 and [BMIM]Ac on thermal degradation kinetic of
PEEK composites

It is noted from Figure 4.34 (a) that the parallel lines are derived from the TGA
data of [EMIM]HSO4 based PEEK composites using the Coats-Redfern model and

Table 4.10 provides that the values of Ea and R?, considering the first order of reaction
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with heating rate 10 °C/min. The values of Ea were 209.67 KJ/mol, 222.17 KJ/mol,
218.88 KJ/mol and 218.81 for S9, S10, S11 and S12, respectively, when compared to
S4 (207.85 KJ/mol). It was noticed that the Ea values were boosted for IL-treated
MWCNTSs in PEEK composites due to the uniform MWCNTSs dispersion [48] in PEEK
that pervaded the polymer ring strongly during thermal breakdown. Zhao et al. (2012)
[242] reported a similar assessment for PMMA/MWCNTS/IL composites. However,
when more than 1% IL was applied, the PEEK composites exhibited a declining trend
in terms of kinetic properties. This could be ascribed to the plasticization effects [357]

and the free movement of the polymer in the composites.

The resilience to heat deterioration of PEEK composites with [BMIM]Ac
treated filler is precisely described employing the Coats-Redfern technique in Figure
4.34 (b). The linear lines are obtained in the temperature range 560 °C-600 °C and the
related Kinetic parameters are summarized in Table 4.10. The Ea for S4 was 207.85
KJ/mol, which was enhanced to 209.62 KJ/mol, 222.11 KJ/mol, 218.15 KJ/mol and
218.01 KJ/mol for S13, S14, S15 and S16, respectively. Also, the maximum regression
coefficient (R?) value was 0.9999 for 1 wt % of IL, indicating the optimal ratio of IL to
MWCNTSs in PEEK composites. Yao et al. [358] reported similar findings for PEEK
composites, including carbon fibre, where the filler increased the activation energy.
When compared to S14, the Ea of S15 and S16 were reduced 1.82 % and 1.88 %,
respectively, due to the greater concentrations and softening behaviour [359] of the IL.
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Figure 4.34: Coats-Redfern plots of PEEK composites with various amounts of ILs a)
[EMIM]HSO4 b) [BMIM]AC

153



The linear graphs (Figure 4.35 a) of PEEK composites prepared without and
with [EMIM]HSO4 loadings between In In (1/a) and I/T are generated using the Broido
model to establish the impact of IL on the thermal efficiency of PEEK composites, and
the critical properties including activation energy is determined and presented in Table
4.10. According to Table 4.10, the Ea values for untreated PEEK composites were 192
KJ/mol and relocated to 198.92 KJ/mol, 198.82 KJ/mol, 198.08 KJ/mol and 198.06
KJ/mol for S9, S10, S11 and S12, respectively. The elevated Ea values demonstrated
that IL modification was essential in postponing the breaking of polymer composites
chains [48, 293]. Whereas, these values were dropped when the loading of applied IL
exceeded 1% wt owing to the empty space occupied by IL and its plasticizing ability
[360].

Figure 4.35 (b) displays the thermal decomposition kinetics of TGA data of
PEEK composites containing MWCNTS modified with varying quantities of
[BMIM]ACc and the straight lines are obtained for the Broido method (reaction order is
1). The findings summarized in Table 4.10 demonstrated that IL raised the activation
energy and pre-exponentiation factor. The highest values of Ea and R? for samples S14
were determined as 198.86 KJ/mol and 0.9993 respectively when compared to other
samples. The results revealed that the optimum ratio for IL: MWCNTSs (wt %) was 1:1,
at which the thermal breakdown was significantly delayed [43]. Also, the results clearly
demonstrated that after modifying MWCNTSs with various [BMIM]Ac concentrations,
the Ea values were boosted.

The consequences of this study were in accordance with the previously
published research. Jiang et al. (2017) [361] used an easy-to-use physical mixing
method to create a new synergistic flame retardant by injecting IL, 1-butyl-3-methyl-
imidazolium dibutyl phosphate ([BMIM][DBP]) as a synergist with the melamine. The
author demonstrated that Ea was a critical criterion for determining the thermal stability
of melamine and its derivatives. It was worth noting that the effective proportion of
[BMIM][DBP] in melamine enhanced the thermal resilience, whereas its larger

concentrations decreased the thermal properties.
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Figure 4.35: Broido plots of PEEK composites with various amounts of ILs a)
[EMIM]HSO. b) [BMIM]AcC

Figure 4.36 (a) and Table 4.11 gives the results of the Horowitz-Metzger model
for non and various proportions of [EMIM]HSO4 based PEEK composites. It was
elucidated from Table 4.10 that IL was critical in enhancing the Ea. The Ea of S10 was
boosted by 2.79 % with R? (0.9976) than S4 (non-IL sample). The cause for this
modification ascribed to the homogenous distribution of MWCNTS in PEEK as well as
the strong physical r-7 interactions [339, 362]. Although, the Ea for S11 and S12 was
increased to 2.37 % and 2.33 % when contrasted to S4 but lower than S10 due to the
suitable ratio of IL to MWCNTSs [43] and the plasticity of IL [363] at higher amounts.

The consequence of different amounts of IL pretreatment on the
PEEK/MWCNTSs was investigated by the Horowitz-Metzger approach for thermal
properties, especially in terms of activation energy. The parallel lines (Figure 4.36 b)
were obtained from the TGA data (temperature range (560°C-600°C) of [BMIM]Ac
treated MWCNTSs in PEEK composites, and the related findings are summarized in
Table 4.10. 1t was observed that maximum activation energy and regression coefficient
was achieved for 1 wt % [BMIM]Ac and the corresponding values were 238.47 KJ/mol
and respectively. The delayed thermal stability of S14 was linked to the strong
adherence [333] of the IL-modified MWCNTSs with the PEEK. Similar study was found
in the literature to corroborate these facts. Additionally, the Ea for S15 and S16 was
reduced owing to the higher amounts of the IL and its plasticization behavior [48, 235].

To study the thermal kinetics, Rajeshwari et al. (2014) [260] used melt mixing
to produce high-density polyethylene (HDPE) enriched multi-walled carbon nanotubes
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(MWCNTS) hybrids with various volume fractions. It was exciting to observe that the
activation energies of the HDPE/MWCNTSs composite rose (8 %) with MWCNTS vol
% loading than the untreated HDPE composite. This improvement in Ea was correlated
with a decrease in polymer chain mobility in the composites. Likewise, it was
discovered that the Ea was constant at greater MWCNTS concentrations in HDPE
composites.

A similar phenomenon [364] was found for Ea estimations using the Coats-
Redfern technique. Therefore, Ea of the untreated fibre was determined to be 44.41
kJ/mol, which was increased to 54.01 kJ/mol and 55.81 kJ/mol for the [bmim][CI] and
[emim][dep] treated OPF fibres, respectively. Even though, it was worth noting that the
premeditated Ea values based on linear regression analysis had coefficients of
determination (R?) ranging from 0.9930 to 0.9990, indicating that a higher R? provided

more accurate Kinetic variables for the temperature range under consideration.

The comparative evaluation of PEEK composites produced with different
quantities of [EMIM]HSO4 and [BMIM]Ac indicated that PEEK composites containing
1wt % [BMIM]ACc had higher activation energies. This could be attributed to the longer
alkyl chain length of the IL, which resulted in stronger interactions between the filler
and polymer matrix, which were necessary for enhancing the thermal properties [43].
In comparison, the thermal characteristics of the PEEK composites were decreased at
greater concentrations of ILs (1.5 and 2 wt %) due to their plasticizing nature [48, 235].

Moreover, the thermal kinetics of PEEK composites produced with four
imidazolium ILs, including [BMIM]HSO4, [EMIM]Ac, [BMIM]Ac and [EMIM]HSO4
were evaluated and exhibited that [BMIM]HSO4 and [BMIM]Ac showed superior
performance. This explanation have become stronger in view of previous literature in
which numerous authors [365, 366] demonstrated that ILs with a bigger alkyl chain
might established significant correlations with both the filler and polymer matrix, that
was critical for improving the MWCNTSs distribution and delayed the thermal
degradation. Further, the calculated activation energy of 1 wt % of [BMIM]HSOs-
based PEEK composites was highest compared to other PEEK composites produced

with other ILs, due to its high affinity and strong interactions with the filler and polymer
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matrix [326]. At more than 1 wt % of ILs, the Ea values were reduced because of the

plasticization effects of ILs in the composites as confirmed by DSC and TGA studies.
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Figure 4.36: Horowitz-Metzger plots of PEEK composites with various amounts of
ILs a) [EMIM]HSO, b) [BMIM]AC

It must be stated that using several kinetic methods to investigate thermal
breakdown trends using thermogravimetric data is a complementary strategy, not a
competing one, as suggested by the International Confederation for Thermal Analysis
and Calorimetry (ICTAC) Kinetics Project. Therefore, it is essential to understand and
anticipate the thermal degradation kinetics in order to develop efficient molding and
thermoplastic processing methods for the manufacturing of PEEK composites using
various ILs. As a consequence, a useful activation energy range was determined by
combining all of the findings from the Broido, Coats-Redfern, and Horowitz-Metzger
approaches. According to the regression coefficient (R?) values, the Coats-Redfern
model was best linear fit to the data, which was consistent with the previous research
[367]. Compared to Broido and Horowitz-Metzger models, Coats-Redfern model was
most reliable and accurate [368]. The PEEK composites prepared with four employed
ILs ([EMIM]Ac, [BMIM]HSO4, ([BMIM]Ac, [EMIM]HSO4) showed 3-8 % higher Ea
than that of the untreated sample. Besides, the overall trend in the Ea measurements
was Ea of [BMIM]HSO4> Ea of [BMIM]Ac > Ea of [EMIM]HSO4> Ea of [EMIM]ACc.
The Ea values observed in this research were within the range of previous reports for

PEEK-based composites.
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Table 4.10: Kinetic parameters of [EMIM]HSO4and [BMIM]Ac based PEEK

composites

Sample Coats-Redfern Broido Horowitz-Metzger

Ea R? Ea R? Ea R?
S4 207.85+0.9 0.9991 192.00+1.6 0.9990 232.00+2.3 0.9980
S9 209.67+2.3 0.9991 195.92+1.1 0.9990 233.43+x2.4 0.9983

S10 222.17+0.8 0.9990 198.32+1.3 0.9984 238.32+2.6 0.9984

S11 218.88+1.6 0.9991 198.08+1.5 0.9986 237.49+2.3 0.9982
S12 218.81+2.4 0.9989 198.08+1.8 0.9983 237.41+1.6 0.9980
S13 210.72+1.4 0.9988 196.24+2.2 0.9990 233.82+1.8 0.9982
S14  224.92+0.7 0.9993 198.86+1.4 0.9991 238.47+1.2 0.9986
S15 219.33+2.4 0.9991 198.74+1.3 0.9987 237.93+1.5 0.9985
S16 219.04+1.1 0.9990 198.41+2.1 0.9986 237.84+2.2 0.9984

The future development of additional classes of polymer composites in which
IL modification technology on MWCNTS is a highly interesting feature. Furthermore,
activation energy estimations using three commonly used thermo-kinetic models
showed unequivocally that a technique based on ILs might be a very promising option

for effective MWCNTSs usage in PEEK composites.

4.4 Summary

The efficacy of ILs in PEEK/MWCNTs/nHA composites was tested, and it was
discovered that IL significantly decreased MWCNTSs agglomeration compared to non-
IL PEEK composites. The decomposition temperature of PEEK/MWCNTs/nHA/IL
composites was boosted, especially for 1 wt % of ILs. Similarly, the crystallinity and
melting point of ILs-treated PEEK composites were increased. The mechanical
properties of PEEK/MWCNTs/nHA/IL composites are in the required range (7.65 GPa
for 1 wt % of [BMIM]HSO4 corresponding to human cortical bone (7-12 GPa).

Likewise, the incorporation of nHA has improved the biological performance of the
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PEEK composites compared to pure PEEK. Also, the impact of ILs on thermal
degradation kinetics of PEEK composites was determined, and the activation energy
values are substantially raised. The highest thermomechanical properties were obtained
for [BMIM]HSO4 based PEEK/MWCNTs/nHA/ILs than the other employed ILs. The
findings show that ILs pretreatment could be an effective and environmentally benign
processing approach for MWCNTSs dispersion in PEEK for enhanced mechanical

performance in biological applications.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The purpose of this research was to determine the feasibility of utilizing ionic
liquids (ILs) to distribute MWCNTSs in PEEK/MWCNTs/nHA/ILs composite materials
via a melt-blended method for biomedical uses, particularly for human bone
substitution. The effect of modifying MWCNTSs with four imidazolium ILs containing
distinct anions, alkyl chain lengths and different amounts: 1-ethyl-3-
methylimidazolium acetate ([EMIM]Ac), 1-ethyl-3-methylimidazolium hydrogen
sulfate ([EMIM]HSO4), 1-butyl-3-methylimidazolium acetate ([BMIM]Ac), and 1-
butyl-3-methylimidazolium hydrogen sulfate ([BMIM]HSO4) on the morphological,
thermal and mechanical characteristics of the fabricated PEEK/MWCNTSs/nHA/ILs
composite was assessed. Besides, the role of nHA on the biological efficacy, and effect
of ILs on thermal degradation kinetics of PEEK/MWCNTs/nHA/ILs were evaluated.

e The morphological characterization of PEEK/MWCNTS/ILs composites
provoked that ILs-modified MWCNTs were homogenously distributed in
PEEK as compared to PEEK composites fabricated without IL (DMF).

e When contrasted to pure PEEK and PEEK/MWCNTSs/nHA composites, the
thermomechanical properties of PEEK/MWCNTSs/ILs/nHA were enhanced.
Interestingly, the tensile strength and elastic modulus (89 MPa and 7.65 GPa for
1 wt % of [BMIM]HSO.), were within the required range when compared to
the values of human cortical bone (85-100 MPa and 7-12 GPa).

e Alamar Blue assay discovered that the incorporation of HA to
PEEK/MWCNTSs/ILs composites improved the biocompatibility when
compared to pure polymer matrix. It was also found that cells viability of all
PEEK/MWCNTSs composites was more than the permissible range (80%) of the

control.
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e Based on calculated activation energy and regression coefficient values of
PEEK/MWCNTs composites, the overall trend in the Ea measurements
followed the trend; Ea of [BMIM]HSOs > Ea. of [BMIM]Ac > E. of
[EMIM]HSO4 > Ea of [EMIM]AcC.

The current findings can contribute to the recognition of ILs-assisted benign
method to produce PEEK/MWCNTs/nHA/ILs composites for use as a substitute of

human bone in biomedical field.
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5.2 Recommendations

The following suggestions could be made focusing on the experimental and
modelling assessment, and findings, in order to manufacture PEEK composites with

optimal characteristics.

The future research should concentrate on the impact of hydroxyapatite (HA)
on the mechanical characteristics of  composites = composed  of
PEEK/MWCNTs/nHA/ILs. Based on the current research, [BMIM]HSO4 could be
considered for this investigation.

The surface (bioactive layer) and antibacterial properties of the prepared
composites should be examined in detail after immersing in the stimulated body fluid
(SBF).

The future study should strongly encourage modelling of the ILs-facilitated
pretreatment processes in predicting the other thermodynamic parameters.

A comprehensive and optimized screening and selection of ILs with the
appropriate cations and anions, as well as consideration of processing limitations,
would allow the design of ILs systems with desirable properties, possibly
resulting effective for PEEK/MWCNTs composites.

The process and economic feasibility of PEEK/MWCNTs/nHA/ILs composites
should be investigated via simulations tools in order for them to become commercially

viable.
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APPENDIX A

(b)

Figure A. 1: (a) DMF-modified MWCNTSs (b) IL modified MWCNTSs
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Figure A. 2: (a) Pure PEEK powder (b) PEEK./MWCNTs/DMF (c)
PEEK./MWCNTS/IL before melt-blending

Figure A. 3: PEEK composites after heating at 350 °C in internal mixer
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Figure A. 5: PEEK composites for cells viability and cytotoxicity

Table A.1: Literature on mechanical properties of PEEK composites

Authors

Composite Materials Elastic Modulus Ref.

Jianfei Cao et al. PEEK/MWCNTs/BG 6.10 [34]
Chen Liu et al. PEEK/MWCNTSs/HA 6.83 [1]

Bo Wang et al. PEEK/CNTSs 4.9 [226]

Ruixue Ma et al. PEEK/CNTS/MMT 5.7 [195]

Md. Nizam Uddin et al. PEEK/CNTs/HA 5.1 [196]
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APPENDIX B

Calculations for Coats-Redfern Model

In (Z25=2) vs 1000/T

2

First of all, calculate a

mo—myg
a —_— ——
mo—mg

We are taking only one value for the understanding.

Mo = 100 wt %, m:= 92 wt % and m¢= 60 wt %

_100-92

"~ 100-60
oa=0.2
then,

1-a=1-02=0.8,
In (1-0)) = -0.2231
-In (1-o) = 0.2231
For T = 580 °C = 580 +273.15 =853.15 K

T? =727864.9225

1-0001172 K

T

1000 _ 9 172 K

o

Now,
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-In(1-a) _

% =306 x 107
T

T2

In (‘ “‘(1“")) = .14.84

Calculations for Broido Model

Inln (%) vs 1000/T
Wy — Wy

(x =
Wo — Wy

We are taking only one value for the understanding.

wo = 93 wt %, wi= 85 wt % and ws= 62 wt %

wy — wp =23
wo —wrg =31
So

a=0.74

1_135

a

In (i) =0.3

Inln (&) =12
For T = 590 °C = 590 +273.15 =863.15 K

T? = 744993.3969

1

-==0.001159 K

T

1000

—=1.159 K
T
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Calculations for Horowitz-Metzger Model

In{In (Vx—t)} vs 0

First of all, calculate =2

Wt

We are taking only one value for the understanding.

wo = 93 wt %, wi= 85 wt %

Yo =1.09

We

In%2 =0.08617
We

In{In (“;—‘;)} =-2.4514

For 6,

0=T-Ts

Take T=860 K and Ts=877 K
So,

0=T-Ts

6=860-877 =-17 K
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