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Abstract

Epoxy material is used in many industrial applications, but because of its
brittleness, it limits its use, and due to its poor tribological properties, like
wear resistance, which makes the use of epoxy as wear-resistant coatings
less, such as coatings for oil and gas pipelines.

In the first part of this study, five different toughening agents were used to
enhance the toughness of pure epoxy resin. The different toughening agent’s
triblock copolymer (TBCP), polyether polyol (PU base), liquid silicon
rubber (LSR), liquid PVC adhesive, and polysulphide polymer (PSR) used
with hardener (izoforon diamine). A series of epoxy blends were obtained
with variations of load content of 3, 6, 9, and 12% wt. and studied the tensile
properties, fracture toughness strength, impact strength, hardness, and pull
off adhesion. The structural and physical characteristics were studied by
Scanning Electron Microscopy (SEM), Fourier Transform Infrared

Spectroscopy (FTIR), and Differential Scanning Calorimetry (DSC)

Based on the results of tests, the best toughening agent/ EP blend was
(epoxy+3%TBCP) and have been selected to prepare the second part of
epoxy nanocomposites were reinforced with different percent of tungsten
carbide nanoparticles (WC) with load content (1, 2 and 3) w.t% respectively,

once with epoxy matrix only and once more with (epoxy+3%TBCP)matrix.

The results showed that the FTIR results proved that there is no chemical
reaction, and there is only physical interaction between the toughening
agents and the epoxy matrix. The results clarified that by increasing the
weight percentage of TBCP, tensile strength and elastic modulus properties

were enhanced and the best percent was at 3% TBCP. The rate of



improvement at this percent has reached [100%, and 57%], It was shown
that the TBCP confers better fracture properties and impact strength to the
epoxy resin at low content loading without losing the other mechanical

properties.

Further, epoxy systems were modified using PU polyol, PVC, and PSR. The
resulting blends were extensively characterized qualitatively and
quantitatively to reveal the effect of each toughening agent on the epoxy
properties. It was shown that all these agents confer better fracture properties
to the epoxy resin at low content loading with some losing other tensile

mechanical properties.

In the case of LSR modified epoxy matrix, by increasing the weight
percentage of LSR, tensile strength and pull-off adhesion strength were
enhanced and the best percent was at 6% LSR. The rate of improvement at
this percent has reached[12%, and 25% ].

The results clarified that by increasing the weight percentage of WC
nanoparticles for WC/EP nanocomposite, mechanical properties were
enhanced and the best percent was at 2% WC. The rate of improvement at
this percent has reached for tensile strength and modulus [55%, 46%],
fracture toughness [350%],pull off strength [25%] and wear resistance
[63%]. For WC/3%TBCP/EP nanocomposite, mechanical properties were
enhanced and the best percent was at 2% WC. The rate of improvement at
this percent has reached for elastic modulus [46%],fracture
toughness[250%], pull off strength [38%] and wear resistance [63%].
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Chapter One

(Introduction)

1.1Introduction

A polymer is a giant chemical compound made up of repeating units of the
same or different monomers, with or without material loss [1]. When
compared to thermoplastic, thermoset is a stronger polymer because its
crosslinking is spread out in all three directions [2]. Epoxies are
thermosetting polymers cured using a broad variety of curing agents, usually
known as hardeners[3]. Epoxy is used in many applications due to its

amorphous thermoset with prime hardness and mechanical strength[4].

Unfortunately, cured epoxy systems have one major drawback: significant
brittleness, demonstrating low fracture toughness and poor resistance to
crack initiation and propagation. This severely limits their applicability in
applications needing high fracture strength [5]-[8]. There have been a lot of
efforts made to enhance their physical properties by applying a variety of
different chemicals that are toughening or strengthening agents [9].

There are a few different ways that the toughness of epoxy resins may be
improved, e.g., plasticization of the polymer, induction of an inter-
penetrating network (IPN), and the insertion of a second, well-dispersed
phase of one of two things: soft rubbery particles or rigid inorganic particles
[10].

Polymer blending can be a cost-effective method for developing a material
with specific properties according to customer requirements [11]. In the case
of polymer blends, all components are polymeric, which means the matrix

and the minor component are deformable above the glass transition
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temperature for amorphous or above the melting temperature for

semicrystalline polymers [12]

Organic compounds having metal adhesion features find widespread using it
as metal anticorrosive agents in a variety of industries, such as aeronautics,
automobiles, architecture, ships, and oil tanks, to name a few [13]. In most
cases, they are coated onto the surface of the metal in the form of a thin
coating, which prevents corrosive chemicals from penetrating the metal
surface[14]. Among organic compounds, those based on the epoxy resin are
some of the most common due to their useful qualities and adaptability [15],
[16]. Epoxy was selected as the coating of interest because of its versatility;
it may be used to protect metal and concrete buildings, electrical
components, structural adhesives, and many other things[17].

Metals protected by an epoxy coating are vulnerable to surface wear and
abrasion due of the complex cross-linked structure of neat epoxy, its ability

to protect metal against corrosion is quite low[18].

Polymer composites are commonly used in engineering besides structural
components where these are exposed to wear[19]. It is very successful to
enhance the performance of polymer composites, particularly their friction
and wear characteristics, by including well-dispersed inorganic particles into
a polymer matrix. This improvement has been proven to be highly effective
[20]. Different researchers have endeavored to promote the toughness of the
epoxy system by using different toughening modifier agents. Other
researchers have tried to improve the tribological properties of the pure
epoxy matrix by adding different types of micron- and nanometer-sized

fillers to make composite coatings.
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1.2 Aim of This Study

This work aims to prepare and characterize an epoxy coating layer with
good toughness depending on polymer blending and enhancement wear
resistance with tungsten carbide nanoparticle reinforcement for industrial

application.
1.3 Objectives

The following study tasks were defined in order to accomplish the

objectives, which are as follows:

e For the synthesis of epoxy, mixtures are blended with five toughening
agent (triblock polymer(TBCP), PU polyol, silicon rubber(LSR),
liquid polyvinyl chloride (PVC), and polysulfide polymer (PSR)).

e To find the best type of toughening agent that give better mechanical
properties.

e To find the best percentage of toughening agent

e The thermal and mechanical characteristics of the epoxy polymer are
going to be investigated.

e Epoxy matric, WC/EP, and TBCP/WC/EP nanocomposites containing
(3% wt) TBCP will be analyzed to see how the WC content affects the
morphological, thermal, and mechanical characteristics.

e To study the influence of adding WC nanoparticle on wear rate of

epoxy nanocomposite.
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1.4 Dissertation Outline

The dissertation has a total of five chapters, which are put in the following
order:

In Chapter 1, an overview of the study's context and objectives is provided.
The outline for this thesis is also included here.

Chapter 2, gives an overview of thermoset polymer, epoxy, various
toughened agents, TBCP, polyol, WC nanoparticle, and nano-reinforcing
polymer composites. including a literature study of matrix toughening agents
using epoxy matrices. The effect of rigid particle addition on friction and
wear rate of epoxy composites has also been studied and included in the
review of the literature.

Chapter 3, experimental part of the materials and methods used in the tests
performed for this study, from the toughening agent/epoxy combination used
to create the modified epoxy through the epoxy nanocomposite
manufacturing stages. The physical and mechanical test techniques and
equipment that are used to characterize blends and nanocomposites are also
described in this chapter.

In chapter 4, the results and discussion of the effect of using different
matrix toughening agents on the thermal, morphology, pull-off adhesion,
and mechanical properties of epoxy blends are included. In this chapter, the
effects of adding WC nanoparticles to two systems of epoxy, WC/epoxy,
and WC/TBCP/epoxy, on the thermal, morphological, mechanical,
tribological, and pull-off adhesion properties are also shown and discussed.
In Chapter 5, we draw some conclusions about this evidence collection and

provide some recommendations for further research.
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Chapter Two

Theoretical Part and Literature Review
2.1 Thermoset Polymer

By forming covalently cross-linked permanent networks when exposed to
heat, thermosetting polymers transform irreversibly into an infusible and
insoluble substance. Cross-linking is sometimes accomplished by
irradiation[21,22].

Resins that have been highly cross-linked tend to be very hard and
brittle[23]. Thermosets, unlike crystalline polymers, have a glass transition
temperature(T,) rather than a melting point[24]. Epoxy resins, phenolics,
alkyds, allyl resins, vinyl esters, and unsaturated polyesters are all useful
examples of thermosetting resins. In thermosetting polymers, the chains are
covalently bonded together in a cross-linked or network structure. They can't
be reworked once the cross-linking procedure makes them solid. Engineers
use thermosets in fields that call for strong resistance to temperature, such as
coatings, adhesives, electronic and electrical substances, etc. because

thermosets cannot be remelted[21].
2.2 Epoxy

As a kind of good-performance thermoset, epoxy polymer systems are
widely employed like a matrix material in industries including vehicles,
electronics, and aerospace. To get this kind of versatility, you need to choose
an epoxy resin/hardener system that works well and then process it
according to a good curing schedule[25]. Because of their great adherence to

a wide different of substrates, high heat and chemical resistance, and high

5
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mechanical characteristics, epoxy polymers are often utilized as
thermosetting substances[26]. These materials are manufactured by the
chemical change of multifunctional epoxy monomers, which results in the
formation of a polymer network that is produced in an irreversible
manner[27]. Coatings, adhesives, electrical insulation, construction, and
composites are just a few of the many applications for epoxy resins.
Although coatings account for more than half of all epoxies' applications,
epoxy composite materials are a growing field in their own right[28]. New
materials are being employed in a broad variety of sporting equipment and
have even become a deciding element in high-level competition. Its
widespread adoption can be attributed to the significant performance
Improvements it brings to sports equipment thanks to the various new
materials' excellent characteristics, such as high specific strength, specific
modulus, lightweight, wear resistance, and so on. several cutting-edge
materials, including carbon fiber and epoxy resin composites, nylon fiber

composites, and unsaturated polyester composites[29].
2.2.1 Basic Fundamentals of Epoxy Thermosets

The presence of an oxirane group or epoxy episode, a group consisting of
three participants with an atom of oxygen connected to two carbon atoms as
illustrated in figure2.1, is what gives these compounds their names, epoxy or
epoxide[27,30].

R—CH—CH,

0

Figure2.1. The structure of an epoxy or an oxirane ring [27].
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The epoxy ring is a versatile terminal group that may be linked to many
different aliphatic or aromatic chemical compounds. It can also reside inside
the body of a molecule. Epoxy groups are more reactive than other ethers,
making them desirable for polymerization processing. This is because of the

extremely strained ring structure[31].

The term "epoxy resin™ is used to describe any substance that typically
contains several epoxy groups inside a single molecule. In most cases,
bisphenol-A and epichlorohydrin are reacted to produce the prevalent
glycidyl epoxy resin. Epoxy resin's overall structure is seen in figure 2.2.
Epoxy polymers may transition from a liquid state to solid matter as the

number of repetition units "n" increases [32].

~

/
a—CH,—CH—CH, 4 wmo @_i —QOH + NaOH
H

3

0. ?Hs

Epichlorohydrin l Bisphenol A

TH" OH CH
|" o I
CH, —CH —cg, {OQ—C —(@o—c:—:: —CH—C‘HJ}O / Y—c QO—[H.— CH — CH,
N/ | = =/ | N/
0 CH; L] CH 0

Figure2.2 Chemical structure of epoxy resin[32].

All epoxy resins have the same fundamental structure, consisting of an alpha
or aromatic polymer chain that has at least two epoxide rings, one at each
end. Epoxy groups are glycidyl groups, which are cyclic ethers[33].The
Diglycidyl ether of bisphenol A (DGEBA) is shown schematically in figure
2.3 [12] to highlight its "idealized" structure.



Chapter Two Theoretical Part and Literature Review

o) CH 0
/ \ | / N\
H,C—CH—CH,—0 (|: O—CH,—HC—CH,

CH,

Figure2.3 Schematic of epoxy resin, DGEBA [33].

Some of the aspects in which epoxy is different from other polymers are as

follows:

e good mechanical characteristics,

e resistance to chemicals, moisture, and corrosion,
e Thermally efficient,

e Superior adhesion,

o excellent dielectric resistance;

o little shrinkage after curing,

e |ts low viscoelasticity,

e excellent dimensional stability,

¢ high degree of machinability[34].
2.2.2 Structure of Networks

If molecules are to cross-link in three dimensions (3D), their functionality
(F), or the number of reactive moieties per mole of reactant, must be greater
than two. An intermediate or final product molecule with a functionality of 2
is always produced when two 2-functionality precursor molecules react. A
linear structure is produced by the reaction, as shown in figure2.4. When
molecules with more than two functionalities react, however, they form

branches, which eventually form a network structure[35].
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Figure2.4 Schematic representation of linear polymerization and network formation

for molecules with functionality of >2[35].

The structure and characteristics of the cured resin are very sensitive to the
resin-to-hardener ratio. In a similar manner, the material's performance is
impacted by the curing agent and resin used. Thus, epoxy materials may be
characterized as highly versatile thermosets. The level of cure may be
quantified by measuring the degree of cross-linking. At high levels of cross-
linking, the most desirable features are realized. The final cross-link density
obtained is heavily dependent on the curing temperature. The chemical
resistance of the cured matrix improves as a consequence of heating, which
enhances molecular mobility and cross-link density. Figure 2.5 is a

schematic showing how the network is formed[21].
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Figure2.5. Building up of networks of resin and hardener [21].
2.2.3 Epoxy Resin Curing

There is a sequence of cross-linking reactions that may transform epoxy
resins from their flexible thermoplastic state into brittle, hard thermoset
solids[36]. Cross-linkers are used to cure epoxy resins, which transforms
them into a solid, infusible, and insoluble three-dimensional thermoset
network. Using the correct cross-linkers, also known as hardeners or curing
agents, in combination with the suitable epoxy resins yields the best possible
performance attributes. The skills of the field process, the pot life, the cure
environmental, and the desired physical features all play a role in deciding
which curing agent is best. Curing agents not only impact the formulation's
viscosity and reactivity but also the kinds of chemical attractions created and
the level in terms of the cross-linking that will go place. As a result, these
factors influence the cured thermosets' resistance to chemicals, electricity,

mechanical stress, and temperature.
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The epoxy and hydroxy functional groups in epoxy resins are responsible for
the material's chemical reactivity. When epoxy groups react, the oxirane ring
opens up and linear C-O bonds are formed. This property is responsible for
epoxies' excellent dimensional stability after curing and their minimal
shrinkage. Heat is necessary for a successful cure and the elimination of
volatiles when polycondensation cures through hydroxyl groups, which
typically results in the creation of volatile by products like water or
alcohol[37].

2.2.3.1 Curing agents

Catalytic or coreactive compounds are used as curing agents. In contrast to
the coreactive curing agent, which serves as a comonomer during the
polymerization process, the catalytic curing agent operates as an initiator for
epoxy resin homopolymerization or as an accelerator for other curing agents.
The primary and secondary amines, phenols, thiols, and carboxylic acids are
the most significant classes of coreactive curing agents (and their anhydride
derivatives) are those with active hydrogen atoms. Catalytic cures are
triggered by Lewis acids like boron trihalides and Lewis bases like tertiary
amines[37]. In epoxy technology, curatives are most frequently called curing
agents. Specific types of curing agents are frequently referred to as hardener,
activator, or catalyst[36]. Differential scanning calorimetry (DSC) is often
used to evaluate the epoxy resin-hardener system's reactivity by determining
the amount of heat produced, the presence of unaltered morphology, and the
T, attained after curing. The curing kinetics may be studied using DSC,
allowing as a method for determining when something will be fully cured,
and that consists of crucial relevance in the technological context. IR

spectroscopy gives direct information about how the reaction is happening
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and adds to the data collected by DSC by keeping track of the removal of

epoxy groups as the cure progresses[21].
2.4 Applications of Epoxy Resin

Epoxy resins are multipurpose construction materials and coating agents due
to their excellent qualities, which include resistance to humidity and
chemicals, good adherence to different substrates, and outstanding

mechanical features.

Epoxy resins may be used in three major areas:
* Coatings

 Adhesives

« Construction and structural materials [38]
2.4.1 Coatings

Easy processing, high safety, great solvent and chemical resistance,
toughness, minimal shrinkage on cure, mechanical and corrosion resistance,
and excellent adherence to various surfaces are just some of the reasons why
epoxy resins are so often employed as heavy-duty anticorrosion
coatings[39]. In order to avoid corrosion, particularly when storing acidic
foods like tomatoes, metal cans and containers are often coated with epoxy
resin. Epoxy resins are utilized for a variety of good-performance and
aesthetic flooring fields, including terrazzo, chip, and colored

aggregate[40,41].

12
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2.4.2 Adhesives

Epoxy adhesive has several technological applications. In a wide variety of
situations, epoxy adhesives may be tailored to establish a strong bond on a
variety of substrates. Adhesives may have their qualities modified to suit
specific needs by using a wide variety of nanoparticles, each of which has its
own set of characteristics. However, it is important to look into the kind of
nanoparticles used, the form of the nanoparticles, and the functioning of the

nanoparticles when working with nano-reinforced epoxy adhesives [42].

Epoxy resin-based adhesives are capable of forming a strong connection
between two materials, regardless of whether those materials are the same or
different, and can adhere to metals, glass, ceramics, wood, fibers, and many
kinds of plastics[38]. The category of adhesives known as "structural
adhesives" includes epoxy adhesives rather frequently among its elements.
These good-performance adhesives are utilized in the manufacturing of a
wide variety of products, including airplanes, vehicles, bicycles, boats, golf
clubs, skis, snowboards, and other sports equipment, as well as other
applications that call for high-strength bonding. When adhesives are going to
be used in cryogenic engineering, it's important to make sure they have the
best shear strength at both cryogenic and normal temperatures[43,44]. In
order to achieve maximum durability, commercial epoxy adhesives include
phase-separated thermoplastics, rubber particles, or hard inorganic particles
within the matrix[45]. Adhesives are often cured at high temperatures to
initiate chemical attraction at the surface/adhesive contact and enhance their
strength[46,47].

13
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One major drawback of adhesives as a connecting method is their
susceptibility to moisture and water vapor. Their glass transition temperature
(Ty) and chemical degradation also restrict their service temperature ranges,
making them less versatile than metal fasteners. Since all adhesives include
polar groups, water's significant polar component of surface free energy
explains why it is particularly destructive to chemical bonding. Damage to
joints caused by dampness is a two-step process. Both adhesive water

absorption and adhesive water adsorption occur at the contact[48].
2.4.3 Construction and Structural Materials

The use of epoxy resins in construction may be broken down into two
categories: the first of which combines epoxy resins with other materials to
make construction components. The other uses epoxy resins in electrical and
electronic engineering. Epoxy resins are widely used in composites, where
they serve as matrix materials. When many qualities are required but only

one material can provide them, composites are the best option[38].
2.5 Polymer Blend

Blending two or more polymers together results in a new material with novel
physical characteristics known as a polymer blend[49]. There are four
primary categories of polymer blends that have been the subject of
substantial research: thermoplastic-thermoplastic blends; thermoplastic-
rubber blends; thermoplastic-thermosetting blends; and rubber-thermosetting
blends. There has been a lot of interest in polymer blending because it can be
used to quickly and cost-effectively create polymeric materials with a wide
range of potential commercial uses. That is to say, the blends' characteristics

may be adjusted to suit their intended use by carefully choosing the
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polymers that go into the mixture[50]. As a result of the intense competition
in today's markets, manufacturers of plastics are being forced to develop
new, more cost-effective materials that provide improved property
combinations in order to serve as a suitable substitute for conventional
metals and polymers. Although the raw ingredients for plastic are more
expensive in terms of weight, than the raw materials for metals, the cost of
the finished product made from plastic is less expensive. In addition to this,
polymers are resistant to corrosion, have a low weight combined with a high
level of toughness (which is important for achieving a high level of fuel
economy in automobiles and aerospace applications), and are utilized in the
production of a wide variety of products. Some of these products are
biomedical devices, plastic items for the home, parts for the inside and

outside of cars, and aerospace applications[50,51].

Creating a brand novel polymer and getting it ready for commercial use
might take a long time and a hefty investment. It is feasible to shorten the
period till commercialization to as little as two or three years by using a
polymer mixing process, which is also highly cost-effective to run[51]. The
creation of polymer blends accounted for fifty percent of all plastics
manufactured in 2010, marking a significant step toward the elimination of
conventional polymers. The polymer industry is becoming increasingly
sophisticated in today's modern times, as ultra-high-performance injection
molding equipment and extruders are now available on the market. These
machines and extruders make it possible to effectively detect or manipulate
phase-separations and changes in viscosity during the processing
stages[50,52].
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The process of combining two or more polymers into a single material has
emerged as one of the most effective methods for enhancing the cost-to-
performance ratio of plastics used in commercial applications. For instance,
blending may be used to increase impact resistance, lower the cost of a
costly engineering thermoplastic, or improve the processability of a high-
temperature or heat-sensitive thermoplastic. Blending can also be used to
decrease the cost of an expensive engineering thermoplastic. Blends
produced in commercial environments could be phase-separated,

homogenous, or a combination of the two[53].
2.6 Unmodified Epoxy Fracture Behavior

The epoxies, in their unaltered forms, break easily and brittlely, tensile stress
iIs the most prevalent and causes fracture, and the issues of stress
concentration noticeable flaws (cracks) appear. Traditionally, linear elastic
fracture mechanics(LEFM) has been used to investigate the fracturing
behavior of these epoxies [54], This is due to the fact that these materials are
very brittle and only undergo localized plastic deformation when broken.
Thus, the strength of epoxies is often quantified by calculating the critical
strain-energy release rate, fracture energy (the amount of energy per unit
area required to initiate a crack), or critical stress intensity factor (Kc).

When doing so, make sure the plane strain situation is minimal[55].
2.7 Epoxy Resin Toughening

Epoxy's major flaw is that its strongly cross-linked network makes it very
brittle[56]. In addition, the inherent brittleness of epoxy resins prevents their
use in a number of cutting-edge applications that need for great toughness,

such as adhesives and fiber-reinforced polymers used in aerospace
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applications. This severely restricts the applications in which epoxy resins
may be used[57]. Because of all of these considerations, the highly cross-
linked microstructure of the epoxy renders it very brittle, and as a result, the
epoxy has poor resistance to the initiation and propagation of cracks[58-60].
Epoxy has a fracture energy that is, respectively, two and three orders of
magnitude lower than that of engineered thermoplastics and metals. This
suggests that epoxy has to be made tougher in order to have a larger range of
applications. The fracture toughness of epoxy was the focus of significant
research and development over the last several years[60]. There are many
ways to make epoxy polymers tougher, such as through plasticization, the
formation of an inter-penetrating network (IPN), and the addition of a
second, well-dispersed minority phase made up of either soft rubbery

particles or hard inorganic particles[10].

The addition of a second phase made up of materials including
thermoplastics, block copolymers, and stiff or soft particles is a common
technique employed for this purpose[58,61,62]. If inorganic or organic
particles are employed, the resulting epoxy polymer is called "particulate-
filled epoxy," whereas if soft rubbery particles are utilized, the glass
transition temperature (Ty) is substantially lower than that under service
circumstances. The process of adding a rubbery second phase is commonly

referred to as the "rubber-toughening™ method[58,60].
2.8 Techniques for Producing a Tough Epoxy Polymer
2.8.1 Block copolymer (BCP)

A novel method that uses amphiphilic di- and tri-block copolymers (BCP) as

a toughening agent has significantly improved epoxy fracture toughness.
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The BCP may be thought of as a micellar structure, formed when the
compatible block dissolves into the matrix and the incompatible block
microphase separates from it during mixing. Because BCP's micelle particles
are so small and it only takes a small amount, BCP-toughened epoxies keep
their matrix Ty and modulus while still having low viscosities that make
them easy to work with[63,64]

2.8.2 Polyol

Compounds with more than two hydroxyl groups are known as polyols or
polyhydric alcohols. Polyols allow the network chain's backbone to be
flexible[65]. Polyether polyol and polyester polyol are the two most
common types of polyols [66]. Polyether polyols account for more than 90%
of all industrial polyol usage; polyester polyols for 9%; and other speciality

polyols for less than 1%[65].

As can be seen in figure 2.6, polyether polyols are produced by reacting
epoxides  (oxiranes)  with  active  hydrogen-containing  starting

compounds[67].
R’ R'

H,
R—OH + n H)C—CH —*> R—OAQC —(}3[—0 H
n

alcohols epoxide polyether polyols.

Figure 2.6: Synthesis of polyether polyol [67].
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where R and R'! were additional portions of the structure for alcohols and
epoxides. As can be seen in figure 2.7[67], polyester polyols are synthesized
by the polycondensation of various carboxylic acids and hydroxyl

molecules.

O O

(n+1) R(OH);, + nR-(COOH), —= HO ROC—R—C——0 H + nH)O
n
glycol dibasic acid polyester polyol

Figure2.7: Synthesis of polyester polyol[67].

For both glycol and dibasic acid, R and R' indicated for their respective

complement structures.
2.8.3 Toughening of liquid rubber

Rubber phase insertion into the brittle epoxy matrix, either by reactive liquid
rubber or rubber particles, is one of the effective approaches to toughening
epoxy resins (EPs)[68]. Epoxy resins that have undergone rubbery
modification have been shown to be the most effective strategy. In order to
accomplish this goal, either functionally terminated liquid rubber or
prefabricated rubber particles are used. To toughen the thermoset matrix,
low molecular weight liquid rubbers are preferable because they prevent an
excessive rise in viscosity and, as a result, boost the system's capacity to be
processed easily and quickly. The amount of molecules that make up one
gram of rubber grows throughout the cure polymerization process, and the
phase separation of the rubber results in the production of a two-phase
morphology. It has been shown that this is because the randomness of how
the rubber is set up has become less. It is generally known at this point that

rubber domains toughen the epoxy matrix to achieve good mechanical and
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electrical characteristics by acting as stress concentrators. Epoxy resins may
be modified with synthetic rubbers that have reactive functionalities like
methyl, hydroxyl, carboxyl, anhydride, amine, or thiol groups. Carbon fiber
reinforced epoxy matrix composite has been improved by Barcia et al. by
using hydroxyl-terminated polybutadiene (HTPB). Epoxy resin matrices'
mechanical characteristics have been tuned by adding hydroxyl-terminated,
internally  epoxidized polybutadiene. Another intriguing research
demonstrates that epoxidized polybutadiene rubber has been discovered to
be a useful modifier for epoxy systems. As an efficient toughening agent for
epoxy matrix, carboxyl-terminated polybutadiene (CTPB) has also been
examined. Carboxyl-terminated acrylonitrile-butadiene copolymer (CTBN)

Is a popular liquid rubber used to modify epoxy resin[69].

Functional groups in liquid rubber react with epoxy or hardener to
significantly improve interfacial adhesion[70]. The epoxy resin toughening
agent carboxyl-terminated butadiene acrylonitrile liquid rubber (CTBN) has
seen extensive application[71,72]. Thomas et al.[73], looked into the effects
of CTBN loadings on the mechanical and thermal properties of cured epoxy
blends. They found that cured epoxy blends with 15 wt.% of CTBN and an
average domain size of 0.5-1.0 um had the best balance of properties, and
the addition of CTBN lowered the glass transition temperature (T,) of the

epoxy matrix[74].

2.8.4 Chemically-Induced Toughening (Network Polymer
Interpenetrating) (IPN)

An alternative approach to toughening the brittle epoxy polymers is the use

of an interpenetrating polymer network (IPN), as shown in figure 2.8.
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Interpenetrating polymer networks are a subtype of networks that are formed
when two different types of polymers unite to create a single network[55]. In
order to generate IPNs, the second polymer must be combined with epoxy. It
doesn't matter whether these IPNs are generated simultaneously or
sequentially by separate processes; what matters is that they properly bind
with one another in order to improve the mechanical characteristics. This is
due to the fact that remaining entangled in chains leads to a rise in bond
formation. Thermosets like unsaturated polyesters have been mentioned by
several of the researchers[55,75],cyanate esters and elastomers like

polyurethane are used in the production of IPNSs.

Figure 2.8: Interpenetrating Polymer Network (IPN)[55].

Fracture toughness levels have increased after the chemical modification.
This technique lowers the glass transition temperature and other mechanical
properties like tensile modulus and tensile strength. Because of this, they are

not used very often[55].

2.8.5 The incorporation of thermoplastics into the structure

Toughening modifiers for thermosetting polymers, and epoxies in particular,

can benefit from the use of thermoplastics because they do not appreciably
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lower the glass transition of the cured network. Polysulfone (PSF)-modified
epoxies are among the most extensively investigated thermoplastics due to
the extensive research done on their mechanical characteristics, fracture
performance, phase separation, and morphology. When Hedrick et al.
toughened epoxies using phenolic hydroxyl and amine-terminated PSF
oligomers, they saw a 100% improvement in fracture toughness without a

corresponding decrease in thermal characteristics[76].
2.9 Nanocomposite

Composite materials containing at least one component with a nanoscale
dimension are considered nanocomposites[34]. One nanometer equals 10° m
[77]. The matrix, which can be made of metal, ceramic, or polymer, for
example, is often the main ingredient that gives the composite its
durability[78]. Because of their superior properties compared to those of
conventional and microcomposites, these composites were developed.
Nanocomposites have two or more phases that are separated by an interface
and have different chemical and physical characteristics. as seen in a

simplified form in figure 2.9[79].
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Figure2.9: The phases of a composite[78].
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Nanocomposites may be incorporated into intricate aircraft geometry while
also lowering production waste. Lightweight and low-maintenance fuselages
and structures may be created with this. It was thought that the
nanocomposite system would be a good candidate for use as a tribological
material in spacecraft. Due to high phase temperatures, aerospace structures
need to be made from strong and stiff materials that can keep their
mechanical qualities[80]. There are several benefits to using polymer
composites, particularly epoxy composites, over metals. They are less likely
to corrode, have a higher ratio of strength to weight, can be put together with
fewer parts, use less fuel because they are lighter, and are easier to fix,

maintain, and service, among other things[56].
2.10 Nano Fillers

The typical particle size of nanofillers is between 1 and 100 nanometers.
Reduced filler dimensions result in a larger surface area (per volume of
filler) accessible for interaction with the matrix, leading to significant gains
in reinforcing efficiency. At this point, it is well known that adding a
nanofiller to a polymer matrix can make the matrix much stronger
mechanically[81]. Dimensional categorization of nanostructured materials is
an effort to classify these materials more thoroughly[82]. Depending on their
macroscopic dimensions, nanostructure materials fall into one of four broad
categories: zero-dimensional (i.e. nanoparticles), one-dimensional (i.e.
nanorods or nanotubes), two-dimensional (typically realized as thin films or
layers of thin films) [83], or three-dimensional (largely powders, fibrous,

multilayer, and polycrystalline materials) as shown in figure2.10[78,82]
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Figure 2.10: Classification of materials according to the dimensionality of the
nanostructures [82]

Epoxy has limited impact strength and low wear resistance, limiting its use
in tribological applications. Thus, epoxy is reinforced with appropriate
reinforcement particles to improve its tribological features. Wear and
mechanical qualities are enhanced by the use of hard oxides and carbides
such as silicon oxide, alumina, and tungsten carbide. One of the best ways to
spread out nano-particles is to use sonication. This makes sure that the
reinforcement is distributed evenly. Void content in a WC/Epoxy
nanocomposite sample decreases with increasing reinforcement weight
percent, reaching a minimum at 2 wt% due to homogeneous WC particle
dispersion, leading to improved erosion wear resistance and hardness in
epoxy with 2 wt% WC compared to 1 wt% and 3 wt% WC][84]. The use of
nanofillers with a small volume, between 1% and 5%, may increase the
characteristics of composite materials that are equivalent to those of

traditional microfillers with a volume ranging from 15% to 40%[85].
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2.11 The Dispersion of Filler

Homogeneous dispersion of nanofillers in the base polymers lead to a large
volume fraction between atoms which cause strong interfacial interaction
between nanofillers and polymer matrices. As a result, the nanocomposite
with a large number of interfaces provide enhanced performance to the
polymers. Because hydrophilic nanoparticles and hydrophobic polymer
matrices don't get along very well with the extremely energetic surface of
nanofillers, nanoparticles tend to agglomerate, resulting in suboptimal
interfacial interactions[86,87]. One crucial component affecting nanofilling
dispersion is the filler's geometry[88]. Even if nanoparticles are successfully
dispersed into a base polymer, poor particle distribution within the polymer
will prevent the material from achieving its full potential. Nanofillers may
be dispersed to control whether or not the particles are clumped together, or
disseminated to ensure that the nanoparticles are evenly dispersed
throughout the polymer matrix. In figure 2.11, see how nanoparticles are
dispersed and distributed[87,89].
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Figure 2.11:Explain the nanoparticles' dispersion and distribution state:(a) Badly
dispersed, but evenly distributed. (b) Uneven distribution and poor dispersal. (c)
Excellent dispersion but weak distribution (d) Optimal distribution and
dispersal[87,90].

2.12 Tungsten Carbide ( WC) Particles

Carbides are abrasives that come in powder form and are known for their
extreme hardness, which makes them ideal for use as refractory materials.
They are distinct crystalline configurations that may be assumed by
compounds that include carbon and a metal or a semimetal element[91]. For
its exceptional hardness, wear resistance, and thermal shock resistance,
among other characteristics, tungsten carbide (WC) is a ceramic material of
significant industrial interest. Because of these features, it is often used in

the production of abrasives and other types of cutting tools [92].

Carburization of tungsten metal, which is produced by hydrogen reduction
of tungsten oxide, is the first step in the production of tungsten carbide. Ball

milling is used to combine tungsten powder with carbon black with the
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desired particle size and dispersion. Particle size and dispersion may be
managed by the use of carbon black. Carburization takes place at
temperatures between 1,400 and 2,650 °C in the presence of hydrogen.
When carbon black and hydrogen combine, they make gaseous
hydrocarbons. When these gaseous hydrocarbons combine with tungsten,

they make tungsten carbide:

W + CHy — WC + 2H,.

After being carburized, WC particles are typically milled to break them up
into smaller pieces. It's possible for the final particle size to be anything
from 0.5 um to 30 um[93]. The colloid chemical procedures involving
tungsten and carbon compounds are the most appealing of the existing ways
for fabricating high purity WC nanopowders with defined size parameters.
The obvious benefits of this method lie in its potential to mix the
components at the molecular level, in its ability to manage the dispersions of
precursor and product particles, in its ability to reduce the temperature to
1000-1100 °C, and in its ability to shorten the period of the synthesis[92].

2. 13 Polymer Nanocomposites

Polymers are the best choice for making nanocomposites because they have
properties that work well together, like elasticity, viscosity, and plasticity,
that inorganic nanocrystals don't have[58]. These composites typically
consist of a nanofiller (nanofibers, nanowhiskers, nanoplatelets, or
nanoparticles) spread inside a polymeric matrix. The first industrially made

nanocomposites were polymer nanoclay materials[93,94]. A polymer
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nanostructure composite is a multiphase hybrid solid substance that
incorporates one of the components as nanoscale fillers that possess least
one dimension that is less than 100 nm dispersed inside a polymer
matrix[95,96]. The addition of nanoparticles distributed in a polymer matrix
has been shown to significantly improve mechanical, thermal, optical, and
physicochemical characteristics compared to either the pure polymer or
traditional composites (microscopic) with extremely low filler loading,
generally 5 wt% or lower[95]. Matrix materials for composites are usually
thermosets, but there has been a lot of interest in thermoplastic composites
as well as carbon, ceramic, and metallic composites for high-temperature
and other difficult applications[53]. Epoxy is the most commonly used
thermoset in composite applications. Epoxy resins have a low cost and are
simple to work with, but they are brittle and absorb a lot of moisture, which
may weaken the bond between the filler and the matrix. The mechanical
properties of composites are greatly influenced by the size, type,
concentration, and dispersion of filler, as well as the degree to which the
filler and matrices (also known as the continuous phase) adhere to one
another at the interface, and the characteristics of the matrix itself[53].
Nanocomposite properties depend on the aspect ratio, the structure of the
nanocomposite, and the affinity of the nanoreinforcement with the polymer
matrix[97]. In composites, the resin matrix plays a significant role. To
improve toughness while keeping other high-performance qualities,

alterations to epoxy resin matrices are the most common approach[98].

In recent years, epoxy nanocomposites have garnered a great deal of
attention as a result of the special physicochemical features they exhibit as a

result of combining the nanoparticles with the epoxy. Aerospace structures
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must also meet design criteria for their mechanical properties, such as being
light, strong, tough, durable, resistant to wear and tear, able to withstand

Impacts, and not getting scratched[85,99].
2. 14 Methods for Preparing Polymer Nanocomposites

Cost, productivity, and end-product effectiveness must all be considered
when settling on the optimal procedure for a certain polymer/nanoparticle
combination. Most of the time, these are the ways that nanoparticles are
spread out evenly in a polymer matrix like ultrasonic , high Shear Mixing,

Solvent and combined approache [100] :
2.14.1 Ultrasonic (Sonication Method)

This technique employs ultrasonic equipment to uniformly distribute nano-
fillers across a polymer matrix. Here, ultrasonic tools convey considerable
Impact energy while generating only a little shear in the ultrasonic space.
The use of a sonicator has the potential benefit of causing nanoparticles that
had clumped together to begin dispersing again. Greater specific surface area
is the root cause of the propensity for agglomeration. As a result, excellent
dispersion is challenging to achieve with single-walled carbon nanotubes
(SWCNT). The studies have shown that mechanical agitation, followed by
sonication, is an effective way to effectively disseminate nano-fillers inside a
polymer matrix. A. Chatterjee and M.S. Islam, respectively[79,101], have
manufactured and described TiO,/epoxy nanocomposites. Everything they
set out to do, they did successful the dispersal of nano-TiO, filler into a
polymer matrix by using a Vibracell ultrasonic processor. Figure. 2.12

shows the Vibracell ultrasonic processor [79].
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Figure 2.12: A vibracell ultrasonic processor[101]
2.15 Literature Review

Maider Larran™aga et al., (2007) advised the epoxy-based blends with
varying PEO/PPO molar ratios. Poly(ethylene oxide)-co-poly(ethylene
oxide)-co-poly(ethylene oxide) (PEO-PPO-PEQO) block copolymers were
used. The mechanical characteristics of blends may be studied in relation to
the morphologies formed and the interactions between components. The
observed rise in flexural modulus may be connected to the reduction in free
volume, as shown by mechanical, morphological, and dynamic mechanical
investigations. The flexural modulus, strength, and fracture toughness may
all improve in altered systems that are still miscible. Both macrophase and
microphase-separated systems with low concentrations of block copolymers
had an increase in fracture toughness, but not in flexural modulus or
strength[102].

Arundhati et al., (2010) looked into how to make epoxy resin (DGEBA)
stronger by mixing it with polysulfide and an aromatic anhydride hardener.

30



Chapter Two Theoretical Part and Literature Review

The addition percentages were 10, 20, 30, 40, and 50 phr. A study of the
cured system's morphology showed that there was a two-phase zone where
particles of liquid rubber were spread out into an epoxy matrix. When about
20 phr of elastomer was mixed in, the properties of the material got tougher.
When the amount of elastomer was increased, even more, the phase
changed. With a higher polysulfide concentration, mechanical properties as
tensile, hardness, and flexural strength went down, but impact strength went
up[103].

Wenying Zhou and Jiangtao Cai (2011) used hydroxyl-terminated
polybutadiene (HTPB) liquid rubber and 2,4,6-tri (dimethylaminomethyl)
phenol as a catalyst and methyl hexahydrophthalic anhydride as a curing
agent to modify epoxy resin with a content of 5 to 30 phr. Fourier transform
infrared (FTIR) was used to watch the reactions between HTPB and epoxy.
The mechanical and dielectric properties of HTPB-modified epoxies were
measured, and scanning electron microscopy(SEM) was employed to look at
their shape . The FTIR analysis showed that the two parts were involved in a
chemical reaction. The mechanical tests showed that the HTPB-modified
epoxy had better impact strength than the pure epoxy. As the HTPB content
went up to 10 phr, the best mechanical performances in terms of tensile and

flexural properties were reached compared to the unmodified epoxy[104].

Muhammad M. Rahman et al., (2012). looked at the way a multifunction
reactive diluent as well as toughener, an epoxy-terminated polyether polyol,
and amino-functionalized multi-walled carbon nanotubes (NH,-MWCNTS)
affected the thermo-mechanical behavior of three-phase (epoxy/polyol/NH2-
MWCNTS) toughened epoxy composites. But adding a very small amount of

NH,-MWCNTSs (0.3wt.%) to the polyol-toughened epoxy greatly increased

31



Chapter Two Theoretical Part and Literature Review

the composites' glass transition temperature, storage and loss moduli,
damping properties, and coefficient of thermal expansion (CTE). When the
polyol (ten phr) was mixed in with the resin. a system, it made the system
more flexible, but it also made the thermo-mechanical properties worse. But
adding 0.3 wt.% of NH,-MWCNTSs to polyol-toughened epoxy composites
made the features better than in neat and polyol-toughened epoxy
composites. This was because the crosslinks between the NH,-MWCNTS,

epoxy-terminated polyol, and epoxy resin were better[105].

Wunpen Chonkaew et al., (2013)looked into how hybrid composites with
rubber-like properties could be made from an epoxy that had been changed
with either 2.5 phr or 15 phr of carboxyl-terminated poly(butadiene-co-
acrylonitrile) (CTBN). From 0 to 5 phr of organo-montmorillonite clay was
added. The morphology, including the shape of worn surfaces, was looked
at; a dynamic mechanical analysis was done; and the resistance to impact
was measured. Under dry sliding conditions, a pin-on-disc tribometer was
used to measure the dynamic friction and wear. The smaller CTBN droplets
in the material containing 2.5 phr CTBN led to a larger storage modulus
compared to 15 phr CTBN. When compared to pure epoxy resin, all
composites demonstrated superior 1zod impact strength. While the addition
of clay had no effect on the hybrids' dynamic friction, the wear resistance
varied with clay concentration. At an applied stress of 5 N, EP/15-CTBN
hybrids exhibited significantly higher wear rates than EP/2.5-CTBN
nanocomposites. This may be due to the fact that EP/15-CTBN has a lower
glassy storage modulus than EP/2.5-CTBN, which may explain the observed
difference. To increase wear resistance at 5 N and 10 N typical loads, add

less than 5 phr clay. It was found that the best way to improve the
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mechanical and tribological properties of epoxy resin was to use 1 phr clay
in an EP/2.5-CTBN matrix[72].

Hendrik Lutzen et al., (2013) Incorporated of poly(caprolactone) (PCL) as
a polymeric diol into cycloaliphatic epoxy resin transformed the brittle
thermosetting polymer into a tough material dependent on the molecular
weight and percentage of PCL that was (060 wt.% ) in the polymer.
Transparent polymers with improved toughness (tensile strength at break
and elongation at break) were developed even at low PCL concentrations.
With only a little bit of PCL added to the epoxy matrix, the polymer
structure went from being a highly cross-linked hard epoxy network to one
with a little lower crosslinking density. The polymers' increased strength and
reduced brittleness, as well as their higher glass transition temperature and
swelling behavior, provided evidence for this. Given that stress cracking
may be substantially reduced and desirable thermal characteristics can be
produced, PCL is an attractive substance that can be put to a wide variety of
different uses[106].

Sajeev Martin George et al., (2014) An investigated epoxy based on
diglycidyl ether of bisphenol A (DGEBA) and 4,4'-diaminodiphenylmethane
(DDM) was used as a curing agent. when adding the epoxidation of styrene-
block-butadiene-block-styrene triblock copolymer (eSBS47)to the epoxy
matrix. The compositions included 10 and 20 weight percent of eSBS,
respectively. The epoxy matrix included coreshell nanodomains of eSBS, as
shown using transmission electron microscopy (TEM). The eSBS47-
enhanced epoxy system features a nanophase-separated structure, which was
verified by dynamic mechanical analysis (DMA). By adding eSBS47 to the
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epoxy system, the fracture toughness of the nanostructured thermosets was
increased. For example, the 20 wt% eSBS47-modified epoxy had a fracture
toughness of 1.74 MPa.Vm, which was much more than the unmixed epoxy

but didn't altered its thermal stability or shape stability much[107].

K.C. Jajam et al., (2014) looked at how adding a reactive polyol diluent
and amino-functionalized multi-walled carbon nano- tubes MWNTSs to
epoxy composites affected their fracture behavior. Epoxy, epoxy with
carbon nanotubes (0.3 wt. %), epoxy with polyol (10 phr), and a hybrid
epoxy with CNT(0.3 wt. ) and polyol(10 phr) were the four types of samples
developed . Overall, the changed systems had higher K,c values than the
pure epoxy did for quasi-static fracture initiation. Out of the four
formulations tested, the hybrid epoxy/CNT/polyol system had the greatest
Kic (70% improvement). Dynamic fracture experiments revealed that
epoxy/polyol and hybrid epoxy/CNT/polyol composites had the lowest crack
speeds compared to pure epoxy and epoxy/CNT. Composites made of epoxy
and polyol or a mixture of epoxy and carbon nanotubes and polyol took far
longer to break than pure epoxy and CNTs/epoxy. Compared to neat epoxy,
the dynamic crack initiation toughness indices for epoxy/CNT,
epoxy/polyol, and hybrid epoxy/CNT/polyol were 37%, 65%, and 92%
better, respectively[108].

J. Abenojar et al., (2015) concentrated their research on the study of the
surface damage caused by epoxy-based coatings applied to nanocomposites.
The epoxy resin that was utilized was a commercial resin, and the fillers that
were employed were boron and silicon carbides with a particle size of 60
and 100 nm, respectively. These fillers were used in two percentages (6 and
12 wt.%) (E6BC and E12BC, E6SC and E12SC) of the overall mixture. A
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pin on disk test was performed in order to get a better indication of how
much wear there had been. For the purpose of determining how efficient the
nanoparticles/epoxy composites are as a wear-resistant coating, cavitation
tests were carried out on aluminum specimens that had been coated with the
composites. Scanning Electron Microscopy was used in order to investigate
wear tracks as well as cavitation samples (SEM). The performance of
nanocomposites containing 6% fillers is superior to that of nanocomposites
containing 12% fillers. Between E6BC and EG6SC, the results have
demonstrated better properties in the E6BC, for its best anchoring with the
matrix[109].

Fuzhong Wang et al., (2016) looked into how adding carboxyl terminated
butadiene acrylonitrile (CTBN) to epoxy resins could improve the fracture
toughness. Then, graphene nanoplatelets (GnPs) with diameters of 1 um
(GnP/C750) and 5 pum (GnP/5) were added to the CTBN/epoxy to make
multi-phase composites. The amount of CTBN in the final composite was
kept the same at 10 wt.% and 1 wt.%, and 3 wt.%. GnPs were put into the
rubber-modified epoxy composite. By mixing 3 wt.% GnP/5 into 10
wt.%CTBN changed epoxy resins to make GnPs/CTBN/epoxy ternary
composites with improved fracture toughness and thermal conductivity and
stiffness corresponding to the value of the untreated resin. The high thermal
conductivity of GnPs and strong interfacial adhesion between GnPs and the
CTBN/epoxy matrix led to an increase in the composites' thermal
conductivity, and the addition of GnPs also increased the storage, flexural,
and Young's modulus of the rubber-modified epoxy. Based on the results of
the investigation, GnP/5 improved the material's characteristics of
CTBN/epoxy. There was a clear relationship between the improvement in

properties and the size of the particles. For example, GnP-5 was better at
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reinforcing than GnP/C750 because it had a more even distribution and a
bigger aspect ratio. Incorporating 3 wt.% GnP-5 and 10 wt.% CTBN into
the epoxy resin enabled the effective preparation of GnPs/CTBN/epoxy
ternary composites with significant toughness (108%) and thermal
conductivity (145%) increases while maintaining stiffness equivalent to the
neat resin. SEM analyses suggested that CTBN prevented GnP/5 from

detachment from the base matrix [110].

Nachiket G. Chanshettil and Anil S. Pol (2016) Examined the wear
resistance and hardness of epoxy composites that have been supplemented
with titanium dioxide (TiO,) and tungsten carbide (WC). There were three
distinct volume proportions of TiO, and WC put into the epoxy matrix: 5%,
and 10%. The specimens were made using the hand layup method, which
included pouring epoxy and a combination of reinforcements into wooden
molds. The tests were conducted in accordance with ASTM G99-95a and
ASTM D 2240 standards for wear and (shore-D) hardness, respectively.
Specimen wear resistance was evaluated using a pin-on-disk setup at
different loads and rotational speeds. It was shown that both types of
reinforcement in an epoxy matrix result in a decreased wear rate compared
to neat epoxy. When compared to unfilled epoxy and 5% TiO, filled epoxy,
as well as 10% TiO, filled epoxy, the wear rate of the 10% TiO, filled epoxy
Is reduced at all amounts of load. When it comes to WC filled epoxy
composites, both 5% and 10% of WC filled epoxy composites will provide
outcomes that are superior to unfilled epoxy resin in terms of decreased wear
rate[111].

Lina Dong et al., (2017) looked at the possibility of modifying epoxy (EP)
resin with carboxyl-terminated polybutadiene (CTPB) liquid rubber. The
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chemical interactions that took place between the oxirane ring of (EP) and
the carboxyl groups of CTPB while benzyldimethylamine served as a
catalyst were confirmed by Fourier transform infrared spectroscopy. There is
a possibility that the loss in thermal stability is attributable to the fact that
CTPB has poorer thermal stability when compared to neat EP. The
mechanical results revealed that CTPB-modified EP was better than pure
EP, and 20 phr of CTPB was usually enough to get the best overall
mechanical properties. Because the system has two phases, the impact
strength of the system with 20 phr CTPB increased by 193%. The fact that
CTPB-modified EP has better impact strength and elongation at break shows
that the modified EP will last longer than pure EP. It has been shown that 20
phr of CTPB provides the optimal balance of mechanical performance in
terms of tensile and flexural characteristics of EP. With increasing CTPB
content from 0 to 20 phr, the elongation at break of the sample changed from
2.56% to 8.86%. The system containing a 20 phr CTPB had a maximum
impact strength value of 21.1 J/m® which is about 193% higher than that of
neat EP[112].

Fahriadi Pakayal et al., (2017) Studied the mechanical characteristics and
thermal stability of thermoset epoxy as a function of room temperature
vulcanization (RTV) silicone rubber content (5%, 10%, 15%, and 20%
wt%). Thermoset epoxy with added RTV silicone rubber was subjected to
testing and characterisation. Not only that, but RTV silicone rubber now has
a lower tensile strength, elongation at break, and hardness. When 15% RTV
silicone rubber was added, the best values for energy and impact strength
were reached: 0.294 J and 6175 J/m?, respectively. Additionally, thermoset

epoxy's thermal stability may be enhanced by using RTV silicone rubber.
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The inclusion of wt% RTYV silicone rubber improves thermal stability. This

Is due to the presence of organosilane molecules in RTV silicone rubber[4]

Muzher T. Mohamed (2018) analyzed the effect of adding polysulfide
rubber (PSR) as a toughener to a brittle base epoxy polymer on the
toughness parameters of polymeric composites. Epoxy blended with 2, 4, 6,
8, and 10% PSR was tested, and a comparison to unmodifide epoxy
specimens was made. These data are evidence that PSR added to polymeric
resin improves epoxy's toughness. A similar series of experiments revealed
that a mixing ratio of 6% PSR caused a good jump in the amount of
composite strain at the loss of tensile strength and modulus of elasticity at
fracture. Adding PSR to epoxy reduced its ultimate strength but increased its
elongation and impact resistance. PSR mixed at 4% with epoxy yielded the

best mechanical performance[113].

Zeyu Sun et al., (2019) studied using polysulfone (PSF) to strengthen and
alter the epoxy. The samples were categorized as 5, 10, 15, and 20 phr based
on the varying PSF to epoxy resin weight ratios. Optical microscopy, Fourier
transform infrared spectroscopy, differential scanning calorimetry,
mechanical testing, and a scanning electron microscope(SEM) were used to
comprehensively examine the effects of PSF on the mechanical and thermal
characteristics of the epoxy resin. It was found via experimentation that PSF
is highly soluble in epoxy resin and has a high degree of compatibility with
the resin. Because they have a bicontinuous phase structure, PSF/epoxy resin
blends have better mechanical properties, such as higher impact strength and
fracture toughness. The K¢ of the blend that contains 15 phr PSF shows that
the material has reached its maximum fracture toughness. Increasing the PSF

concentration is favorable to improving the fracture toughness. When
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compared to unmixed epoxy resin, the PSF content of 15 phr yielded the
maximum impact strength, with a value of 38.2 J/m® This represented an

increase of 65.3% in comparison to the pure epoxy resin[114].

Ahmed J Farhan and Harith | Jaffer (2020) Prepared epoxy/RTV silicon
rubber (SR) and unsaturated polyester/RTV silicon rubber (SR) blends are
made by combining epoxy resins with SR and UPE resin with SR at weight
percentages of 3, 5, 7, 10, and 20 respectively. This study aims to determine
the mechanical characteristics of epoxy and unsaturated polyester as a
function of RTV silicone rubber content (3, 5, 7, 10, and 20) wt%. Some of
the mechanical parameters that were looked at were the impact strength,
Shore D hardness, Young modulus, and flexural strength. The impact
strength of the EP/SR and UPE/SR blends is maximized at 10%wt SR and
5%wt SR, respectively, according to the experimental data. In both EP/SR
and UPE/SR, the hardness value was partially reduced as the SR component
grew from 3% to 20%wt. As the SR component grew from 3% to 20%wt in
both EP/SR and UPE/SR, flexural strength quickly declined[115]

M. Kameswara Reddy et al., (2020) Investigated tribological
nanocomposites comprising an epoxy polymer and tungsten carbide (WC)
nanoparticles. The polymer nanocomposites were made using the hand lay-
up technique. The physical and wear characteristics of epoxy/WC
nanocomposites were investigated by subjecting them to a set of erosive
wear and hardness tests. Incorporating WC nanoparticles drastically lowered
the erosion process. Adding WC nanoparticles to epoxy nanocomposites
also made them harder. Nanocomposites with a 2% weight of WC
nanoparticles performed better than those with a 1% weight of WC

nanoparticles in terms of erosion wear characteristics and hardness. Due to

39



Chapter Two Theoretical Part and Literature Review

insufficient adhesive bonding between the matrix and the nanoparticles,
hardness performance was lowest when WC nanoparticles made up only 3

weight percent of the material [116]

V Gavrish and et al.,, (2021) looked into the mechanical behavior of
samples consisting of glass fiber Lavesan (ltaly) and a binder-EPR 320
epoxy resin treated with tungsten carbide (WC) nanopowder. The favorable
influence of nanopowder in terms of its tensile strength. The tensile of
strength of fiberglass polymers (GRP) is increased by more than a factor of
1.5 when nanopowder is included in epoxy resin at a concentration of 1%.
At a nanopowder level of 4% of the mass of epoxy resin, the strength of
GRP is increased by more than 2.5 times over the range of values examined.
This shows that these modifiers have a lot of potential to be used in the
aerospace industry to make it easier to make parts stronger and easier to
use[117].

2.16 Concluding Remark

This dissertation focuses on the mechanical properties and adhesion
properties of epoxy resin those that have been altered by the different types
of toughening agents. The wear properties for two systems of tungsten
carbide nanoparticles WC/epoxy and WC/triblock copolymer (at 3%

wt.)/epoxy were studied.

The aim of the research is to offer to a more complete understanding of
action toughening agents for epoxy and modified (tungsten carbide particle
reinforced) epoxy systems, will try to provide answers to the above raised
questions and enable the targeted use of toughening agents in epoxies, i.e.,

manufacture tough, impact, mechanical strength, and wear resistant epoxies
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by understanding the morphology of such versatile macromolecular species

in high-performance resin systems.

To improve the fracture toughness of brittle polymer matrices, many studies
used matrix toughening agents such as rubber, block copolymer, polyol, and
thermoplastic toughening agents as liquids or particles. The results of these
strategies were to make composites with two-phase modified matrices

stronger and more resistant to damage from impacts.

In other studies, epoxy matrix was reinforced with various carbides and
other nanoparticles to study the mechanical and tribological properties of

epoxy nanocomposite.

A few studies have focused on adding liquid rubber and RTV silicon rubber
to the modifier epoxy matrix. The epoxy/SIC/CTBN nanocomposite
revealed a much higher Tg and greater thermal stability as compared with
both pure epoxy and the epoxy/CTBN combination. Fewer studies have
focused on the mechanical properties of polyether polyol-epoxy blends

based on polyol content to study K,c and impact strength of the blend.

Other studies have used thermoplastic and block polymers to enhance the
brittleness of epoxy resins with studied mechanical , thermal, and phase-
separate morphologies. Another studies have focused on the effects of nano
reinforcement on epoxy resin, e.g.,tungsten carbide , boron carbide ,silicon
carbide, and studying different properties such as tensile ,fracture toughness,

impact , hardness, and wear properties.

In this study, use five mixtures (TBCP,PU polyol, LSR, PVC and PSR) with
epoxy to improve the toughness, and the best material that give stiffness and

Improved toughness at the same time was triblock copolymer at a mixing
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ratio of 3%wt. After that, tungsten carbide nanoparticles/epoxy
nanocomposite was prepared once with epoxy and once more for a mixture
of epoxy and triblock copolymer with a ratio of 3%wt. The mechanical
properties, wear and adhesion properties of the composite materials were

studied, and give good properties.
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3.1 Introduction

The present chapter covers all the most important details about the
methodology that was used in this study, starting with materials selection
and specification, preparation of samples, and the instruments of inspection.

The research plan that was carried out is shown in figure (3.1)

[ Research plan ]

[ Experimental part ]e

Epoxy
| Resin

Reinforcement by

TBCP .
v ¢ Tungsten carbide Nano
PVC % Biend with five particles (WC) (1%,2%
toughening agent 5. PU base ,3%) wt.%
PSR Kk at (3,6,9,12 ) wt. % - W
Liquid silicon Prepared nanocomposite
v rubber and pour in silicon rubber
Blend the mixture and pour mold to made testing
in silicon rubber mold to Select the samples
made testing samples best v
percentage Properties Inspection
v of blends [
Properties Inspection \ (TBCP/EP) 7 W
v | v (3% wt) Physical Mechanical
i ) Properties Properties
Physical Mechanical \Z v
Properties i
p Properties Tensile
v v DSC
; Fracture
FTIR Tensile , Impact, Hardness, FESEM
Fracture toughness, Pull off toughness
DSC
Impact
SEM Pull off
Figure 3.1: Flow Chart of experimental work Wear test
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3.2 Materials
3.2.1 Epoxy Resin

Epoxy Sikadur 52 (TR Produced) was purchased from the company's agent
in Sikadur, Hilla, Irag. Sikadure 52 with the properties maintained in table
3.1

Table 3.1: Epoxy sikadur 52 properties[118].

Property Data
Form Liquid
Chemical Base two-part epoxy resin.

Part A: bisphenol F-(epichlorohydrin)

Part B: ((izoforon diamine), (1-methylethyl)-
1,1'-biphenyl))(hardner)

Part A: Transparent
Color Part B: Brownish

Part A+B mixed: Yellowish-brownish

density 1.1 kg/l (at +20°C)
Compression strength 52 N/mm?
Flexural Strength 61 N/mm°
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3.2.2 Toughnening Agents

3.2.2.1 Triblock copolymer (TBCP)

The softer segment of a polyethylene glycol-block-polypropylene glycol-
block-polyethylene glycol structure, also known as EO-PPO-EO, was used
in this study as a toughening agent. It had a number average molecular
weight (Mn) of 2000 g/mol and a functionality of 2.0[119] (See figure 3.2).

Dow Chemicals was the company that supplied the material.

CH3
OH < o v 5 H

Figure 3.2: EO-PPO-EO Structural style[120,121].
3.2.2.2 Quickmast 120 PU Polyol

Another toughening agent (polyol) that is used in the preparation of the
samples is the Quickmast 120 type (PU base resin), which is supplied by the
company agent DCP, Hilla, Iraq. Manufactured by DCP Saudi Co. The
properties of 120 Quickmast polyol base liquid are as follows: yellowish

green, relative density (1.1-1.2 at 25 °C), insoluble, and stable.
3.2.2.3 Liquid Silicon Rubber (LSR)

silicone rubber is a kind of liquid silicone elastomer. Liquid silicone, which
curing at room temperature with good self-leveling ability, was purchased
from HONG YE JIE, China, has Shore A hardness can be modulated from
18 to 65. Elongation at break can range from 150% up to 700%[122].
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3.2.2.4 Liquid Polyvinyl Chloride Adhesive (PVC)

The type of polymer used in the work is a commercial PVC adhesive
type(local material). It is in a fluid form as an adhesive. It contains
tetrahyrofuron 109-99-9, methyl ethyl ketone 78-93-3, and cyclohexanone
108-94-1.

3.2.2.5 Polysulphide Polymer

The polysulphide polymer is a two-part adhesive, the base, and the hardener.
The base that was used in this study (Flexseal PS660 — base ) was purchased
from the company agent DCP, Hilla, Iraq. Manufactured by DCP Saudi Co.
It is a viscous liquid with, off-white color. Its relative density at 25 °C is

1.50 and it has insoluble water solubility.
3.2.3 Tungsten Carbide (WC) Nanoparticle

Tungsten Carbide nanoparticles were purchased from US Research
Nanomaterials, Inc., Houston, TX USA with the properties maintained in a
table (3.2). See figure 3.3 illustrated SEM image of pure carbide tungsten

nanoparticles standard and sample test.
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Table 3.2: Properties of Tungsten Carbide nanoparticle

Properties Value

Form Nano particle (Hexagonal)
Density 15.63 g/cm’

Color Grey Black

Nanoparticle grain size 55 nm

Nanoparticle APS 150 — 200 nm

Purity 99.9 %

Amirkabir University

Figure 3.3 : SEM image of pure carbide tungsten nanoparticles a)standard from
company b) sample test .
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3.3 Samples Preparation

3.3.1 Unmodified Epoxy (neat epoxy EP)

Epoxy resin/harder was mixed (with a ratio of 2:1) for 10 minutes using a
mechanical stirrer, and the mixture was put in the degassing system under
vacuum at room temperature for 10-15 minutes to eliminate bubbles. After
that, the materials were put into the mold made of silicon, which was
previously prepared, and left for 24 hours at room temperature to obtain
unmodified epoxy samples. Figure (3.4) shows the procedures used to

prepare unmodified epoxy samples.

hardener ‘
- ‘

Mixed for 10 minute
by mechanical

sti Ier

Vacuum from 10 - 15

Epoxy resin

min at room
temperature
Poured in
silicon mold
—

Figure 3.4: The procedure of preparing unmodified epoxy samples
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3.3.2 Epoxy Blends
3.3.2.1 Preparation of Samples Using Matrix Toughening Agents

e Group A: Epoxy with TBCP blend.

e Group B: Epoxy with 120 quick maste ( PU base ) blend.

e Group C: Epoxy with liquid PVC adhesive blend.

e Group D: epoxy with liquid silicon rubber blend.

e Group E: epoxy with polysulfide polymer blend.
Blends were prepared using different ratios of toughening agents (five
groups A-E ), 3%, 6%, 9%, and 12% wt, as shown in table (3.3). The
toughening agent added to epoxy was carried out using a mechanical stirrer
for 10 minutes, then the hardener (with a ratio of 2:1) was added and mixed
for 10 minutes using a mechanical stirrer. The prepared mixture is put in the
degassing system under vacuum at room temperature for 10-15 minutes to
eliminate bubbles. After that, the materials were put into the mold made of
silicon, which was previously prepared, and left for 24 hours at room
temperature, at which point different samples of modifier epoxy polymer
blends were obtained. Figure (3.5) describe the procedure used to prepare

the modifier epoxy polymer blend samples.
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Toughening :
agent »94 I
—_—

@hardener

Epoxy resin Mixed for 10 Mixed for 10
minute by minute by
mechanical mechanical
stirrer stirrer
¥
Vacuum from
10 -15 min at
‘ room
— —— temperature
Poured in
Sample -
silicon

Figure 3.5: The procedure used to prepare modified epoxy blends

Table3.3: Toughening agent/epoxy blend sample composition prepared

in this study
Sample Matrix Toughening Samples
number Polymer blends agent Composition
1 Unmodified No toughening EP
epoxy agent
(neat epoxy)
2 Modified epoxy  (EO-PPO-EO) 3% TBCP/EP
TBCP
3 = = 6% TBCP/EP
4 = = 9% TBCP/EP
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10

11
12
13
14

15
16
17
18

19
20
21

120

Quickmaster

(polyol)

Liquid silicon

rubber

Liquid polyvinyl
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chloride

Polysulphide

polymer

12% TBCP/EP
3% PU/EP

6% PU/EP
9% PU/EP
12% PU/EP
3% LSR/EP

6% LSR/EP
9% LSR/EP
12% LSR/EP
3% PVC/EP

6% PVC/EP
9% PVC/EP
12% PVC/EP
3% PSR/EP

6% PSR/EP
9% PSR/EP
12% PSR/EP



Chapter Three Experimental Part

3.3.3 Preparation of Nanocomposites

Two groups were prepared from nanocomposite material. The first group
was mixing epoxy with nano-tungsten carbide(WC), while the other group
was mixing tungsten carbide nanoparticles with a blend of epoxy with 3%
TBCP(sample numbers 4, 5, and 6 in table 3.3). The material was weighted
according to the weight fraction ratio according to the table (3.4) and then
the WC nanoparticles were dispersed in ethanol by an ultrasonic device at
35°C and energy 40% (sonic frequency 40 (kHz)) for 30 min. Then, the
matrix (epoxy, TBCP/epoxy) was added to the nano solution simultaneously
with mixing using a mechanical stirrer for 15 min. To get the ethanol to
evaporate, the mixture was put on a magnetic stirrer and heated to 70
degrees Celsius for more than one and a half hours until the weight was
fixed. After that, let the mixture cool down at room temperature. Following
this, added hardener and put it under a degassing vacuum to avoid bubbles,
and lastly, they poured it into the silicon mold to obtain samples. Figure
(3.6) shows the schematic of the WC/epoxy nanocomposite preparation

process.
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Table 3.4 shows the sample composition of the WC/epoxy

nanocomposite prepared in this study.

Sample Type of Matrix Reinforcement Samples
number composite nanocomposite | Nanoparticle composition
reinforcement
1 Epoxy Neat epoxy Tungsten 1% WC/ EP
Nanocomposite carbide
2 = = = 2% WC/EP
3 = = = 3% WC/EP
4 Modified epoxy | Epoxy/3% wt = 1%
Nanocomposite TBCP WC/TBCP/EP
5 = = = 2%
WC/TBCP/EP
6 = = = 3%
WC/TBCP/EP

Magnetic :
Sre WC solution
stirrer for 5
minutes
g i -
: \J . EP resin
.—Kg)—’qt -

WC + Ethanol
Sonication for

WC solution

Mechanical
mixing from
1-2 h at 70 °C

: TBCP /EP mixture
45 minute

LI 8—

Samples Silicon mold  silicon = -
mold Vacuum for 15

minute at room

Let the

: i solution
cool down
P E— P

Mechanical mixing for 10

- 4 3
minute of hardener with
(EP ) once and another

one (TBCP/EP) mixture
temperature

Figure 3.6: Schematic of the WC /epoxy nanocomposite preparation process.
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3.4 Physical Inspection

3.4.1 Fourier Transform Infrared Spectroscopy (FTIR) Test

The test of FTIR was achieved using a Fourier transform infrared
spectrometer and was used to obtain specific information about the chemical
bonds and molecular structure of epoxy system samples. The (FTIR) test is
performed according to (ASTM E1252) by using FTIR instrument type IR
Affinity-1 (made in Japan)[123]. It is available in the laboratory of the
Materials Engineering Faculty/Polymer Engineering and Petrochemicals
Industries Department/ University of Babylon. It is supplied with a DTGS
detector that operates at ambient temperature and a KBr beam splitter. The
infrared spectrum was used within a range of (400-4000)cm™.FTIR was
performed on a spectrum of neat epoxy polymers, epoxy blends, and

WC/epoxy nanocomposites.
3.4.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurements (DSC) were carried out
according to ASTM D3418-03[124], using the SHIMADZU model FC-60A
made in Japan. The prepared samples had a weight of (8-10) 0.5 mg. It was
inserted into aluminum pans and has a temperature range of 25 to 250
degrees Celsius with a heating rate of 10 degrees Celsius per minute. The
test was done in the laboratory of the Polymer Engineering and

Petrochemical Industries Department at/ University of Babylon
3.4.3 Morphology Test

The techniques of SEM and FESEM have been employed in current work to
characterize the toughening agents/epoxy blends fracture surfaces, tungsten

carbide nanopowder, and also study the surface of fracture of prepared
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nanocomposite materials. Thus, to get good tribology properties, composite
materials were spluttered with gold. Electronic pictures were recorded, and
the working voltage was held at (20 kV). The FESEM device product, TA
company, model Q600, made in America, and the SEM device used to
analyze the fracture surface of epoxy/blends, was from Seron Technology
Company, South Korea Manufacturing, A1S2100 Model.

3.4.4 X-Ray Diffraction Analysis

An X-Ray diffraction test (XRD) is a non-destructive technique for
determining the crystalline nature, chemical content, and physical properties
of a material. The technique relies on the constructive interference of
monochrome X-rays and a crystalline specimen. X-rays are a type of
electromagnetic radiation with shorter wavelengths that are produced when
electrically charged particles with enough Kkinetic energy are decelerated. An
X-ray diffractometer (XRD) uses incident X-rays that have been focused and
collimated on a sample of nanomaterial. The resulting diffracted X-ray is
then identified, evaluated, and recorded. Diffraction patterns are displayed
by plotting the intensities of photons that have been diffracted and then

dispersed at different angles within a material[125].
3.5 Mechanical Tests

3.5.1 Tensile Test

A microcomputer-controlled electronic universal testing machine model
(WDW-5E ) from China with a 5 N load cell, was used to perform tensile
tests according to ASTM D-638-03[126]. The force was applied until the
specimen failed, and the cross head was 2 mm/min. Stress and strain

information were recorded. Each time a sample was tested, three were taken,
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Chapter Three
and their combined results were used to determine its mechanical features.

The images and the dimensions of tensile samples were shown in figure 3.7.

R (v‘(}"

7 60 mm
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l 20mm | 25mm

'l

20mm

150 mm

Figure 3.7: (a) Schematic tensile specimen, (b) Prepared tensile specimens

A stress/strain curve was obtained after applying the load until the test
sample broke. The tensile strength and elastic modulus were calculated using

the following equation :

¢ is the tensile strength in the MPa unit

« P isthe force required to break in N unit

A is the cross-sectional area in mm? unit
(3.2)

E= 6o~ 0 / s
e E is the modulus of elasticity (representing the slope of the stress-

strain curve up to the proportionality limit) in the MPa unit
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e where the stress (o) is calculated by dividing the applied force by the
cross-sectional area of the specimen.
e Strain (¢) is the percentage length change over the initial gauge length

of a material.
3.5.2 Impact Test

One of the most common tests for determining the impact resistance of
polymers. Specimens were prepared according to ISO 179[127]. Figure (3.8)

shows standard [128]and prepared un-notched samples.

L=35 mm

|, —

t=4 mm3 |

A
Figure 3.8: (A) Sche(mzatic Impact Specimen. (B) prepared (ilrgr)lpact specimens.
The Charpy is used method to test impact samples. After laying out the test
specimen on a horizontal plane, we raised the pendulum to its highest
possible point, where energy stored would have been converted to kinetic
energy, and firmly fastened it in place. The used instrument of Charpy Test,
German, Gunt (HAMBURG) company, Model WP 400, is in the Department
of Polymer Engineering and Petrochemical Industries/Material Engineering

faculty/Babylon University.

Calculating the necessary energy for fracture was crucial to determining the
impact strength(acy) in this test. In order to calculate the impact strength
in(KJ/m?) that would be produced by a Charpy test on an unnotched

specimen, we use the following formula (Eq.3.3) [127].
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h represents the thickness of the test sample measured in millimeters,
b represents the width of the specimen measured in millimeters,

and W5 represents the energy at break measured in joules.
3.5.3 Hardness Test

A hardness test is required to measure the resistance of a material to
indentation. A Shore D durometer instrument model (TIME 5431) made in
China was used to test hardness samples. The specimen is circular in shape,
as shown in figure 3.9[129]. The test was done according to ASTM (D2240)
[130]. The Shore device has a needle applied in a perpendicular direction to
the sample. To obtain correct readings, the surface of the sample must be
smooth and clean with a thickness of not less than 3 mm. Each specimen was
tested six times at different positions on each specimen at the same time, and

the final hardness is an average of them.

D= 40mm

(A (B)

Figure 3.9: (A) Dimensions of the hardness test samples,(B) Samples used in

hardness test.
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3.5.4 Single Edge Notch Bending (SENB) Fracture Toughness
Test

After completing the preparation process of fracture toughness (SENB type)
samples, an incision was made in the center of the original slit of the sample
called a "sharp crack introduced by the razor." The sample was placed using
a certain weight and a force called the force of the hand, as shown in figure
(3.10). This method is used in many studies to create a stress center incision

with a length of 2 mm.

Figure 3.10:Method of creating incision for SENB fracture toughness samples

For the purpose of determining the fracture toughness of each specimen, a
single edge-notched three-point bending test was carried out. The test was
conducted using a universal testing machine type (WDWY/5E) at 5 KN. The
test was carried out according to the ASTM D5045[131] procedure at a
crosshead speed of ten millimeters per minute. The samples were bars that

59


https://www.twi-global.com/technical-knowledge/faqs/senb-test-specimen-fracture-toughness-tests-without-clip-gauges
https://www.twi-global.com/technical-knowledge/faqs/senb-test-specimen-fracture-toughness-tests-without-clip-gauges

Chapter Three Experimental Part

were 53 mm long, 9 mm wide, and 8 mm thick. The bars had a V-shaped
notch in the middle that was about 4 mm long, the crack tip was started with
a clean razor blade, and a support span of 40 mm was used(show figures
3.10 and 3.11). At least three accurate measurements were carried out in
order to confirm the data's dependability. The critical stress intensity factors,

also known as K¢, were analyzed using the equation(3.4):

Ky me( a ) ......................................... (34)

CEBw \w

(2+ 5){0.886+4.64(§) —1332(2)’ +1472(2) - 55(5‘)4}

(1-2)

Where: Pmax is the greatest load that the specimen was subjected to before
it failed in kilo-newtons, B is the thickness of the specimen measured in
millimeters, and W is the width of the specimen measured in millimeters, (a)
Is the crack length that was measured in millimeters, and f(a/W) is the
expression that given in ASTM D5045[131] in which the shape of the

sample itself is taken into consideration.

W

f——

]

(a) (b)

Figure 3.11 :(a) Standard sample geometries of SEBN test,(b) Test samples.
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3.5.5 Pull-off Adhesion Test

A satisfactory pull-off test according to ASTM D-4541[132] is a common
method for testing coating and adhesion quality; it entails adhering a dolly to
a substrate (metal) with glue (as shown in figure 3.12). Then, the dolly and
the adhesive or coating are taken off the substrate by pulling perpendicular
to the surface. Epoxy, epoxy mixtures, and WC/epoxy nanocomposite are

used as coatings.

Figure 3.12: A substrate for a pull-off adhesion test, which is a sample of metal that

has been coated.

The metal studs (d = 16 mm) were washed multiple times in acetone before
being glued to the coated metal surfaces for the pull-off test. Seventy 15 x 15
cm’ panels were cut for each coating formula. For the purpose of improving
the mechanical anchoring of the glue, the coated surface of each panel was
given a little sanding using sandpaper numbered 80 and 1200. After that, the
studs were adhered to the coated surface substrates in a perpendicular
direction using glue that was allowed to cure at room temperature for 24
hours. A hand drill was used to remove the coating and the cured adhesive
that was around the stud before beginning the pull-off test. Pull-off
measurements were taken with a Microcomputer Controlled Electronic
Universal Testing Machine Model WDW-5E (Tensile Equipment) at a
velocity of 1 mm min™. The amount of force needed to peel the coating
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away from the substrate was measured and analyzed as a function of the

stud's position change.
3.5.6 Wear Test

The wear test was achieved according to ASTM G99-17 [133] using a pin-
on-disc machine U.S.A MT4003 version 10 micro-test. A polymer disc with
dimensions of 40 millimeters in diameter and 4 millimeters in thickness was
moving around a steel pin(16 Mn Cr5) with dimensions of 6 millimeters in
diameter, a hardness of sphere of HRC 56, and a surface roughness of R=3.2
micrometers in a vertical configuration under a load of 30 newtons. At a
speed of 300 rpm, a sliding distance of 235 m, and a time of 25 min, the pin
was gliding along a track that was 24 millimeters in diameter. The wear
specimen is shown in figure (3.13)[128]. The test was done in the laboratory
of Babylon University/College of Material Engineering/Department of
Metallurgical. The investigation into the wear rate, which is shown below,

uses the following relations[134,135]:
WR=AW/SD ....oiiiiiiiiiiiien. (3.6)
Where:-

W.R: The weighted measure of sliding wear is expressed as grams per

millimeter

The following relationship will be used to compute the change in weight

(AW) that occurred during the experiment: -
AW=WI1-W2 . ..., (3.7)
Where:-

W1: Before the analysis, the sample's weight (g)
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W?2: The sample's final weight after being tested (g)

S.D: a sliding distance that is determined from the lows that are presented

below :

S: the rate of sliding (in millimeters per minute).

t: the time of test (min).

4mm

40mm

(a) (b)

Figure 3.13 :(a) Aschematic of wear specimen, (b) wear test sample.
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Chapter Four

Results and Discussion
4.1 Introduction

This chapter covers a detailed discussion of all the results which were
obtained from the experimental work. It includes the results of mechanical
tests: tensile, fracture toughness, impact, pull-off adhesion, and hardness
tests. Moreover, the present chapter contains the results of structural and
morphological tests: X-Ray, FTIR, SEM, and FE-SEM. It also includes the
results of the tribological test: a wear test used to study the wear rate of WC
nanocomposite materials prepared in this study. DSC results are also

presented in this chapter.
4.2 Toughening agents /Epoxy Blends Result and Discussion

4.2.1 Fourier Transform Infrared Spectroscopy (FTIR) Results of
Blends

The FTIR spectra of polyethylene glycol-polypropylene glycol-polyethylene
glycol blocks copolymer (EO-PPO-EQO) studied shown in figure(4.1a).
Multiple peaks arising from PEG and PPG are observed in the region of OH
and CH stretching modes [136]. The wavenumbers related to the vibrational
spectra of the different groups present in the sample are identified: a broad
peak between 3400 and 3600 cm ™, due to the stretching of the O-H groups
from the terminal hydroxyl groups of PEG polymer chains as shown in table
4.1[137,138]. The ether bonds (C—O-C) stretching vibrations are presented
at 1230 cm™o 1099cm™ in PEG and PPG respectively as a broad peak.
FTIR spectra of a sample displayed bands in the region from 2600 to 3000

cm™, which are characteristic of the C—H group stretching vibrations[139].
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The main characteristic bands of the polymer (PPG) appear at 2985 cm™* to
2947 cm™ (C-H stretching of the CHs group), and 1481 to 1414 cm™ (C-H
bending)[140].

a
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Figure 4.1. The FTIRs Spectrum for (a) Triblock copolymer and (b) Quick mast

120 (PU base)
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Table (4.1) The Transmission Bands of FTIR Spectrum Characteristic
of polyethylene glycol-polypropylene glycol-polyethylene glycol blocks
copolymer (EO-PPO-EO)

(EO-PPO-EO)

Type of bond ot

the stretching of the O-H groups 3400 - 3600
(C-O-C) stretching vibrations 1230 - 1099
C—H group stretching vibrations 2600 -3000
C-H stretching of the CH; group 2985 - 2947
(C-H bending) 1481 to 1414

The structural function groups for quickmast (120) polyol were analyzed by
Fourier Transform Infrared Spectroscopy (FTIR). The FTIR spectra in figure
4.1 (b) are recorded for the quickmast (120) polyol, which shows the main
peaks. The peak around 3487 cm™ corresponds to the vibration stretching of
—OH (free hydroxyl groups) and becomes a broad peak, indicating the rise in
hydroxyl content [141]. The symmetrical and asymmetrical stretching
vibrations of —CH corresponds to CH, at 2962 and 2839 cm™ [142],
respectively. In addition, the absorption peak at 1373 cm™ corresponds to the
symmetrical bending vibration of —CH in CH5. The band at 1273 cm™ is the
characteristic absorption of C—O—-C (ether bond) stretching vibrations. An
absorption peak at 1643 cm™ is attributed to the vibration stretching of C=0
(carbonyl group) as shown in table 4.2 [143]. The molecular structure of
polyol is characterized by the presence of hydroxyl —OH and ether bonds C-
O-C [144], and 120 quickmast (PU base) is thought to have a polyether
structure, which agrees with[139,145].
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Table (4.2) The Transmission Bands of FTIR Spectrum Characteristic
of quickmast (120) polyol

quickmast (120) polyol

Type of bond ot
the vibration stretching of -OH around 3487
symmetrical and asymmetrical stretching 2962 and 2839

vibrations of —CH corresponds to CH,

symmetrical bending vibration of -CH in CH; at 1373
C—-O-C (ether bond) stretching vibrations at 1273
C=0 (carbonyl group) at 1643

The FTIR spectra of liquid silicone rubber (LSR) are shown in figure 4.2
The peak around 3425.58 cm™ is related to the O-H group and the peaks at
about 2962.66 cm™, 802.39 cm™ and 694.37 cm™which indicated to the C-
H bonds, Si(CH3), and Si(CHj);, respectively)[146]. In the presence of
absorption peaks of methyl silicon at 1265.30 cm™, three peaks around
1100-1000 cm™ are related to silicon-oxygen bonds [147]. In general, the IR
bands located at about 890-860 cm™ and 1100-1000 cm™ indicate the
presence of Si-H bending and Si-O-Si stretching modes, respectively see
table 4.3 [148].
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Figure 4.2: The FTIRs Spectrum for liquid silicon rubber (LSR)

Table (4.3) The Transmission Bands of FTIR Spectrum Characteristic
of liquid silicone rubber (LSR)

Liquid silicon rubber
Type of bond omt
the O-H group 3425.58
C-H bonds 2962.66
Si(CHs), 802.39
Si(CHs)s 694.37
Si-H bending 890-860
Si-O-Si stretching 1100-1000

Figure 4.3 shows the Fourier transform infrared spectroscopy (FT-IR)
spectra of pristine PVC adhesive. As shown in Figure 4.3, the characteristic
peaks of the PVC molecules can be seen; including peaks for C-H bands
(1427.32 cm™), C-C vibrations (941.26 cm )[149], a band (695.2and
678.96 cm ') between 500 cm * and 696 cm * is observed which is assigned
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to the stretching vibrations of the C-CI bond [150]. Peaks at 2970.38 cm™
consist of the CH, asymmetric stretching vibration mode (see table 4.4).
This peak shows the asymmetric stretching bond of C—H and the peak at
1273.02 cm ™ is attributed to the bending bond of C—H near Cl. Finally, the
C—C stretching bond of the PVC backbone chain occurs in the range
1000-1100 cm [151]. From these FT-IR results, PVC is expected to be
strongly polarizable due to C-CI[152,153].

5.5-]
%T ]
5

4.5

'l

ol

4

2276.00
2160.2

2669.48\
24611720

268,697

3.5
3

2.5

L1 1l 11 1
207038 é
285465

2

|
3
«©
o
©w

1.5

TR [ T T [ — Bt — Tt Ty — g — N g bt — Pl — o ot — it — [t B ot — ot — [t Dot — b
3600 2800 2000 1600 1200 800 600 400
PVC 1/cm

Figure 4.3: The FTIRs Spectrum for polyvinyl chloride adhesive (PVC)

Table (4.4) The Transmission Bands of FTIR Spectrum Characteristic
of pristine PVC adhesive

PVC adhesive
Type of bond om
C-H 1427.32
C-C vibrations 941.26
stretching vibrations of the C-CI bond 500 - 696
the CH, asymmetric stretching 2970.38
vibration
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The FTIR spectra of the unmodified epoxy (epoxy/hardener) system are
shown in figure 4.4. The typical absorption bands, including the OH-bond
characteristic absorption band at 3417.86 cm™, are present in the spectra of a
pure epoxy system (between 3600 and 3200 cm™)[154] see table 4.5. Since
there are many OH groups in the molecules of this resin, the observed peak
is rather broad. An epoxy group can be identified by the band at 933.55 cm™
(in the 950 to 860 cm™ range), while an aromatic ether group can be
identified by the peak at 1110 cm™[155].

T L L A S ) B L2 L5 R |
3600 2800 2000 1600 1200 800 600 400
EP/hardner 1/cm

Figure 4.4: The FTIR Spectrum for unmodifed epoxy (neat epoxy)

Table (4.5) The Transmission Bands of FTIR Spectrum Characteristic

of the pure epoxy system

Pure epoxy
Type of bond ot
the OH-bond 3600 - 3200
epoxy group 950 - 860
an aromatic ether group 1110
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It is important to add that the stretching frequencies of the functional groups
in the FTIR spectra of the TBCP/epoxy blends see figure 4.5 (a), are
identical to the unmodified epoxy (neat epoxy) system. This implies that
there is no new bond formation or chemical interaction between the epoxy
and TBCP[156,157]. Analysis of polymer blend systems by means of FTIR
spectroscopy is a standard procedure for investigating hydrogen bonding
interactions. In order to determine if hydrogen bonding was happening in the
TBCP/epoxy blend system, FTIR spectroscopy was utilized. During the
epoxy-amine reaction, many free hydroxyl groups are generated. These free
hydroxyl groups of cured thermoset can form hydrogen bonding with ether
groups of PEG the miscibility of TBCP with the crosslinked epoxy system
can be explained in terms of intermolecular hydrogen bonding. In figure
(4.5a), blends were found to have broad signals in the FTIR spectra in the
region of OH stretching, indicating the presence of hydroxyl groups bonded
to hydrogen atoms[158]. Pure epoxy's spectra showed a strong unresolved
broad peak at 3417.66 cm™, which corresponded to the signal of its free OH
groups; this peak’s strength faded with time. Since the epoxy's broad peak at
3417.66 cm™ broadened when mixed with TBCP, this observation is
suggestive of hydrogen bonding between the epoxy's OH groups and the
ether groups of the PEO and PPO segments[159]. Thus the FTIR result
confirms the role of hydrogen bonding in generating rather a transparent

epoxy blend matrix [158].
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Figure 4.5: The FTIR Spectrum for (a) TBCP/EP blends (b)PU/ EP blends
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The FTIR spectra of unmodified epoxy figure 4.4 and PU/epoxy blends are
shown in figure 4.5(b). The FTIR spectra indicate the possible
intramolecular hydrogen bonding interactions that may arise from
combining the epoxy matrix with the quickmast(120) additive. Identifiable
peaks at around 3417.66 cm™ for hydroxyl and amine groups, and around
933.55 cm™ for epoxy groups, are attributed to the various functional groups
of epoxy (EP)[160]. Figure 4.5(b) reveals that the epoxy group peak arises at
a frequency of 933.55 cm™ for the untreated EP, which has about the same
intensity as the epoxy blends changed with various weight percents of
quickmast 120.The ether bonds (C—O-C) stretching vibrations are presented
at 1230 cm™to 1099cm™[139] as shown in table(4.6). In the FTIR spectra,
the absence of a peak at 915 cm™ (indicating complete cure) and a shoulder
at 3620 cm™ (ruling out the presence of free hydroxyl groups) in the
hydroxyl groups formed by the epoxy-amine curing reaction are of particular
interest This indicates that the majority of secondary hydroxyl groups
produced by the curing reaction participate in intramolecular hydrogen
bonding interactions. More importantly, the ether group of PU polyol and
the free hydroxyl groups of the cured epoxy system are kept from forming
intermolecular hydrogen through these interactions. As predicted, the lack of
intermolecular hydrogen bonds leads to the conclusion that PU polyol/epoxy
complexes become immiscible as agreed with[161]. Meanwhile, the network
polymer containing ether bond structure generated by the curing reaction can
help to form a three dimensional network structure and enhancing the

mechanical characteristics of modified epoxy.
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Table (4.6) The Transmission Bands of FTIR Spectrum Characteristic

of the PU/epoxy blends
PU/ EP blends
Type of bond )
cm
hydroxyl and amine groups 3417.66
epoxy group 950 - 860
(C-O-C) stretching vibrations 1230 -1099

FTIR spectrum from thermosetting epoxy with the addition of 3, 6, 9 and 12
wt% silicone rubber can be seen in figure 4.6. For LSR/EP, the characteristic
absorption peaks at 1438, 1247, 1132, 913, and 933.55 cm ™" are attributed to
the Si-CgHs, Si-CH;, Si-O-C, and the terminal epoxy groups,
respectively[162,163]. Compared to blends with unmodified epoxy peaks,
these peaks ultimately are nearly the same. This indicates that a small
amount of the epoxy groups have reacted with Si-O-H [164]. Stretching
intensity of Si-O-Si and Si-O-R at 1018 cm™ peak increases with increasing
weight percent of silicone rubber in thermoset mixture. The thermoset
epoxy/silicone rubber exhibits a rising C-H ratio from Si-CHs, as seen by an
intensifying peak at 780 cm™. It can be deduced from the FTIR results that
the addition of silicone rubber enhances the intensity of the peaks at 1018
and 780 cm™, indicating that the number of bonds formed between Si-O-Si,
Si-O-R, and Si-CHjs rises, see table 4.7[165].
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Figure 4.6: The FTIR Spectrum for LSR/epoxy blends

Table (4.7) The Transmission Bands of FTIR Spectrum Characteristic
of the LSR/ epoxy blends

Si-CgHs 1438
Si-CH; 1247
Si-0O-C 1132
terminal epoxy groups 913-933.55
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The FTIR spectrum of PVC/EP blends shown in figure 4.7 explains no new
bond appearance when PVC is combined with the epoxy resin.
Complexation may shift the polymer peak frequencies. The characteristic
peaks of pure EP 3417.86 cm™ are shifted to 3425.58 cm™ in the PVC/EP
blend and the peak of pure PVC at 941.26 cm™ is shifted to 933.55 cm™,

respectively.
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Figure 4.7: The FTIR Spectrum for PVC/ epoxy blends

Figure 4.8(a) shows FTIR of pure PSR. The absorption band at 540.07 cm™
can be ascribed to the S-S group of polysulfide rubber [166]. As can be seen
in figure 4.8(b), FTIR spectroscopy was applied in order to investigate the
modification reaction that occurred when polysulfide was combined with
epoxy. Epoxy's thiol group had an interaction with its oxirane ring, which
resulted in the consumption of the thiol group (also known as the -SH group)
and the formation of the hydroxyl group. Absorption at 2550-2700 cm™ (S-
H stretching) and 3200-3450 cm™ (O-H stretching) are used to characterize
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thiol and hydroxyl groups, respectively [167,168] see table 4.8. The thiol
group of PSR reacts with the epoxide group of epoxy resin to give S-CH,
linkage and —OH groups[169,170]. Modifying epoxide with polysulfide
increased the strength of the O-H stretching and decreased the strength of
the S-H stretching. According to the FTIR analysis, the polysulfide and
epoxy had bonded[168].
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Figure 4.8: The FTIR Spectrum for (a) Pure PSR (b) PSR/ epoxy blends
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Table (4.8) The Transmission Bands of FTIR Spectrum Characteristic
of the PSR/epoxy blends

S-S 540.07
S-H stretching 2550-2700
O-H stretching 3200-3450

4.2.2 Morphology Test Result of epoxy blends

A scanning electron microscope can provide information on the morphology
and structure of neat epoxy(unmodified epoxy) and modified epoxy blends.
Figure 4.9(a and b) exhibits the image of neat epoxy at two scales 5 and 50
um scale, respectively. SEM micrographs demonstrate a typical featureless
one-phase morphology, consistent with the amorphous single-phase
structure of epoxy networks. Similar SEM pictures have previously been
observed[171,172].

scale ,respectively
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Figure 4.10 (a and b) shows .the fracture surface. of the TBCP/EP blends at
low(3%wt.) and high(12% wt.) load content TBCP at a Sum scale. Several
spherical formations are seen, indicating phase separation and the creation of
immiscible TBCP structures in the matrix[173]. At low and high percentages
of TBCP, a microphase separation can be detected. PPO micro-separated
phase that is not miscible with the epoxy matrix, which is represented by
dark areas[174]. Furthermore, the PEO block is spread across two phases
since it is miscible with the epoxy matrix while still being covalently
connected to the segregated PPO block. In the case of a 3wt% TBCP/epoxy
system, certain black spherical domains are tiny in size and evenly
dispersed, however when the concentration of block copolymer increased at
(12%wt.), these spherical domains got larger, wider, and more apparent in

the epoxy matrix [175].
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Figure 4.10: SEM micrographs of a) 3 wt % TBCP/EP blend, b) 12 wt % TBCP /EP
blend

Figure 4.11(a and b) displays SEM morphology of fracture surface of epoxy
blended with quick mast120 (PU base) at low (3%wt) load content and high
(12%wt) load content of PU polyol. During the curing process, the polyol
phase separates as it becomes less miscible with the epoxy matrix. The
finely distributed sub-micron size polyol domains as (spherical zones) in
epoxy structure can be observed in the inset along with the presence of
riverbed markings and the shear band features responsible for strain energy
absorption similarity with[108,176]. The uniform distribution of spherical
polyol domains throughout the epoxy matrix allows uniform plastic
deformation and considerable shear yielding, as expected for ductile systems
[177].
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Plastic
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The fracture surface of liquid silicon rubber (LSR)/epoxy blend was
analyzed using SEM as shown in figure 4.12 (a and b) at low (3%wt) load
content and high (12%wit) load content of LSR. The analysis of the scanning
electron microscope pictures indicates the existence of (a sea-island
structure) in the epoxy resin similar to [164]. Figure 4.12 displays the
beginning of two-phase separation. The majority of the compound is a

thermosetting epoxy, while the other is a bit and gathering silicone rubber.
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As the LSR load content rises, the portions gradually grow much larger
agrees with[178].

,_\ d )
, P

Epoxy p?pase -

-

Figure 4.12: SEM micrographs of a) 3 wt % LSR/EP blend, b) 12 wt % LSR /EP blend

Epoxy resin is mixed with liquid silicon rubber to create a rubber zone that,
after cured, has the shape of a sphere. Due to its low compatibility with
epoxy resin, LSR's particles exhibit a less uniform distribution, however the
presence of rubber zone limits fracture growth and improves toughness

agreeing with [179].
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Likewise, the diameters of the spheres show variation as a function of LSR
concentration. As the LSR concentration is increased from 3% wt to 12%
wit, it is revealed that the diameter of the spherical zone grows, suggesting
the presence of plastic void development mechanisms. These results are
consistent with those relating fracture toughness, where the K. value
Increases with increasing LSR concentration. Other researchers have found
that rubber-toughened epoxies are susceptible to rubber cavitation and void
formation[180].

The fracture surface of the pure epoxy samples is too smooth, as shown in
the SEM images in figure 4.4, while the fracture surface of the PVC-
modified epoxy specimens is slightly rough, as seen in figure 4.13(a and b).
In the absence of a cavity on the fracture surfaces, phase separation did not
take place[181,182]. The EP-PVC fracture surfaces also exhibit large shear
yields and plastic deformations, which is indicative of a typical toughness
character[183]. In the case of low load (3%wt) and high load (12% wt )
PVC/EP, the fracture surface becomes rougher compared with EP also some
micropores are observed owing to the evaporation of solvents during the
curing process[184]. PVC stabilized with epoxy resin exhibits two-phase
morphology and a compatible system. In addition, these samples do not
contain cracks or micro-cracks in polymer bulks. This phenomenon is
responsible for the action of epoxy derivative during sample processing

leading to less brittleness and more flexible sample agree with[185].
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Figure 4.13: SEM micrographs of a) 3 wt % PVC /EP blend, b) 12 wt % PVC /EP blend

SEM studies were also carried out for modified epoxy containing low load
content (3 wt%) and 12wt % (high load content) PSR. The corresponding
micrographs are shown in figure 4.14. Figure 4.14 (a) shows a micrograph of
a large area of the fracture surface. It shows the degree of roughness in

PSR/epoxy blends. In addition, a multilevel fracture with ridges and a wavy
crest is observed [186].
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Figure 4.14: SEM micrographs of a) 3 wt % PSR /epoxy blend, b) 12 wt % PSR/epoxy
blend

Where parabolic marking is observed all over the fracture surface. It is
interesting to note that a 3 wt% PSR modified epoxy system exhibits entirely
different co-continuous phase morphology, very similar to a thermoplastic
elastomer[187] with little plastic deformation and a few long threads of a
deformed material occasionally discernible similarity with [188]. The SEM
micrograph of polysulfide modified blends shows that in both cases (a)and
(b),increased fracture toughness and impact strength can be traced back to

the increased roughness and considerable plastic yielding of the polymer
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matrix seen at the fracture surfaces, along with distorted leaf-like structures
and more cavitations[189]. It can be seen that with rubber levels of 12% wt,
the second rubbery phase gets more and more aggregated leading to that
phase being less distinguishable from the epoxy matrix. This situation leads
to flexibilization of the matrix resulting in the reduction of tensile

properties[166].
4.2.3 DSC test result of epoxy blends

Figure 4.15 displays the DSC curves .of TBCP/epoxy blends. As can be
seen, all curves show a drop in heat flow indicating the presence of a curing
reaction between epoxy and the hardener as shown in figure 4.15. The
reaction was considered complete when the isothermal DSC thermograms
leveled off to the baseline[190]. As the percentage of block copolymer in
epoxy resin rises, the curing reaction was slowed down, resulting in a
noticeable decrease in heat flow drop. Increased block copolymer content

obviously slowed down the curing reaction in agree with [175].

The results were tabulated as shown in (appendix A/ table 4.9). It is
observed that for the unmodified epoxy system, the glass transition
temperature T, is 83.76 °C. With the addition of block copolymers, the
temperature has started decreasing with increased load content TBCP %.
This is about a 36 % decrement compared with the unmodified epoxy
system. It can be concluded that the addition of TBCPs affects the T4 of
epoxy resin due to the lower crosslinking degree of the PEO-rich areas and

the highly mobile microphases of PPO similarity with [191].

One possible explanation for this phenomenon is that the development of a
second phase is presenting an obstacle to the increase of thermoset cross-link
density[192]. Furthermore, Wang et al.[60] suggest that[193] some free
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TBCP molecules may remain in the cured structure of the epoxy, which, due
to insufficient and incomplete conversion, could not be fully assembled
during the curing process, and consequently may bring mechanical
properties and the matrix T, down. Also, some TBCP chains are miscible
with epoxy, while other chains were phase separated from the epoxy, and
this may suggest a matrix plasticization action that led to the observed lower
Ty [193,194].
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Figure 4.15: DSC curves of TBCP/EP blends.
The glass transition temperature (Ty) of PU/epoxy with varying PU
concentrations was analyzed using DSC to determine the effect of PU on the
thermal characteristics of epoxy resin. As shown .in figure 4.16, the addition
of polyol PU decreased the T, of the epoxy resin. The glass transition
temperature (Tg) of cured epoxy is mainly governed by the material's chain
flexibility, crosslinked structure, and the amount of intermolecular hydrogen
bonding interaction. The modified epoxy resins' Ty, would drop because the

addition of PU's flexible segments would loosen the crosslinked structure.
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As a result, the T, of PU/epoxy blends is less than that of pure epoxy in

agreement with [195].
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Figure 4.16: DSC curves of PU/EP blends.

On the other hand, figure 4.17 shows that the T, values of epoxy are reduced
when silicon rubbers are added to the epoxy systems. This is a common
side-effect of EP that has been modified with LSR, as mentioned in a
number of studies. This fact could be explained by the presence of a liquid
silicon rubber phase, which caused a decrease in the cross-link density. This,
in turn, led to an internal plasticizing effect in the modified epoxy resin, in
addition to the incomplete conversion of epoxy groups in LSR-modified
samples[196]. The presence of discrete rubber phases inhibits the creation of
the cross-linking structure of epoxy resin, hence lowering the cross-linking
degree. A lower degree of crosslinking enhances the free volume of the
material and facilitates the mobility of the chain segments, resulting in a

decrease in glass transition temperature[197]. In addition, it can be observed
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a decrease .in the transition temperature value with more silicon rubber

loading may be due to acting as a plasticizer phase in the matrix
consequence of reducing the stiffness of the blend[198,199].
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Figure 4.17: DSC curves of LSR /EP blends.

The physical state of PVC adhesive used was a viscous liquid and it is
expected that it may work as plasticizer for epoxy. A PVC adhesive may be
considered as a substance, breaking intermolecular bonds in an epoxy
network, or even as a lubricant, reducing intermolecular friction and by this
increasing deformability of the structure [200]. Figure 4.18 illustrated T, of
PVCl/epoxy blends. Despite the fact that the plasticizer can inhibit reactive
species in the epoxy resin and/or crosslinking agent (hardener) due to the
size of its molecules, a minor drop in T is seen[201].

Thus, a plasticizer improves the molecular mobility of polymer chains, and
this increased mobility decreases the glass transition temperature (Tg4). An
increase in the excess free volume and a decrease in the crosslinking density

as a result of some reactive sites being blocked by the big PVC plasticizer
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molecules are both potential causes of this decrease in the T in the case of a
thermoset like an epoxy resin[202,203].
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Figure 4.18: DSC curves of PVC /EP blends.

The glass transition temperature (Ty) of the polysulphide/epoxy blends is
determined by the DSC test and the results show that the Tg decreases with
increasing polysulphide load content, see figure 4.19 and (appendix A/ table
4.9). This is attributed to more elastic behavior due to increased
flexibility[204]. It can be related to a reduction in network crosslink density

accompanied by a rise in modifier weight ratio[205].

In the case of polysulfide polymers, they act as both modifiers and diluents
for epoxy resins, and polysulfide polymer as rubber phase is utilized to
toughen hard and brittle epoxy resin[206]. The reduction in the epoxy T is
due to the polysulphide polymers being reactive modifiers. Both the
mercaptan and epoxy end-groups are capable of reacting in a normal

epoxy/amine system. As polysulphide polymers are flexible, rubbery
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polymers. the overall rigidity of the matrix is reduced, hence producing a

lower T, in agreement with[207,208].
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Figure 4.19: DSC curves of PSR/EP blends.
4.2.4 Mechanical Tests Results and Discussion

4.2.4.1 Tensile test

Figures 4.20(a,b, and c) shows the tensile properties of toughening agents
/epoxy blends. From graph 4.20 (a and b), it is observed that the addition of
3% and 6% of TBCP increase the tensile strength and elastic modulus of
epoxy thermoset, and then higher than 6% of TBCP decreases these
properties. This is because TBCP chains which have low molecular weight
overlap between the epoxy network, giving an impediment to movement
inside the matrix, leading to an increase in both the modulus of elasticity and
tensile strength of the epoxy. Similar results were found by [158,173], which
were justified based on the compatibility between TBCP and epoxy. Figure
4.20 (c) shows that elongation of TBCP/epoxy blends decreases slightly with

an increase in the TBCP content, especially at a high percentage related to the
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guantity and size of the chains that hinder the movement and prevent it from

elongating significantly.

40
35
30
x
&
> 25
=
a0 2
@
]
n 15
=2
milimiiin
=
5 milimiiinmi
0
S 2 8 8 &8 O & LR $F &S S ¢ L LK & & & &
= &Q’C &Q’G &Q’o &q’o g\‘s Q\SQS ,\g\s ,\§ g\o\’% 9\3}’9}? e\SA °\34 ‘,\34 °\3~\ 0\3% Q% °\36°Q%
.§\°@\°qe°\,¢\° N ST e 9y R R A AU eT 9t
(a) Toughening agents load wt%
0.5
0.45
£ 04
(i 0.35
=
= 03
2 o025
=
Y 0.2
=
& o1
= 01
0.05
0
(b) Toughening agents load wt%

92



Chapter Four Results and Discussion

20

18

16

14

12

10

Elongation %

S N e O @

(C) Toughening agents load wt%

Figure 4.20 : Tensile properties (a) tensile strength (b) elastic modulus(c) elongation

of toughening agents /EP blends

To investigate the influence of PU polyol addition on mechanical properties
of the epoxy, the tensile strength, elastic modulus, and elongation were
studied. Figure 4.20 (a, b, and c) demonstrates the tensile characteristics of
epoxy that has been mixed with varying amounts of PU polyol. When
polyurethane polyol is added, the tensile strength and elastic modulus of the
material both decrease, with the tensile strength dropping by a significant
amount.. Thus, the crosslink densities of the epoxy/polyol blend samples
may be low, leading to a decrease in elastic modulus. See (appendix A/ table
4.10) displays a decrease in tensile strength of 29.4 percentage points and a
modulus reduction of 39 percentage points when 12 wt% is added. In
contrast, the elongation at the break of the blended system increases
significantly with an increase in the PU content. This is attributed to PU
polyol which works as a plasticizer. The incorporation of PU polyol
toughening agent between epoxy chains breaks some extent of the polymer

segment interactions, enabling increased segment flexibilities and therefore
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allowing the polymer matrix to sustain large deformations before fracture.

Consequently, the elongation of the tested samples is improved[209].

The tensile strength of the LSR/EP blends is significantly improved(see
figure 4.20 (a)). An epoxy matrix is a cross-linked structure with a very
brittle system. When the sample was put under tensile force, the matrix
could not handle enough tensile force because the molecular chain between
the cross-link points was too small to conform, which would be essential to
reduce stress concentration and transfer stress. When liquid rubber was
added to the system, the crosslink density fell and the system became more
flexible than when it was just EP. When tensile stress was laid on the cured
blends, the molecular chain was able to change its shape to relieve stress
concentration and transfer stress. This made the matrix less sensitive to
flaws [210]and gave the blends a fairly high tensile strength. As the rubber
content of the epoxy matrix increases, the matrix becomes plasticized, and
the tensile strength drops to a value higher than that of neat EP. Adding
liquid rubber to the epoxy resin leads to improving tensile strength and
toughness. The young's modulus (E) is a measure of stiffness (rigidity) of
the material. The greater the young's modulus, the smaller the elastic strain
resulting from the application of given stress [115] (see figure 4.20 (b)). The
tensile modulus of the LSR/EP blend decreases with increasing silicone
rubber content. The reason for this reduction is the increase in the flexibility
of the polymer chains for the blends compared with that of pure (EP). This
implies an increase in the strain rate and reduction in the stiffness (rigidity),
which means, these blends will have a new prospect of application, similar
to [115]. The tensile modulus of a polymer has a tight relationship to the
molecular chain structure, and the crosslink density is established by the

number of chemical crosslink points (covalent bonds) and physical crosslink
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points in the material (hydrogen bonds and molecular chain entanglement
points). With an increase in silicone rubber content, the tensile modulus
lowers because of a decrease in the blends' content of rigid segment structure
and crosslink density. Other systems have shown similar results[211].
Regarding the LSR-modified blends' elongation-at-break, the same pattern
figure 4.20 (c) is also found, when the loading content of the LSR goes from
loading (3 wt%) to loading (12% wt) the size of the spherical regions is large
and becomes a point defect, resulting in a reduction in the elongation of
LSR/EP blends this agreed with[212].

In this study, PVC was also employed to enhance the epoxy resin's
mechanical and thermal qualities. As a result, tensile strength and other
mechanical properties of the PVC/epoxy blends against the variation of PVC
content carefully are illustrated in figure 4.20(a and b), When PVC is added,
both the tensile strength and the modulus go down. As the PVC content goes
up, the tensile modulus goes down and the tensile strength stays about the
same. This is because there isn't enough interfacial adhesion between the
PVC phase and the epoxy resin matrix, which makes the ability to transfer
loads weaker similarity[114,213] All these indicate that PVC has an

effective toughening modification to EP.

The percentage of elongation and its relationship to the PVC concentration
are illustrated in figure 4.20(c). Elongation increases significantly with
increasing PVC content. This phenomenon is due to the polar bonds
contained in PVC, which allow for a large movement into the chain.
Epoxies, on the other hand, have a three-dimensional structure with covalent
bonds, and individual molecules are bound to the net with no significant
mobility possible. The high amount of PVC acted as a plasticizer for the

epoxy resin, thereby reducing Young’s modulus and tensile strength, and
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increasing the elongation at break, owing to its effect on the enhanced

distance between the EP molecules agree with[214].

The tensile mechanical properties of all PSR/ epoxy thermoset blends are
shown in Figure 4.20. As can be seen in figure 4.20 (a and b), tensile
strength and Young's modulus both drop when PSR concentration rises. This
Is due to the addition of PSR reducing the cross-linking density and
enhancing ductility, The altered specimens are much less sensitive to

deformation, resulting in a reduction in Young's modulus[183,215,216]

Figure 4.20 (c) displays a rise in elongation-at-break from 16% (at 3% wt
PSR) to 18% (at 6%wt PSR), indicating an increase in the material's
toughness. This shows that PSR can make the epoxy curing system toughen.
This is because the modifier is flexible, which can stop cracks from getting
bigger and cause crazes[217]. The addition of liquid rubber to an epoxy
matrix causes the epoxy network to become plasticized, resulting in a larger
free volume and, as a result, easier polymer chain movements, allowing for
greater ductile deformation prior to sample fracture. In addition, it is well
known and shown that the interaction of rubber particles with the stress field
in front of the moving crack tip induces the rise in epoxy resin strain at
break. It is claimed that rubber particles suffer partial cavitation, hence

promoting yielding and plastic flow in epoxy resin[189].
4.2.4.2 Fracture toughness and Impact strength results

The results of fracture toughness and impact strength tests for unnotched
specimens of epoxy and epoxy blends are summarized in (appendix A/ table
4.11). All of the modified epoxy blends exhibit much higher impact strength
than the unmodified epoxy network.
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The fracture toughness values of TBCP/epoxy blends that are shown in
figure 4.21 increase with increasing in the TBCP load content . Compared to
the neat epoxy formulation, TBCP-modified epoxy system shows that the
surface is very coarse and rough, which is a good sign for crack resistance
and energy dissipation as shown in figure 4.10. In these formulations, the
microspherical shape of TBCP may be seen. The main toughening process is
thought to be the debonding of particles from the matrix, which is caused by
cavitation, followed by shear yielding[218]. It seems that for 3 wt% TBCP
formulations, a tiny, uniformly distributed spherical zone inside the matrix
may improve the effective transfer of stress between the matrix and the

spherical zone, resulting in a significant increase in fracture toughness[219].

Fracture Toughness Kic
(MPa.m”"1/2)

Toughening agents load wt%

Figure 4.21 : Fracture toughness of all toughening agents /EP blends
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The impact strength of the epoxy increases by the addition of TBCP at 3% wit.
(see figure 4.22 that shows the impact strength of TBCP/epoxy blends). Then,
the impact strength decreases with increasing the TBCP content but remains
higher than the impact strength of pure epoxy. Phase separation morphology,
in which the TBCP phase forms dispersed domains in an epoxy matrix, allows
the blend to achieve this effect. The slight improvement in mechanical
characteristics brought about by the addition of TBCP may be explained by
the compatibility and interfacial adhesion between the matrix and dispersed
phase, as well as the softening effect of the flexible TBCP chains in the rigid
epoxy matrix[161]. Impact energy is Kinetic energy, and when it hits a
material that has a second phase with plastic deformation, like TBCP, it will
absorb the impact energy and release it through vibration because its chains

are flexible. This makes the material more strong to impact.
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Figure 4.22 : Impact strength of all toughening agents /EP blends
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The fracture toughness values of PU polyol /epoxy and LSR/epoxy blend are
shown in figure 4.21. The results show that the K¢ values of epoxy resins
blended with PU polyol and LSR are significantly improved as compared to
neat epoxy, and epoxy resins blended with LSR are higher than with PU
polyol. A maximum increase in the K,c is around 208% for epoxy samples
with LSR content of 6% wt. as compared to neat epoxy. The improvement of
Kic value for PU/epoxy blends may be attributed to the incorporation of
flexible modifier chains, which resulted in an increase in the free volume
available. In point of fact, a liquid modifier may perform the function of a
plasticizer for the polymer matrix, leading to increased energy required to
crack it similarity with [160]also plasticizers hinder polymer molecules from
interacting with each other by breaking the attachments along the chains.
Hence, plasticizers reduced the self-crosslinking density of epoxy [176].
Cavitations of the LSR spherical zone can absorb energy and hence increase
fracture energy that requires to fracture so increase fracture toughness by
lowering the local yield stress and provoking extensive shear yielding[220].
The cavitation of rubber-rich zones has been attributed to be the main

driving force behind shear yielding to be activated in the matrix by[3].

The impact strength of PU /epoxy and LSR/epoxy blends for all the
percentages are shown in figure 4.22. The impact strength of the neat epoxy
resin is improved in the presence of polyether polyol. The incorporation of
the PU (polyol) molecules between polymer chains to some extent breaks
polymer segment—polymer segment interactions, enabling increased polymer
segment flexibilities and therefore allowing the epoxy matrix to sustain large
deformations before fracture. The enhancement of impact strength of epoxy
with PU polyol (plasticizer) might be attributed to some extent to the
excessive shear yielding and the large ductility of modified samples [221].
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As shown in figure 4.22, compared to the neat epoxy (unmodified epoxy)
the 6 wt % LSR-modified epoxy resin displays a 143% increase in the
Impact strength, demonstrating that the silicon rubber provides a good buffer
and dispersion against the instantaneous impact and LSR improves the
fracture toughness and impact performance of epoxy similarity with[222].
When silicone rubber is added to a material, the impact strength and energy
both increase, leading to the production of a second phase that serves to
prevent cracking and slow the propagation of existing cracks. Due to its

extreme flexibility, elastomer has a high impact strength agree with[178].

The fracture toughness is the resistance of a material to crack initiation and
propagation. The increase in fracture toughness is caused by a variety of
factors, such as the quantity of the modifier in the mixture, the interfacial
adhesion between the phases, the curing conditions, etc. A two-phase
morphology is an essential need for enhancing the fracture toughness of a
thermoset/thermoplastic blend. In this study, all the blends were
heterogeneous, which was a requirement that had to be satisfied in order to

get the desired result of improved fracture toughness[223]

Factor of stress intensity K, measures the fracture toughness of cured
systems. As can be seen in figure 4.21, the fracture toughness of PVVC/blends
Improves as the PVC load content rises. Improvement in fracture toughness
equal to 117% is reported at 3 wt% percentage of PVC. Fracture toughness
of epoxy resins was shown to improve with a rise in thermoplastic phase
concentration, according to reports[224,225]. Specifically, the continuous
thermoplastic phase exhibited inverted phase morphology. Here, however,
the fracture toughness of all blends is improved in comparison to that of pure

epoxy-amine systems. Increased fracture toughness has been attributed, in

100



Chapter Four Results and Discussion

part, to enhanced interfacial adhesion between the epoxy resin and the
dispersed thermoplastic phases[226,227].

As may be observed in figure 4.13(a) and (b), the fracture surfaces are
rough, and river markings have developed on the surfaces. These
phenomena are indicative of the matrix's plastic deformation, the crack's
ductility, and the crack's deflection. When PVC diffuses into the epoxy, it
makes the epoxy more flexible near the PVVC dispersed phase. Local shear
deformation of this dispersed PVC phase zone might lead to stress relief.
The ductile drawing process of the PVC dispersion phase also absorbs
deformation energy as a consequence, the surface area of the crack

increases, which in turn leads to an increase in the fracture toughness[223].

Figure 4.22 shows the impact strength of unmodified epoxy and PVC/epoxy
blends. The impact strength of blends increases with increasing PVC content
load. compared with neat epoxy the increment in impact strength reaches
147 % percentage (12wt% PVC ). This indicates that the introduction of
thermoplastic PVC has more influence on the impact strength. This result
may be related to the PVC phase in the epoxy matrix acting as stress
concentrators to absorb the external energy and mitigate the crack
growth[228,229]. When the crack occurs, the PVC-rich domains are
plastically deformed at the crack tip to prevent crack propagation and
increase the impact strength of modified PVC/epoxy blends agreed
with[230].

Fracture toughness of PSR/epoxy blends was measured and analyzed as a
function of PSR concentration, as shown in figure 4.21. Compared to pure
epoxy resin, the blend samples all show a remarkable increase in fracture
toughness. The K¢ of the blend with 9 wt% PSR represents a maximum
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fracture toughness, and the K¢ increases as the PSR concentration rises.
Incorporating a rubbery phase into an epoxy matrix results in a less dense
crosslinking reaction. When epoxy resins are cured in the presence of
polysulfide modifiers, the resulting structures have two distinct “domains":
the epoxy/amine crosslinking and the linear segment of the modifier.
Reducing crosslink density and improving chain stiffness are two ways to
improve the fracture toughness of epoxy systems agree to [205]. In addition,
the plasticizing act of the polysulphide rubbery phase might occupy the free
volume of the epoxy network, leading to ductility. This may contribute to an
increase in fracture toughness in the PSR/epoxy blends system[231]. This
means that the increase in fracture toughness is caused by many different
things happening at the same time in the epoxy matrix when a load is put on
it[68,107].

The experimental data shown in figure 4.22 indicate that the impact
resistance of PSR/epoxy is enhanced by 57% at a PSR concentration of 9%
when compared to the epoxy value in (appendix A/ table 4.11). An increase
in impact resistance is also attributable to some degree of polymer chain
entanglement.This is related to the fact that polysulfide rubber has the ability
to improve the flexibility of the blend matrix, therefor the resultant blend
matrix can absorb and dissipate the impact energy load before fracture
agrees with[232,233]. Micrograph fracture of samples for additional PSR
rubber phase in the epoxy matrix are similar to those presented in Figure
4.14, with the only discernible difference being the degree of roughness.
This makes it easier for the blend to create plastic deformation zones along
the direction of the crack so that it can absorb more energy. As a result, the

blends' impact resistance went up, which was a good thing[186]. According
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to Wang et al.[234]an increase in the entanglement of the molecule chain

enables the blend to absorb more energy when destroyed.
4.2.4.3 Hardness test results and discussion

The hardness of the samples is determined with a Shore D durometer which
indicates the relative resistance of a material to indentation with a load
applied to the indenter[235].

It is noted that the shore D hardness values of all prepared toughening
agents/ epoxy blends as shown in figure 4.23 and (appendix A/ table 4.12),
are slightly increased or decreased compared to pure epoxy. This is because
the hardness property depends on the penetration of the durometer to the
surface of the sample and as a result of using small amounts of the
toughening agent in the thesis. The maximum addition is 12wt% inside the
epoxy matrix, due to the distribution and spread of the second stage inside
the epoxy, when the test performed , once needle will hit the secondary
phase, so notice a decrease in the hardness value, and when it encounters the

epoxy matrix, will notice an increase in hardness, so the toughening agent do

not significantly affect the hardness property.
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Figure 4.23 : Hardness (shore D) of all toughening agents /EP blends
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4.2.5 Pull off adhesion of epoxy blends result and discussion

An investigation into the effects of coating strength on metal was carried out
via the use of a pull-off adhesion test. In the pull-off adhesion test, a coated
film of a certain diameter is separated from its base and the force that results
Is measured as shown in figure 4.24. To determine the adhesion strength, a
coated sample was pulled off from underneath a rounded loop that was
loaded with increasing quantities until the coating was removed away from
the surface of the substrate[236]. The results are presented in (appendix A/
table 4.13).
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Figure 4.24: Pull off adhesion strength of different toughening agent /EP blends

The TBCP/EP, PU/EP, and PVC /EP coating samples display good adhesion
properties as shown in figure 4.24. It is possible for the coating to come off
during the pull-off test due to adhesive failure at the epoxy/steel interface or
cohesive failure at the epoxy layer itself, as seen in figure 4.25. Cohesive
failure happens when the bond between the coating and the substrate is
strong, while adhesive failure happens when the bonds between the coating
and the substrate are weak[237].
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X:Cohesive Failure

y: Adhesive Failure

3%TBCP 6%TBCP 9%TBCP 12%TBCP

3%LSR 6%LSR 9%LSR 12%LSR

3%PVC 6%PVC 9%PVC 12%PVC

3%PSR 6%PSR 9% PSR 12% PSR

Figure 4.25: Visual inspection of samples EP, TBCP/EP, PU/EP, LSR/ EP, PVC /EP
and PSR/EP after pull-off test
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The most prevalent adhesion forces involved in adhesion bonds between
epoxy and steel can be classified into three groups: mechanical (mechanical
interlocking bond), physical (hydrogen bonding, dipolar interactions, weak,
secondary or van der Waals forces), and chemical (covalent, ionic, and
metallic bonding)[238]. Epoxy resin's epoxide groups may react with the
oxide film's active hydrogen to form chemical bonds[239-241].In TBCP/ EP
samples the maximum increase in pull-off adhesion strength is at 3 and 12 %
wt about 2.3 MPa compared with neat epoxy resin at 1.6 MPa. This can be
attributed to the maintenance of the stiffness of the blend as confirmed by
the higher E value, which leads to the increment in stress capacity and

diminishes local detachment between the coating and the substrate[242,243].

The pull-off strength of PU/EP and PVC /EP, are sensitive to the number of
functional groups, such as hydroxyl groups, ether group, and Cl-group(polar
group) which form strong bonds with Fe atoms on the substrate surface
(metal surface) and make a good adhesion to the substrate for epoxy based
coatings[244,245].

In the case of LSR and PSR addition in epoxy resin, pull-off adhesion
strength decreases as shown in figure 4.24. Figure 4.25 shows the apparent
results along with the adhesion strength of several samples. There are
generally two sorts of failure on this test. EP adhesion failure at the EP/metal
interface is the first type and occurs when the adhesion strength between the
EP and the substrate is insufficient. Cohesive failures occur inside the EP
rather than at the metal/coating contact and are the second form of failure
[246]. These materials have a rubber phase that does not contain polar
groups or ions, and therefore their interaction on the metal surface is
produced by physical bonding by Vander Waals attraction, which is low

energy compared to hydrogen bonding or ionic bonding, Coating material
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will penetrate cavities on the surface with displace trapped air at the
interface to occur mechanical interlocking with the metal surface and thus
coating adhesion strength of this LSR and PSR toughening agent is low

compared to other materials.

4.3 Epoxy Nanocomposite Result and Discussion

In this part of the work was prepared two epoxy nanocomposite, WC/EP and
WC/(3%wt TBCP)/EP nanocomposite with addition carbide tungsten

nanoparticles percentage 1%,2%,3% wt. and the results obtained is:-
4.3.1 Analysis of X-ray Diffraction Result of WCnanoparticles

An X-Ray diffraction test (XRD) is a non-destructive technique for
determining the crystalline nature, chemical content, and physical properties
of a material. The technique relies on the constructive interference of
monochrome X-rays and a crystalline specimen. X-rays are a type of
electromagnetic radiation with shorter wavelengths that are produced when
electrically charged particles with enough kinetic energy are decelerated. An
X-ray diffractometer (XRD) uses incident X-rays that have been focused and
collimated on a sample of nanomaterial. The resulting diffracted X-ray is
then identified, evaluated, and recorded. Diffraction patterns are displayed
by plotting the intensities of photons that have been diffracted and then

dispersed at different angles within a material[125].

In order to confirm that the nanopowder is tungsten carbide, an XRD test
was carried out. Figure 4.26(b) displays the XRD pattern that was recorded,
which consists of several distinct phases of tungsten carbide (WC)
nanoparticles. All of the principal reflection planes of WC nanoparticles can
be seen in clear detail in the spectrum, corresponding to (001), (200), (100),
(101), and (110), respectively[247—249]having phases that are comparable to
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those that were revealed -earlier[250]. The XRD spectra of WC
nanoparticles, which can be seen down, demonstrate that they have a
hexagonal phase[251] agree with[252].

Tungsten Carbide Nanoparticles / Nanopowder US Research Nanomaterials, Inc.
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Figure 4.26: X-ray diffraction profiles of tungsten carbide powder (a) stander from
company (b) WC sample test in laboratory.
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4.3.2 Morphology Test Result

FESEM micrographs of two epoxy nanocomposites are shown in figures 4.27
and 4.28,in figure 4.27(a,b, and c) demonstrate that the nanoparticles utilized
with block copolymers have no effect on the distribution of the copolymer in
the matrix, nor do they interfere with miscibility at the circumstances used in
this work. It can suggest that 3%wt TBCP may be enhancing the
nanoparticle's adherence to the matrix. Martin-Gallego et al.(2015) discovered
the same thing[174]. It is observed in figure 4.27(b )for 2 percent wt
WC/TBCP/epoxy systems a lower agglomeration degree, good spread of
nanoparticles, and distribution inside the matrix, this relates to the presence of
TBCP which aided uniformly distribution nanoparticle and possibly affected
the interaction between the nanoparticle and the matrix as recommended in
[253]. As a result of their amphiphilic nature, the block copolymer presents
between the tungsten carbide nanoparticle (WC) partly inhibits the
nanoparticles from adhering back together after dispersion. As a result, at 2
wt. percent of WC nanoparticles for two systems nanocomposites prepared
the dispersion of nanoparticles inside the matrix is more regular and
homogenous. As the tungsten carbide loading percentage is raised, the
guantity of agglomerations rises, as does their size. It also demonstrates that at
large nanoparticle loadings, the likelihood of lump formation is quite high due
to a deterioration in material characteristics caused by the heterogeneous
dispersion of WC nanoparticles in the matrix(as shown in figure 4.27b and

4.28f). Many other studies have made similar observations.
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Figure 4.27: FESEM micrographs of a)1 wt % WC/3%TBCP /EP, b)2 wt %
WC/3%TBCP/ EP and c¢) 3wt % WC/3%TBCP/EP nanocomposites
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Figure 4.28: FESEM micrographs of ) 1 wt % WC/EP ,f) 2 wt % WC /EP
and g) 3 wt % WC /EP nanocomposites.
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4.3.3 Thermal test (DSC analyzes)

The T, values of nanoparticle-filled samples are greater than in epoxy
samples see (appendix A/ table 4.14), this may be explained by good
interaction between the nanoparticles and matrix as seen in figure 4.29 (a
and b) (upper and lower image). In comparison to unmodified epoxy, a
temperature rise of 15 °C was recorded for the samples (WC/TBCP/epoxy).
The use of block copolymers to stabilize nanoparticle dispersion is a non-
covalent modification procedure that does not affect the nanoparticles'
electronical structure or mechanical characteristics[253]. Block copolymers
can contain a lyophobic portion that is adsorbed on the surface of the
nanoparticles and a lyophilic portion that has epoxy affinity, preventing
nanoparticle approximation and improving transfer between nanoparticle
and matrix [253,254]. It is claimed in the literature that nanoparticles that are
stiff might impede the movement of polymer chains and/or alter interactions

near the nanoparticles' surfaces in a manner that affects the T, [255].

The addition of nanoparticles together with TBCP to epoxy matrices resulted
in an increase in the Ty, was reported by [256]. As a result, the second
phase(TBCP) formation helps to achieve uniform nanoparticle dispersion in
the matrix, thereby reducing chain mobility that causes the T, to rise or at

least remain unchanged as compared to neat epoxy[194].

112



Chapter Four Results and Discussion

DsC
mW
ep
10.00+ 1% WC/epoxy
2:& \\:C epoxy
— 3% wcC epoxy
Z
=
= o0.00f
2
(=}
—
=y
=
€-10.00}
=
-20.00}
000 4000 8000 12000 16000 20000 24000 280.00 32000 36000
() Temp [C]

DSC
mW

EP

10.00f —— 1% WC/TBCP/epoxy
2% WC/TBCP/epoxy
3%  WC/TBCP’epoxy

o
o
o

T,

-10.00f

Heat Flow (mw)

-20.00r

®) 000 4000 8000 12000 16000 20000 24000 28000 32000 36000
Temp [C]

Figure 4.29: Curves of DSC (a) WC /EP Nano composite and (b) WC/TBCP /EP
Nano composite

4.3.4 Mechanical test
4.3.4.1 Tensile Properties

Nanocomposite tensile strength is enhanced by adding WC nanoparticles to
the epoxy see (figure 4.30(a)). The tensile strength of epoxy nanocomposites
increases when particles content increases. At 2% particle weight,
nanocomposites have the greatest strength ,enhancement in strength ~55 %
see (appendix A/ table 4.15). 2 %wt of WC nanoparticles gives good
dispersion of particles, and the load is transferred evenly between the

113



Chapter Four Results and Discussion

particles and the matrix, resulting in increased strength. Tensile strength
reduces when the WC content is more than 2% wit. It can be explained by the
fact that all nanoparticles have a significant propensity to agglomerate in
order to reducetheir high surface energy[257,258]. Larger percentages of
agglomeration particles create higher stress concentrations at specific places,
resulting in a decrease in nanocomposite strength[259].1t can conclude from
the results of the tensile strength test the bond between WC and epoxy is

very good.
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Figure 4.30: Tensile strength (a), Elastic modulus (b), and elongation (c) of
WC/EP and WC/(3%TBCP)/EP nanocomposites.

The WC causes a modest reduction in elongation at the break of the
nanocomposite, implying that the fillers produce a decrease in matrix
deformation owing to the introduction of mechanical limitations see (figure
4.30 (c)). The adhesion of the filler to the epoxy matrix also contributes to the
rigidity of the polymer chain and hence resistance to expand when strain is
applied. The additional propensity for elongation to diminish at a filler level
of around 3% wt, implies that matrix deformation is connected to the

dispersion condition of the fillers as well as the interface characteristic.

Figure 4.30 (b) shows that Young's modulus of epoxy nanocomposites
including WC is greater than that of unmodified epoxy and progressively
increases with filler content, from 0.28 GPa (neat resin) to the maximum
value of 0.41 GPa (2 wt. percent of WC) as shown in (appendix A/ table
4.15). Indeed, homogenous dispersion is required for hard particles to acquire
stress transfer and hence enhance the young modulus of nanocomposite[255].
This improvement in the modulus of elasticity of the nanocomposite is due to
the nature of the hard and high elastic modulus of WC nanoparticles
compared to the brittle matrix[249,260,261].
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Figure 4.30 (a and b) show that the tensile strength and elastic modulus of
WC/ TBCP /epoxy nanocomposites rise as the amount of tungsten carbide
nanoparticles in the WC/TBCP/epoxy nanocomposite increases. As it is
explained earlier, due to the good compatibility between TBCP and epoxy,
the flexible chains of TBCP help the spread and good distribution of WC
nanoparticles within the matrix of the nanocomposite. This helps transfer the
load from particles to the matrix and reduces the occurrence of positions of
stress concentrations within the material, thus increasing the tensile strength

and elastic modulus.

In figure 4.30 (c), the elongation at break of WC/TBCP/epoxy nanocomposite
remains almost unaffected. This is owing to the tungsten carbide particles not
affecting the miscibility of TBCP with the epoxy, as well as the homogenous

distribution and excellent interfacial adhesion between particles and matrix.

4.3.4.2 Fracture Toughness and impact strength results

The fracture toughness values of WC/epoxy and WC/TBCP/epoxy
nanocomposites are shown in figure 4.31 are summed up in (appendix A/
table 4.16). The results show that when the concentration of WC particles
goes up, so does the fracture toughness. This shows that adding WC
nanoparticles to epoxy resin makes the composites stronger when they
break. In the case of the neat epoxy, the fracture toughness as shown in
figure 4.31 , is determined to be 1.2 MPa.Vm. The maximum K, for
WC/epoxy nanocomposites was observed to be 5.4 MPa.Vm for the sample
at 2wt% WC. Various toughening mechanisms, including crack path
deflection, crack pinning, and plastic void growth, are responsible for this
improvement in fracture characteristics. When WC is dispersed at the

nanoscale, the degree of increase in fracture characteristics is greater
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because the increase in spacing between the cross-linked chains is smaller
agree with[262].

The dispersed nanoparticles cause Vander-Waal bonding between the chains
and the particles, which leads to an increase in the amount of constraint
between the particles and the polymer chains as well as within the polymer
chains themselves[263]. However, the tendency changes with greater filler
weight percentage, which may indicate agglomeration of WC particles.
These agglomerates lessen the filler's homogeneity and effective volume
fraction, which leads to debonding of the particles with the polymeric chain
and, ultimately, to cavitation, which in turn lowers the fracture toughness of

composites.

Mpa.\/m

Fracture toughness
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1%WC  2%WC  3%WC 3%TBCP 3%TBCP 3%TBCP
1%WC  2%WC  3%WC

Two epoxy nanocomposite

Figure 4.31 : Fracture toughness for WC/EP and WC/(3%TBCP)/EP nanocomposite

In the nanocomposite with the TBCP, the systems with WC are tougher and
Kic increases with increasing the WC load content. The largest value
obtained is 4.2 MPa.Vm at WC percentage (2%wt )compared with neat
epoxy with K¢ having 1.2 MPa.Vm, see (appendix A/ table 4.16) and figure
4.31. Higher deformation zones are likely formed due to the tougher epoxy

matrix containing TBCP and WC nanoparticles than epoxy nanocomposites.
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Shear, which happens between the particles and makes the samples harder to
break, could also explain this zone[264]. TBCP was used to assist in
stabilizing WC nanoparticles. This helped keep the dispersion that the
sonication process had made, and it also made it easier for the nanoparticles
to adhere to the epoxy matrix, which had an effect on the toughening
mechanisms. Based on these results, we can say that the TBCP worked to
improve the interface and particle/polymer adhesion in the dispersed

systems, which made them very tough[255].

The increased critical stress causes and encourages shear bands to develop in
the matrix (plastic deformation)as a means of dissipating the fracture energy.
[265]. Nanoparticle aggregation in the WC nanocomposites likely reduced
the effectiveness of the TBCP at the WC/epoxy interface. Additionally, the
action of mechanisms intrinsic to the TBCP itself, rather than the effective
interface enhancement, is responsible for the minor increase in toughness of
the WC (3wt%)/TBCP, compare with epoxy resin samples[194].
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Figure 4.32 : Impact strength of WC/EP and WC /(3% TBCP)/EP nanocomposites
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The introduction of WC nanofiller at 3 wt% with epoxy matrix resulted in a
considerable improvement of ~30% in impact strength. Impact test results
are shown in figure 4.32. When the filler loading is raised from 1% wt to 3%
wt, the impact properties significantly improve. Ascribed to the outcomes,
improved interfacial contact and hence bonding of nanofiller particles with

the epoxy matrix to withstand high impact stress/load.

Internal damage induced by low-velocity impacts on epoxy-based composites
may lead to serious safety and reliability difficulties since the resin is very
brittle. Since epoxy composites are used in many high-performance
applications, it is vital to enhance their ability to resist damage by increasing
their impact strength. Using the second phase toughening technique, the
modifier may be added as a distinct phase to solve this problem. Depending
on the inclusion of an added phase[266]. This describes what has noted the
Impact resistance grades for nano tungsten carbide and the toughening agent
(TBCP) of the composite material. Figure 4.32 show increases impact
strength by approximately (107%) at 1% wt WC, and as WC concentration
increases, there is a tiny drop in impact property, but it remains greater than
pure epoxy. This is associated with particle-matrix adhesion and good
distribution with additive TBCP. In addition, TBCP chains have a role in the
plastic deformation inside the matrix, thus absorbing more impact energy, and

increasing the toughness of the sample to fracture.

4.3.4.3 Hardness Test Results

The hardness of pure epoxy steadily improves with the addition of tungsten
carbide content for both epoxy /WC nanocomposite and epoxy / TBCP /WC
nanocomposite systems as shown in (appendix A/ table 4.16). This is because

WC, as a denser and harder phase than epoxy, improves the hardness of the
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composites. However, the stated increase in hardness for EP/WC composites
Is rather minor, amounting to roughly 5%, see figure 4.33. This enhancement
in hardness corresponds to the uniform dispersion of nano WC and better
matrix-to-particle interaction with and without TBCP[266,267].

In the hardness test, the indentation force is in action. Thus, the solid
tungsten carbide particles and the epoxy matrix phase would be hard-pressed
together and will be in contact with each other more firmly. There will be a
significant transfer of pressure by the interface, resulting in a further
increase in the hardness. Similar results were reported for epoxy matrix

composites filled with other nano particles[154,268].
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Figure 4.33: Hardness (shore D) value of WC/EP and WC/(3%TBCP)/EP

4.3.4.4 Pull-off Adhesion Result and Discussion

The results of pull off adhesion test of epoxy nanocomposites show that a
higher adhesive strength is observed for the WC/EP and WC/TBCP/EP
coating, respectively to the metal substrate than that of the neat epoxy
coating as shown in figure 4.34 and (appendix A/ table 4.17). The
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mechanical properties, chemical structure, and physical properties of the
coating, as well as those of the created interface, all have a role in
determining the adhesion between the coating and the substrate underneath.
It is believed that internal tensions in the film and substrate, in addition to
the chemistry and physics of the interface, significantly contribute to the
adhesion strength. Cohesive failure, which is dependent on film
characteristics, and surface failure, which occurs at the interface between the
film and substrate, both contribute to the overall adhesion bond strength,as
shown in figure 4.35. Adhesion is the interaction between two materials that
results from the sum of their individual interactions at the atomic level

(ionic, covalent, polar, and van der Waals)[269].
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Figure 4.34: Pull off adhesion strength of WC/ EP and WC/(3%TBCP)/EP
nanocomposites
The adherence of the coatings changed as the load content of nanoparticles
(WC) in the epoxy matrix increased. The coatings maintained their
adherence to the substrates due to the uniformly distributed of nano tungsten
carbide[270].
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Epoxy coating is well known as a polar coating due to the presence of
aliphatic hydroxide and ether groups in its structure [271]. The mixture of
epoxy resin and curing agent may completely wet the substrate because there
are scratches on the substrate surface polished by sandpapers. During the
curing process, the substrate surface can be wetted by the curing agent,
which increases the bonding areas and improves the bond strength between
the coating and substrate[272]. A rough surface has two significant effects
on adhesion: it brings a higher density of secondary bonding, namely Van
der Waals and hydrogen bonding, at the interface, and at the same time
allows mechanical adhesion to occur as the coating liquid can flow into the

porous surface of the substrate, creating effective interlocking[273,274].

Additionally, physical bonds can be created between the substrate and
polymer through polymer chain penetration into these cavities and pores and
thereby make some physical bonds[275]. Another adhesion mechanism
involved in the polymer-metal bonding is the dispersion (i.e., van der Waals)
forces [276,277].

The epoxide group or oxirane ring of the epoxy resin can also contribute to
adhesion by making chemical bonds with the active surficial hydroxyl
groups of the substrate. Furthermore, in the case of nonpolar sites of the
epoxy, it is the dispersion forces that aid the bonding, but it has less strength

compared to hydrogen bonds [238].
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Figure 4.35: Visual inspection of samples WC/EP and WC/(3%TBCP)/EP
nanocomposites after pull-off test

The adhesion for epoxy coating may be altered somewhat by the presence of
evenly dispersed nanoparticles, which may affect both the adhesive's
chemical and physical properties. Because of where they were located in the
surface asperities of the steel, they offered more secure anchoring and hence
improved adhesion. However, the chemical characteristics of nanoparticles
may explain the varying degrees of improvement, as they may affect the
chemical properties of the steel and epoxy coating surfaces, generate
chemical interactions at the interfaces between the two, and so increase
adhesion strength. Nanoparticles here were mediating between the steel and

epoxy coated at the molecular level [278,279].
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Where note from the results that the addition of TBCP has a role in good
dispersing and distributing nanoparticles inside the epoxy matrix, but did not
significantly affect the adhesion properties compared to its absence with
EP/WC, which is due to the stronger effect of hard tungsten carbide particles

and their stiffness in adhesion with the surface of the metal

4.3.4.5 Wear Test Result and Discussion

Pin-on-disc tribological test result for epoxy and nanocomposite samples have
been presented in (appendix A/ table 4.18). After analyzing the results, it
becomes clear that adding fillers to the epoxy matrix enhances the samples'
wear properties. Figure 4.36 demonstrates the effect of the addition of WC
nanoparticles on the wear rate of the epoxy resin. This work creates two
WC/epoxy nanocomposites, as well as a WC/TBCP/epoxy nanocomposite. It
has been shown that adding WC nanoparticles to epoxy reduces wear rates.
The wear rate of EP decreases from 6.808*10° g/mm to 2.553*10”° g/mm
when WC/epoxy nanocomposite was used, while the wear rate of EP
decreases considerably from 6.808*10° g/mm to 1.702*10®° g/mm when WC
/ITBCP/EP was used. It is indicating the wear resistance of all samples is
increased by employing the tungsten carbide particles. This may be connected
to the fact that the hard outer layer protects the surface from intense contact.
When the weight percent of WC is increased, the wear rate of the sample is
low. This is owing to the epoxy may readily be removed at the contact region
(sliding surfaces)but in the composite mode, the WC particles function as a
rough condition compared to the counter surface across which they slide.
similar with[280,281].
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Figure 4.36: Comparison wear rate values between WC/EP and
WC/(3%TBCP)/EP nanocomposites.

The inclusion of TBCP with WC particles, as previously discussed, resulted
in better particle dispersion within the epoxy matrix and decreased
agglomeration at high concentrations. Nanocomposites lose their well-
dispersed WC and transfer it to the steel ball-nanocomposites interfacial. To
prevent the steel ball from coming into touch with the nanocomposites, WC
may function as spacers similar to [282]. The improved wear resistance is
related to the polymer's uniform distribution of nanoparticle particles, which
assists to protect the polymer[283,284]. As mentioned earlier, the addition of
WC particles in the epoxy matrix led to an increase in the hardness values.
Increasing the hardness of materials is associated with increased wear
resistance. In other words, a material with higher hardness presents higher
resistance against sliding. Therefore, increasing surface hardness of epoxy
matrix by the inclusion of WC particles can be introduced as a strong reason

for observed wear improvement agree with[285].
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Chapter Five

Conclusion and Recommendations
5.1 Conclusion

From the obtained results and their discussion in chapter four, the following

conclusions can be drawn:

1.For the FT-IR toughening agent/ epoxy blends results proved, that there is
no chemical reaction, and there is only physical interaction between different

toughening agents and the polar epoxy polymer.

2.DSC epoxy blends results showed, that there is decreasing in the T, value,
which points to the action of toughening agent on flexibility chains and

plasticizer effect

3.In SEM epoxy blends images, TBCP modified epoxy matrix which proves
occurred phase separation of immiscible PEO domine on epoxy matrix . PU
and LSR modified epoxy matrix which proves occurred phase separation of
polyether polyol and liquid silicon rubber inside the epoxy matrix. PVC and
PSR modified epoxy matrix proved that there is no phase separation inside

an epoxy matrix.

4.The tensile strength and elastic modulus increase for TBCP/epoxy with the
increase of TBCP content as compared to pure epoxy and other toughening

agents/EP blends.

5.The fracture toughness of (TBCP/EP), (PU/EP), (LSR/EP),(PVC/EP), and
(PSR/EP) blends are higher than that of unmodified epoxy polymer.

6.The impact strength of (TBCP/EP), (PU/EP), (LSR/EP),(PVC/EP), and
(PSR/EP) blends are higher than that of unmodified epoxy polymer.
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7.The hardness results of the toughening agent /epoxy blends showed a

slight improvement or preservation of hardness compared to neat epoxy.

8.Pull-off adhesion strength of epoxy blends shows improvement when
adding TBCP, PU, and PVC to the epoxy system, but when added LSR and
PVC show a drop in pull-off adhesion strength and pull-off adhesion test

samples show both adhesion and cohesive failure.

9.FE-SEM images for WC /epoxy and WC/ (3%wt ) TBCP/EP
nanocomposite showed WC nanoparticle aggregation at high load WC
content (3% WC), this gave a reason for the deterioration of the mechanical

properties at that ratio

10.DSC results for two WC nano composite proved, that there is increasing
in the T, value, which points to an expected improvement in mechanical

properties.

11.Tensile strength and elastic modulus increase with increasing WC
content for WC/EP and WC/(3%wt) TBCP /EP nanocomposite

12.Fracture toughness and impact strength for WC/EP and
WC/(3%wt) TBCP /EP nanocomposite increase with increasing WC content

as compared to neat epoxy.

13.Pull-off adhesion strength shows improvement when adding WC to the

epoxy system with present TBCP or not.

14.Wear rate of WC/(3%wt) TBCP/EP nanocomposite lower than WC/EP

nanocomposites with the increase in the content of WC nanoparticles
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5.2 Recommendations
1. Using binary toughening agent with epoxy matrix

2. Studying other tests such as corrosion resistance of coating epoxy

nanocomposites
3. Using another substrate like aluminum,

4. Studying the wear rate in wet conditions for WC/EP and WC/TBCP/EP

nanocomposites.

5. Using hybrid nanocomposites like TiC, and SiC with WC nanoparticles
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Appendix A

Tables of Samples properties values

Table 4.9: Glass transition temperature value of different

Sample
number
1

10

11
12
13

toughening agents /epoxy blends

Toughening
agent
No toughening
agent
(EO-PPO-EO)
TBCP

120

Quickmaster

(polyol)

Liquid silicon

rubber

Samples
Composition
EP

3% TBCP/EP

6% TBCP/EP
9% TBCP/EP
12% TBCP/EP

3% PU/EP

6% PU/EP
9% PU/EP
12% PU/EP

3% LSR/EP

6% LSR/EP
9% LSR/EP
12% LSR/EP

Tg
(°C)
83.76

60.89

58.95
56.54
53.10

69.69

66.01
65.00
65.69
68.55

67.91
63.85
62.70



14

15
16
17
18

19
20
21

Liquid polyvinyl
chloride

Polysulphide

polymer

3% PVC/EP

6% PVC/EP
9% PVC/EP
12% PVC/EP
3% PSR/EP

6% PSR/EP
9% PSR/EP
12% PSR/EP

73.41

69.97
69.71
69.39
68.72

65.73
63.63
60.92

Table 4.10: Tensile properties of different toughening agents/epoxy
blends

Tensile Tensile

Sample

number

1

Blends

Unmodified epoxy

+ 3wt% TBCP
+ 6wt% TBCP
+ 9wt% TBCP
+ 12wt% TBCP

+ 3wt% PU
+ 6wt% PU

strength modulus
(MPy) (GP.)

17 0.28
TBCP/EP
34 0.44
34 0.41
32 0.42
30 0.40
PU/EP
17.7 0.21
14.3 0.21
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Elongation at
break
(%)

12.8

12.5
12.8
9
8.8

16.3
16.7



10
11
12
13

14
15
16
17

18
19
20
21

+ 9wt% PU 13.3
+ 12wt% PU 12
LSR/EP
+ 3wt% LSR 19
+ 6wt% LSR 19
+ 9wt% LSR 18.3
+ 12wt% LSR 18
PVC/EP
+ 3wt% PVC 10.3
+ 6wt% PVC 10
+ 9wt% PVC 10.3
+ 12wt% PVC 10
PSR/EP
+ 3wt% PSR 11
+ 6wt% PSR 11.3
+ 9wt% PSR 10
+ 12wt% PSR 7.3

0.18
0.17

0.27
0.28
0.28
0.25

0.14
0.12
0.12
0.13

0.14
0.14
0.14
0.11

17.1
17.9

12.4
10.3
9.3
9.4

14.2
18.4
16.7
17.7

14.9
15.1
14.5
14.8

Table 4.11: Fracture toughness and impact strength properties of all

Sample

number

toughening agents/epoxy blends

Blends

Unmodified epoxy
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Fracture

toughness
(MP,.m *?)

1.2

Impact strength
(Kj/m?)

5.3
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10
11
12
13

14
15
16
17

18
19
20
21

TBCP/EP
+ 3wt% TBCP
+ 6wt% TBCP
+ 9wt% TBCP
+ 12wt% TBCP
PU/EP
+ 3wt% PU
+ 6wt% PU
+ 9wit% PU
+ 12wt% PU
LSR/EP
+ 3wt% LSR
+ 6wt% LSR
+ 9wt% LSR
+ 12wt% LSR
PVC/EP
+ 3wt% PVC
+ 6wt% PVC
+ 9wt% PVC
+ 12wt% PVC
PSR/EP
+ 3wt% PSR
+ 6Wt% PSR
+ 9wt% PSR
+ 12wt% PSR
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2.6
2.7
2.8
2.7

2.2
2.3
2.2

2.9
3.7
3.5
2.7

2.6
2.1
2.4

2.6
2.9
2.9
2.7

13
10.7
9.6

9.1

9.5
54

10.9
12.9
9.1
7.9

10.9
11.9
12.9
13.1

5.8
5.7
8.3
5.3



Table 4.12: Hardness value of all toughening agents/epoxy blends

Sample Blends Hardness
number Shore D
1 Unmodified epoxy 65.6
TBCP/EP
2 + 3wt% TBCP 68.9
3 + 6wt% TBCP 66.7
4 + 9wit% TBCP 66.6
3) + 12wt% TBCP 67.6
PU/EP
6 + 3wt% PU 63.4
7 + 6wt% PU 64
8 + 9wit% PU 62.3
9 + 12wt% PU 60.6
LSR/EP
10 + 3wt% LSR 64.7
11 + 6wt% LSR 64.6
12 + 9wt% LSR 64.3
13 + 12wt% LSR 62.7
PVC/EP
14 + 3wt% PVC 61.4
15 + 6wt% PVC 59.8
16 + 9wt% PVC 54.7

17 + 12wt% PVC 58
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PSR/EP

18 + 3wt% PSR 66.9
19 + 6wt% PSR 67.2
20 + 9wt% PSR 66.6
21 + 12wt% PSR 62.8

Table 4.13: Pull-off strength values of all toughening agents/epoxy

blends
Sample Blends Pull off strength
number (MPa)
1 Unmodified epoxy 1.6
TBCP/EP
2 + 3wt% TBCP 2.3
3 + 6wt% TBCP 2
4 + 9wt% TBCP 1.9
5 + 12wt% TBCP 2.3
PU/EP
6 + 3wt% PU 3
7 + 6wt% PU 2.9
8 + 9wt% PU 2.7
9 + 12wt% PU 1.9
LSR/EP
10 + 3wt% LSR 1.6
11 + 6wt% LSR 2

12 + 9wt% LSR 14
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13

14
15
16
17

18
19
20
21

Table 4.14:

Sample
number

1
2

o

+ 12wt% LSR
PVC/EP

+ 3wt% PVC

+ 6wt% PVC

+ 9wt% PVC

+ 12wt% PVC
PSR/EP

+ 3wt% PSR

+ 6wt% PSR

+ 9wt% PSR

+ 12wt% PSR

2.1
2.2
1.6

1.3
1.1
1.1
1.2

T, values for two epoxy nanocomposites

Matrix
Samples
nanocomposite composition
Neat epoxy EP
Neat epoxy 1% WC/ EP
= 2% WC/EP
= 3% WC/EP
Epoxy/3% wt 1% WC/TBCP/EP
TBCP
= 2% WC/TBCP/EP

3% WC/TBCP/EP
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°C)

83.76
90.22

93.36
94.86
89.64
94.76

98.83



Table 4.15: Tensile properties value for two epoxy nanocomposites

Matrix Tensile Tensile  Elongation
Sample Samples ST EEUILE at break
TUGE9ET nanocomposite composition (MPa) (GPa) (%)
1 Neat epoxy EP 17 0.28 12.8
2 Neat epoxy 1% WC/ EP 25 0.35 12.9
3 = 2% WC/EP 26.3 0.41 11.8
4 = 3% WC/EP 23 0.37 115
5 Epoxy/3% wt 1% 27 0.39 13
TBCP WC/TBCP/EP
6 = 2% 26.3 0.41 14.3
WC/TBCP/EP
7 = 3% 26 0.41 12.8
WC/TBCP/EP

Table 4.16: Mechanical properties of two epoxy hanocomposite

Sample Matrix Samples Fracture Impact Hardness
number composition toughness strength Shore D
nanocomposite
MPa.\Nm (Kj/m?)
1 Neat epoxy EP 1.2 5.3 65.6
2 Neat epoxy 1% WC/ EP 4.1 5.9 66
3 = 2% WC/EP 54 6.5 66.4
4 = 3% WC/EP 3.9 6.9 67.05
5 Epoxy/3% wt 1% 3.7 11 68.6
TBCP WC/TBCP/EP
6 = 2% 4.2 10.5 67.3
WC/TBCP/EP
7 = 3% 3.7 8.7 68.7
WC/TBCP/EP
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Matrix Pull off strength
Sample number Sampl_eg,
composition (MPa)
nanocomposite

1 Neat epoxy EP 1.6
2 Neat epoxy 1% WC/ EP 1.8
3 = 2% WCJ/EP 2
4 = 3% WC/EP 1.4
5 Epoxy/3% wt 1% WC/TBCP/EP 1.8

TBCP
6 = 2% WC/TBCP/EP 2.2
7 = 3% WC/TBCP/EP 1.4

Sample number Samples Wear rate
composition (g/mm)

0 6.8085E-09

1 1% WC/ EP 3.4043E-09

2 2% WC/EP 2.5532E-09

3 3% WC/EP 2.5531E-09

4 1% 2.9787E-09
WC/3%TBCP/EP

5 2% 2.5532E-09
WC/3%TBCP/EP

6 3% 1.7021E-09
WC/3%TBCP/EP
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