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Abstract: Lightweight carbon fiber-reinforced polymer composites are replacing metallic
components in the aerospace and automotive industries due to their improved strength-to-
weight ratios and fatigue resistance. Despite their attractive properties, these composites,
however, crack and delaminate due to low-velocity impact causing a drastic drop in their
mechanical properties. Some of the approaches evaluated to overcome these issues include
surface modification of the carbon fibers and the addition of nanoparticles such as
graphene, graphene oxide etc. The addition of these nanoparticles shows improved
resistance to crack propagation and reduced delamination in these composites. One carbon-
based nano-additive additive, graphene oxide (GO), can achieve excellent dispersion with
organic solvents in polymer matrices due to the presence of specific functional groups
compatible with most composite matrix systems. However, the presence of oxygen within
these functional groups makes GO moisture sensitive and results in the loss of several vital
properties such as electrical conductivity and mechanical properties compared to pristine
graphene. Prior research from our group has demonstrated successful grafting of GO with
other molecules such as polyhedral oligomeric silsesquioxane (POSS) to optimize the
thermal stability of GO. Due to the robust cage-like structure of POSS, dispersion of these
hybrid nanoparticles within polymer matrices could result in an overall enhancement in the
mechanical as well as thermal behavior of the composite materials. In this work, a hybrid
polymer modifier (HPM) has been developed by hybridizing methacryl polyhedral
oligomeric silsesquioxanes (MAPOSS) to GO via a facile redox reaction system with
cerium (1) ammonium nitrate/nitric acid (Ce(IV)/HNO3) and GO sheets’ hydroxyl groups
as the redox couple, and characterized with different characterization techniques. XRF
analysis showed that 10.2 mass% of silicon was added to GO due to the MAPOSS grafting.
Furthermore, Raman analysis confirmed the increased structural distortion of GO induced
by the incorporation of MAPOSS ((Io/lg) Hpm = 1.43, (In/lg)co = 1.30).The dispersion of
HPM was studied in thermoset resin system Epoxy and presented. In addition, the effect
of HPM on polymer and carbon fiber reinforced polymer composite were studied. The
result confirmed that the addition of HPM at very low wt.% can enhance the viscoelastic,
mechanical, and thermal properties of composites.
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CHAPTER |

INTRODUCTION

Lightweight carbon fiber-reinforced polymer composites are replacing metallic
components in the aerospace and automotive industries due to their improved strength-to-
weight ratios and fatigue resistance. Despite their attractive properties, these composites,
however, crack and delaminate due to low-velocity impact causing a drastic drop in their
mechanical properties. Some of the approaches evaluated to overcome these issues
include surface modification of the carbon fibers and the addition of nanoparticles such
as carbon-based nanomaterials (graphene, graphene oxide, carbon nanotubes, etc.). The
addition of these nanoparticles shows improved resistance to crack propagation and
reduced delamination in these composites. One carbon-based nano-additive additive,
graphene oxide (GO), can achieve excellent dispersion with organic solvents in polymer
matrices due to the presence of specific functional groups compatible with most
composite matrix systems. However, the presence of oxygen within these functional
groups makes GO moisture sensitive and results in the loss of several vital properties
such as electrical conductivity and mechanical properties compared to pristine graphene.

Prior research from our group has demonstrated successful grafting of GO with other



molecules such as polyhedral oligomeric silsesquioxane (POSS) to optimize the thermal
stability of GO. Due to the robust cage-like structure of POSS, dispersion of these hybrid
nanoparticles within polymer matrices could result in an overall enhancement in the
mechanical as well as thermal behavior of the composite materials. In this chapter, the
modification and incorporation of GO/POSS hybrid nanoparticles in polymer matrix
composites, the degree of enhancement of mechanical properties, and potential challenges
are summarized. Based on the review of past research and results, specific challenges have
been identified, and a series of hypotheses on which further research work could be based are

stated.

1.1 Background and Classification

New aerospace platforms such as the Boeing Dreamliner, Airbus (B787, A380, and
A350 platforms), and new jetfighters (F-35, F-22) require materials with a high strength to
weight ratio [1]. For example, almost 50% of the Boeing Dreamliner is manufactured out of
carbon fiber-reinforced composite materials [2]. When this aircraft was introduced in 2008,
Boeing claimed that it would lead to a 32% savings in maintenance costs and 20% less fuel
compared to comparable aircraft [2]. In the automobile industry, the current push for zero
emissions (electric vehicles) or reduced weight components used in the Toyota Siena, Ford,
Volkswagen liftgate, and BMW MX-3 require composites that can reduce the automobile's
overall weight while also reducing the fuel consumption [3]. However, the exact weight
savings due to composites or fuel savings in automobiles is still a matter of research. In the
case of airframes, it has been shown that using composites in place of aluminum can save up
to 19% weight [4]. A similar need for composites in wind energy [5] can be observed,

although this review focuses on composites used in the aerospace and automotive industries.
2



Nature is full of composites; wood and bone are well-known natural composites [4].
Prehistoric people mixed small, chopped straws with mud, increasing the strength and
toughness of mud walls that allowed the mud blocks to resist crack propagation. This
fundamental idea of composites has led to high-strength lightweight components for the
aerospace, wind energy, and automobile industries. Composites are made of two or more
components: the matrix, the reinforcement, and the interface. In general, each part of the
composite material is combined in a way that the synergetic properties are more beneficial
than the individual components. The matrix and reinforcement material will depend on the
application. Based on the matrix material, composites are classified into the following four

broad categories [5]:

e Polymer Matrix Composites
e Carbon Matrix Composites
e Metal Matrix Composites

e Ceramic Matrix Composites



In this work, polymer matrix composites and reinforcement techniques are the
primary focus. An overview of the classification of engineered composite materials is

presented in the chart below:

Based on Matrix Based qn Reinforcement
| I
- Polymer Matrix Composite Fiber Reinforced Composite Particle Reinforced Composite
. I | Layered ‘
_ _ Single Layer Multi Layer {
— Carbon Matrix Composite | Hybrid Random Orientation
|
Continuous fiber Discontinuous Fiber
— Metal Matrix Composite Preferred Orientation
Unidirectional
Bidirectional

— Ceramic Matrix Composite L Three-dimensional

Fig. 1.1. Engineered Composite Material Classification [5].

1.2 Composites Market

The following is a brief discussion of the composites market, which shows the current

state, growth possibility, and industrial importance. The composites market is projected to

8.5
[=——}
2024%-p

NANOCOMP OSITES MARKET, BY REGION (USD BILLION)

—_—
2018

= North Americ = Ewope = Asa-Pacific Midde Exst& Afncs  m Latin America

2021 2022 2023

Fig. 1.2: Nanocomposite market by region [6].
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grow to $ 112.8 billion by 2025 and is projected to have a compounded annual growth
rate (CAGR) of 8.8% between 2020 and 2025 [6]. An analyst from Grand View Research
reported that the Global composite market size is projected to grow to $ 160.54 billion by

2027 at a CAGR of 7.6% [7].

45,000.0 4
40,000.0
35,000.0
30,000.0
25,000.0

20,000.0 4
15,000.0
10,000.0
5,000.0
0.0

Market Size (USD Million)

Aerospace & X | Construction & Elactrical &
Defense | \ndEnery |Transportation |\ ciructure Electronics

2017| 24,5808 20,3378 84839 4,984.4 4,819.7 4,562.7 3,503.3 6,807.4
(92022] 388730 | 201289 | 133923 | 70400 | 65416 | 66887 | 43741 | 93926
CAGR 9.60% 7.45% 9.56% 7.15% 6.30% 7.95% 4.54% 6.65%

Marine Pipe & Tanks Othars ‘

Fig. 1.3: Composite market analysis based on different industries [7].

Another report on the nanocomposite market showed a high demand for nanocomposites
from the packaging, aerospace & defense, automotive, and electronics & semiconductor
industries. The nanocomposite market is expected to grow from $4.1 billion in 2019 to
$8.5 billion by 2024 at a CAGR of 16%, as shown in Figure 1.2[8]. A variety of
reinforcement fibers (glass, carbon, natural, basalt, and aramid) and polymer matrices
(thermoset and thermoplastic) are used in composites depending on the industry: aerospace &
defense, transportation, wind energy, marine, pipe & tanks, and sporting goods. Figure 1.3,
from MarketsandMarkets, shows the potential market size by end-use areas for composites,

with aerospace and defense being the fastest growing segments [9].



1.3 Polymer Matrix Composites

Based on the resin used, polymer matrix composites can be divided into thermoset
composites and thermoplastic composites. Thermoset composites have a more
comprehensive range of applications than thermoplastic composites, as the former are more
resistant to heat transfer. Thus, they have more uses in transportation, aerospace & defense
applications that require heat-resistant materials. Thermoset composites are manufactured
using thermoset resins such as epoxy, polyester, vinyl ester resins, and polyurethane, as well
as specialty resins such as polyimides and bismaleimides [4].

Various nano-additives or nanomaterials are used to improve the toughness of
polymer composites. The new class of materials created as a result of introducing nano-
additives into polymer composites is typically described as polymer nanocomposites.
However, a major issue with polymer nanocomposites is the agglomeration of the
nanoparticles [10], as they can act as stress raisers, or areas of stress concentration, acting as
crack initiators and causing failure of the composite. In the case of carbon nanofillers, the n-n
interaction is usually the cause of agglomeration. Graphene sheets are also susceptible to
restacking and aggregation. Though the single-layer graphene can be produced, it is not easy

to retain the single-layer state once it has been dispersed in the polymer matrix.



1.4 Fiber-reinforced Polymer Composites:

Classification of fiber-reinforced composites are illustrated below in Figure 1.4:
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Fig. 1.4. Classification of fiber-reinforced composites [11].

There are several types of reinforcement classifications based on fiber orientation, as
shown above in Figure 1.4. These can be listed as continuous unidirectional, continuous
bidirectional, continuous 3-dimensional, discontinuous aligned, or discontinuous randomly
oriented. The fiber reinforcement effectively affects the crack-bridging mechanisms in a
composite material, improving the toughness and overall composite performance. Another
challenge in fiber-reinforced polymer composites is the mismatch in the thermal expansion
coefficient between the fiber and the matrix, which could introduce micro-cracks while the
composites are cooling down after curing. It is also desirable to have tailored chemical or
physical entanglement in the fiber matrix interfacial area because it could lead to better fiber-

matrix bonding and toughening in composites.



1.5 Polyhedral Oligomeric Silsesquioxane (POSS) and its Importance in Polymer

Composites

Polyhedral oligomeric silsesquioxane or POSS is a special type of nanomaterial that Dr.
Joseph Lichtenhan, and coworkers developed while he was at the Materials and
Manufacturing Directorate at the Air Force Research Laboratory at Edwards Air Force
Base, CA [12]. He subsequently started Hybrid Plastics in Hattiesburg, MS, to develop
applications for POSS in the composites industry. POSS is a class of molecule that has a
unique silicon cage with eight organic moieties that have both organic and inorganic
features. It has a nanosized cage structure comparable to polymeric segments with
empirical formula Rn(SiO1.5)n, where R represents organic functional groups like alkyl,
alkylene, acrylate, or epoxide, etc. [13-15]. This is shown in Figure 1.5. Due to its organic
and inorganic structure, it is compatible with a number of composite resin systems. The

siloxane (Si-O-Si) moiety imparts thermal stability, chemical resistance, rigidity, and flame
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Fig. 1.5: POSS Structure.
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retardant properties to POSS and, therefore, to the matrix resin it is added to. The organic
groups can be either inert or reactive. They impart reactivity, processability, and ductility to
POSS. POSS can have a wide range of properties based on the attached organic group. POSS
can be blended into a polymer matrix by either chemical or physical mixing. Additionally,
the organic groups attached to the Si cage can be modified with different substituents leading
to better solubility in common solvents [13, 16]. Therefore, a range of properties can be
introduced to POSS by altering the organic groups. It has been used for various polymer

composite applications due to its hybrid nature [17-19].

1.6 Carbon-Based Nanomaterials

The natural state of graphene is in the form of a stack of multiple sheets, held together
by van der Waals attraction. Graphene-based products are available in different forms:
graphene, graphene oxide (GO), reduced graphene oxide (rGO), and monolayer graphene.

The structure of graphene and GO is shown in Figure 1.6.

The properties of graphene are influenced by the number of layers and their
functionality. However, the applications of graphene are limited due to the difficulty of
dispersing graphene in solvents. This issue is directly related to the van der Waals interaction

and nt- 7 stacking between graphene sheets [20, 21].



Graphene oxide (GO), obtained from the oxidation and exfoliation of graphite,
contains oxygen-containing carbonyl, hydroxyl, and epoxy functional groups. The presence
of a functional group imparts several advantages to GO over pristine graphenes, such as 1)
flexibility of further modification, 2) excellent dispersion in polymer matrices and solvents,
and 3) excellent interfacial interaction between the functional groups and the polymer matrix.
However, GO has poor thermal stability and electrical conductivity compared to graphene
[22, 23]. Several studies have been reported related to the recovery of these properties [24].
However, the steps to recover these properties were found to be expensive and time-

consuming. The general structure of graphene and graphene oxide are illustrated in figure

1.6.

Fig. 1.6: Structure of graphene and graphene oxide.

1.7 Redox free radical polymerization:

Producing polymers with minimal energy consumption is one of the major challenges in the
polymer industry [25]. Fortunately, in the 1940’s, researchers from Germany and Great
Britain discovered a redox initiation reaction with the capability to accelerate the process in

polymerization at low temperatures (usually < 100 °C) with low energy consumption (
10



usually < 80 KJ/mol) [25, 26]. At present, about 50% of polymers and synthetic rubbers are
manufactured via the free radical polymerization process. Hence, chain growth free radical
polymerizations (FRP) have always been a significant interest in the polymer research

community.

In a redox reaction, mixing the reducing agent with oxidizing agent leads to redox
polymerization. In this process, a reactive species is generated, allowing polymer chain
growth. A typical redox-free radical reaction involves three significant steps: initiation,
propagation, and termination. Initiation consists of the generation of free radicals by the
electron transfer mechanism. In propagation, free radical attracts the available double bonds
leading to chain growth. In the termination step, the chain growing process is halted by three
different mechanisms - first is termination by coupling with other radicals, known as mutual
termination, the second is termination due to coupling with free radical, known as oxidative
termination, and the last is disproportionation and chain transfer reaction where a species

simultaneously redox and oxidized, yielding two different products.

11



The redox reaction can be operated in an agueous solution at a mild temperature with low
energy consumption and “greener” compared to other chemical reactions. It is widely
accepted in the hybrid polymerization process. Past research has shown that the hydroxyl
groups on GO surface serve as great reducing agents if coupled with Ce(IV) salts to initiate
the polymerization [27]. The reaction scheme of those research groups is presented in Figure

1.7.

Initiation: GO—OH + Ce* —= GO—0- + ™+ H

A A A
Hy |\ Hy |
Propagation: GO—O* + ﬂ:< —_— GO—O-EC —CTC —C-
B | ‘a1 |
T ] Wl
o Ha Hz Ha
Termination: GO—U{*{: —(|:ch —(|:+ +Cet—m GO—OJ(C —c}—ﬁ:c< 0P B
1
8 B E'; 1B
A A A A
(Ha |\ Ha | Hy |\ H |
GO—OTC —CJfC —C-+60—0+C—C+C—C —=
| n-1 | m-1 Q;
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A A A A
1Hy | H | / He |\
GO—OTC —C%G—G0+GD—O‘€C —ijC:C +GO—OWLC —CTH
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St A=H, B=phenyl; MMA: A=CH,, B=COOCH,, AN: A=H,B=CN; AM: A=H, B=COONH,

Fig. 1.7: Polymerization mechanism of monomers on the surface of GO using a Ce (IV) redox free
radical initiation system [27].
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1.8 Literature Review

Hybridizing GO by grafting with other functional groups has been found to reduce
the agglomeration of GO and improve its dispersion. The presence of a hydrophilic
functional group causes GO to more effectively disperse in polar solvents, opening the
platform for chemical modification with higher possibilities of new materials with excellent

properties [21, 28-31].

The presence of functional groups in GO imparts several advantages to graphene.
Several studies have reported improved quasi-static [25], fatigue [26], and electrical
properties [27] for graphene-based polymer composites. Some of these studies have
concluded that GO is the most effective form of graphene for composite reinforcement and

scale-up [32-36].

The most common synthesis methods of GO-based hybrid nano-materials are in situ
polymerization [37, 38], hydrothermal method [39, 40], electrochemical co-deposition [41],
microwave-assisted method [42, 43], vacuum impregnation [44] and sol-gel technique [45].
GO serves as either a functional component or substrate in a GO-based composite [46, 47].
Of all the above methods, in situ polymerization is more controllable, scalable, and effective
in grafting monomers to GO and rGO. This method is also more common for scaled-up
hybrid GO nanocomposite production without chain destruction [21, 48]. The “wrinkled”
surface of reduced graphene is often considered to be a favorable medium for creating a
robust interface that can interlock with the matrix. The atomically smooth surface has been
shown to have low interfacial strength in strain-dependent Raman spectroscopy

measurements [24].
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Furthermore, restacking the sheets after chemical or thermal reduction demonstrates
poor dispersion in solvents used in polymer processing, which could result in agglomeration,
similar to CNT composites. However, the latter concern has been partially alleviated using
surfactants or polymer blending before reduction [24]. The functional groups (epoxide,
hydroxyl, carboxyl, and carbonyl) present on the basal planes and edges of GO facilitate
dispersion in water or protic solvents. Moreover, the groups may further improve matrix
affinity and allow for additional surface chemistry tailoring if desired. GO is preferred over
other expensive fillers, like CNT, due to its larger aspect ratio and extraordinary mechanical
and thermal properties [49-52].

Mishra et al. studied the effects of different types of POSS in epoxy resins. They

investigated fracture toughness of epoxy composites as a function of POSS loading for
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Fig. 1.8: K for different loading of POSS of different functional groups [53].
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trisilanol poss-epoxy, methacryl poss-epoxy, and glycidyl POSS. Their study (Figure 1.8)
showed that the fracture toughness in terms of critical stress intensity factor (Kic) improved
(at 5%wt loading) by 230%, 160%, and 130% due to the presence of glycidyl, methacryl, and

trisilanol POSS, respectively [53]. Figure 1.9 shows the flexural strength of these composites
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Fig. 1.9: Flexural strength of POSS—epoxy nanocomposites with different POSS content
[53].

as a function of the POSS content. It was observed that the flexural strength was maximized
for glycidyl POSS, whereas the other two POSS molecules did not show any significant

change in the flexural strength.
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Ahmadi-Moghadam, B. and F. Taheri studied the effect of a different form of carbon-
based nano additives (GO), (GNP), Amino functionalized GNP (G-NH), and silane
functionalized GNP (G-Si)) for the interlaminar fracture toughness (Mode I, Mode 11, and
Mode 111) of glass/epoxy composites. The result, presented in Figure 1.10, showed

remarkable improvement in Mode | fracture toughness with functionalized GNP [54].
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Fig. 1.10: Mode I critical energy release rates of FRP plates adhered by the neat resin and various
GNP-reinforced resins [54].

Zhu, Imam, et al. claimed that the addition of carbon-nano tube (CNT) as nano
additives traps free radicals, leading to reduced interaction between fiber and matrix, hence
the mechanical properties [55]. In the same study, they added a nanotube with an extra
initiator to promote the local interaction, and the result showed the improvement in shear
strength up to 45% at 0.1% loading (Figure 1.11). From their work, it can be inferred that the
interaction between fiber, matrix, and nano additives is crucial for improvement in

mechanical properties.
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Without extra initiator With extra initiator

retardation of free radical polymerization by the nanotubes coating solution formulation was modified in order to
promote the local polymerization of vinyl ester in the
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Fig. 1.11: Effect of different forms of carbon-nano tubes with and without extra initiator [55].
Degirmenci M. et al. investigated a novel method effective in the

photopolymerization of vinyl monomers using GO. Their study showed that the ceric-ion-
photo initiator redox method is highly effective in synthesizing photoinitiator functionality
polymers [56]. A similar study published by Wang B. et al. reported a convenient redox
polymerization method for covalent grafting of poly(N-isopropyl acrylamide) and poly
(acrylic acid) on the GO surface. The polymerization reaction was initiated by an aqueous
cerium ammonium nitrate solution at moderate temperatures (room temperature to 80 °C).
The effectiveness of polymerization was based on the formation of redox centers on GO
upon reaction with cerium ammonium nitrate [57]. Another study by Ma L. et al. described
the synthesis and characterization of polymer grafted GO sheets using a Ce (IV)/HNOs3 redox
system. Their study concluded that the regular and periodic structure of GO disappears by the
redox system, yielding a thoroughly exfoliated structure [27]. They reported a 99% grafting

ratio of polystyrene on GO via Ce (IV)/HNO3 redox system, as shown in Figure 1.12.
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Fig. 1.12: XRD curves of graphite, GO and GO/polystyrene composites [27].

Xue Y. et al. reported chemical grafting of amine-functionalized POSS to graphene
oxide (GO) [58]. Their results suggested that POSS-g-GO is soluble in many organic

solvents, enabling it to be used in several composite systems. In addition, the use of POSS-g-
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Fig. 1.13 (a) DSC (b) TGA of pure PMMA and a POSS-graphene/PMMA composite [58].
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GO as a nano-filler in PMMA showed higher thermal stability for PMMA, increasing its
glass transition temperature (Tg) by 11 °C. In this study, Xue et al. also reported the super
hydrophobic properties with water/air, increasing the contact angle from ~30° to ~157°,
showing a more hydrophobic character, which also suggests that the modification improved
the compatibility of GO with the matrix resin. Figure 1.13 shows the DSC and TGA data for
pure PMMA and POSS-graphene/PMMA composite, showing an increase in the thermal
stability [58]. Figure 1.14 shows the SEM of the films and the contact angle measurements

of pure GO and the modified POSS-GO films respectively [58].

Fig. 1.14: SEM images of (a) a GO film, (b) the as-synthesized POSS-graphene film, and (c) a
rough POSS-graphene film prepared from POSS-graphene particles. The corresponding water
droplet and air/water contact angles for (d) the GO film, (e) the as-synthesized POSS-graphene
film, and (f) the rough POSS-graphene film prepared from POSS-graphene particles [58].
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The grafting of different types of POSS with GO results in composite properties that
cannot be obtained through other methods. Interestingly, these properties are obtained at low
levels of addition of the hybrid nano-additive. For example, Wang et al. studied the effect of
octaaminophenyl POSS grafted GO nanoparticles on the fire retardancy of epoxy resins.
They concluded that the reinforcement of POSS (2-wt.%) and POSS-Graphene (2-wt %)
improved the degradation temperature onset by 24 °C and 43 °C of the epoxy composite at
5% weight loss. It should be noted that either 5 or 10% weight loss is typically used to
characterize degradation temperature for composite materials. The superior fire-retardant
property of POSS-graphene could be due to a) the formation of a more stable form of
graphene while compared to neat GO and b) increased char yield because of the silica layers

on the surface [59].

Multiple researchers have reported the grafting of POSS on GO to enhance the
mechanical and thermal properties of composites to which they are added. For example,
Valentini, L., et al., reacted amino-functionalized POSS (POSS-NH_) with GO [60] and
confirmed the improved hydrophobic behavior by an increased water contact angle from 51°
to 86°. The same group developed a novel method to deposit POSS vapor into GO and
demonstrated a carbon/silicon nanomaterial having photoconductivity response. They

reported ~ 8x10°°Amp current for ~ 250 s exposure in visible light [61, 62].

Antoniou, K.S., et al. reviewed the synthesis and properties of carbon nanostructures
containing organic-inorganic cage-like polyhedral oligomeric silsesquioxane (POSS)
nanoparticles. They reported that the physical and chemical functionalization of carbon

nanomaterials such as graphene, graphene oxide, carbon nanotubes, and fullerene with POSS
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improves the solubility of carbon nanostructures, enhance thermal, mechanical and flame
retardancy behaviors in polymers, and alters the electronic properties [63].

Yu, W., et al. found that OapPOSS-GO increased the thermal degradation
temperature by 319.3 °C compared to pure GO. They also reported that incorporating
OapPOSS-GO into the epoxy matrix at ~0.1% reduces the dielectric constant and dielectric
loss by 9% and 49% respectively [64]. Qu, L. et al. reported a significant improvement in the
epoxy composite fire retardancy when reinforced with octa (propyl glycidyl ether) POSS
functionalized GO. They concluded that the addition of functionalized GO lengthens the heat
path leading to a reduction in peak heat release rate and total smoke released by 49.7% and

41%, respectively [65].

1.9 Challenges related to impact damage in polymer composites:

As discussed previously, with the increase in polymer composite applications, issues such as
delamination due to low-velocity impact, which affects their fatigue performance, are critical
[60, 61]. Hence, there is a need for improving the impact resistance of polymer composites,
which could be accomplished by improving their interlaminar fracture toughness (IFT). The
fundamental factors determining the initiation and development of fracture in fiber-
reinforced composites are loading speed, stress concentration, temperature, and thermal

shock [66].

For various fiber/epoxy composites, the modulus of fiber (Ef) and matrix (Em) are
significantly different, leading to a mismatch in their ability to withstand impact. D. Liu

studied the mismatch coefficient of carbon, Kevlar®, and glass fiber with epoxy resin. The
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study reported that the carbon/epoxy composite (CFRP) has the highest mismatch in these

properties, leading to easier delamination in CFRP composites [67].

Kumar et al. analyzed low-speed drop weight impact on hemp and basalt fiber reinforced
polymer laminate composites [68]. When compared to the hybrid (hemp & basalt)/epoxy
composite, their study showed that hemp/epoxy composite is more susceptible to
delamination upon impact. The researchers concluded that an opportunity exists to create a

better fiber-matrix interaction mechanism in fiber-reinforced polymer composites.

22



1.10 Hypothesis and proposed work:

Based on this literature review on polymer composites where hybrid nano-additives have
been added, limited results have been reported in the use of POSS-w-GO/polymer (epoxy,
vinyl ester, polyester, etc.) composites for improving their delamination resistance.
Grafting POSS molecules with GO and investigating their effect on mechanical and
thermal properties of the polymer matrix could provide new insights. Additionally, there is
also a need to develop techniques to scale up these processes to develop POSS-GO
molecules that have good compatibility with different resin matrices. The following are
possible hypotheses to be investigated.
I. The low thermal stability of GO can be optimized by hybridizing POSS on GO.
From among different carbon-based nano-additives, GO is a good potential candidate for
incorporation into polymer matrices due to its compatibility with different resin
matrices. However, the thermal stability of GO is limited. Therefore, it is hypothesized
that the low thermal stability of GO can be improved by the hybridizing POSS (due to
its inorganic Si cage) on the basal or edge plane. The hybrid nature of POSS could also
be exploited to react with GO to create nanoparticles that disperse well in resin matrices.
Il. The hybridization of POSS into GO can be achieved by redox polymerization.
The chemical route of grafting determines the overall quality and yield of
nano-additives. It is hypothesized that the optimum hybridization of POSS into GO can
be achieved by redox polymerization initiated by cerium ammonium nitrate in an
aqueous solution at a temperature below 100 °C.

[1l. By hybridizing POSS on GO, the dispersion of nano-additives can be improved.
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The presence of POSS cages between the GO layers could inhibit the van der Waals'
forces of attraction and can prevent the restacking of GO sheets. It is hypothesized that
the POSS cages between the GO layers could result in improved dispersion of the
nanoparticles in polymer matrices, thus improving the mechanical and thermal

properties of polymer matrix composites.

IV. POSS-w-GO will provide improved resistance to interlaminar crack propagation.

The

1.

The delamination of fiber-reinforced polymer composites due to low-velocity impact
needs to be minimized. It is hypothesized that the effective grafting of POSS into GO
layers will cause the modified GO to be more chemically and mechanically interactive
with the fiber surface. This could ultimately lead to better resistance to crack initiation

and propagation.

proposed plan of work is summarized as follows:

Design and assemble components of a redox reaction system for synthesis of
functionalized graphene oxide under an inert nitrogen atmosphere at mild
temperatures.

Synthesis and scale-up the product from milli grams up to 20 g of methacryl POSS
hybridized graphene oxide.

Characterize the hybrid nanomaterial (GO-g-MAPQOSS) by Fourier transform
infrared (FTIR), Raman, X-ray diffraction (XRD), X-ray fluorescence (XRF)
Spectroscopy, Transmission electron microscopy (TEM) and Thermogravimetric

analysis (TGA) to confirm the hybridization of MAPOSS on GO.
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4.  Investigate the effect of hybrid nanomaterial in polymer matrix composites (PMC),
and carbon fiber-reinforced polymer (CFRP) composites on their mechanical

properties.
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CHAPTER II

SYNTHESIS/CHARACTERIZATION OF HYBRID POLYMER MODIFIER

ABSTRACT

Epoxy resins are highly crosslinked thermoset polymers that exhibit good thermal
stability, excellent chemical resistance, and enhanced modulus after curing. Despite the
favorable properties of epoxy resins, their high crosslink density causes them to be
inherently brittle and prone to cracking. There have been several studies on toughening
epoxies focused on the addition of nanoparticles, including carbon-based nanomaterials
like graphene, graphene oxide, carbon nanotubes, etc. Recent studies have focused on the
potential of carbon-based nanomaterials as candidates to address the brittleness and
cracking issues in epoxies. One additive in particular, graphene oxide (GO), has been
shown to achieve excellent dispersion with organic solvents in polymer matrices due to
the presence of specific functional groups compatible with the matrix. GO is more
attractive for specific applications, however, the presence of oxygen on GO could make it
prone to thermo-oxidative degradation and the loss of several other valuable properties of

pristine
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graphene. Past reports demonstrated the successful grafting of GO with suitable
molecules like polyhedral oligomeric silsesquioxane (POSS) to optimize thermal
stability. The robust cage-like structure of POSS supports the overall enhancement of the
mechanical and thermal behaviors of epoxy-based composite material when dispersed
within the polymer matrices. In this work, a hybrid polymer modifier (HPM) has been
developed by grafting methacryl polyhedral oligomeric silsesquioxanes (MAPOSS) to
GO via a facile redox reaction system with cerium (IVV) ammonium nitrate/nitric acid
(Ce(IV)/HNO3) and GO sheets’ hydroxyl groups as the redox couple. HPM was
characterized with Fourier transform infrared (FTIR), X-ray diffraction (XRD), X-ray
fluorescence (XRF) spectroscopy, Thermogravimetric analysis (TGA), and Transmission
electron microscopy (TEM). XRF analysis showed that 10.2 mass% of silicon was added
to GO due to the MAPOSS grafting. Furthermore, Raman analysis confirmed the
increased structural distortion of GO induced by the incorporation of MAPOSS ((Ip/lg)
Hem = 1.43, (Io/l)co = 1.30).The dispersion of HPM was studied in thermoset resin
system epoxy and presented in this paper. Since POSS and GO have individually been
reported to be effective in enhancing the interlaminar toughness of fiber-reinforced
composites, HPM is expected to improve these properties while overcoming issues such

as dispersion and degradation in mechanical properties beyond a certain limit.

2.1 Introduction:

Thermosets, especially epoxy resins, are polymers used in many structural applications
because of their temperature-stability, chemical inertness, and attractive mechanical
properties [1]. Due to their high crosslink density, thermosets are inherently brittle and

prone to impact damage [2]. Introduction of a reinforcing secondary phase for epoxy
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have been evaluated using carbon-based nano-fillers such as carbon nanotubes [3, 4],
graphene [5, 6], graphene oxide (GO) [7-9], and other nanofillers [10]. Adding inorganic
fillers to the polymer matrix can improve their electrical and thermal conductivity [11,
12], mechanical properties such as modulus, impact strength, and elongation at break [13-
15]. Adding nanoparticles as a secondary phase can enhance mechanical, thermal and
electrical properties polymers, but nanoparticle agglomeration is a serious challenge that
needs to be overcome [16]. In the case of carbon nanofillers, this drawback is directly
connected with the van der Waals interaction and n- & stacking between the graphene
sheets [17-19]. While single-layer graphene can be produced using highly advanced
techniques, it is difficult to retain a single layer state once it is dispersed in the polymer

matrix.

Graphene oxide (GO), obtained from oxidation and exfoliation of graphite, is a versatile
nanofiller owing to its compatibility with polymer matrices. The presence of several
oxygen-containing functional groups such as carbonyl, hydroxyl, and epoxy impart
numerous advantages to the graphene, such as (1) flexibility for further modification of
these groups, (2) improved dispersion in polymer matrices and solvents, and (3) ability to
facilitate interfacial interaction between the functional groups and the polymer matrix.
The presence of a hydrophilic functional group makes GO more dispersible in polar
solvents. However, as discussed above, the dispersion of GO nanosheets can be difficult
due to the aggregation and forces between sheets. One of the potential approaches to
overcome this particle agglomeration is the surface modification of GO nanosheets. The
presence of various functional groups on the surface of GO opens the platform for
chemical modification to produce new hybrid materials with compatible properties and
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lower probability of agglomeration [18, 20-23]. Surface modification can be achieved in
two ways: the first method is based on reaction or surface absorption with small
molecules such as silane coupling agents, and the second process consists of grafting
polymeric molecules via covalent bonding to the existing functional groups. The second
procedure is more desirable because one can select the desired species of the grafting

monomer and tailor the grafting conditions to a specific matrix [9].

Recent studies have reported improved thermal and mechanical properties of polymer
composites with the incorporation of polyhedral oligomeric silsesquioxane or POSS [24-
27]. The physical and chemical functionalization of carbon nanomaterials such as
graphene, graphene oxide, and carbon nanotubes with POSS has been developed toward
the fabrication of novel hybrid nanostructures [24]. POSS is a three-dimensional
nanostructured material with a diameter of 1-3 nm and a unique cage structure having
both inorganic and organic moieties. POSS has a nanosized cage structure compatible
to polymeric segments with an empirical formula Rn(SiO15)n, where R represents
organic functional groups like alkyl, alkylene, acrylate, or epoxide [25-27]. The
siloxane (Si-O-Si), the inorganic moiety, imparts thermal stability, chemical resistance,
rigidity, and flame retardant properties to POSS. Eight groups of an external organic
group give POSS many benefits like compatibility with polymer matrix, active sites for
further reactions, and a degree of compatibility to the molecule. The robust cage-like
structure of POSS supports the overall enhancement of the mechanical and thermal
behaviors of epoxy-based composite material when dispersed within the polymer
matrices. POSS has been widely used for polymer composite applications owing to its
hybrid nature [28-30].
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The functionalization of GO with POSS resulting in multifunctional hybrid GO
has been accomplished by several researchers. Xue, Y. et al. reported chemical grafting
of amine functionalized POSS to graphene oxide (GO). Their study showed that POSS-g-
GO is highly soluble in many organic solvents [31]. Yu, W. et al. synthesized a hybrid
material OapPOSS-GO by functionalizing GO with octa-aminophenyl polyhedral
oligomeric silsesquioxanes (OapPOSS). Their study showed that the OapPOSS-GO
increased the initial thermal degradation temperature by 319.3 °C compared to GO [32].
Similarly, Wang et. al. studied simultaneous reduction and surface functionalization of
GO with octa-aminophenyl polyhedral oligomeric silsesquioxanes (OapPOSS) [33].
Valentini, L., et al., reacted amino-functionalized polyhedral oligomeric silsesquioxanes
(POSS-NH) with GO sheets to graft POSS-NHz onto a GO layer immobilized onto a
layer of 3-aminopropyltriethoxysilane, self-assembled onto Si substrate [34]. An
investigation on the effect of POSS grafted GO nanoparticles in fire retardancy of epoxy
resins was also reported Qu et al. [35]. They concluded that the addition of functionalized
GO lengthens the heat path leading to a reduction in peak heat release rate and total

smoke released by 49.7% and 41.0 %, respectively [35, 36].

The work presented here describes the redox reaction mechanism for grafting of
methacryl POSS (MAPOSS) on GO basal and edge plane in the presence of aqueous
Ce(IV)/HNOs. The material, MAPOSS grafted GO (GO-g-MAPQOSS), also defined as
hybrid polymer modifier (HPM), is characterized, and confirmed by Fourier transform
infrared (FTIR), X-ray Diffraction (XRD), Raman spectroscopy, X-ray fluorescence
(XRF), and Transmission electron microscopy (TEM) analysis. In addition, the improved
thermal stability of HPM is confirmed with Thermogravimetric analysis (TGA). The
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dispersion of dry and wet forms of synthesized GO-g-MAPOSS in EPON 862 is
investigated under optical microscopy. Dispersions were prepared using five different
common processes, and a comparative analysis between wet and dry HPM on EPON 862

is presented.

2.2 Materials and Methodology:

2.2.1 Materials

A 2.5% graphene oxide dispersion in water was purchased from Graphenea Inc.
(Cambridge, MA). Nitric acid, acetonitrile, and cerium ammonium nitrate (CAN) were
purchased from Alpha Aesar (Haverhill, MA). Methacryl POSS (MAPQOSS) cage mixture
was purchased from Hybrid Plastics (Hattiesburg, MS). Epoxy resin EPON 862 was
purchased from Hexion LLC (Columbus, OH). Acetone was purchased from BDH VWR
Analytical (Radnor, PA). All the reagents and chemicals were used without further

modifications.

—y.
water
Condenser
water
Nitrogen supply HE——

Thermocouple
RB flask

Magnetic Stirrer Reaction mixture

Hitrogen Supply

Fig. 2.1: Schematic representation (left) and lab set-up (right) of redox reaction reactor set
up.
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2.2.2 Redox Reaction System Set-up

To functionalize the GO with MAPOSS, a chemical reactor capable of handling redox

reaction was designed and successfully assembled. The schematic representation of

customized chemical reactor is shown in Figure 2.1.

2.2.3 Grafting of MAPOSS on GO via Redox reaction

Methacryl POSS (MAPOSS) was hybridized on the surface of graphene oxide
(GO) layers using a redox polymerization method. The proposed polymerization

mechanism is shown in Fig.2.2. In a typical synthesis reaction, 1.25% (w/v) of GO

Initiation

Propagation cH
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/ o ¢ —c:
* *
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Fig. 2.2. Polymerization mechanism of MAPOSS on the surface of GO using a Ce
(1V) redox initiation system
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dispersion in 200 mL of water was prepared and mixed mechanically in a round bottom
flask. Then, 0.5 g of CAN was dissolved in 50 mL of 1 N nitric acid solution prepared in
water. The CAN mixture was then added into the GO dispersion in the round bottom
flask. This mixture was stirred gently for 1 h at 80 °C under an N2 atmosphere. A solution
of 2.5 g of MAPOSS measured and dissolved in 250 ml of acetonitrile was then added to
the reaction mixture drop by drop by maintaining constant stirring at 80 °C under
nitrogen flow. The MAPQOSS and GO ratio was 1:1. The reaction mixture was refluxed at
80 °C for 24 h in the dark and an inert nitrogen atmosphere. After 24 h, the mixture was
filtered, washed three times with 1500 mL of acetone, and the final product GO-g-
MAPOSS (described as MEGO) was obtained as a wet cake. The polymerization
mechanism for GO sheets with MAPOSS in presence of CAN/HNOz is outlined in Fig.
2.2. The initiation starts with the generation of free radicals on GO sheets via a redox
reaction with Ce (IV)/HNO:s. In the second step, called propagation, the free radical on
GO sheets attack the C = C double bond of MAPOSS. This process generates the free
radicals on MAPQOSS arms and chain propagation occurs. The third and last step is called
termination, where the growing chains are halted. Chain termination may occur in three
different ways as shown in Fig.2.2. First is termination by coupling with other radicals,
known as mutual termination. The second is termination due to coupling with free radical
Ce (IV), known as oxidative termination, and the last is disproportionation and chain
transfer reaction where a species is simultaneously redoxed and oxidized, yielding two

different products. The schematic representation of initiation, propagation and
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termination are shown in figure 2.3, 2.4 and 2.5.

(NH,);Ce(NO3)5/HNO;

o
CAN at aq. Nitric acid

Fig.2.4: Propagation- the free radical on GO sheets attack the C = C of MAPOSS.
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Fig.2.5: Termination - the growing chains are halted.
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2.2.4 Estimation of yield product mass

From the fresh wet MEGO cake, two 1 g samples were taken and kept in a vacuum
oven at 65 °C for 12 h and dried completely. The estimation of yield product mass of the

reaction was obtained from the dry weight of both the samples.

2.2.5 Preparation of dry and wet MEGO

The freshly prepared MEGO cake was weighed and divided into two equal parts.
Half of the cake was dried under a vacuum oven at room temperature such that the
acetone: MEGO = 3:1 (Wet MEGO), while the remaining half of the cake was dried
under vacuum overnight completely to obtain a “dry” (solvent free) product (Dry

MEGO).

2.2.6 Dispersion of MEGO

Both wet and dry MEGO were dispersed into a polymer resin with five different mixing

methods.

2.2.6.1 Shear Mixing

Shear mixing is the easiest and most common mixing method in polymer industries. The
desired amount of wet or dry MEGO was taken and mixed with the polymer resin with a
shear mixer for 2 h. After the mixing process, the dispersion was kept in a chamber under

negative pressure for an additional 2 h to remove the air bubbles.

46



2.2.6.2 Speed Mixing

A high-speed mixer (DAC 150.1 FVZ-K) manufactured by Hauschild, Germany and
marketed by FlackTek, SC was used for the high-speed mixing. It operates based on a
dual asymmetric centrifugal mixing technology, which does not generate heat or create
air bubbles, and does not involve any physical contact with the material. In this work, wet
or dry MEGO was mixed with polymer resin in the high-speed mixer at 3500 rpm for 5

min.

2.2.6.3 Ultra-sonication

Hand-mixed dry or wet MEGO with the resin was kept in a probe sonicator for 30 min.
The conditions used were amplitude 40, run time 30 s, and off-time 10 s. Ultrasonication
was carried out in an ice bath for avoiding the overheating of the resin. Ultrasonication
produces high-energy sound waves for dispersing nanoparticles which helps to exfoliate

the filler effectively.

2.2.6.4 Three-roll Mill

The hand-mixed MEGO was mixed with resin using a three-roll mill system. Three-roll
mill has three rollers, out of which the first one is called feed, and the last one is called
apron rollers. The feed and apron rollers rotate in the same direction while the central one
rotates in the opposite direction. Samples were poured into the feed roller and collected at
the apron. For both dry and wet MEGO, a 3% masterbatch was prepared by repeating the

mixing process seven times.
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2.2.6.5 Three-roll Milling followed by ultra-sonication.

To observe the synergistic effect of the two dispersion techniques, ultra-sonication was
conducted on the three-roll milled 3% master batch of both wet and dry MEGO in the
desired resin system. The ultra-sonication conditions for the three-roll mill master batch

were the same as mentioned previously.

2.3. Characterization

2.3.1: Fourier Transform Infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy in attenuated total reflection (ATR) mode was
used to confirm the grafting of MAPOSS to GO. The IR spectra of hybrid polymer
modifier samples were collected using a Nicolet iS50 Spectrometer Thermo Scientific
Inc. (Waltham, MA) equipped with a diamond crystal (45° angle) as an ATR accessory.
Each sample was run using 64 scans versus the background that was also collected using
64 scans to generate a single beam spectrum at 4 cm™ resolution in the range of 500 to

4000 cm. The data spacing was 0.482 cm™.

2.3.2: Raman Spectroscopy

The Raman spectroscopy measurements were conducted using WITec alpha 300R Raman
spectrometer with a 532 nm laser, spot size 5 um, 20X objective lens of 0.40 numerical

aperture, and 600 lines/mm grating and 100 um confocal aperture (fiber) diameter.
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2.3.3: Transmission Electron Microscopy

A JEOL JEM-2100 Scanning Transmission Electron Microscope (TEM) with LaBs
filament gun operating at an accelerating voltage up to 200KV was used to obtain the

TEM image of GO and MEGO.

2.3.4: X-ray diffraction (XRD) spectroscopy

For the identification of phase in MEGO, x-ray diffraction spectroscopy was performed.
The XRD spectrum was collected using Bruker AXS D8 Discover X-ray Diffractometer
with general area detector diffraction system (GADDS) Vantec 500 2D detector. The
wavelength of X-ray used is 1.54056 A. The scanning time was set to 90 s with the range

of diffraction angle (26) from 5 to 40 degrees.

2.3.5: X-ray fluorescence (XRF) spectroscopy

The principle of XRF spectroscopy is to measures the fluorescent X-ray discharge from a
sample due to excitement by incident X-rays. Rigaku ZXS Primus IV x-ray fluorescence
spectrometer was used for the accurate quantitative determination of elements from
beryllium (Be) through uranium (U) in dry MEGO and GO palate samples. Pallets of the
1-inch diameter of each sample were prepared using hydraulic pressure for XRF

spectroscopy.

2.3.6: Thermogravimetric analysis (TGA)

Thermogravimetric analysis of GO, MAPQOSS, and MEGO were performed using a high-
resolution Thermogravimetric analyzer (TA Q-50, TA instruments, New Castle, DE). The

samples were heated at a rate of 20 °C/min from room temperature to 950 °C under both
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air and Nitrogen atmosphere. During the test, 40 ml/min of continuous air or nitrogen

flow was maintained.

2.3.7 Optical Microscopy

An Olympus SZX9 stereo microscope integrated with a digital camera and image
processing software was used to analyze the particle size of both dry and wet MEGO
dispersed in desired resin systems with five different dispersion techniques. The 0.1%
MEGO dispersion in EPON 862 was analyzed under a stereomicroscope for all

techniques.

Advanced microscopy like SEM/ TEM are costly, time consuming and not suitable for
liquid phase samples. But optical microscopy is an easy and cost-effective method to
understand the dispersion in uncured resin, which could be a key information to decide
the future mechanical and thermal analysis tests of polymer composites. Though, optical
microscopy is not a standard method, it could be very useful to analyze the dispersion

with less effort and cost.
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2.4. Results and Discussion

2.4.1: Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of pure GO, MAPQOSS, and GO-g-MAPQOSS (MEGO) are shown in

Fig. 2.6. The GO spectrum shows a broad band around 3500 cm™ corresponding to O-H

stretching vibrations of the hydrogen-bonded group along with other expected

resonances. Additional peaks for C=0 stretch of -COOH group at 1715 cm™, absorbed
water and unoxidized graphitic domain stretch at 1614 cm™, and C-O stretch at 1038 cm™

were observed [2, 37]. Modified GO (MEGO) showed a band around 3500 cm

corresponding to —OH stretching vibration, which is a characteristic signal of

hydroxyethyl methacrylate (HEMA). The new peaks observed around 2950 cm™ and

1720

C=0 stretching

——MAPOSS
—MEGO (GO-g-MAPOS,
—GO . 1
[ ) Si-O-S1 Stretching
2875
2950
000 35'00 3'.';00 25'00 20'00 15I00 16;00

Fig. 2.6. FTIR Spectra of GO, MEGO and MAPOSS.

Wavenumber ( cm?)

51

500

Transmittance



2875 cm* are corresponding to isobutyl group stretching vibrations [38]. The peak
around 1720 cm™ is attributed to the C=0 stretching vibration. The symmetric
deformation and bending vibration of Si-O-Si are represented by the peaks around 1300
cm™ and 820 cm™ respectively, which are characteristic signals of MAPOSS. The peak
located at 1450 cm™ is a characteristic vibration of methyl methacrylate (MMA). The
peak around 1100 cm is attributed to the Si-O-Si stretching vibration band [39]. The
distinct peaks observed in MEGO, between 2750 and 3000 cm™ derived from the isobutyl
group and peak around 1100 cm™ associated with Si-O-Si stretching, clearly explain the
successful grafting between GO and MAPQOSS. Thus, the infrared spectroscopy results
confirmed the successful grafting of MAPOSS on GO. In addition, 3 different batch (1 g,
5 g and 20 g) production were successfully carried out and the FTIR spectra of each batch
were compared (Figure 2.7). Each and every peak observed for 1g batch were exactly
presented on 5 g and 20 g batch production confirming the successful scale-up of MEGO

up to 20g production with proposed method.

—— GO-MPOSS - 1 gm Batch

Transmittance

——GO-MPOSS - 5 gm batch
——GO-MPOSS-20 gm batch

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber ( cm™)

Fig. 2.7. FTIR Spectra of 1g, 5 g and 20 g batch production of MEGO.
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2.4.2: X-ray diffraction (XRD) Spectroscopy

The exfoliation of carbon-based nanomaterial in polymer matrix directly correlates with
the interlaminar spacing and its randomness in orientation. One major objective of this

research is to increase the interlaminar distance as well as enhance the randomness so that

20000

—— Graphene Oxide

18000

— MEGO
16000
14000
12000

10000

Intensity

8000

6000

4000

2000

Fig. 2.8. XRD Spectroscopy of Graphene Oxide and MEGO

the van der Waal’s force of attraction can be reduced between each GO layer. This could
help to reduce the agglomeration of the GO additive. Powder X-ray diffraction of GO and
MEGO is shown in Fig. 2.8. The peak of graphene oxide at 10.79° represents interlayer
spacing of 8.2 A. The modified GO, i.e., MEGO (GO-g-MAPOSS), shows the XRD peak
shift by 0.95° towards the left, representing the interlayer spacing of 9.0 A with an
increase of 0.8 A. The peak intensity of MEGO is also reduced by 7094 units inferring
the increase in randomness in orientation. The shift in peak position and decreased
intensity of MEGO indicates that the chemical modification of GO [40] that corresponds

53



with the increase in interlaminar spacing and randomness in orientation. The modification

of graphene oxide (GO) to MEGO has thus been confirmed by the XRD spectra.

2.4.3: X-ray fluorescence (XRF) spectroscopy

The elemental composition of GO and MEGO was determined by using x-ray
fluorescence spectroscopy and shown in Table 2.1. The graphene oxide consists of
mainly carbon (45.5 mass %) and oxygen (50.2 mass %) with traces of sulphur,
manganese, aluminum, etc. In contrast, MEGO depicted new elements silicon (10.2 mass
%) and cerium (0.717 mass %) mainly due to the grafting of MAPOSS in the presence of

cerium ammonium nitrate (CAN). From the same process, the mass % of oxygen has
Table 2.1. Elemental composition of GO and MEGO

Graphene Oxide

Component Mass % Elementary line
1 Carbon (C) 45.5 K- Alpha
2 Oxygen (O) 50.2 K- Alpha
3 Sulphur (S) 2.78 K- Alpha
4 Manganese (Mn) 0.973 K- Alpha
5 Aluminum (Al) 0.237 K- Alpha
6 Others 0.31

MEGO (GO-w-MAPOSS)

Component Mass % Elementary line
1 Carbon (C) 44.8 K- Alpha
2 Oxygen (O) 43.7 K- Alpha
3 Silicon (Si) 10.2 K- Alpha
4 Cerium (Ce) 0.717 L- Alpha
5 Sulphur (S) 0.365 K- Alpha
6 Manganese (Mn) 0.0698 K- Alpha
7 Others 0.1482

reduced from 50.2% to 43.7%, while the mass % of carbon reduced by less than 1 %.

Overall, the successful incorporation of MAPOSS on GO was confirmed.
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2.4.4 Raman spectroscopy

Raman spectroscopy was carried out to investigate the GO & MEGO structures and could
partially indicate the hybridization of POSS on GO. Figure 2.9 depicts the Raman spectra
of GO and MEGO with D-band (around 1350 cm™) and G-band (around 1600 cm™Y),
which are typical characteristics peaks of graphitic materials. The D peak is ascribed to
the lattice defect of sp® C-atom, and the G peak represents the in-plane stretching
vibration due to sp? C-atom. Generally, o/l ratio of Raman spectra is used for

investigating the degree of disorder in carbon-based materials. The Ip/lg ratio of observed

—— Graphene oxide (GO)
— GO-g-MPOSS (MEGO)

Intensity (a.u.)

800 1000 1200 1400 1600 1800 2000
Raman shift (cm'1)

Fig. 2.9: Obtained Raman spectra of GO & MEGO.

spectra was calculated by using the area under the Gaussian fitted curve for D-band and
G-band. Table 2.2 and 2.3 displays all statistical information for the fitted curve for D
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and G band of MEGO and GO respectively. The increased Ip/lg ratio of MEGO (1.43) in

comparison to that of GO (1.30) confirms the increased structural distortion induced by

GO-g-MPOSS (MEGO)

— Obtained spectra

— D-band fit
= —— G-band fit
s
=
W
=
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Fig. 2.10: D & G bands fitted raman spectra with baseline correction for MEGO.
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Fig. 2.11: D & G bands fitted raman spectra with baseline correction for GO.
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the incorporation of MAPOSS. These results concur with previously reported results by

other groups [35, 41].

Table 2.2: Statistical data for D and G - band fit for Raman spectra of MEGO.

Model Gaussian fit for MEGO
A —4In (2)x(x=xc)*
Equation V="To+ T ¢ v
w X /m

Plot D-band fit G-band fit

Y, -2.65+1.14 -265+1.14

X 1354.39 £ 1.65 1599.33 £ 1.44

A 16101.30 + 571.17 11250.24 + 464.40

w 109.51 £ 4.10 79.54 + 3.53

Reduced Chi-Sqr  240.69

R-Square (COD) 0.87

Adj. R-Square 0.87

Table 2.3: Statistical data for D and G - band fit for Raman spectra of GO.

Model Gaussian fit for GO
A —4In (2)x (x—x.)?
Equation V="Y+ —— X ¢ W
wx «/—4 x1n (2)

Plot D-band fit G-band fit

Y, -0.82+ 6.87 -0.82 £ 6.87

X 1350.24 + 1.56 1599.33 £ 1.43

A 83772.94 + 3128.05 64412.05 + 2697.81

w 97.97 + 3.87 78.38 + 3.52

Reduced Chi-Sgr ~ 8154.05

R-Square (COD) 0.87

Adj. R-Square 0.87
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2.4.5 Transmission Electron Microscopy (TEM)

Changes in the microstructure of the GO are expected due to the modifications. TEM
analysis was carried out to investigate the microstructure of GO and MEGO. Fig. 5a
shows the TEM micrograph of GO, where a very thin and wrinkled surface of GO with
sharp edges can be clearly observed. Such wrinkled structures in GO are attributed to the
presence of oxygen-containing functional groups [9, 42]. When compared with GO, the
micrograph of MEGO (Fig. 5b) displays distinct and dark circular patches with irregular

edges. This is due to the grafting of MAPOSS to GO, which supports the previous results.

100 nm

Fig. 2.12. TEM images of (a) GO (b) MEGO.
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2.4.6 Thermogravimetric Analysis (TGA)

Thermal decomposition behaviors are inherent structural properties of materials. TGA is
a convenient method to identify the thermal stability of different materials and can be
used to calculate the amount of grafted entities on parent materials. Derivative
thermogravimetric (DTG) is a thermal analysis mode, where the rate of material weight
change upon heating is plotted against temperature. Such a plot can simplify the
differentiation of the weight versus temperature thermogram peaks which may occur
close to one another. TGA/DTG helps to understand the thermal stability of MEGO, GO
and MAPOSS, and estimate the amount of grafted MAPOSS on GO. Fig. 2.13 and 2.14
shows the thermal stability of nanofillers MEGO, GO, and MA-POSS under Air and

Nitrogen atmosphere, respectively.

TGA/DTG curve of GO presents three step degradations in both air and nitrogen
atmosphere. The degradation at about 110°C is mainly due to the loss of water and
loosely bonded molecules, while the rapid weight loss in the range 110 — 400 °C
corresponds to the pyrolysis of the oxygen-containing functional groups [43]. The
degradation of the carbon backbone occurs at 400 — 850 °C producing ~2% char yield.
Both air and nitrogen atmosphere shows quite similar weight loss process up to 600 °C,
after which the carbon combustion becomes more rapid for air, compared to N2 because

of difference in inertness of combustion atmosphere.

The thermogravimetric profile of MAPOSS showed that the thermal degradation (Tq) at
5% weight loss is about 335 °C at both air and nitrogen atmosphere. The two-step weight
loss of MEGO includes 335 — 500 °C (decomposition of all eight methacrylate

substituents) and 500 — 850 °C (breakdown of the SigOg cage). This infers that the higher
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thermal stability of MAPQOSS is due to the existence of the Si-O-Si cage at the core [44,
45]. In addition, the weight loss up to 900 °C is 65% and 55% for Air and N2 atmosphere,
respectively. Each result infers that the higher thermal stability of MAPOSS is due to the

existence of the Si-O-Si cage at the core[44].

Compared with pure GO, functionalized GO with MAPOSS (MEGO) exhibits better
thermal stability with a four-step weight loss process. The first step, up to 110 °C relates
to the loss of water and loosely bonded molecules, 110 - 350 °C is mainly due to the loss
of oxygen-containing functional group, 350 — 520 °C corresponds to the degradation of
grafted methacrylate substituents of MAPQOSS, and the final weight loss from 520 — 850
°C corresponds to the Si-O-Si cage breakdown and carbon combustion. From the
comparison of the TGA/DTG curves of MEGO and GO, it can be surmised that the
grafting of MAPOSS on GO was successful in significantly improving the thermal

stability of MEGO.

The char yield at higher temperatures is of significance when it comes to the flame
retardancy of MEGO as well as resin blends containing MEGO. The ability of a material
to form a large amount of char suppresses its flammability. The residual weight of
MEGO was about 16% and 22% at 850 °C for air and nitrogen atmosphere respectively,
which suggests that MEGO has better thermal stability than GO (residual weight ~ 2%

for both atmospheres).
Table 2.4: Onset degradation temperature (Tq) at 10% wt. loss and char yield at 900 °C

Tyat 10% in °C Char Yield %
Sample
Air Nitrogen Air Nitrogen
GO 153 143.3 1.62 2.51
MEGO 201 216.4 16.06 21.6
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Fig. 2.13. TGA/DTG curves of GO, MAPOSS and MEGO under N2 atmosphere.
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Fig. 2.14: TGA/DTG curves for GO, MAPOSS and MEGO under air atmosphere.
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2.4.7 Particle size analysis in a resin system

The mechanical properties of polymer matrix composites with nano-additives are
controlled by the dispersion of the nano-additives. This is due to the fact that the
agglomeration of nano-additives can result in stress concentrations leading to premature
failure. Previous research by Mishra et al. suggested that there was a limit to the amount
of GO or POSS individually that could be added to epoxy matrices [46]. The dispersion
of MEGO in EPON 862 was examined using five different dispersion methods and the
results are shown in Table 2. The terminology used in the dispersion analysis table are

defined as follows:
a) Particle size range — Difference between smallest and largest particle in the

dispersion

b) Number density — Number of particles observed in the field of view. Category of
number density is defined as:
High: number of particles in the field of view greater than 25.
Medium: number of particles in the field of view between 10 and 25.
Low: number of particles in the field of view less than 10.

c) Air bubble: Minimum or no presence of air bubble is desired for better dispersion.
The dispersion analysis under an optical microscope is displayed in Fig. 2.15 — 2.20, and
the analyzed data are summarized in Table 2.5. The tabulated result suggests that a three-
roll mill (3R) and three-roll mill followed by ultra-sonication (3R+S) dispersion of wet

MEGO in EPON 862 shows promising dispersion method for further mechanical
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analysis. Also, for all dispersion methods, dispersion of wet MEGO leads to better

dispersion in epoxy than dry powder MEGO.

Table 2.5: Summarized result of wet and dry GO/MEGO with different dispersion

GO dispersion in Particle size range(um) Number density Air bubble(pm)
EPON 862 Wet Dry Wet Dry Wet Dry
Three-roll mill 17.4-221.3 260-1490 High Medium No No
MEGO dispersion in Particle size range(um) Number density Air bubble(pm)
EPON 862 Wet Dry Wet Dry Wet Dry

Shear Mixing 19.9-70.8 21.9-77.7 High High No No
Speed Mixing 25.3-48.3 24.5-68.9 High High 25.3-31.6 No
Ultrasonication 19.5-49.46 25.5-64.1 High High No No
Three-roll milling 20.5-445 16.2-99.2 Medium High 138.37 No
Three-roll mill followed 141-299 1543-62.92  low  High No No

by Ultrasonication

Fig.2.15. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) GO in EPON 862 by
three-roll mill.
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Fig.2.16. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) MEGO in EPON 862
by shear mixing followed by negative vacuum pressure.

Fig.2.17. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) MEGO in EPON 862 by
the speed mixing method.
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Fig.2.18. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) MEGO inEPON
by ultra-sonication method.

e
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Fig.2.19. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) MEGO in EPON 862 by
three roll-mill method.
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Fig.2.20. Optical microscopy of 0.1% dispersion of dry (a) and wet (b) MEGO in EPON 862
by three-roll mill followed by ultra-sonication.
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2.5. Conclusions:

A simple and scalable process was developed for the modification of GO by grafting
MAPOSS. Analysis of FTIR and XRD spectra confirmed the reaction between MAPOSS
and GO. The XRD peak was reduced by 0.95°, inferring that the modification of GO with
MAPOSS increased the interlaminar distance of GO by 0.8 A. The decrease in intensity
of the peak in the XRD spectrum confirms the increase in random orientation of the
hybrid material. XRF result showed that 10.2 mass % of silicon was added to GO
because of MAPOSS grafting. The increased ratio of I/l ((Io/lc) co = 1.30, (Io/lc) mMeco
= 1.43) in Raman spectroscopy is totally in agreement with the FTIR, XRD and XRF
results. In addition, TEM images also support the hybridization of MAPOSS on GO.
TGA curves showed a significant improvement in thermal stability and char yield (2%
increased to 22%) after the hybridization. The particle size distribution studies indicated
that the wet hybrid material showed better dispersion than dry MEGO. The use of the
three-roll mill followed by ultra-sonication, showed excellent dispersion of MEGO in
EPON 862 resin. This dispersion method could be a potential method to enhance the
mechanical and thermal properties of polymer nanocomposites. These results emphasize
an efficient way for further investigating GO/polymer composite and may lead to a better
approach to enhance mechanical and thermal properties of polymer composites. As a
continued part of this work, the methods of two dispersion three-roll mill and three-roll
mill followed by ultra-sonication for wet MEGO will be considered for composite

fabrication.
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CHAPTER IlI

EFFECTS OF HYBRID POLYMER MODIFIER IN EPOXY COMPOSITES

Abstract:

In this work, a hybrid polymer modifier — MEGO is dispersed in an epoxy matrix has
been used to improve the viscoelastic, thermal, and mechanical properties of the resulting
nanocomposites. Dynamical mechanical analysis (DMA), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), flexural test, and fractography
using scanning electron microscopy (SEM) were performed on neat, 0.05, 0.1, 0.25 and
0.5 wt.% MEGO filled epoxy to identify the effect of loading on the properties mentioned
above. DMA result showed an increase of glass transition temperature (Tg) and storage
modulus by ~ 4 °C and ~ 10%, respectively, at 0.1 wt.% MEGO loading. DSC analysis
also confirmed the increase of Tqby ~ 7 °C at 0.1 wt.% MEGO loading, supporting the
trend of DMA results. TGA results showed that incorporating a larger amount of
additives had made the composites thermally more stable. Flexural strength and modulus
of MEGO/Epoxy composite were enhanced at low wt.% loading (Maximum increase at
0.1 wt.% MEGO loading). However, at loading higher than 0.1 wt.%, Ty, flexural
strength, flexural modulus was decreased, suggesting the 0.1wt.% as an upper limit for

MEGO
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loading. SEM fractography confirmed rougher and lesser uniform fracture surface,
dendritic river-surface pattern inferring the bifurcation crack deflection mechanism for
0.05 and 0.1 wt.% MEGO loading, compared with that of the neat sample. SEM
micrograph of 0.25, and 0.5 wt.% loadings revealed the aggregation of MEGO, justifying

the decrease in viscoelastic and mechanical properties of MEGO/Epoxy composite.

Additionally, four-point flexural test and DCB test were performed to study the effects of
MEGO on CFRP composites. Results from the tests confirmed that the interlaminar
fracture toughness of CFRP can be enhanced up to ~ 70% without compromising the
flexural properties. SEM images confirmed the improved fiber-matrix adhesion with
addition of MEGO in matrix, justifying the improvement in fracture toughness with

hybrid polymer modifier -MEGO loading.

3.1 Introduction:

Polymers are an integrated part of modern society. Synthetic polymers are some of the
most extensively used materials in day-to-day life due to their unparalleled combination
of lightweight, low cost, and relative ease of processing. They also gained great
acceptance in the technical application because of the wide range of physical and
chemical properties achievable with simple processing. Polymers properties are mainly
determined by the monomer units and polymerization process[1]. Despite their wide
range of properties, it is challenging to have a synthetic polymer with both superior
strength, toughness, and modulus. To overcome this challenge, researchers came up with
the concept of adding a secondary phase to reinforce the polymers[2, 3]. Such reinforced

synthetic polymers are known as polymer composites. Specific to epoxies, carbon-based
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nanofillers such as carbon nanotubes [4, 5], graphene [6, 7], and graphene oxide (GO)
[8-10] are found to be effective in enhancing mechanical properties by reducing its

brittleness.

Polymer nanocomposites achieve improved mechanical properties at a much lower
loading level of nanoparticles than traditional composites, owing to a drastically
increased interfacial area. Similarly, adding inorganic fillers into the polymer matrix can
improve the electrical and thermal conductivity [11, 12], mechanical and rheological
properties like modulus, impact strength, and elongation at break [13-15] of the polymer
matrix. Though adding nanoparticles as a secondary phase can enhance the polymer's
mechanical, thermal, and electrical properties, nanoparticle agglomeration is a serious
problem faced in polymer nanocomposites [11], leading to poor dispersion. Poorly
dispersed nanomaterials can have adverse effects on the strength of the composite
because the nanomaterials can function as structural defects [12-14]. In carbon
nanofillers, this drawback is directly connected with the van der Waal interaction and -
7 stacking between the graphene sheets [15-17] and their high aspect ratios. While single-
layer graphene can be produced using highly advanced techniques, it isn't easy to retain a

single layer state once it is dispersed in the polymer matrix.

Achieving an excellent dispersion in polymer matrices is a challenging job. Specifically,
two factors, the high surface energy of nanomaterial and the inability of polymer matrices
to stabilize nanomaterial, are responsible for this challenging issue. The high surface
energy of nanomaterials always triggers aggregation. At the same time, unlike protic

solvents, polymer matrices are unable to stabilize the nanoparticles via repulsive force
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between particles [2, 18-20]. When these two factors are active at the same time, the

agglomeration problem becomes more serious.

A wide range of research, including covalent and non-covalent surface modification, has
been reported to overcome the agglomeration issue. Specific to carbon-based
nanoparticles, solvent casting, melt mixing, and in-situ polymerization are widely
reported[21-24]. However, solvent casting and melt mixing are not suitable for thermoset
polymer because they either leave residual solvent or cause irreversible curing of the
polymer matrix. So, in-situ polymerization is the only viable option for producing high-
quality thermoset polymer composites. This method requires dispersing graphene or its

derivatives into polymer resin before mixing them with hardeners.

The easiest method, shear mixing, is not enough to provide shear stress to break down the
GO agglomerates in viscous polymer resins. Better dispersion of carbon-based nanofillers
in epoxy is possible by sonication [3] or three-roll milling [25], or a combination of both.
Previous research indicates that the graphene oxide derivatives or their modified form can
toughen thermosets at low loading levels [26-32]. For example, 0.5 wt.% triblock
copolymers grafted graphene oxide enhanced the fracture toughness of epoxy resin by

400% [26].

In this work, we synthesized a hybrid polymer modifier MEGO (Synthesis and
characterization of MEGO are covered in chapter 2) and dispersed it in Epon 862 to
prepare polymer composites. With the different concentrations of MEGO in Epon 862,
we analyzed the thermal stability, glass transition temperature, flexural strength, and

modulus of polymer (Epon 862 + EPIKURE 3370) composites. In addition, we also
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investigated the effect of MEGO on carbon fiber-reinforced composites too. Two
mechanical tests for CFRP were successfully performed: Duel cantilever beam ( DCB)
test and 4- point flexural test. Scanning electron microscopy (SEM) was performed to

analyze the fracture surface of the fractured area.

3.2 Materials and Methodology:

3.2.1 Materials:

A 2.5% graphene oxide dispersion in water was purchased from Graphenea Inc.
(Cambridge, MA). Nitric acid, acetonitrile, and cerium ammonium nitrate (CAN) were
purchased from Alpha Aesar (Haverhill, MA). Methacryl POSS (MAPOSS) cage mixture
was purchased from Hybridplastics (Hattiesburg, MS). Epoxy resin EPON 862 and
EPIKURE 3370 were purchased from Hexion LLC (Columbus, OH). 6K, 2 x 2 Twill
Wave Carbon Fabric Fiber was purchased from FIBERGLAST DEVELOPMENT CORP
(Brookville, OH). Acetone was purchased from BDH VWR analytical (Radnor, PA). All

the reagents and chemicals were used without further purifications.

3.2.2 Preparation of Polymer Composites:

MAPOSS hybridized GO, i.e., MEGO, was obtained in a cake form. Cake MEGO was
dried under a vacuum oven at room temperature such that the MEGO: Acetone equals 1:3
(afterward wet MEGO). A 3% MEGO master batch was prepared by mixing 300 g of
Epon 862 resin with 36 g of wet MEGO (equivalent to 9 g Dry MEGO), and then the
hand-mixed MEGO with resin was poured into the feed roller and collected at the apron

of three-roll mill. All the 3% MEGO 3-roll mill (3R) masterbatch dispersion was
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prepared throughout this research work by feeding the roller seven times for the shake of
consistency. That 3% masterbatch dispersion was used in a required amount to make
Neat, 0.05, 0.1, 0.25 and 0.5 wt.% polymer composite samples. In addition, to see the
effects of sonication, 3% MEGO masterbatch was sonicated for 30 minutes with
amplitude 40, run time 30 s, and off-time 10 s. For avoiding the overheating of resin,
ultrasonication was carried out in an ice bath. Similar wt.% (Neat, 0.05, 0.1, 0.25 and 0.5
wt.%) samples were prepared for the three-roll mill followed by ultrasonication (3R+S)

dispersion. The sample preparation process is summarized in Fig. 3.1.

Cake MEGO

Vacuum Dry
at room temperature

Wet MEGO
(MEGO: Acetone = 1:3)

Three-roll Mill in
EPON 862

Dilution/Ultrasonication

0 . .
3% Master Batch Dispersion —PON 563
Dilution in EPON 862 + Hardener 3370
+ Hardener 3370 r l l 1 1
1 l 1 . 1 0.5 % Neat  0.05% 0.1% 025% 0%
Neat  0.05% 0.1% 0.25% -2 7o MEGO MEGO MEGO MEGO

MEGO MEGO MEGO MEGO

Fig. 3.1: Flow chart for polymer composite sample preparation

3.2.3 Preparation of Carbon Fiber Reinforced Polymer (CFRP) Composites:

The effect of MEGO in fiber-reinforced polymer composites is another important topic
of this research. Two mechanical tests: Flexural and double cantilever beam (DCB) tests,
were planned, and the samples were prepared according to their ASTM standards (ASTM

6272 and ASTM 5528). For the flexural test, four sheets of carbon fiber (CF) sheets (8"
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by 8") were used, whereas 12 CF sheets (8" by 8") were used for DCB samples.
Additionally, in DCB samples, a thin Teflon sheet (9um thick, 63mm width) was inserted
in the middle layer, which serves as a crack initiation during the test. Dispersion with
different loading wt.% (Neat, 0.05, 0.1, 0.5) of wet MEGO in Epon 862 plus Epikure
3370 was prepared as described above in section "Preparation of Polymer
Composites.” Since no significant results were observed in polymer composite for
0.1GO and 0.25MEGO dispersion, those composition were not included in CFRP
composite test analysis. Prepared dispersion was hand lay-up on the CF layers and kept
under vacuum overnight. After 24 h room temperature cure process, composites were
post cured at 100 °C for 2 h. For all composite samples, the ratio of Epon 862 to Epikure
3372 was taken 100: 44, as provided by the supplier. In the case of CFRP, the weight
ratio of CF to Epoxy was maintained at 1: 1.1throughout the work. Figure 3.2 shows the

digital image of the process and CFRP block samples.
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Fig 3.2: CFRP samples and preparation process
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3.3 Characterization:

3.3.1 Dynamic Mechanical Analysis (DMA):

Dynamic mechanical analysis (DMA) was carried out to analyze the viscoelastic
properties of polymer composites on DMA Q800 (TA Instruments, USA). A double
cantilever clamp was used at custom mode for a rectangular specimen of 55x12x3 mm3,
All tests were conducted between temperatures 30 °C and 100 °C with a temperature

ramp of 5 “/min at frequencies of 1 Hz under custom mode.

3.3.2 Differential Scanning Calorimetry (DSC)

DSC, an effective way to determine the glass transition temperature of the polymers.
DSC analysis was done using Q2000 (TA Instruments). A sample weight of around 4 mg
was taken for each study. Three measurements were made for each composition, and the
average and standard deviation was calculated. Aluminum Pans and Lids were obtained
from DSC Consumables, Inc. The samples were loaded into the Aluminum pans and
crimped with a lid. Each sample was subject to three thermal cycles. The first heating
cycle was 0 to 100 °C at a rate of 5 °C/min, the second cooling cycle was 100to 0 °C at 5
°C/min, and the final step was again heating the sample from 0 to 100 °C at 5 °C/min.

The first two cycles were performed to erase of sample thermal history.

3.3.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis of polymer composites was performed using a high-

resolution Thermogravimetric analyzer (TA Q-50, TA instruments, New Castle, DE). The
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samples were heated at a 20 °C/min rate from room temperature to 950 °C under an air

atmosphere. During the test, 40 ml/min of continuous airflow was maintained.

3.3.4 Scanning Electron Microscopy (SEM)

The polymer composite and CFRP fracture surface morphology were investigated using
the Hitachi S-4800 field emission scanning electron microscope (FE-SEM). All polymer
and CFRP samples were metal (Iridium) sputter coated for 90 s using Leica EM ACEG600.
The scanning was carried out with 10 or 15 KV for magnification 400X, 1,000X, 2,000X,

and 4,000X.

3.3.5 Three-point bend test:

The flexural strength and modulus of polymer composite samples were determined by a
three-point bend test on Instron 5582 according to ASTM D790[33]. The testing set up
are displayed in Figure 3.3. Samples were tested at a standard crosshead motion (R)

which is calculated using the formula

. 15
"~ 6d

Where L is the length of the support span, d is the thickness of the specimen, and Z is the

rate of straining of outer fiber (taken as 0.01)

The flexural strength (o5) and flexural strain (e¢) were then determined using the

formula,

_ 3PL
~ 2bd?

Or

85



6Dd
& = 12
Where P is the load, D is the maximum deflection of the center of the beam, L is the
length of the support span, b is the width of the specimen, d is the thickness of the

specimen.

Fig.3.3: Three-point bend setup for determination of flexural properties.

Modulus of elasticity (E;) was determined using the formula,

£ = L3m
b™ 4pd3

Where, m is the slope of the tangent obtained from the straight-line portion of the stress-

strain curve.
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3.3.6 Four-point bend test:

The flexural strength or stress in the outer fiber throughout the load span of carbon fiber
polymer (CFRP) composite samples was determined by a four-point bend test on Instron
5582 according to ASTM D6272 [34]. The significant difference between four-point and
three-point bending modes is the location of the maximum bending moment and
maximum axial fiber stress. In four-point bending, the maximum axial fiber stress is
uniformly distributed between the loading noses. In three-point bending, the maximum

axial fiber stress is located immediately under the loading nose.

All carbon fiber reinforced samples were tested with a set load span equal to one-half of
the support span. For one half of the support span set up (Figure 3.4), the crosshead
motion is calculated using the following equation

_ 0.167Z1?
B d

o]
| o

— Load Span (g) - -

Support Span (L)

Fig.3.4: Schematic representation of four-point bend test set up
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Where R is rate of crosshead motion (mm/min), L is Support span (mm), d = thickness of

specimen (mm), and Z is rate of straining of the outer fibers (mm/mm. min)

The maximum stress in the outer fibers at the moment of break is equal to the flexural
strength. Also, the tangent modulus of elasticity is the ratio, within the elastic limit, of
stress to corresponding strain. For the load span of half of the support span, flexural

strength and flexural modulus are calculated by using the following equation

. 3PL
"~ 4bd?

_ 017L%m
PT bd3
Where, S is Flexural strength or stress in the outer fiber throughout the load span (MPa),
Eb is Flexural modulus (MPa), P is load at a given point on the load-deflection curve (N),

L is Support span (mm), b is width of the specimen (mm), and d is thickness of specimen

(mm).

88



3.3.7 Double Cantilever Beam Test:

The mode I interlaminar fracture toughness ( Gic) of continuous fiber-reinforced
composite material can be determined by the test method described under ASTM 5528
[35]. A bock of CFRP with 12 piles of laminates having a non-adhesive Teflon film insert
in the middle layer was cut into one inch (25.4 mm) width sample. Each sample (1" width

and 8" length) were attached with the piano hinges, painted with white ink (correction

ink), and marked with scale, as shown in Figure 3.5.

Fig. 3.5: Ready to test DCB samples.
One of the most reliable data analysis methods for Gic calculation is Modified Beam

Theory (MBT). The mathematical relation for strain energy release rate of a perfectly

built-in double cantilever beam is given as

. _3ps
'™ 2ba
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Where P is load (N), ¢ is crack mouth opening displacement (mm), b is specimen width

(mm), a is delamination length (mm).

Since the condition of a perfect built-in sample is ideal, a correction was made on the

above relation to calculate mode I interlaminar fracture toughness.

3P6

T SCE

A correction factor A is determined experimentally by generating a least-squares plot of
the cube root of compliance, C'%, as a function of delamination length, as shown in

Figure 3.6.

C’HB

/
> Al @

Fig. 3.6: Modified Beam Theory for determination of correction factor A [35]
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3.4 Results and Discussion:

3.4.1 Dynamic Mechanical Analysis (DMA):

The effect of hybrid nano-filler MEGO on the viscoelastic properties of epoxy (Epon

862+Epikure 3370) matrices were studied using dynamic mechanical analysis (DMA).
For each set of composition, at least five samples were tested. The tan 6 and storage

modulus curves as a function of temperature for neat epon 862, 0.1GO, 0.05, 0.1, 0.25,

and 0.5 wt.% MEGO + Epon 862 polymer composite (three-roll mill dispersion (3R) and

three-roll mill dispersion followed by ultra-sonication (3R+S) dispersion) are shown in
Figure 3.7 — 3.12 and results are summarized in Table 3.1 and 3.2 respectively. Both
dispersions showed a trend of increase in glass transition temperature and storage

modulus up to 0.1% MEGO addition in the EPON 862. But the notable point is that the

3R+S data sets are more scattered, leading to higher standard deviation, making them less

reliable to make a conclusion based on them.
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Fig. 3.7: Storage modulus and Tan 6 curves for Neat Epon 862 (a) 3R and (b) 3R+S

dispersion samples.
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Fig. 3.11: Storage modulus and Tan § curves for 0.25MEGO+Epon 862 (a) 3R and (b) 3R+S dispersion.
The glass transition temperature (Tg) of polymer nanocomposites was determined from
the mechanical data. The ratio of the loss modulus to storage modulus in a viscoelastic
material is defined as Tan d. The peak position of Tan 0 is accepted as glass transition

temperature (Tg). It is observed that the T4 of the 3R dispersion sample at 0.1 wt.%
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Fig. 3.12: Storage modulus and Tan & curves for 0.5SMEGO+Epon 862 (a) 3R and (b) 3R+S

dispersion.

MEGO loading was increased by ~ 4 °C compared to neat resin. Similarly, for the 3R+S

dispersion sample, the improvement in Ty is recorded by ~ 1 °C. Also, dispersion of GO

in Epon showed a decrease in glass transition temperatures. Which could be due to the

reduced cross- linking of polymer because of radical trapping. Similar results were

reported by other researchers too [36].
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The polymer composite samples for 3R and 3R+S dispersion samples were run at 1Hz
frequency to determine the storage modulus. The storage modulus represents the energy

stored in the elastic structure of the samples, and the loss modulus represents the amount
Table 3.1: Storage modulus and Tan ¢ data summary for 3R dispersion samples.

Sample (3R) Tg (°C) |Storage Mod. (Mpa) Awy. T, °C) | Awg. Storage Mod.(Mpa)

Neat Epon 862-1 56.6 2449

Neat Epon 862-2 56.95 2469

Neat Epon 862-3 56.77 2449 56.82+0.14 2456+ 8
Neat Epon 862-4 56.86 2459

Neat Epon 862-5 56.9 2454

0.1% GO + EPON 862 -1 56.25 2361

0.1% GO + EPON 862 -2 56.36 2455

0.1% GO + EPON 862 -3 56.49 2413 56.55+0.27 2406+ 34
0.1% GO + EPON 862 -4 56.87 2391

0.1% GO + EPON 862 -5 56.79 2409

0.05% WET MEGO+ EPON 862-1 59.19 2558

0.05% WET MEGO+ EPON 862-2 59.93 2439

0.05% WET MEGO+ EPON 862-3 59.58 2430 596103 2508699
0.05% WET MEGO+ EPON 862-4 59.53 2455

0.05% WET MEGO+ EPON 862-5 59.92 2661

0.1% WET MEGO+ EPON 862-1 61.25 2554

0.1% WET MEGO+ EPON 862-2 60.3 2657

0.1% WET MEGO+ EPON 862-3 60.07 2875 60.42+0.48 2691+129
0.1% WET MEGO+ EPON 862-4 60.15 2766

0.1% WET MEGO+ EPON 862-5 60.32 2603

0.25% WET MEGO+ EPON 862-1 58.38 2649

0.25% WET MEGO+ EPON 862-2 58.01 2758

0.25% WET MEGO+ EPON 862-3 58.01 2467 58.54+0.61 2652+140
0.25% WET MEGO+ EPON 862-4 59.41 2571

0.25% WET MEGO+ EPON 862-5 58.9 2814

0.5% WET MEGO+ EPON 862 -1 57.72 2697

0.5% WET MEGO+ EPON 862 -2 57.85 2714

0.5% WET MEGO+ EPON 862 -3 57.08 2713 57.78+0.43 2610+146
0.5% WET MEGO+ EPON 862 -4 57.99 2380

0.5% WET MEGO+ EPON 862 -5 58.24 2546
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Table 3.2: Storage modulus and Tan 6 data summary for 3R+S dispersion samples

T Avg.T
Sample (3R+S) ; g Storage Mod. V. Ty Aw. Storage Mod.
) (Mpa) Q) (Mpa)

Neat Epon 862-1 58.57 2880

Neat Epon 862-2 63.39 2380

Neat Epon 862-3 61.3 2766 61.16+1.95 2615+204
Neat Epon 862-4 59.94 2557

Neat Epon 862-5 62.6 2493

0.1% GO + EPON 862 -1 59.58 2361

0.1% GO + EPON 862 -2 61.44 2553

0.1% GO + EPON 862 -3 616 2858 61.04+2.13 2550+ 198
0.1% GO + EPON 862 -4 58.52 2391

0.1% GO + EPON 862 -5 64.04 2585

0.05% WET MEGO+ EPON 862-1 63.66 2990

0.05% WET MEGO+ EPON 862-2 62.98 2695

0.05% WET MEGO+ EPON 862-3 60.78 2539 6179 £1.54 26784224
0.05% WET MEGO+ EPON 862-4 61.61 2765

0.05% WET MEGO+ EPON 862-5 59.9 2401

0.1% WET MEGO+ EPON 862-1 62.44 2661

0.1% WET MEGO+ EPON 862-2 60.65 2990

0.1% WET MEGO+ EPON 862-3 63.02 3048 61.12+1.73 27914217
0.1% WET MEGO+ EPON 862-4 58.6 2547

0.1% WET MEGO+ EPON 862-5 60.9 2709

0.25% WET MEGO+ EPON 862-1 60.7 2698

0.25% WET MEGO+ EPON 862-2 60.4 2576

0.25% WET MEGO+ EPON 862-3 60.2 3193 60.39+ 1.02 2727+ 333
0.25% WET MEGO+ EPON 862-4 61.7 2377

0.25% WET MEGO+ EPON 862-5 58.9 2789

0.5% WET MEGO+ EPON 862 -1 59.74 2547

0.5% WET MEGO+ EPON 862 -2 59.31 2865

0.5% WET MEGO+ EPON 862 -3 63.61 2991 60.46 +2.13 2626.6+291
0.5% WET MEGO+ EPON 862 -4 58.17 2421

0.5% WET MEGO+ EPON 862 -5 61.49 2309

of dissipated energy, i.e., viscous part. The average storage modulus of all composites

was improved in comparison to that of neat resins. Specifically, the storage modulus was
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improved by ~10% and ~ 7% for 0.1% loading of MEGO for 3R and 3R+S dispersion

samples, respectively.

The increase in Ty and storage modulus of MEGO loaded polymer nanocomposite are
expected due to better filler/matrix adhesion and a greater degree of stress transfer at the
interface. The incorporation of filler in the resin’s matrix has increased the stiffness of the
matrix with the reinforcing effect. The comparison of average T4 and storage modulus for

3R and 3R+S dispersion are presented in Figures 3.13 and 3.14.

Summary Tg results
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Fig. 3.13: Summary of glass transition temperature results for 3R and 3R+S dispersion
samples
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Summary of Storage Modulus
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Fig. 3.14: Summary of storage modulus results for 3R and 3R+S dispersion samples
Majzoobi and his group studied the effect of sonication time on the mechanical properties
of epoxy nanocomposites. They reported that each weight percentage of GO in epoxy has
an optimum sonication time for better mechanical results. They also claimed that the
extra sonication time is causing local damage to the polymer chain and nanofiller, leading
to more destructive mechanical properties [36]. Though 3R+S dispersion showed better
dispersion under optical microscopy analysis, the DMA results are more scattered. The
more scattered result for 3R+S dispersion samples is believed to be because of the
improper sonication process for dispersion. So, it warns to investigate proper sonication
process (time, amplitude, temperature) for MEGO dispersion in Epon 862 before

proceeding to further mechanical testing. Relying on the more consistent data for 3R
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dispersion, further work will be procced only for 3-roll (3R) dispersion by keeping 3R+S

dispersion as a part of future work of this research.

3.4.2 Differential Scanning Calorimetry (DSC):

Differential scanning calorimetry (DSC) experiments of neat epoxy and its composites
samples were performed to observe the thermal transitions. For the DSC experiment,
approximately 4 mg of samples were used. Samples were heated in standard mode from 0
to 100 °C at a heating rate of 5 °C/minutes under N> gas atmosphere. Three cycles of
heating, cooling, and heating were performed for each sample, and the third cycle of
heating was chosen for thermal analysis. For each composition, three samples were
tested, which are shown in Figures 3.15 to 3.20. Figure 3.21 displays a comparison of
DSC curves of MEGO- Epon polymer composite (0.05, 0.1, 0.25 and 0.5 wt.% loading of
MEGO) with neat Epon 862 and GO/Epoxy composite, and the results are summarized in
Table 3.3. An illustrative representation of the average glass transition temperature of all
compositions is presented in Figure 3.22. All composite with MEGO loading shows an
increase in glass transition temperature. The highest improvement in Tg was recorded for
0.1IMEGO+Epon 862 polymer composite by ~ 7 °C. This improvement in Tg with the
addition of a hybrid modifier confirms the excellent compatibility of MEGO and the

tendency to form crosslinks with polymer matrix. The presence of crosslinks and bulky
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groups in the matrix restricts the segmental motion of molecules, thus attributing to the

increase of Tg for MEGO/Epoxy composite.

Table 3.3: DSC glass Transition temperature data summary for 3R dispersion.

Sample (3R) Tg ('C) AT, (°C)
Neat Epon 862-1 59.41
Neat Epon 862-2 59.84 59.65:0.22
Neat Epon 862-3 59.7
0.1% GO+ EPON 862-1 58.48
0.1% GO+ EPON 862-2 58.63 58,5140.11
0.1% GO+ EPON 862-3 58.41
0.05% MEGO+ EPON 862-1 64.4
0.05% MEGO+ EPON 862-2 64.19 64.38+018
0.05% MEGO+ EPON 862-3 64.54
0.1% MEGO+ EPON 862-1 06.43
0.1% MEGO+ EPON 862-2 66.35 66.35+0.08
0.1% MEGO+ EPON 862-3 66.28
0.25% MEGO+ EPON 862 -1 64.87
0.25% MEGO+ EPON 862 -2 64.82 64.82+0.05
0.25% MEGO+ EPON 862 -3 64.77
0.5% MEGO+ EPON 862 -1 63.47
0.5% MEGO+ EPON 862 -2 63.68 63.66:0.18
0.5% MEGO+ EPON 862 -3 63.83
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Fig. 3.16: DSC pllgtls of 0.1GO+Epon 862.



0.0

100

Universal V4 S5A TA Instruments

100

0.05MEGO+Epon 862 - 1
0.05MEGO+Epon 862 - 2|
0.05MEGO-+Epon 862 - 3
0.2 , 64.40°C(l)
T
=
=
=
5
i 64.19°C(1l)
™
@
-
0.4
64.54°C(1)
0.6 T T T T T T T T T
20 40 60 80
Exo Up Temperature (°C)
Fig. 3.17: DSC plots of 0.05MEGO+Epon 862.
02
— 0.1MEGO+ EPONB62 -1
—  0.1IMEGO+ EPONBE2 -2
—  0.1IMEGO+ EPONB62 -3
0.0
Y .
5 66.43°C(l)
3 024
L
©
@
T 66.35°C(1)
|
1
0.4 1
66.28°C(l)
0.6 T T T T T T T T T
20 40 60 80
Exo Up

Temperature (°C)

Fig. 3.18: DSC plots of 0.1MEGO+Epon 862.
102

Universal V4 .54 TA Instruments



Heat Flow (Wi/g)

E

Heat Flow (Wi/g)

0.2

0.6

0.25 MEGO-Epon 862 -1
0.25 MEGO-Epon 862 -2
0.25 MEGO-Epon 862 -3

30

xo Up

0.2

0.0

S
]

04

0.6

Exo Up

T T T T T T - - :

50 70 90
Temperature (°C) Universal V4.5A TA Instruments

Fig. 3.19: DSC plots of 0.25MEGO+Epon 862.

0.5 MEGO+ Epon 862 - 1
0.5 MEGO+ Epon 862 - 2
0.5 MEGO+ Epon 862 - 3

6347°C(l)

63.68°C(I)

63.82°C(1)

20

40 60 80 100
Temperature (°C) Universal V4.5A TA Instruments

Fig. 3.20: DSC plots of 0.5MEGO+Epon 862.
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Weight %

3.4.3 TGA of Polymer Composite:

Thermal analysis of polymer matrix composite is another major interest in this study. The
polymeric material can have a variation in its thermal stability depending upon the
process parameter and its loading states[37] [38]. Therefore, TGA analysis was carried
out to understand the epoxy's thermal stability variation with MEGO and GO loading.
TGA of epoxy gives the variation in weight change as a function of temperature and time.
Such weight change data as a function of temperature can unearth the information about
decomposition, oxidation reaction, vaporization, and sublimation process in polymer

composites [39]. Figure 3.23 elucidates the degradation under air atmosphere for the neat

100
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Fig. 3.23: Thermogravimetric analysis of neat epoxy and its composite
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Epon 862 and its nanocomposites. TGA curves of all samples show a three-step weight
loss process within the temperature range of 25 to 900 °C. The first step of weight
degradation is observed due to the vaporization of residue and loosely bonded small
molecules. The second step corresponds to the degradation of the long polymer chain,
and the third or last weight loss step belongs to the oxidation of char contain[40, 41]. The
thermal plots in Figure 3.23 showed that the addition of hybrid nano-additives - MEGO
increased the thermal degradation temperature of composites. Results showed that the
incorporation of a larger amount of additives had made the composites thermally more
stable. The increase in thermal stability of polymer composites was due to the formation
of a siloxane layer in degraded samples after heating the composites at higher

temperatures.

3.4.4 Flexural Strength and Flexural Modulus:

The flexural properties of Epoxy composite were determined using an Instron 5582
universal tester under a 3-point bend test in accordance with ASTM D790[33]. The
flexural tests were performed with a span of ~ 45 mm by maintaining a span-to-thickness
ratio of 16:1 and a speed of ~ 0.1mm/min. At least five specimens were tested, and the

polymer composite's flexural strength and flexural modulus were reported. The stress-
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strain graphs were plotted for one best representative sample of each composite

composition and are presented in Figure 3.24.
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Fig. 3.24: Flexural stress-strain plot of neat Epon 862 and it’s composite.

Table 3.4: Flexural test data summary of neat epon 862 and its composite

Sample Flexural Flexural Modulus
StrengthMPa) (Mpa)
Neat EPON 862 134 +7 2888 + 199
GO + EPON 862 111 +5 2756 +£271
0.05 MEGO + EPON 862 140 £ 8 3270 £ 215
0.1 MEGO + EPON 862 149 £ 5 3679 + 468
0.25 MEGO + EPON 862 126 +7 3407 + 207
0.5 MEGO + EPON 862 118 +2 3355+ 251

107



The average flexural modulus and flexural strength of the MEGO/Epon 862
nanocomposites at different loading wt.% are summarized in Table 3.4 and visually

presented in Figure 3.25.
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Fig. 3.25: Variation of flexural strength and modulus with different wt.% loading of
MEGO in Epon 862

The experimental data showed that the maximum improvement in flexural strength and
modulus was achieved at 0.1% MEGO loading by 11.5% and 27.4%, respectively.
Beyond 0.1% MEGO loading (i.e., at 0.25 and 0.5wt.%), a decrease in flexural strength
and modulus was observed. The increase in flexural strength and modulus up to 0.1wt.%
MEGO content could be due to the crosslinking of functional groups of nanofillers with
matrix leading to better compatibility. However, a decrease in strength and modulus at
0.5wt.% MEGO loading is observed, which could be due to the aggregation of nanofiller

leading to poor bonding with matrix and creation of multiple stress concentration points

in the matrix.
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For the comparison purposes, 0.1wt.% GO dispersed epoxy composite were prepared.
The mechanical and viscoelastic properties of GO/Epoxy composite were reduced. It can
be inferred that such lowering of flexural strength, modulus and viscoelastic properties
can result from retarding of the epoxy polymerization and serious agglomeration [36].
Graphitic nanomaterial can serve as radical trap during polymerization process causing
retardation in polymerization. Also, chances of agglomeration of GO becomes high
because of T — m interaction, and Van der Walls interactions [42]. To further understand

these results, fracture surfaces were analyzed using SEM.

3.4.5 MEGO/Epon composite fracture surface analysis:

The fracture surfaces of flexural test samples of neat epon and its composites were
examined under scanning electron microscopy (SEM). Fig. 3.26 to 3.31 displays the
micrograph of fracture surface for all composite compositions considered for the flexural
test. SEM analysis confirms a significant variation in fracture surface of MEGO
reinforced composite from that of control neat and GO reinforced sample. As seen in Fig.
3.26, neat Epon shows a featureless smooth fracture surface confirming fast proliferation
of cracks, brittle failure, and low toughness of fracture [43-45]. GO reinforced composite
shows a serious agglomeration. MEGO/Epon composite micrographs exhibit irregular
and rougher fracture surfaces than neat Epon. Fig. 3.28 and 3.29 show a river-surface
form of the fracture micrograph for 0.05 and 0.1 wt.% loading of MEGO. The river-

surface form is more dominant in 0.1 wt.% MEGO loading compared with the 0.05 wt.%
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Fig. 3.27: Fracture surface SEM image of GO + Epon 862.
loading inferring MEGO is more compatible at 0.1wt.% loading. MEGO in epoxy acts as

mechanical obstructions for cracks, slowing down the crack propagation for improved
mechanical properties. The formation of dendritic river-surface pattern with no phase

separation in 0.05 and 0.1 MEGO/Epon composite sample is due to improved
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15.0kV 12.0mm x400

Fig. 3.28: Fracture surface SEM image of 0.05wt.% MEGO loading on
Epon 862.

15.0kV 11.4mm x400

Fig. 3.29: Fracture surface SEM image of 0.1wt.% MEGO loading on
Epon 862.

compatibility and crosslinking between MEGO and Epon 862. MEGO knit the polymer
chain leading to robust barriers to slow down the crack propagation by crack deflection
(Bifurcation) mechanism [43, 44, 46, 47], which justifies the improvement in flexural

strength and modulus of MEGO/Epoxy composite at 0.05 and 0.1 wt.% loading [48]. Fig.
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3.30 and 3.31 displays the fracture surface of 0.25 wt.% and 0.5wt.% MEGO/Epon
composite, which are considerably different from the fracture micrograph of 0.05 and 0.1
wt.% MEGO loading. SEM micrograph of 0.25 and 0.5 MEGO/Epoxy composite shows

less crack deflection mechanism and reinforcing nano additive MEGO agglomeration.

"(
AA

Test 10.0kV 9.4mm x400 2/7/2022

Fig. 3.30: Fracture surface SEM image of 0.25wt.% MEGO loading
on Epon 862.

15.0kV 11.6mm x1.00k

15.0kV 11.4mm x400

Fig. 3.31: Fracture surface SEM image of 0.5wt.% MEGO loading on
Epon 862.
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Irregular 'Patch’ like patterns are more dominant, inferring the rapid movement of crack
[49]. At 0.25 and 0.5 wt.% loading, MEGO aggregation signifies less compatibility with

polymer matrix, justifying the decrease in viscoelastic and mechanical properties.

3.4.6 MEGO toughening of carbon fiber reinforced composite

3.4.6.1 Flexural properties

Figure 3.32 displays the representative flexural stress vs flexural strain behavior of
MEGO toughened CFRP and Table 3.5 summarizes the flexural strength and modulus of
all composite samples. For each composition, five samples were tested (Figure 3.33
displays stress vs strain curve for all 5 samples of 0.5wt.% MEGO toughened CFRP), and
average value are presented in Figure 3.34. The flexural properties of CFRP with
toughening agent MEGO are very close to the neat CFRP, showing not much change in

the flexural strength and modulus. The flexural properties of CFRPs remains almost
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Fig. 3.32: Flexural Stress vs flexural strain of MEGO toughened CFRP
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unaffected because these properties of CFRP are generally dominated by the carbon

fibers[50].
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Fig. 3.33: Flexural Stress vs flexural strain of 0.5wt.% MEGO toughened CFRP

Table. 3.5: Flexural properties of MEGO toughened CFRP

Sample Flexural Modulus ( GPa) |Flexural Strength ( MPa)
Neat CF+Epon 862 105.8+ 2.6 704.5+7.28
0.05 MEGO+CF+ Epon 862 100.6 +11.6 697.24 + 35.44
0.1 MEGO+CF+ Epon 862 95.3+7.3 663.1 + 27.05
0.5 MEGO+CF+ Epon 862 98.7+6.4 654.4 £ 27.7
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3.4.6.2 Interlaminar fracture toughness of CFRP as a function of MEGO loading

Mode -I fracture toughness provides an insight of the energy absorption capability of
multi-layer fiber reinforced polymer composites. Double cantilever beam test (ASTM
5528) was carried out to MEGO toughened CFRP. For each composition, five samples
were tested, and average data were analyzed. Figure 3.35 represents the load vs crack
mouth opening displacement (CMOD) graph of MEGO reinforced CFRP. Figure 3.36 (a
to d) represents the compliance factor versus crack length for representative samples
tested, from where the correction factor A were calculated.

o0+t -t r 1t 1 1 1 |
Neat CF+Epon 862 |
— 0.05MEGO+CF+EPON 862

250 — 0.IMEGO+CF+EPON 862
—— 0.5 MEGO+CF+EPON 862

o—w———mr "7 T T

0 5 10 15 20 25 30 35 40 45

CMOD (mm)

Fig. 3.35: Representative Mode | interlaminar fracture test for MEGO toughened
CFRP composites.

116



a Compliance factor vs crack lenght for Neat CF +Epon 862

C3)

-80 -60 -40 -20 0.05 L4 20 40 60 80 100
Crack length (mm)

b Compliance factor vs crack length for 0.0SMEGO+CF+Epon 862

ca
=
I
th

-60 -40 -20 005 20 40 60 80 100
Crack length (mm)

117




C Compliance factor vs crack length for 0.1MEGO+CF+Epon 862
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Fig. 3.36: Compliance factor versus crack length for (a) Neat (b) 0.05 MEGO (c)
0.1 MEGO and (d) 0.5 MEGO loading on CFRP composite.
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Figure 3.37 and Table 3.6 summarizes the mode | interlaminar fracture toughness values
obtained from the double cantilever beam tests. The results showed that the mode |
interlaminar fracture toughness increases by ~ 27%, ~ 48%, and ~ 70% for 0.05, 0.1 and

0.5 wt.% loading of MEGO respectively.

Table. 3.6: Mode I interlaminar fracture toughness of MEGO toughened CFRP

Samples Gic(KJI/m?)
Neat CF+Epon 862 0.62 = 0.03
0.05 MEGO +CF +Epon 862 0.79 £ 0.028
0.1 MEGO + CF + Epon 862 0.92 £ 0.09
0.5 MEGO + CF + Epon 862 1.05 + 0.02

12

.f: 08 I

- I o 092 ‘ o
= . b 27 % ~48% 70%
N 06 T
N’

2 0.62
U 04

02 I

Neat CF+Epon 862 0.05 MEGO +CF 0.1 MEGO + CF + 0.5 MEGO + CF +
+Epon 862 Epon 862 Epon 862

Fig. 3.37: Mode I interlaminar fracture toughness of MEGO toughened CFRP.

The load has increased linearly in the linear elastic region in each sample until the

crack initiation point. Then, the load decreased gradually once the crack propagated
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further in the composite. The load versus extension curves displays a saw tooth pattern
inferring the crack growth is not continuous but it is a sequence of growth and arrest.
Compared to the neat sample, saw tooth patterns are more dominant in the samples with
MEGO loading. The result indicates that higher MEGO loading provides better resistance
to crack propagation. Mishra et al. reported similar phenomenon in fracture growth when
GO dispersion in PVP was introduced in interlaminar region of CFRP [42]. It has been
reported that the residual oxygen functional groups on carbon fiber surface will enhance
the interfacial bonding between fiber, GO, and matrix through hydrogen bonding, =t — &
interaction, and van der Walls interactions [42]. Based on the improvement on fracture
toughness of MEGO added CFRP, we believe that MEGO has enhanced the mechanical
and chemical interactions between fiber and matrix leading to better mechanical
performance. For the further understanding of toughening mechanisms, SEM analysis of

the fracture surface of DCB test samples was carried out.

3.4.6.3 SEM fractography

To have a better understanding of toughening mechanisms in CFRP, the fractured
surfaces after the DCB experiment were characterized using scanning electron
microscope (SEM). Figure 3.38 - 3.41 displays the SEM fractographs of the DCB
samples. Figure 3.38 show SEM images of fracture surface of the neat/ control sample,
where carbon fibers are deboned cleanly from the epoxy matrix showing poor
adhesion[51]. This also infers that the crack progression took place across the fiber-
matrix adhesion[42]. Brittle fracture of epoxy between adjacent carbon fiber bundles is
also displayed inferring the low resistance to crack propagation[52, 53]. Clearly, these

observations explain the low toughness of neat samples. Figure 3.39, 3.40, and 3.41
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presents the SEM fractography of 0.05, 0.1, and 0.5 wt.% MEGO loading respectively.
As MEGO loading is increasing, more rougher fracture surface is observed. The addition
of MEGO leads to the better adhesion between fiber and matrix. SEM images shows
more and more adhesion between fiber and matrix as MEGO loading increases, providing
the better resistance to crack propagation, and hence the toughness value increases.
Similar features were observed by Zhang et al. when they incorporated carbon nanotubes/
polysulfone nanoparticles on the laminate carbon fiber / epoxy composites[51]. Overall,
MEGO loading increased the interaction (could be chemical or mechanical) between

fiber and matrix, leading to the better toughening mechanism.

10.0um

—

15.0kV 9.3mm x1.00k

Fig. 3.38: SEM image of Neat CF+Epon 862 fracture surface.
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15.0kV 9.2mm x1.00k 50.0um

Fig. 3.39: SEM image of 0.06MEGO+ CF + Epon 862 fracture surface.

15.0kV 11.0mm x1.00k 50.0um

Fig. 3.40: SEM image of 0.LMEGO+CF + Epon 862 fracture surface.
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15.0kV 11.4mm x4.00k

15.0kV 11.4mm x1.00k
Fig. 3.41: SEM image of 0.5MEGO + Epon 862 fracture surface.

3.5 Conclusion:

This work aims to study the effect of nanohybrid material "MEGO" (MAPQOSS
hybridizeded GO) in the Epoxy and CFRP composites. Our research demonstrates that
the dispersion of MEGO at very low wt.% in epoxy matrix is a promising way to improve
epoxy and CFRP composites' thermal and mechanical properties. Although visible light
microscopy analysis showed 3R+S dispersion superior over 3R dispersion, DMA results
for 3R+S were more scattered, making them less reliable to draw a conclusion. Because
of that, 3R dispersion was considered throughout the work with a solid recommendation
to study the appropriate sonication process in the future. The DMA result showed that at

0.1wt.% loading of MEGO in Epon 862 improves T4 by ~ 4°C and storage modulus by
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~10%. The DSC result also confirmed the increase in Tgby ~ 7 °C at 0.1 wt.% loadings.
Both DMA and DSC results agreed that the optimum improvement could be achieved at
0.1 wt.% loadings. The TGA result showed that incorporating a larger amount of MEGO
makes the composites thermally more stable due to the formation of the siloxane layer in
degraded samples. The flexural test showed that the maximum improvement in flexural
strength and modulus was achieved at 0.1wt.% MEGO loading by 11% and 27%,
respectively. The optimal loading level is 0.1 wt.%, and reduction of Tg, flexural strength,
the flexural modulus was observed by increasing the loading beyond the optimum. This
phenomenon was justified from the SEM analysis of the fracture surface of Epon 862 and

its composite.

The effect of MEGO on CFRP composite were studied under flexural and DCB test.
From these mechanical tests, it was verified that the interlaminar fracture toughness of
CFRP can be enhanced up to ~ 70% (at 0.5 wt.% MEGO loading) without compromising
the flexural properties. The SEM images showed the improved fiber — matrix adhesion
with addition of MEGO loading, which justifies the improvement in toughness with

addition of hybrid polymer modifier.
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CHAPTER IV

SUMMARY AND FUTURE PERSPECTIVES

4.1 Summary

In this work, two major research projects have been executed successfully. The
research works are classified into main three categories. The first category included the
synthesis technique of hybrid polymer modifier (HPM) via redox reaction mechanism for
scaled- up production. The second part contained the characterization of HPM to confirm
the hybridization of MAPOSS to GO, and the final category included the study of
thermal and mechanical behavior of HPM reinforced epoxy composites, and carbon fiber

reinforced polymer (CFRP) composites.

Firstly, chapter I, covers the general background of composite, followed by the
recent brief market analysis. A detailed literature review in the field of redox reaction
mechanisms focusing on grafting of polymer to the carbon-based graphitic nanomaterial
has been covered. Based on the detail study on background and past research work, a set
of hypotheses was purposed, and chapter | was wrapped up with a list of purposed work

to chase the goals set up by hypotheses.
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In chapter 11, a simple and scalable redox reaction mechanism has been employed for
the modification of GO with MAPOSS. Analysis of FTIR signatures and XRD spectra
confirmed the reaction between MAPOSS and GO. The XRD peak was downshifted by
0.95°, inferring that the modification of GO with MAPOSS increased the interplanner
distance by 0.8 A. The decrease in intensity of the peak in the XRD spectrum confirms
the increase in random orientation of the hybrid material. XRF result showed that 10.2
mass % of silicon was added to GO because of MAPQOSS grafting. The increased ratio of
In/lc ((In/lc) co = 1.30, (Io/lc) meco = 1.43) in Raman spectroscopy is totally in agreement
with the FTIR, XRD and XRF results. In addition, TEM images also support the
hybridization of GO with MAPOSS. TGA curves showed a significant improvement in
thermal stability and char yield (2% increased to 22%) after the hybridization. The
particle size distribution studies indicated that the wet hybrid material showed better
dispersion than dry MEGO. The use of the three-roll mill showed promising dispersion
technique of MEGO in EPON 862 resin. This dispersion method could be a potential
method to enhance the mechanical and thermal properties of polymer nanocomposites.
As a continued part of this work, two methods of dispersion - three-roll mill and three-
roll mill followed by ultra-sonication for wet MEGO were considered for composite

fabrication.

In chapter 11, study on the effect of nanohybrid material "MEGO" (MAPOSS grafted
GO) in the Epoxy matrix has been presented. Our research demonstrates that the
dispersion of MEGO at very low wt.% in Epoxy matrix is a promising way to improve

epoxy composites' thermal and mechanical properties. Although visible light microscopy
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analysis showed 3R+S dispersion superior over 3R dispersion, DMA results for 3R+S
were more scattered, making them less reliable to draw a conclusion. Because of that, 3R
dispersion was considered throughout the work with a solid recommendation to study the
appropriate sonication process in the future. The DMA result showed that at 0.1wt.%
loading of MEGO in Epon 862 improves T4 by ~ 4°C and storage modulus by ~10%. The
DSC result also confirmed the increase in Tgby ~ 7 °C at 0.1 wt.% loadings. Both DMA
and DSC results agreed that the optimum improvement could be achieved at 0.1 wt.%
loadings. The TGA result showed that incorporating a larger amount of MEGO makes the
composites thermally more stable due to the formation of the siloxane layer in degraded
samples. The flexural test showed that the maximum improvement in flexural strength
and modulus was achieved at 0.1wt.% MEGO loading by 11% and 27%, respectively.
The optimal loading level is 0.1 wt.%, and reduction of T, flexural strength, and flexural
modulus with the MEGO loading beyond the optimum. This phenomenon was justified

from the SEM analysis of the fracture surface of Epon 862 and its composite.

The effect of MEGO on CFRP composite were studied under flexural and DCB test.
From these mechanical tests, it was verified that the interlaminar fracture toughness of
CFRP can be enhanced up to ~ 70% (at 0.5 wt.% MEGO loading) without compromising
the flexural properties. The SEM images showed the improved fiber — matrix adhesion
with addition of MEGO loading, which justifies the improvement in toughness with

addition of hybrid polymer modifier.

135



4.2 Future perspectives

This work mainly focuses on hybridization of GO with MAPQOSS to study its effects
on epoxy and CFRP composites. However, there are still possibilities to enhance the
compatibility of hybrid polymer modifier by replacing MAPOSS with more reactive and
compatible POSS. Generally nano additives are desired in dry powder form to eliminate
the effects solvents. MAPOSS hybridized GO i.e., MEGO, occurs in millimeter sized
chunk and exhibit poor dispersion in dry state. So, it is highly recommended to work on
modification of synthesis process to achieve final product in dry fine powder form. The
presence of solvent in wet MEGO might have adverse effects on mechanical properties of
composite which can be completely addressed by dry MEGO. The previous study in
similar area showed that the dispersion of GO in PVP is a promising technigue to
incorporate in epoxy and fiber reinforced polymer composite for enhancement in
mechanical properties. Adopting this idea in future to disperse MEGO in PVP could take
to the enhancement in mechanical properties of epoxy and CFRP composite into new

level.

The dispersion technique 3R + S showed promising results under optical microscope
image analysis but higher standard deviation in DMA result warns to investigate proper
sonication process (time, amplitude, temperature) in future for MEGO dispersion with
this method. In addition to that the characterization of inter-particle force of attraction or
repulsion would give more insight into the chances of nanoparticle agglomeration in

polymer matrix too.
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The effect of MEGO in CFRP was characterized by flexural and DCB test. More
additional mechanical tests like fiber pull out, and fragmentation test is recommended in
future for further in-depth understanding. SEM fractography showed the improvement in
fiber-matrix interactions with addition of MEGO. In future nuclear magnetic resonance
(NMR) spectroscopy would be an interesting characterization for insight understanding

of fiber-matrix interactions.
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