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ABSTRACT

In contemporary composite science, polymer nanocomposites are the promising functional
materials in the research field. Among them, the nano-sized filler, graphene, supplements the flaws
of polymeric materials with their exclusive mechanical, electrical, and gas barrier properties.
Recently, the exceptional corrosion resistance of polymer/graphene nanocomposites provides high
efficiency for metal surface protection. In particular, the metal pipes for the transportation of oil
and gas are very vulnerable to corrosion in the industries. The protection layer of
polymer/graphene nanocomposites effectively mitigates the corrosion on the metal pipe due to the
plate-like structure of graphene impeding the diffusion of corrosive agents through the polymer

matrix.

In this thesis, polyurethane (PU) nanocomposites incorporated with graphene were considered as
the protective coating layer of pipeliners in oil sands transportation. Pipeliner is an essential
segment for oil sands transportation, and PU is generally used for the pipeliners to protect pipe
inside against corrosive oil sands slurry. However, there has been a need for the improvement of
the anti-corrosion performance and mechanical properties of PU. This is because these properties
are correlated to the management cost in oil and gas industries. At this point, PU/graphene
nanocomposites enable a longer lifetime of pipeliners and higher transport rates of oil sands due
to the excellent physical properties of graphene. In addition, graphene nanoplatelets (GnP), which
means multiple-layer graphene, were used as fillers for more practical research. GnP is
commercialized in the market and provides various size for the polymer nanocomposites.
Therefore, three phases were conducted in this thesis for the development of the protective coating

layer based on PU/GnP nanocomposites: (I) size effect of GnP in the PU nanocomposites on



mechanical and corrosion properties, (II) comparison of GnP and GO in the PU nanocomposites
on mechanical and corrosion properties, and (III) effect of chemically functionalized graphene

oxide (f-GO) in the PU nanocomposites on mechanical and corrosion properties.

In the first phase, the size effect of GnP influencing filler dispersion within the PU matrix was
thoroughly investigated. 4 different sizes of GnP, specifically average diameter, were used for the
first phase. They showed an average diameter from 100 um to under 2 um and were sufficient to
compare their size. This study demonstrated that the GnP, with a small diameter significantly
improved the anti-corrosion performance of the PU nanocomposites. Protection efficiency (Pkr),
which is a parameter to quantify anti-corrosion performance, was increased up to 99.6 % by the
PU nanocomposites with the small GnP from 97.5 % of the neat PU. This is because the small GnP
indicated a more uniform dispersion within the PU matrix than other GnP. The uniform dispersion
of the small GnP formed a complicated pathway in the PU/GnP nanocomposites to suppress the
diffusion of corrosive agents. However, the small GnP was not effective to improve mechanical
properties of PU nanocomposites. The interfacial adhesion between GnP and the PU matrix was
insufficient to distribute external stresses to the composite inside. On the other hand, large GnP
indicated to the improvement of tensile modulus of the PU nanocomposites. The high aspect ratio
of the large GnP contributed to the improvement of the tensile modulus, which means elastic
deformation in a small range of strain. In consequence, the size of GnP was a critical factor
influencing the dispersion of GnP and the anti-corrosion performance of PU/GnP nanocomposites.
However, the interfacial adhesion between GnP and the PU matrix needs to be improved to

enhance mechanical properties.

In the second phase, GO was synthesized from GnP of the phase 1 to improve the interfacial

adhesion between GnP and the PU matrix. GO has various hydrophilic functional groups, such as
Vi



hydroxyl (-OH), carbonyl (-C=0), and epoxy (-C-O-C-) groups. These functional groups could
lead to the exfoliation (ie. delamination) of graphene layers and the formation of physical bonding
with the PU matrix, such as hydrogen bonding. These effects contributed to the improvement of
both mechanical properties and anti-corrosion in the PU/GO nanocomposites. However, GO was
thermally more unstable than GnP due to the decomposition of the hydrophilic functional groups.
Tensile modulus and hardness of PU/GO were increased up to 53 % and 40 % with the neat PU.
In addition, PU/GO indicated 99.9 % of Pgr while the neat PU indicated 98.9 % of Pgr. In this
study, large GO provided better mechanical properties and anti-corrosion in comparison to small
GO in the PU nanocomposites. This result was attributed to formation of the hard-segment in the
PU/GO nanocomposites. PU consists of the hard and soft segments and elasticity or hardness of
PU depend on the size or amount of the hard segment. The hydrophilic functional groups on GO
provides a nucleation site for the formation of the hard-segment. Thus, extremely high nucleation
sites of the small GO resulted in a decrease of the hard-segment size. As a result, the hard segment
size was not sufficient in the PU nanocomposites containing the small GO for appropriate
mechanical properties Consequently, it was found that GO with large size eminently improved
both mechanical and anti-corrosion properties of PU/GO. However, the thermal stability of GO

needs to be improved for the pipeliner application because the oil sands slurry is hot (~80 °C).

In the third phase, f~-GO was synthesized from GO of phase 2 using amine groups to improve the
thermal stability of GO, maintaining high interfacial interaction among the PU matrix and fillers.
Two different aliphatic amine groups (docecyl (DA) and tert-butyl amine groups(tBA)) and one
aromatic group (2-naphthyl amine group (2NA)) were used to functionalize GO. DA and tBA
groups were investigated for interaction with the polyol part of PU while the 2NA was for the one

with the isocyanate part of PU. f~GO indicated higher thermal stability than GO because the amine

vii



functional groups have stronger bonding with GO than the hydrophilic functional groups on GO.
Among the PU/f-GO nanocomposites, PU/2NA-GO indicated the most improved mechanical
properties and anti-corrosion performance. PU/2NA-GO showed 123 % and 49 % improvements
in tensile modulus and hardness, respectively than the neat PU. Pgr of PU/2NA-GO was improved
up to 99.9 % from 86.9 % of the neat PU. This improvement of PU/2NA-GO was attributed to mt-
7 interaction between the PU matrix and 2NA, inducing overlapped aromatic groups, such as the
2NA and phenyl groups of isocyanate. It led to a synergetic effect on mechanical properties and
anti-corrosion of the nanocomposite. In consequence, this study revealed that the aromatic
component on GO led to n-m interaction with the PU matrix. This interaction contributed to both

improvements in mechanical properties and anti-corrosion performance.

In conclusion, the results from the 3 phases have shown critical factors to design mechanically
improved and highly anti-corrosive PU/GnP nanocomposites. GnP size was very important to
decide the dispersion of the fillers. Functional groups on GO were crucial to improve the interfacial
interaction between the PU matrix and graphene fillers. As a result, aromatic group, which is
covalently bonded with f-GO, indicated the best performance in the PU nanocomposites due to n-
7 interaction. These studies in this thesis can be suitable for oil and gas industries. In particular,
they can provide a practical insight into the development of PU pipeliners for the transportation of

oil sand slurry.
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1. Introduction

1.1 Background

Polymer nanocomposites (PNCs) are generally defined as a polymer or copolymer including
nanoparticles or nanofillers dispersed within the polymer matrix.[1] Since the first commercial
PNC was invented by Toyota Group, the development of PNCs has been accelerated in material
science.[2] Toyota invented a nylon 6/clay nanocomposite for the application of a timing belt cover
in a car engine. Toyota applied the highly exfoliated clay structure with uniform dispersion in the
nylon 6 matrix.[3] The nano-sized clay led to a thermally stable and mechanically reinforced effect
in the nanocomposite. This nanocomposite was described as “Organic-Inorganic Hybrid” due to
the nano-sized dispersed filler. It showed many potential applications to researchers in automotive,
construction, and electronic areas.[2, 3] Initial studies for PNC had focused on the exfoliation of
the layered fillers and modification of its surface compatible with a polymer matrix. Exfoliation
means separating the layered fillers into an individual layer to maximize the surface area of the
fillers.[4] Various polymers have been studied to fabricate the hybrid with the layered silicate
fillers and several successful results have been reported.[4, 5] Recently, the electrical and thermal
properties of nanocomposites are considered as critical factors to develop electronic devices.[6]
Thus, carbon-based nanofillers, such as carbon nanotube (CNT), graphene, and multi-layered
graphene, have been introduced to substitute the previous nanocomposites.[5, 6] Among the
carbon-based fillers, graphene has been highly attracted to researchers because of its unique

properties.

Graphene, a single sheet exfoliated from graphite, has shown a practical utility in

polymer/graphene nanocomposites, especially for the application of electrical devices.[7] The
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utility is feasible due to the multi-functional properties of graphene, such as exceptional
mechanical, electrical, thermal, and gas barrier properties. For this reason, graphene has been
attributed to the dramatic improvement in the inherent properties of polymers as a form of a
nanocomposite.[8, 9] However, there are several challenges to maximize the performance of
polymer/graphene nanocomposites. First, graphene needs to be exfoliated and dispersed uniformly
within the polymer matrix. This challenge has been a critical issue for this research as same as
polymer/clay nanocomposites. Graphene layers are strongly stacked by van der Waals force.[10]
It is even very difficult to separate a single graphene layer and disperse it into the polymer
matrix.[10] Second challenge is surface modification of graphene to be compatible with a polymer
matrix. It is another crucial factor to design the polymer/graphene nanocomposites. This factor is
directly associated with physical properties of the nanocomposites.[11] Thus, many researchers

have focused on those two factors in terms of fabrication for the composites.[12]

Several approaches have been considered to produce the single layer of the graphene, such as
chemical vapor deposition (CVD), epitaxial growth, and chemical oxidation of graphite.[13] The
CVD is highly effective in gaining a single layer of the graphene. However, the CVD cannot
produce a large amount of graphene at one time because the CVD is based on a gas-phase reaction.
Single or few layers of graphene is formed on a substrate (e.g. copper) by this method.[14] Then,
the graphene products are obtained by the separation from the substrate. For this reason, the
production of a large amount of graphene through the CVD requires a huge reactor or numerous
reactions.[14] Thus, this method is commonly used for a laboratory purpose but is not useful to a
practical application.[13] Graphene oxide (GO) obtained from the chemical oxidation of graphite
is the most practical method to produce the exfoliated graphene. This method can provide not only

a large quantity of GO after the oxidation reaction but also hydrophilic functional groups such as
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hydroxyl (-OH), epoxy (C-O-C), and carboxyl (-C=0) groups on the GO surface.[15] Besides, the
hydrophilic functional groups on the GO surface can react with other functional groups (e.g. amine
or isocyanate), and it enables the GO surface to be more compatible with a certain polymer matrix.

Successful examples about the polymer/graphene nanocomposites are shown in Table 1.1.

Table 1.1. Successful examples about polymer/graphene nanocomposites[16-21]

Graphene

Polymer filler

Fabrication Improvement

Polyvinylalcohol Mechanical properties

Graphite oxide Solution casting

(PVA) Gas barrier properties
Polymethylmethacrylate Reduced In situ Electrical conductivity
(PMMA) Graphite oxide polymerization Thermal stability
Polyurethane . . In situ Mechanical properties
(PU) Graphite oxide polymerization Thermal stability
Polyurethane Functionalized Solution castin Dielectric properties
(PU) Graphite oxide g Elasticity
Polyisobutylene Reduced . . Dielectric properties
(PIB) Graphite oxide Solution casting Gas barrier properties
Epoxy Graphene Photopolymerization Stiffness

nanoplatelets Surface hardness

In recent years, polymer/graphene nanocomposites have expanded their application to anti-
corrosive coating for the protection of a metal substrate.[22] Corrosion is the most important and
practical challenge in modern industries, particularly for oil and gas.[23] These industries have
heavily considered this issue to protect a metal part from a strong corrosive environment.[24] For
this reason, a strong and anti-corrosive polymer is generally used as a protective layer to mitigate
corrosion.[25] However, the oil and gas industries have required the development of a more

physically improved and higher anti-corrosive protective layer than the conventional layers. This
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is because these improvements are associated with cost-effectiveness and maintenance of the
protective layer.[26] In this situation, graphene nanoplatelets (GnP) can contribute to improving
anti-corrosive performance and mechanical properties as a form of polymer nanocomposites. This
is due to the fact that the two-dimensional graphene structure prevents the permeation of the
corrosive agent through the polymer matrix.[27] Besides, GnP is highly resistant to an
electrochemical reaction. (e.g. corrosion). Thus, GnP can provide a stable molecular barrier to
suppress the diffusion of the corrosive agent, which includes an ion.[28] Based on these facts,
graphene effectively protects a metal surface in the form of a polymer nanocomposite under a

harsh corrosive condition.

In summary, graphene materials have emerged as the new nanofiller in the field of polymer
nanocomposites based on their exceptional physical and chemical properties. Multi-layered
graphene such as GnP is also useful to the application of the composites in terms of processing
and cost. Various combinations of polymer/graphene or GnP nanocomposites have been studied,
and their reinforcing effect has also been proven by the studies. Especially, the polymer/GnP
nanocomposites can be effective in the application of metal protection due to its structural
advantage and electrochemical stability. Thus, the polymer/GnP nanocomposites are highly
suitable for the application of pipeliners in oil sands transportation. However, further exfoliation
and surface modification of GnP are required to maximize mechanical and anti-corrosion
properties of the nanocomposites. These facts are critical in the view of management and cost in
oil and gas industries. Therefore, recent researches on polymer nanocomposites incorporated with

graphene or GnP have been focused on these issues.



1.2 Study objectives and approach

The objective of this research is to develop highly anti-corrosive and mechanically improved
polyurethane (PU) nanocomposites with various graphene nanoplatelets (GnP) and derived
graphene oxide (GO) for the application of PU pipeliners in oil sands transportation. PU is typically
used as the material for pipeliners due to its excellent physical properties. However, PU pipeliners
are needed to further improve both mechanical and anti-corrosion properties in terms of cost-
effectiveness and management. For practical research, the commercial PU was incorporated with
GnP or GO to fabricate nanocomposites. Anti-corrosion performance and mechanical properties
of the PU nanocomposites were mainly investigated to prove the performance as pipeliners. The
study for these PU nanocomposites was conducted by three phases: (Phase I) the size effect of GnP
in the PU nanocomposites on mechanical and anti-corrosion properties, (Phase II) the effect of GO
in the PU nanocomposites on mechanical and anti-corrosion properties in comparison with GnP,
and (Phase III) the effect of chemically functionalized GO (f-GO) in the PU nanocomposites on
mechanical and anti-corrosion properties. The flowchart of this study is described in the Figure

1.1.



Objective:
PU/graphene composites with improved
physical properties and corrosion protection

Phase 1 Phase 2 Phase 3
Chapter 6
PU/Gii;’a::: L:)sites PU/(:‘-CSE::F:)ﬁr zsites PU/functionalized GO
P P (f-GO) composites
\ 4 h 4

Surface modification of GO

Synthesis of GO from GnP . .
with amine groups

h 4 \ 4 h 4
Fabrication of the PU/GnP Fabrication of the PU/GO Fabrication of the PU/f-GO
composites composites composites
Y Y

The effect of amine

The size effect of GnP The size effect of GO functionalized GO

Figure 1.1. Flowchart of the studies in this thesis.

In phase 1, the main objective is to understand the correlation between the size of GnP and their
dispersion in the PU matrix. In this study, 4 different types of commercial GnP were used as fillers.
They have different average diameters from under 2 um to 100 um. In particular, the smallest size
of GnP available in the market was under 2 um in diameter while the largest one was 100um. Size
differences of 4 GnP in this range were suitable to compare the size effect of GnP in the PU
nanocomposites. Anti-corrosion performance and mechanical properties were investigated by the
size of GnP in nanocomposites. Specifically, the PU/GnP nanocomposites were fabricated via
planetary centrifugal mixing (PCM). The PU consists of resin and hardener containing methylene
diphenyl diisocyanate (MDI) and polyol, respectively. The mixing ratio of MDI and polyol was 25

and 100 by weight. The PU/GnP nanocomposites were cast as a film (thickness: 300um) on two



substrates, such as copper and polyethylene terephthalate (PET) plates. The copper plate with the
cast film was used for corrosion properties, while the mechanical properties were measured by the
cast film separated from a PET plate. Subsequently, the scanning electron microscope (SEM) was
used to verify the size difference of the 4 GnP. X-ray diffraction (XRD) was used to analyze the
structure of the 4 GnP. SEM was also used to observe the dispersion of the 4 GnP within the PU
matrix. Lastly, a model for corrosion protection with the appropriate size of GnP in PU

nanocomposites was established to account for the corrosion mitigation mechanism.

In the phase 2, the main goal is to investigate the effect of GO, which influences the dispersion of
fillers and interfacial interaction between fillers and the PU matrix. For this study, 2 different sizes
of GO were synthesized from the 2 GnP of phase 1 by modified Hummer’s method. Functional
groups and graphene structure of GO were investigated in comparison with GnP. Tetrahydrofuran
(THF) was used to disperse GO, and then the PU matrix was mixed with GO. The PU/GO
nanocomposites were cast on the same 2 substrates of phase 1. Fourier-transform infrared (FT-IR)
spectroscopy was used to detect the hydrophilic functional groups on GO. Thermogravimetric
analysis (TGA) was used to compare the thermal stabilities of GnP and GO. SEM was used to
observe the morphologies of GO and their PU nanocomposites. The mechanical and anti-corrosion
properties of the PU/GO nanocomposites were thoroughly investigated. In addition, the size effect

of GO was also investigated on the same properties.

In the phase 3, the main objective is to synthesize more thermally stable f-GO than GO and
investigate the effect of f~-GO, which influences filler dispersion and interfacial interaction with
the PU matrix by the type of f-GO. In this study, three different types of amine functional groups
were used to functionalize GO. Docecyl amine (DA) and tert-butyl amine (tBA) were used to

provide aliphatic chain on GO. 2-naphthyl amine (2NA) were used to provide aromatic group on
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GO. According to several studies about f-GO, aliphatic and aromatic groups on f-GO contributed
to mechanical properties of the PU nanocomposites.[29-32] However, the results from those two
groups have not been compared. DA group was designed to form a chain entanglement with the
PU matrix due to its long aliphatic chain. Short but branched aliphatic form of tBA group was
expected to infiltrate more into the graphene interlayers than other groups. The aromatic group of
2NA was designed to form an interaction with the phenyl groups in the PU matrix. Specifically, f-
GO was synthesized via chlorinated GO (CI-GO) to promote the chemical reaction between amine
groups and CI-GO. The PU/f-GO nanocomposites were also fabricated by using THF, which is the
same method illustrated in phase 2. FT-IR spectroscopy was used to prove the amine
functionalization of f-GO. TGA was used to compare thermal stabilities of f~GO and GO.
Morphologies of the 3 f~GO and PU/f-GO nanocomposites were observed using SEM. Mechanical

and anti-corrosion properties of the nanocomposites were also investigated.



1.3 Thesis outline

This thesis consists of eight chapters organized as follows:

® Chapter 1 provides background information on this research, study objectives, and an
outline of the thesis.

® Chapter 2 provides review of the characteristics of graphene fillers for the application of
polymer nanocomposites, processing techniques employed in the thesis, and corrosion
protection application.

® Chapter 3 describes characterization techniques for the materials deployed in this thesis,
including physicochemical characterizations, determination of mechanical properties, and
measurement of electrochemical corrosion testing.

® Chapter 4 presents the fabrication of polyurethane nanocomposites incorporated with four
different sizes of graphene nanoplatelates (GnP). The impacts of GnP size on the anti-
corrosion performance and mechanical properties of the nanocomposites are thoroughly
investigated.

® Chapter 5 discusses the effect of GO in comparison with GnP in the PU nanocomposites
on mechanical properties and anti-corrosion performance. The size effect of GO in the PU
nanocomposites is also investigated.

® Chapter 6 describes chemically functionalized GO and their PU nanocomposites. Anti-
corrosion performance and mechanical properties of the PU/f-GO nanocomposites are
studied by the 3 different amine groups. Available interfacial interaction between f-GO
and the PU matrix is also investigated.

® Chapter 7 presents the overall conclusions drawn from Chapter 4 to 6 and the

recommendations for the follow-up study on practical application of the nanocomposites.
9



2. Literature Review

2.1 Polymer graphene nanocomposites

Based on the study of polymer nanocomposites, graphene has been positioned as a next important
resource to utilize nanofillers, such as carbon nanotubes (CNT). Polymers can combine with
graphene to enhance intrinsic properties; electrical, mechanical, and barrier in particular.[33]
These improvements can even be achieved by a little amount of graphene due to its inherent
properties, such as high surface area and superior physical properties. Graphene can also modify
or functionalize its surface with different chemical groups to produce a high compatibility with
various polymer matrices.[6] Nevertheless, graphene should be further exfoliated and dispersed
uniformly within the polymer matrices to maximize the performance of the composites. In practice,
graphene interlayers are stacked by van der Waals force, rendering the research of
polymer/graphene composites as the challenging work.[8] Recently, multilayer graphene, such as
graphene nanoplatelets (GnP), has received much attention in terms of a practical application of
graphene to overcome this problem.[34, 35] In this thesis, GnP, its derived GO, and chemically
functionalized GO were employed as main fillers, while polyurethane (PU) was used as the

polymer matrix for the composites.

2.1.1 Graphene fillers

2.1.1.1 Graphene and graphene nanoplatelets

As explained in numerous literature, graphene is a single sheet consisting of carbon atoms as a
form of a two-dimensional (2D) honeycomb structure which is considered to be the thinnest
material in the world.[13] In general, various carbon materials can be derived from graphene as
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described in Figure 2.1. The zero-dimensional (0D) fullerenes, one-dimensional (1D) CNT, and
three-dimensional (3D) graphite can be formed by wrapping, rolling, and stacking 2D graphene,
respectively.[36] Besides, researches have been attracted by exceptional physical properties of
graphene; high Young’s modulus of 1 TPa (100 times higher than steel), the high thermal
conductivity of 5000 W/(m-K), and an electrical conductivity up to ~6000 S/cm.[37] In addition,
graphene can provide excellent gas barrier property as a form of coating and polymer composite
due to its plate-like structure and high surface area up to ~2630 m?/g.[38] Based on these superior
properties, graphene has been considered as an ideal material for polymer nanocomposites. Thus,
a number of engineers and scientists have imagined that graphene can provide a multidisciplinary

platform in the field of composites.

Figure 2.1. A schematic image of graphitic carbon allotropes derived from graphene; fullerene
(zero-dimension), CNT (one-dimension), and graphite (three-dimension).
(Copyright @ 2007 nature publishing group).

Two approaches are generally available to produce graphene, including bottom-up and top-down
11



processes. The bottom-up process is based on chemical synthesis. Chemical vapor deposition
(CVD) is a representative method that enables graphene production with high purity and low defect.
However, this method cannot deploy a large scale of production due to a limited area of the
synthesis. In other words, CVD is not appropriate for polymer nanocomposite studies which
require a large scale synthesis of graphene.[14] On the other hand, the top-down process is based
on the mechanical impact or liquid phase exfoliation of graphite. Thus, single layer graphene
cannot be produced by this process while a few layered graphene sheets can be directly separated
from graphite or graphite derivatives.[36] Consequently, the top-down process allows producing a
large amount of multi-layer graphene (i.e. graphene nanoplatelets (GnP)), but it is insufficient to
exfoliate the single layer graphene from graphite.[39] However, the GnP has lower structural
stability than the graphene formed by CVD as a trade-off. Nevertheless, the GnP also effectively
reinforces physical properties and gas barrier performance in its composites.[40, 41] In recent
progress, GnP has received intensive attention in terms of a practical application of graphene due
to its potential capability, providing low cost and mass production. Thus, GnP manufacturers have
increased their production scale to be applicable in the field of polymer composites.[42] Besides,
they can provide various grades of GnP products as a function of size or surface area. In this thesis,
diverse sizes of commercial GnP manufactured by XG sciences (US) were used to fabricate

polymer composites as well as synthesize different size of GO.

2.1.1.2 Graphene oxide and functionalized GO

Although GnP has been proposed a solution for graphene applications at the industrial scale, there
are still some challenges need to be done in this research field. The most crucial challenge is further
decrease of graphene layers to maximize the capacity of polymer/graphene composites.

Mechanical cleavage of graphite has limitations to reduce the graphite layer due to the existence
12



of van der Waals force.[7] To overcome these limitations, a chemical method is required based on
liquid phase. This method is usually conducted under high acidic conditions, including strong
oxidants to generate oxygen-containing functional groups on the surface and edge of graphene
sheets.[43] In general, GO is obtained through Hummer’s method, which is a typical synthesis
way. Concentrated sulfuric acid mixture containing potassium permanganate (KMnQO4) and sodium
nitrate (NaNOs3) was commonly used to oxidize GnP or graphite powder. After the oxidization,
hydrophilic functional groups, such as epoxide, hydroxyl, and carbonyl groups are generated on
GO, leading the expansion of the interlayer distance of graphene sheet due to the intercalation of
moisture with strong hydrogen bonding.[44] With the high affinity with moisture, GO can be
uniformly dispersed in a hydrophilic solvent, such as acetone, tetrahydrofuran (THF), and even
water. In the solution state, a few layers of exfoliated GO are presented by the hydrophilic
functional groups in the solution, inducing the stable dispersion of GO. Aside from the empirical
evidence, the concrete chemical structure of GO has been intensively discussed over the years, and
various models have been proposed to explain the structural issue of GO. Among others, Lerf-
Klinowski model in Figure 2.2 is widely used in contemporary graphene research.[15, 43] This
model reveals that the epoxide and hydroxyl groups are closely linked to one another, and the edge

of the GO layer is terminated from carboxylic acid groups.
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Figure 2.2. Lerf-Klinowski model regarding the presence or absence of carboxylic acids on the
periphery of the basal plane of GO.

(Copyright © 1998, American Chemical Society)

These hydrophilic functionalities of GO render great compatibility with hydrophilic polymers,
such as polyvinyl alcohol (PVA)[12] or water-dispersible polymeric colloidal particles.[45, 46]
These hydrophilic polymer/GO composites revealed enhanced mechanical properties and gas
barrier performance due to the uniform dispersion of GO as well as the interaction between the
polymer matrix and GO. However, the hydrophilicity of GO confines its application to the polymer
composites since it can provide only great miscibility with hydrophilic polymers or waterborne
polymers. Thus, the surface of GO needs to be modified to expand its application to the various
polymer matrices. Usually, the functionalization of GO can be taken place by a chemical reaction
between hydroxyl or carbonyl groups on GO and reactive functional groups, such as isocyanate or
amine groups. The isocyanate or amine-treated GO can be considerably exfoliated into organic

solvents, such as dimethylformamide (DMF) and THF with a mild ultrasonication. In addition, the
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functionalized GO (f-GO) enables greater interfacial interaction with polymer matrices than GO,
because of the possibility to select an optimum functionalization agent to match with polymer
matrices.[47] Herein, chlorinated GO (CI-GO) intermediate can be utilized to increase the
reactivity of the isocyanate or amine groups. CI-GO is prepared by the reaction between carboxylic
acid on GO and thionyl chloride (SOCI), providing high reactivity of acid chloride (COCI) with

isocyanate and amine groups. The reaction mechanism of GO chlorination is shown in Figure

2.3.[48]
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Figure 2.3. Schematic image for chlorination of GO (a): Proposed reaction mechanism in which
a carboxylic acid is transformed to acyl chloride by SOCI, (R: aromatic or hydrocarbon groups);
(b) visualization for the chlorination of GO.

(Copyright @ 2011 ROYAL SOCIETY OF CHEMISTRY)

Polymer composites, incorporated with the chemically modified GO, have been experimentally
presented by past research groups. Particularly, f-GO is useful for solution-based processing,

which is very attractive in a recent study. This is because this method can be used to a wide span
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of applications from photonics, optoelectronic devices to polymer composites.[49] For this reason,
solution-processable polymer composites with f~-GO have been proposed as a novel material.
Along this line, this thesis presents synthesis of f~GO with amine functional groups. Also, the

design of solution-processable polyurethane composites incorporated with f-GO is provided.

2.1.2 Polymer matrix

2.1.2.1 Polyurethane

Polyurethanes (PU) are a wide class of polymeric materials, including the urethane group (-NCO-)
in their structures. The urethane group (i.e. carbamate) is generally formed by the chemical
reaction between isocyanate and hydroxyl groups. Isocyanate groups are basically very reactive
due to their resonant structure which attracts electrons (i.e. electrophile). They can be converted
into urethane groups quantitatively without by-products. Beside, polyol groups are capable of the
controlling processability and physical properties of PU, but two or more functional groups (e.g.
diol and diisocyanate) are required to polymerize PU. Specific properties of PU rely on the
combination of the diisocyanates and diols due to the various type of isocyanate and diol
derivatives. The chemical reaction among the isocyanate group, hydroxyl groups, and the

polymeric structure of PU are shown in Figure 2.4.[50]
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Figure 2.4. Schematic image of isocyanate, polyol, and polymerization of polyurethane.[50]

Among the various PU, polyurethane elastomers (PUE) are particularly important in an industrial
scale because of the superior physical properties of PUE, such as high hardness, elasticity, and
excellent chemical resistance. These strong physical properties are driven by unique structural
characteristics. PUE has a two-phased polymeric structure consisting of hard and soft segments.
The hard segment intervenes to the rigidity and strength of PUE and act as a physical crosslinking
point within the matrix due to stiffer structure of diisocyanate moiety. The soft segment is
associated with the polyol moiety. It contributes to the flexibility and elongation of PUE.[51] The

schematic image of the polymeric structure of PUE is shown in Figure 2.5.
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Figure 2.5. Schematic image of segmented polyurethane chain (a), and two-phase structure of

the bulk polyurethane (b). [51]

Those structural properties provide high durability and toughness of PUE to be applicable for metal
protection in a corrosive environment. Thus, PUE is very suitable for a pipeliner coating inside
pipelines for oil sand transportation.[52] In general, hot water and bitumen in the oil sand slurry
produce many corrosive agents, inducing the high temperature and corrosiveness. Also, the
internal surface of the pipelines consists of carbon steel, inspiring the agents to accelerate the
corrosion.[26] Herein, PUE can protect the inner surface of the pipe in the form of a pipeliner. This
is a very effective form for protection due to the high mechanical and anti-corrosive properties. It
is even greatly adhesive to carbon steel. Although the basic properties of PUE are suitable for the
pipeliners the properties also depend on polymerization methods. PUE can be obtained by two
basic polymerization methods, which are the one-step method and the prepolymer method. In the

next session, the two methods will be discussed in detail.
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2.1.2.1.1 One-step method

In the one-step method (i.e. polyaddition procedure), all reagents, such as polyol, diisocyanate,
and chain extender are added at once on the initial stage of polymerization. This method is
commonly very practical in terms of industrial production due to the simple reaction between
diisocyanates and polyol components. For this reason, the polymerization process is basically fast,
easy and reproducible. However, the diisocyanate and polyol reagents are usually incompatible at
room temperatures, so the polymerization will take place on the interface between the two reagents.
This incompatibility leads to a stoichiometric imbalance and structural heterogeneity within the
PUE matrix. For this reason, this one-step method requires an appropriate mixing facility to
minimize the incompatibility. Furthermore, high temperature that is slightly below the melting
point can contribute to reducing the incompatibility of PUE during the mixing process. In the
polymerization process of PUE, moisture is a critical factor to infer properties of the final PUE.
The polyols are basically hygroscopic, inducing the moisture in the polyols to form bubbles
through a chemical reaction with the diisocyanate. This phenomenon deteriorates PUE properties.
Moreover, the unreacted diisocyanate, which is strongly associated with the contents of moisture,
also affects the final PUE properties. For this reason, the reagents, such as diisocyanate and polyol,
require appropriate packages to prevent moisture absorption. Nevertheless, diisocyanate and
polyol would provide high productivity and cost efficiency of PUE owing to the easy processing.
In this thesis, the one-step method is used as the main processing technique to fabricate the

PU/graphene composites.[50, 51]

2.1.2.1.2 Prepolymer method

In the one-step method, moistures and unreacted diisocyanates were crucial factors to affect overall
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properties of the final PUE. However, it is difficult to effectively prevent these issues because
monomers of PUE are hydrophilic and PUE cannot be fully polymerized. Prepolymer method can
be suggested to minimize the crucial issues of the one-step method. Prepolymers are generally
defined as oligomers or resins (i.e. polymers), rather than monomers. In this method, PUE
prepolymers are synthesized by the chemical reaction between diisocyanates and polyols. The
synthesized PUE prepolymers are commonly high viscous liquid or solid at room temperature,
because they have higher molecular weight than monomers. To complete the polymerization
process of the PUE prepolymer, a chain extender such as 1,4-butanediol is required. The chain
extender terminates the polymerization process of the PUE prepolymer by chemical reaction with
isocyanate groups on the end of PUE prepolymer chains. For this reason, the prepolymer method
is less susceptible to moisture than the one-step method because of the fewer diisocyanate.
Therefore, a stronger PUE can be obtained by the prepolymer method due to the low moisture and
unreacted diisocyanates contents. Challenges for the prepolymer method are a high material cost
and a complicated production facility. PUE prepolymers are more expensive than the monomers
of the one-shot method because of because of the prepolymerization process. Besides, this method
requires a preheating facility to melt the PUE prepolymers before casting. Therefore, industries,
which necessitate high quality of PUE, consider the prepolymer method. However, in the lab scale,
this system is not recommended due to the reasons explained in this session.[51, 53, 54] For this
reason, the one-step method is used to fabricate the polymer/graphene nanocomposites in this
thesis, Nevertheless, the prepolymer method would be also considered for more practical

application of the nanocomposites in further research.

2.1.3 Processing techniques for polymer nanocomposites

Polymer processing is generally one of the essential parts determining the properties of polymer
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products. The mechanical and thermal properties of polymers that are associated with polymer
structure can be influenced by various processing conditions. Also, properties of polymer
nanocomposites incorporated with nanofillers can be influenced by the processing conditions.
Distribution or orientation of the nanofillers is strongly associated with the processing conditions
and the properties of the nanocomposites are attributed to the resulted nanofillers. For this reason,
processing conditions should be carefully selected by the characteristics of polymers and

nanofillers.[55]

In addition, equipment used in the processing crucially influences the final properties of polymers
and their nanocomposites. Many polymer processing techniques are successfully used to produce
various products in the marketplace. Polymer extrusion and injection molding are the most
representative techniques for conventional polymer production because of their great productivity
and cost-effectiveness. However, these processing techniques are more suitable to produce
thermoplastic materials than thermoset materials. In general, thermoset polymers are suitable for
the coating process since thermoset polymers are commonly in liquid form before the process,
inhibiting the repetition after their solidification. For this reason, spray, centrifugal coating, and
die-casting processes are generally utilized for the thermoset polymers. such as epoxy and

polyurethane.[56]

Moreover, compounding or mixing is another important processing factor, especially for polymer
nanocomposites. The properties of the polymer nanocomposites significantly depend on the
dispersion of nanofillers. The dispersion is determined on the stage of the mixing process.
Electrical, thermal, and anti-corrosive properties are synonymously related to the dispersion of
nanofillers, because those properties are based on nanofiller networks. Therefore, the

compounding or mixing process for the nanofiller dispersion is particularly important in
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polymer/graphene nanocomposites. However, graphene requires additional treatment, such as
oxidation or functionalization, for uniform dispersion within a polymer matrix because graphene
is difficult to be retained as a single layer during the processing. For this reason, certain equipment,
such as ultrasonication machine or centrifugal planetary mixer, would be effective for graphene
dispersion into the polymer matrix. Therefore, a specific processing design is essential for the

successful fabrication of polymer/graphene nanocomposites.[56]

2.1.3.1 PU coating process for protection of metal surface

PU has been used to a broad range of applications such as coatings, foams, and moldings due to
the excellent physical and chemical properties. PU can offer not only good bonding properties with
metal but also highly anti-corrosive performance. Thus, PU is particularly suitable for metal
protection, such as steel pipes. In order to form a protection layer on a metal surface, a coating
process using a liquid precursor is essential. This is because the coating process can uniformly
cover the metal surface and minimize space between the protection layer. In the next session, anti-
corrosive coating process will be presented along with understanding the definition and

mechanism of metal corrosion.

2.2 Metal corrosion

Corrosion, generally known as rust, is a destruction of a metal substrate by a chemical or
electrochemical reaction, which means transferring electrons. This phenomenon naturally occurs
for most metals, because they intend to return to their original oxide form. Metal products in the
commercial market are produced by the huge energy on natural minerals. Those pure metals are
unstable in nature, inducing the conversion to their original form. In addition, this conversion (i.e.

corrosion) is a basically irreversible reaction. The reaction can even be accelerated by
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environmental factors, such as moisture and temperature. Therefore, corrosion has been a very

important industrial issue because it is associated with a lifetime of metal products.[57]

In general, corrosion has had a negative impact on many areas of industry, especially transportation,
construction, and manufacturing. In particular, corrosion has been an important issue in the oil and
gas industries. In these industries, the enormous cost loss can be occurred by the corrosion at an
astronomical scale. Among various segments of the oil and gas industries, pipelines for the
transportation of oil slurry, which are up to dozens of km in length, are thoroughly exposed to
corrosive circumstances, providing the high cost of replacement. For this reason, a strategy
regarding the prevention of corrosion on both internal and external surfaces of pipelines is an
essential part of the view of the industry. Protective coatings and corrosion inhibitors are usually
used as protective strategies for metals. However, there is an increasing demand for research on
advanced anti-corrosion technology. In this regard, polymer nanocomposites incorporated with
layered carbon nanomaterials, such as graphene and graphene nanoplatelets, have had attention
since they can be applied directly to coating processes as well as to improve corrosion

protection.[58, 59]

2.2.1 Corrosion theory

At the basic process of the metallic corrosion in an aqueous solution, the anodic oxidation of the
metal and the cathodic reduction of oxidants occur in the solution. The basic process is shown in

the formula below:[60]

My = M3t + 2ey anodic oxidation (2-1)

20x4q + 2ey — 2Red + (€roq0x)agq cathodic reduction (2-2)
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In this formula, Mw is a metal, M?*,q presents the hydrated metal ion in aqueous solution, and € m
presents the electron from the metal. Oxaq presents an oxidant, Red is a reductant, and € redox
presents the redox electron from the reductants. The overall reaction can be simply described as

follow:

My 4 20x,5 = MZ}F + 2Red(€reqox) aq (2-3)

These reactions are carried out by charge-transfer processes across the interface between the
surface of metal and solution. Thus, the reactions depend on the interfacial potential corresponding
to the electrode potential of metal. In practice, the cathodic process is occurred by the reduction of
hydrogen ions or reduction of oxygen molecules in the solution. This reduction is based on electron
transfer processes on the interface between the metal and solution, while the anodic oxidation is
due to the ion transfer processes of the dissolution of metal. The formula and Figure 2.6 shown
below indicates the corrosion process on a steel surface in the aqueous solution in a real

environment.[61]

Fe - Fe?* + 2e~ (2-4)

0, + 2H,0 + 4™ — 40H" (2-5)

2Fe + 0, + 2H,0 — 2Fe(OH), (2-6)
4Fe(OH), + 0, — 2H,0 + 2Fe,05 - Hy0 2-7)
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Figure 2.6. A schematic image for a corrosion process of a metal surface.

Where the free electrons (ne”) from the iron reduce the dissolved oxygen and then form a hydroxide.
Subsequently, the hydroxide transforms to an iron hydroxide (Fe(OH).), and then iron oxide
hydrate (Fe2O3 -H20), known as rust, is formed by additional oxygen supply. Therefore, in order
to prevent metal ionization, it is critical to minimize the contact of water and oxygen with the metal

and to inhibit the movement of ions and electrons.[61]

2.2.2 Protective coating for corrosion

Protective coating technology is the most commonly used way to protect the metal surface from a
corrosive agent. Various coatings can be utilized for the protection, such as organic coatings (e.g.
paints or plastic liners), metallic coatings, and nonmetallic inorganic coatings (e.g. ceramics or
glasses). These techniques require multifunctional performance, which provides not only corrosion
inhibition but also excellent mechanical property and adhesion of the metal surface. Thus, they
can be used individually or combined for the protection purpose. There are three basic mechanisms

of coatings or liners to inhibit corrosion:[62]

e Barrier protection
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e Chemical inhibition

e Galvanic (sacrificial) protection

Barrier protection literally means the physical isolation of the metal substrate from the corrosive
agent by coatings or liners. Chemical inhibition refers to the addition of inhibitive pigments to
coating layers. The inhibitive pigments are chemical substances that can build a layer on the metal
surface at a molecular level, served as a protection layer. This technique is typically useful to
improve anti-corrosive performance of the protective paint layer. Galvanic protection presents
forming an additional layer on the metal substrate using more active metal. This technique is
commonly used to a galvanize steel consisting of a thin layer of zinc on the steel substrate. In this
case, the steel substrate corresponds to the cathodic site, thus, the zinc layer will be at the anodic
site. Among the protection methods, the barrier protection by organic coatings or liners using
polymeric materials is beneficial in terms of maintenance and cost-effectiveness. This is because
polymeric coating materials are basically anti-corrosive, easily processable, replaceable, and
inexpensive. In addition, there are various polymers that can be selected to be applicable to specific
corrosion protection applications. Table 2.1 indicates representative polymeric coating materials

for corrosion inhibition.
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Table 2.1. Representative polymeric coating materials for corrosion inhibition[58, 62]

Polymers Advantages Limitations Applications

* Harder and less flexible than other polymers.

* Good chemical and weather resistance. * Widely used in maintenance coatings and tank

Epoxy + Excellent adhesion to steel and concrete. * Intolerant of moisture during application. linings.
* Long curing time (7 days)
* Fire resistant, odorless, tasteless, and
nontoxic.
. * Low moisture permeability and excellent * Dissolved in strong solvents. * Concrete and masonry paints, swimming pool
Chlorinated . ¢ = og . . L P
rubber resistance to water. * Degraded by heat (95 °C) and ultraviolet light. coatings, and marine finishes.
+ Good chemical and abrasion resistance, « Poor processability for coating, + More common in Europe as an industrial coating
* Quick drying with excellent adhesion to
concrete and steel.
* Hard, smooth, lo{lgh, ﬂex1l:rle coatings with  + Polor a(lhesmrll to many surfaces. specialized + Coil-coating for exterior metal, wall and roof
good color retention and high heat primers require, sheets
Fluoropolymer resistance. * Expensive cost. . - " .
N . . . N . . * Vesselliners, duct and fan coatings, and nonstick
* Very good moisture and weathering * Unavailable to apply thick coating.
is atur .- o cookware.
resistance. * Temperature resistance 260 °C.
* High temperature resistance: 540 °C. + High temperature curing require at 325°C.
Silicone * Excellent moisture, heat, and chemical * Unavailable to apply thick coating. * Exterior coatings for metal chimney, hot pipe,
resistance. * Expensive cost. duct, and fan coatings.
* High gloss. * Adhesion problems possible.
* Excellent adhesion, hardness, abrasion, and
chemical resistance. + Humidity sensitivity concerns. * Widely used for many exterior structures in
Polyurethane * Fast cure, even at temperature below + Darkening upon ultraviolet light radiation corrosive environments.
freezing. (sunlight). * Relatively expensive but extremely durable.

* Thick coating available.

Epoxy and polyurethane (PU) are widely used as protective layers because of their excellent
chemical resistance, durability, and relatively low cost. In particular, PU is mechanically tough and
highly anti-corrosive due to the unique structure of the polymer. In addition, the coating is suitable
for PU processing, because of the liquid form of the PU pre-cursor. For this reason, pipeliners
consisting of PU are applied to protect the interior surfaces of steel pipes laid on oil-sand
transportation. These pipeliners extend the lifetime of the steel pipes, requiring only the periodic
replacement for maintenance. The pipeliners are usually achieved by a centrifugal coating or
casting technique. Centrifugal casting utilizes centrifugal forces, which are generated from the
rotating pipe in a fast speed. The centrifugal forces move PU precursor to the inner surface of pipes
and trapped air to the outside of coating layers. For this reason, the pipeliners formed by this
technique indicate a thick but uniform thickness and few defects on the liners. Figure 2.7 presents

the schematic image of the centrifugal casting method.
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Figure 2.7. Schematic illustration of centrifugal casting method for the PU pipeliner.[63]

Nevertheless, PU is a sensitive polymeric material against moisture and this weakness of moisture
can cause a problem known as a cold-wall effect that occurs on the interface between the pipeliner
and the interior surface of the pipe. Moistures and ions can reach the metal surface through the
cold-wall effect, rendering the corrosion to occur. In order to prevent the cold-wall effect of PU,
many studies have been carried out, and PU composites incorporated with graphene or graphene

nanoplatelets have been studied as a breakthrough for this problem.[62, 63]

2.2.3 Cold wall effect

The cold wall effect is commonly known as water vapor permeation, which was driven by a large
temperature difference between inside and outside of pipes through the coating layer to the steel
substrate. The water vapor passed through the layer results in the oxidation of the steel substrate.
This effect can generally occur in a temperature difference above 38 °C. Thus, the hot slurry, such
as oil-sand slurry, leads to significant cold wall effect, especially in winter. The cold wall effect is

described in Figure 2.8.

28



Steel pipe

Water vapor permeates Steel pipe
liner from hot toward cold

@

Hot slurry Cold outside

Liner

Salts on steel attract water vapor,
causing corrosion and lining blisters

Liner

Figure 2.8. Schematic illustration of the cold wall effect in a pipeliner.[64]

Reducing the temperature difference between the exterior and interior can be a fundamental
solution to prevent the cold wall effect. However, it is very difficult to control this factor because
of a seasonal effect. Thus, increasing the liner thickness or additional insulation layer has been
proposed as a substitute solution. Nevertheless, another problem, such as the decrease of pipe
diameter or the increase of material cost, still exists on this issue. For this reason, a new idea would
be required to overcome the cold wall effect of PU liner. Thus, graphene or graphene nanoplatelets

have been studied as a filler to mitigate the effect in the PU liner.[64, 65]

2.3 Application areas

Graphene-based materials can be applied in various research fields due to their excellent
mechanical, thermal, and electrical properties. In the field of polymer composites, much effort has
been conducted in the development of electrically and thermally conductive polymer composites.
For example, electrically conductive polymer/graphene nanocomposites can be applied to
electromagnetic interference (EMI) shielding, electrostatic dissipation (ESD), bipolar plates for

proton-exchange membrane fuel cell (PEMFC), and so on. In addition, thermally conductive
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nanocomposites can be applied to heat-sensitive applications instead of metals and ceramics.
However, this thesis will focus on the corrosion protection of graphene in the polymer/graphene

composites and discuss the industrially useful applications.

2.3.1 Pipeliners for carbon steel pipes of oil-sand transportation

For at least 50 years, oil sand industries have been invested by energy companies and the
government. As a result, the volume of the infrastructure of oil sand industries has expanded
enormously as well as the development of the region that has deposits. In this industry, corrosion
is a destructive phenomenon that causes a serious threat to the pipeline operation and ultimately
the economy. The corrosive slurry, which flows in the pipe, includes acids, sand, and bitumen.
They can break down the pipe’s inner wall. Besides, environmental factors, such as temperature
and weather, can accelerate the corrosion.[52] Therefore, a growing number of studies have been
devoted to various approaches to inhibit or mitigate corrosion. The pipeliner method on the pipe
wall is a common anti-corrosion method currently on the market. Inorganic pipeliners such as
plating and sputtering are not cost-effective due to the high price of the raw material as well as the
intricate formation of the liner. Conversely, the price of an organic liner, which is representative of
polymers, especially PU, is relatively low. The organic liner can even be formed in a pipeline in a
simple way.[63] These advantages have motivated companies dealing with hydro-transport of oil
sands to expand using this technique. However, the mechanical properties of PU pipeliner are
insufficient to fully protect the pipe against large slurry. Furthermore, the cold-wall effect
regarding spot corrosion on the interface between the pipe and the liner can occur since PU is
sensitive to moisture.[57] Therefore, the oil sand industries are looking for alternative materials
that can prevent corrosion, withstand strong friction, and reduce expenditures. Graphene materials

can be a candidate to solve this problem in a simple way to form the PU composites. Graphene-
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based materials are proven material to reinforce the intrinsic properties of polymers because of
their high mechanical and barrier properties. In addition, PU for the pipeliners contains a liquid
precursor. Thus, the graphene-based materials can be directly mixed into the precursor, leading the
dispersion into a PU matrix.[28] Based on these advantages of the graphene-based materials, many
efforts regarding anti-corrosion performance using the PU composites have been carried out in the

view of the industry.

2.3.2 Anti-corrosive paint

From a practical point of view, anti-corrosive paint can be a more practical application to use
graphene materials for corrosion mitigation. Corrosion-resistant paints basically protect the metal
surface from moisture, rain, oxygen in the air, and sunlight exposure. The anti-corrosive paints
suppress the corrosion by preventing the direct contact of air and moisture to the metal. The anti-
corrosive paint typically includes corrosion-resistant components, such as lead chromate, zinc
chromate, zinc oxide, and so on. Especially, zinc-based materials are very well known anti-
corrosive pigments. They are generally applied in the paint industry. However, the zinc-based
inorganic materials are not compatible with polymeric materials, which are the main materials of
paint. Thus, the inorganic materials can be migrated from the paint to the surface and can be
exposed to the air.[66] This is a critical issue that is associated with human health. Thus, alternative
materials have been constantly explored. Among the candidates to substitute the zinc-based
materials, graphene-based materials show excellent splitting capacity and plasticity, chemical, and
thermal resistance. The graphene-based materials are particularly useful in color paints as a
pigment because of their high light stability against ultraviolet radiation from sunlight. This
advantage is due to the exceptional barrier properties, which are attributed to the lamellar structures

of graphene-based materials. In addition, graphene materials can be modified by other functional
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groups. This modification contributes to improving the compatibility between the graphene
materials and the paints. Therefore, the anti-corrosive paints, including graphene materials, can
prevent the migration of the graphene pigments. These advantages of graphene materials are very

important in the paint industry and a key role in the application of anti-corrosive paint.[66, 67]

3. Characterization Techniques

3.1 Physicochemical characterization

3.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most important characterization technique to
observe the morphology of a material in the micro and nano-scale. The resolution of SEM has
recently reached a considerable level due to its technological development. SEM can be equipped
with various accessories that can provide information on local chemistry and crystallography. Thus,
SEM is an essential part of modern research fields. SEM employs an electron beam emitted from
an electron gun. An electron-optical lens system enables SEM to focus on the surface of a target
specimen. The electron beam interacts with the specimen and then a couple of emission signal is
generated by the interaction. Subsequently, images would be derived by a transformation of the
signals. The emission signals have an extremely small wavelength. Thus, SEM allows observing
micro- or nano-structured materials. A schematic overview of the SEM principle is shown in Figure

3.1.
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Figure 3.1. Schematic illustration of possible emission signals created by the incident electron

beam in SEM.[68]

The most frequently detected signals are backscattered electrons in high-energy, secondary
electrons in low-energy, and X-rays, while Auger electrons and cathode luminescence are less
common signals. Therefore, the final images are provided by the conversion processing of the two

frequently detected electrons such as backscattered and secondary electrons.[68]

3.1.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a similar microscopy technique to SEM. This
technique also utilizes an electron beam and serves direct morphology of samples. However, TEM
detects the beam of electrons that is transmitted through a specimen, rather than SEM. For this
reason, the specimen of TEM is usually an ultrathin film less than 100 nm thickness or a suspension
on a grid. The electrons, which are transmitted through the samples, interact with the specimen
and then an image is formed by the interaction. Therefore, TEM is capable of investigation about

internal morphologies of the specimen.
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3.1.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a powerful nondestructive technique and provides useful information
about the crystal structure of materials. A diffraction pattern is produced by the interaction between
the x-rays and a sample. XRD shows diffraction angles corresponding with specific crystal planes
of the sample. XRD would scan samples over a range of angles and then the diffracted x-ray beam
at specific angles is detected by a goniometer. The diffraction angle is associated with the intrinsic

crystal structure of samples and this result is derived by Bragg’s law as follows:

2dsin6=n2 (-1
where n is the order of reflection (any integer), A presents the wavelength of the x-rays, d presents
the characteristic spacing between the crystal planes of a given specimen, and 0 represents the
angle between the incident x-ray and reflecting on lattice plane, respectively. Thus, amorphous
materials cannot produce a specific XRD pattern. This is because there is no ordered crystal plane
in the amorphous materials that can produce diffraction patterns. XRD data obtained by the
diffraction pattern can be compared with the standard line patterns (i.e. theoretical diffraction
pattern provided by Powder Diffraction File database). Therefore, XRD analysis can be reliable
due to the comparison with the standard patterns. In summary, the XRD technique can provide

information about crystalline structure in a given material with high reliability.[69]

3.1.4 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of monochromic light that means the
frequency change of the light by interaction with a sample. The inelastic scattering is attributed to
the phenomena about the emission (Stokes process) or absorption (anti-Stokes process) of phonons
in the light. The emitted or scattered light leads to an energy shift of the incident light by the
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frequency change. This shift can be converted to Raman spectra in wavenumber (cm ), providing
information regarding vibrational, rotational and other low frequent transitions in molecules.
Therefore, Raman spectroscopy provides a nondestructive and noncontact characterization method
similar to XRD with a fast scan rate. In addition, Raman spectroscopy is very sensitive to the
structure of sp? carbons. For this reason, Raman is widely used to analyze structural properties (e.g.
disorder and defect) of carbonaceous materials such as graphene and CNT.[70] In particular,
Raman spectroscopy provides useful information to estimate defects or disorder of graphene
structure. This fact is characterized by two remarkable peaks at around 1340 and 1506 cm™ in the
Raman spectra of graphene. G band is associated with the peak of 1506 cm™ and due to the motion
of 2 sp? carbon atoms (i.e. Eag vibration). D band is associated with the peak of 1340 cm™ and
attributed to defects in the graphite material such as edge defects, bond-angle or length disorder,
and vacancies etc. The intensity ratio of D band and G band (/p/Is) provide a relative disorder
status of graphene materials. Thus, higher ratio Ip/Ic of presents more defects of the graphene

materials.[71] Raman spectra of graphite, GO, and reduced GO (rGO) are shown in Figure 3.2.
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Figure 3.2. Examples of Raman spectra for graphite, graphene oxide (GO), and reduced
graphene oxide (rGO).[72]
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In Figure 3.2, graphite indicates a stronger G band than GO and rGO while strong and broad D
band is shown in GO and rGO spectra. Thus, the Ip/I of GO and rGO increases to 1.03 and 0.93
from 0.7 of graphite. This means that defects of GO were increased by the oxidization process and
these defects still remained on rGO after the reduction process. These facts allow estimating the
integrity of the graphene structure. Therefore, Raman spectroscopy has been utilized as a

standardized method for analyzing graphene materials.

3.1.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermo-analytical technique, detecting heat flow
difference between a sample pan and a reference pan. The sample pan includes a small amount of
specimen and the reference pan is empty. Each pan is positioned on an individual sample base
inside of DSC. The sample and reference pans are linearly heated by the equipment to maintain
the same temperature of the two pans. Electrical power, increasing or maintaining temperature for
both pans, corresponds with the heat flow. DSC precisely detects the heat flow and then converts
the difference to a curve of heat flux as a function of temperature. DSC provides information about
a thermal effect in a given material such as melting, crystallization, phase change, and even
chemical reaction. DSC is particularly useful to measure heat capacity. Thus, it is widely used to
determine the glass transition temperature of polymeric materials. Therefore, this technique has

become an essential part in terms of thermal analysis for materials.[73]

3.1.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is another type of thermal analysis similar to DSC. TGA
focuses on the mass change of a sample in a range of temperature or time under the desired

environment. A precise microbalance is embedded in TGA. The mass of the sample is continuously
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measured by the balance with increasing temperature under the air or inert gas atmosphere. Thus,
TGA provides information in regards to thermal stability, chemical reaction, and residual contents
of materials. For this reason, TGA is widely used to observe decomposition patterns and
degradation kinetics of materials. Besides, it is capable of estimating the composition of a material.
In particular, differential thermogravimetric analyses (DTG) obtained from TGA data provides a
kinetic information regarding the degradation of materials. Therefore, TGA is useful to determine
a temperature range of decomposition for polymeric materials. This is because a study about the

degradation behavior of polymers is associated with the application of their final products.[73]

3.1.7 Fourier-transform infrared spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy (FT-IR) is a chemical analytical technique. FT-IR is
usually utilized to identify organic materials. FT-IR is based on the measurement of infrared (IR)
absorption by a sample at a specific wavelength. The obtained spectrum from IR absorption
provides information about molecular components and structures of a sample. Chemical functional
groups in organic materials usually adsorb IR radiation at a specific wavenumber range. This is
because the molecular motion of the functional groups, such as stretching and bending, has a
frequency corresponding with a wavelength of IR radiation. For instance, the stretching band of
carbonyl group (C=0) is shown at around 1700 cm™!' and the stretching band of ether group (C-O-
C) appears at around 1100 cm™'. In addition, FT-IR provides a wide spectral range that facilitates

to characterize various chemical functional groups in the organic materials.

The FT-IR spectrum is commonly produced by an interferometer, which can convert from a
broadband IR to a single-beam IR spectrum. Fourier transformation (mathematical method) is used

for this technique. FT-IR spectra are represented as plots of intensity versus wavenumber (in cm’

37



1) by this method. Herein, the wavenumber presents the reciprocal of the wavelength. The intensity
of the FT-IR spectrum is shown as absorbance (A.U) or transmittance (%), respectively. As
mentioned above, FT-IR is very useful to identify chemical functional groups while it is qualitative
analysis. Thus, FT-IR is not used for quantitative measurements, such as concentration or intensity
comparison among the chemical functional groups. Nevertheless, FT-IR is essential to the

chemical analysis of a given material with fast and reliable performance.[74]

3.2 Mechanical property characterization

3.2.1 Tensile properties

Tensile properties are typically representative of mechanical properties of a material. Tensile
testing is a fundamental technique for material science and engineering. Tensile testing is carried
out by controlling the strain of a specific specimen until failure and then strain-stress curve is

obtained by processing the strain and stress data on the specimen. A typical strain-stress curve for

polymeric materials is shown in Figure 3.3.

A

, Strength at break (MPa) Stress-hardening
¥

_ Tensile strength (MPa)
o
)

A

™ Yield strength (MPa)

Stress (MPa)

Slope=Young’s modulus

&
Elongation at break (%J\

“a

A 4

Strain (%)

Figure 3.3. Schematic image of a typical stress-strain curve for polymeric materials.[75]
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Properties, such as tensile strength, elongation at break, and strength at break, can be directly
measured by the testing. Other properties, such as Young’s (elastic) modulus, yield strength, and
strain-hardening characteristics, can be determined after the testing. The Young’s modulus is
representative of the stiffness of materials. This parameter is determined by the initial linear slope
of the strain-stress curve. The strain-hardening occurs above a certain strain and means a
strengthening effect of materials. This parameter is driven by dislocation movements of the
material. In particular, the strain-hardening effect in polymeric materials is driven by the
orientation of polymer chains. The tensile strength presents the maximum tensile stress before
failure. The elongation at break presents the maximum strain until the specimen is ruptured and
this parameter is related to the ductility of the material. The strength at break represents the stress,
which required to draw a specimen up to the elongation at break. Tensile testing for polymeric
materials is performed by the universal testing machine (UTM) based on ASTM D638-14
“Standard Test Method for Tensile Properties of Plastics”. The uniaxial direction is the most
commonly selected for tensile testing. Specific specimens, according to ASTM above, is used to

compare the mechanical characteristics of materials.[76]

3.2.2 Hardness

Hardness is another one of important mechanical properties. This property represents the resistance
of localized plastic deformation by a certain external impact, such as mechanical indentation or
abrasion. Hardness is dependent on elasticity, stiffness, strength, toughness, and viscoelasticity of
materials. Hardness provides a relative comparison among specimen and there is a couple of
standards for testing hardness. In general, the indentation method is widely used to measure the

hardness of samples. This method is achieved by a constant compression on a sample surface using
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a sharp object. Rockwell, Vickers, Shore, and Brinell are provided as common indentation
hardness scales. Among the scales, the Shore scale is suitable for measuring the hardness of
polymeric materials, especially for elastomers or rubbers. The Shore hardness is performed by
Shore durometer that is rapid and easy to measure the hardness of the specimen. ASTM D2240 is
provided as the standard for Shore durometer and this standard has a total of 12 scales depending
on the type of indenter. Type of Shore A and D is the most common scale for polymeric materials;
the A scale is suitable for soft polymers, while the D scale is suitable for hard polymers.[77, 78] A

schematic image about the Shore durometer is shown in Figure 3.4.

Durometer hardness test

Applied load Durometer indenters

Shore A Shore D
DI1.1-14mm DI1.1-1.4mm

RS

D 0.79 mm R 0.1 mm

Figure 3.4. Schematic image for hardness measurement using durometer and the types of
durometer indenters.

(Open source, No copyright)

In addition, the hardness, which is carried out on elastomers, correlates with Young's modulus of
the elastomers. The correlation is given by the equation 3-2 determined by the Shore durometer

and tensile testing.[79]

0.0981 - (56 + 7.665)

E(MPa) = 527505 - (254 — 2.545)

(3-2)
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Where s presents Shore hardness. Although this equation is derived from the semi-empirical
method it is useful for understanding the correlation between the hardness and Young’s modulus
of elastic materials. In particular, hardness measurement is suitable for quality control in an
industrial production due to the test convenience and reliability. Besides, the mutual conversion of

Young’s modulus and the hardness is also valuable for academic research.

3.3 Electrochemical corrosion testing

As explained in the previous chapter, all corrosion phenomenon is a chemical or electrochemical
process regarding oxidation and reduction reaction. Thus, electrochemical experiments are
required for detecting a flow of electron (i.e. current) by the corrosion reaction. These experiments
are carefully carried out under a certain environment because the reaction is dependent on the
testing circumstances. In other words, parameters for the electrochemical experimental system are
precisely controlled to characterize the corrosion property of materials. In practice, a polarization
cell is widely used for the corrosion testing. This cell includes three electrodes, such as a reference
electrode (RE), a counter electrode(s) (CE), and a working electrode (WE). This system is
generally working with an electronic device that is called a potentiostat. The three electrodes are
placed in an electrolyte that is usually a solution state under controlled temperature. Voltage (i.e.
electrochemical potential) is applied on each electrode in the solution and then the system detects
a current in regards to oxidation and reduction reactions.[80] A schematic image of the polarization

cell for the corrosion testing is shown in Figure 3.5.
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Figure 3.5. Schematic illustration of the polarization cell system for electrochemical testing.

Potentiodynamic experiment is commonly used to evaluate the corrosion performance of the
materials. In this experiment, the potential is scanned in the predetermined range, the current is
constantly measured. This potentiodynamic scan of potential is referred to as cyclic voltammetry

or reverse polarization.

In addition, electrochemical impedance spectroscopy (EIS) is performed by the polarization cell.
In particular, EIS is useful for measuring the anti-corrosion performance of a protective coating
layer. EIS experiment also utilizes the three electrodes system for corrosion testing. However, its
result is explained in a different way using impedance as a function of frequency. Besides, EIS
provides an equivalent circuit model to systematically explain the corrosion circumstance. In the
next session, cyclic voltammetry and EIS will be discussed in detail, as main techniques for

evaluating the anti-corrosion performance of a material.[80]

3.3.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is one of the most common potentiodynamic experiments (i.e.

potentiodynamic polarization) and very useful for evaluating corrosion of a material. CV is
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performed by cycling the potential on working electrode (WE) in a predetermined range. The
resulting current is continuously measured as a function of potential during the cycling process.
The potential of WE is linearly increased and then varied in opposite potential by a constant time
rate. These cycles of potential are repeated as a couple of times as desired. A potentiodynamic
polarization curve is obtained by plotting the current versus WE’s potential.[80] Tafel plot is
typically used to analyze the potentiodynamic polarization curve. Parameters regarding the
corrosion property of materials are extracted from the plot. Tafel analysis is based on direct current
(DC) technique that uses a large potential. Thus, this technique produces a large current as a
response to the potential. However, the relationship between the current and the potential is non-
linear. For this reason, a semi-log plot, which is called Tafel plot, is used in the current axis. The

typical Tafel plot is shown in Figure 3.6.
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Figure 3.6. Image of typical Tafel plot.[81]

The Tafel plot consists of an anodic branch corresponded with oxidation, and a cathodic branch

corresponded with reduction. Each branch includes a linear extrapolated curve, and the crossing
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point of each extrapolated curve provides the corrosion current (Icorr) at the corrosion potential
(Ecorr). These two parameters are used to evaluate the anti-corrosion performance of the materials.
The slopes of the anodic (ba) and cathodic (bc) linear curve present the Tafel coefficients. Those
coefficients are utilized to determine linear polarization resistance (R,) based on Stern-Geary
equation as shown below.[82]

by - b,

R. =
P 2303 Iy (bg + b) (3-3)

R, is provided as another parameter to quantitatively compare the anti-corrosion performance. In
summary, CV provides various parameters regarding the anti-corrosion performance due to Tafel
analysis. They are very useful to evaluate the corrosion properties of the materials. Nevertheless,
CV has challenges, such as the low corrosion rate and the low electric conductivity of the
electrolyte. Besides, it can be ineffective to measure the corrosion at WE covered with a thick
protective layer. For this reason, electrochemical impedance spectroscopy is usually used to

complement the CV technique.

3.3.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurement is based on alternating current (AC)
technique, rather than CV. EIS provides reliable results in regards to the anti-corrosion
performance of the materials. In particular, this technique is useful for measuring the anti-corrosion
performance of a protective layer on WE. Thus, EIS is used to evaluate the corrosion property,
individually or accompanied by CV. EIS is performed by the application of AC and then the
frequency of AC is varied in a predetermined range. Thus, EIS measurement is dependent on the

AC frequency. For this reason, the results of EIS are indicated as resistance and capacitance
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properties.[80] Nyquist and Bode plots are predominantly used to analyze the EIS results. The
Nyquist plot is more commonly used to evaluate the corrosion property than Bode plot. This is
because the Nyquist plot is effective to measure the corrosion that is occurred on a surface of a
material. Furthermore, an equivalent circuit model is provided to facilitate the analysis of the plot.
Parameters regarding the corrosion properties are extracted from the circuit model. Nyquist plot is
plotted by two parts, such as the imaginary impedance (Z”) and the real impedance (Z’).[83] A

typical Nyquist plot and the corresponded equivalent circuit are shown in Figure 3.7.
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Figure 3.7. Typical Nyquist plot and the corresponded equivalent circuit model.[81]

In Figure 3.7, Rs presents solution resistance, Ret presents the charge transfer resistance, Cal
presents the double-layer capacitance, W presents the Warburg diffusion, and ® presents the
angular frequency. Among the values, R is associated with the corrosion resistance of materials.
Thus, it is important to gain the semi-circular curve for the precise analysis of the Nyquist plot. In
addition, various equivalent circuit models can be applied to the Nyquist plots according to

corrosion circumstances. In summary, EIS is another useful technique for the evaluation of the
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corrosion property. In particular, EIS provides a precise measurement for the surface corrosion of
a protective coating layer. This is because EIS is highly sensitive to the surface change. Thus, EIS

is widely used to compare the corrosion property of the materials, accompanied by CV.
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4. The investigation of size effect of graphene nano-platelet (GnP)
on anti-corrosion performance of polyurethane/GnP
nanocomposites

This chapter is reprinted in adapted form from the article below with permission from RSC.

Jun Geun Um, Yun-Seok Jun, Hesham Alhumade, Hariharan Krithivasan, Gregory Lui and
Aiping Yu, “Investigation of the size effect of graphene nanoplatelets (GnPs) on the anti-

corrosion performance of polyurethane/GnP composites”, RSC Adv., 2018, 8, 17091.

4.1 Introduction

Corrosion, commonly known as rusting, is defined as a chemical or electrochemical reaction
between a metal substrate and a corrosive agent such as oxygen or moisture.[84-88] Corrosion
mitigation is critical in modern industries owing to the high cost of maintenance and replacement
of parts.[89-92] Organic coatings are the most common method for protecting metal surfaces from
a corrosive environment.[93-95] Among diverse organic materials, polymer coatings are widely
used as a protective layer to prevent corrosion because they provide not only high anti-corrosion
performance but also excellent adhesion to metal substrates.[96-99] For instance, polyurethane
(PU) and epoxy are commonly used coating materials as the protective layer on metal
substrates.[98-104] PU has especially attracted many researchers because of its exceptional
mechanical property as well as an excellent adhesion to the metal.[50, 105, 106] PU is based on
the reaction between the isocyanate (-NCO) group and a polyol including hydroxyl groups (-OH),
where the isocyanate group and polyol comprise a hard segment and soft segment respectively.[ 107]

Due to the segmented structure, PU has high strength and elongation. For this reason, PU has been
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applied to various fields and industries such as construction, oil and gas industry, automotive, and
health care owing to its broad versatility. However, PU has inferior abrasion resistance and gas
permeability relative to metal, both of which are necessary for use in harsh conditions such as the
transportation of oil sands.[105-108] To overcome this problem, numerous researchers have
studied a polymer nanocomposite incorporating various nanofillers, such as a layered silicate,
carbon nanotubes (CNT), graphene, and graphene nanoplatelets (GnP) to improve such
properties.[37, 109] Among them, nanocomposites integrated with graphene and GnP are recently

emerging as a new breakthrough.[37, 110, 111]

Graphene is a two-dimensional one atomic layer platelet structure that consists of sp?-bonded
carbon atoms.[112] Many researchers have focused on nano-carbon materials since the advent of
graphene due to its outstanding mechanical (Elastic modulus: 1 TPa)[113], thermal (Thermal
conductivity: 5000 W/(m-K)) and electrical (Electrical conductivity: 6,000 S/cm) properties.[114,
115] Specifically, a number of researchers have incorporated graphene into polymer
nanocomposites for improved barrier properties due to its excellent impermeability.[116] However,
several challenges such as the uniformity of graphene dispersion and its high manufacturing cost,
prevent the widespread use of graphene for the polymer nanocomposite.[117] For this reason,
graphene nanoplatelet (GnP) have gained great interest as the next ideal filler for the polymer

nanocomposite.[117-120]

GnP consists of 10 to 60 graphene layers and can be produced in a relatively easier and more
economical way than single layer graphene.[117, 118] Furthermore, a higher degree of dispersion
of GnP within the composite can be achieved in comparison to graphene.[121] This advantage of
GnP holds promise to minimize gas permeability which is directly related to the improvement of

anti-corrosion performance.[38, 122] and the tensile modulus of the composites. For instance,
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Pinto et al.[123] reported that poly(lactic acid) (PLA) nanocomposites incorporated with GnP and
graphene oxide (GO) reduced gas permeability by 65% and 60%, respectively, with a loading of
0.6 wt%. King et al.[124] This revealed that the tensile modulus of epoxy/GnP nanocomposites
gradually increased with GnP contents up to 6 wt%. Although GnP has a large attraction as
previously mentioned, it has not been studied sufficiently in the research field of a polymer/GnP
composite at this point in time. Therefore, further study of GnP is needed to improve an inherent,
inferior polymer property such as gas permeability and this study is expected to contribute more
practical polymer nanocomposites including GnP based on relatively easier commercialization of

GnP than the single graphene.[120]

In this study, commercial PU and GnP were used to fabricate PU/GnP nanocomposites. The
prepared nanocomposites were coated on a copper (Cu) substrate as a protective layer against a
corrosive media. In addition, four grades of GnP with different sizes were compounded with PU
via the planetary centrifugal mixer (PCM). The nanocomposites were analyzed regarding various
properties including mechanical and electrochemical properties. Herein, this study specifically
focused on the corrosion behavior of the PU/GnP nanocomposites on the Cu substrate in a fixed
content of GnP (1 wt%) and investigated the size effect of GnP on the corrosion resistance in a
corrosive media. The existence of GnP improved the anti-corrosion performance of the PU/GnP
nanocomposites and the smaller size of GnP led to the improvement of the performance of the
nanocomposites. However, mechanical properties of the nanocomposites were partially improved,
and this result was related to the interfacial property between GnP and the polymer matrix.

Furthermore, an appropriate model to correspond with the results of this study was proposed.
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4.2 Experimental

4.2.1 Materials

RenCast 6401, commercialized highly flexible and abrasion resistant PU purchased from
Huntsman (US), was used as a matrix material for the PU/GnP composites. RenCast 6401 is
composed of the resin (6401-1, viscosity: 50 cP) including 4,4'-Methylene diphenyl diisocyanate
(MDI) with triethyl phosphate and the hardener (6401-2, viscosity: 1,300 cP) including
oxyalkylene polymer (i.e. polyol) with 1,4 butanediol as a chain extender. The mixing ratio of resin
and hardener was 25:100 by mass. The four grades of GnP from XG science (US), which are also
commercialized, were used as the filler for this study. The grades of GnP used were xGnP H100,
M25, M5, and C750, and were distinguished by the average diameter corresponding with a size
and surface area of GnP. According to the technical report from XG science, H100 grade has an
approximate diameter of 150 um and a typical surface area of 50 to 80 m*/g. The average diameters
of M25 and MS are 25 and 5 um, respectively, with typical surface areas of approximately 120
m?/g and 150 m%/g, respectively. C750 has the smallest diameter under 2 um with the average
surface area of approximately 750 m?/g. The density of all grades is 2.2 g/cm?®. The basic physical

properties of the commercial GnP are summarized in Table 4.1.

Table 4.1. Technical information of commercial GnP in this study given by manufacturer

Diameter Surface Area Density
Grade
(Avg. pm) (m?/g) (glem®)
XGNP H100 150 50~80 2.2
XGNP M25 25 ~120 2.2
XGNP M5 5 ~150 2.2
XGNP C750 <2 ~750 2.2
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4.2.2 Preparation of samples

The four different grades of GnP (Grade H100, M25, M5, and C750) were dried in a vacuum oven
at 80 °C for 16 hours to remove moisture and then were dispersed in the hardener at 1 wt% mass
loading [50 mg] using PCM (YS-2E, China) for 40 minutes. The resin was added to the mixture
of the hardener and GnP with a resin:hardener ratio of 25:100 by mass, with the mixture being
mixed for 10 minutes. The final mixtures were cast on clean polyethylene terephthalate (PET)
substrates (thickness: 100 pm) and polished Cu substrate (thickness: 30 pm). A 300 pm film was
cast using an adjustable film applicator (GARDCO, width: 76 mm). The film was then procured
at room temperature for 2 hours to form a skin layer and cured completely in a vacuum oven at
40 °C for 16 hours. The cured film on the PET substrate was peeled off for mechanical testing
whereas the film on the Cu substrate remained intact and was used directly for electrochemical

measurements. The process of the sample preparation is schematically illustrated in Figure 4.1.
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Figure 4.1. A schematic illustration for the fabrication of PU/GnP nanocomposites and casting

on PET and Cu substrates.

4.2.3 Characterizations

4.2.3.1 Structure and morphology

Samples were characterized by XRD (Rigaku, Miniflex 600) using Cu-Ka radiation (A = 1.54184
nm). The samples were scanned from 20 = 1° to 80° at a rate of 1 °/min. The acquired spectra were

used to calculate the crystallite size (t) of GnP, based on the Debye-Scherrer equation (equation 4-

D[125]:

K2
~ Bcos@

(4-1)

where B is the full width at half maximum (FWHM, radian), A is the radiation wavelength used for

measurement, K is the shape constant of 0.947 and 0 is the diffraction angle. The relative size of
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the GnP was obtained from the calculations and compared with the reported values of each grade

of GnP.

The morphology of GnP and PU/GnP nanocomposites was characterized by the SEM (Zeiss Leo
1550). A cross-sectional sample of the PU/GnP nanocomposites for SEM was prepared by

cryogenic rupture using liquid nitrogen, with samples being gold-sputtered prior to imaging.

4.2.3.2 Electrochemical properties

Electrochemical properties of PU/GnP nanocomposites were measured using the standard
corrosion cell consisting of a circular Teflon sample holder in a double-jacketed glass cell (1L).
The corrosion cell contained a three-electrode system that consisted of a coated or uncoated Cu
disk specimen (Area: 1 cm?) assigned as a working electrode (WE), two graphite rods as a counter
electrode (CE), and an Ag/AgCl electrode as a reference electrode (RE). Figure 4.2 illustrates the
Cu specimens, including the pristine Cu and the coated Cu with the PU/GnP nanocomposites. The
film on the Cu showed a different color depending on the grade of GnP. The PU/GnP film
containing H100 showed the sporadic dispersion of GnP owing to the large size of H100, while

the PU/GnP containing M5 and C750 showed relatively uniform dispersions of GnP.

Figure 4.2. Specimen images of PU/GnP samples for electrochemical measurement: (a) Cu disk
(bare), (b) PU (pristine) on Cu, (c) PU/H100 on Cu, (d) PU/M25 on Cu, (¢) PU/MS5 on Cu, and

(f) PU/C750 on Cu. (GnP loading for all nanocomposites: 1 wt%).
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Deionized water cleaned the corrosion sample and dried before mounting the sample holder. The
double-jacketed glass cell was filled with 3.5 wt% NacCl electrolyte solution at room temperature.
The electrochemical analysis was conducted using the VSP-300 workstation (Uniscan instrument
Ltd., Claix, France), where each measurement was repeated five times for a reproducibility.

Measurement data was analyzed using EC-Lab software (Bio-Logic).

The WE was stabilized for 3-4 hours to minimize the fluctuation of the potential before performing
the measurement, followed by electrochemical impedance spectroscopy (EIS) or cyclic
voltammetry (CV). EIS was conducted in a frequency range from 100 kHz to 200 Hz to obtain
Nyquist and Bode plots. CV was conducted to obtain Tafel polarization curves by scanning at a
rate of 20 mV/min in the potential range from -500 mV to 500 mV. The Tafel plot was used to
determine the corrosion current (Icorr) by extrapolating the linear portion of the anodic and cathodic

curves using the EC-Lab software.

The corrosion rate (Rcorr), in units of mils per year (MPY) was determined by the following

equation 4-2 as described in the ASTM standard G102:[126]

0.13 X Iyrr X EW

Reorr = AXp (4-2)

where EW is the equivalent weight of a copper (31.7 g), p is the density of the copper (8.97 g/cm?),

and A is the surface area of the sample (1 cm?).

4.2.3.3 Mechanical properties

Mechanical properties of PU/GnP nanocomposites were characterized by universal testing
machine (UTM) eXpert 7603 (Load cell: 4.4 kN, ADMET, USA) at room temperature at a

crosshead rate of 100 mm/min. Five samples, fabricated with a length of 75 mm, a thickness of
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300 um, and a parallel length of 30 mm, were measured based on ASTM D638. Tensile modulus
was calculated by the initial linear slope of the entire stress-strain curve, tensile strength
corresponded with the maximum strength, and elongation at the break was determined by strain at

sample fracture.

4.3 Results and Discussion

4.3.1 Morphology and structure of GnP

SEM images of the four different grades of pristine GnP are illustrated in Figure 4.3 under the
identical magnification for the exact comparison of GnP size. The images reveal that the diameter
of each GnP matches the reported average diameter from the manufacturer, while the actual size
distribution of the samples is broad in appearance. Nevertheless, the SEM images show the distinct

differences in size, especially for the average diameter between the four grades of GnP.

Figure 4.3. SEM images for different grades of GnP: (a) xGnP H100, (b) xGnP M25, (c) xGnP

M35, and (d) xGnP C750.
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An XRD spectrum of each GnP is presented in Figure 4.4, and the calculated parameters of the
GnP from the XRD spectra are summarized in Table 4.2. The three grades of GnP (excluding C750)
show a comparable XRD spectrum in terms of the position and breadth of the peak (26 =26°). The
d-spacing, or interlayer distance between graphene sheets, was calculated to be 3.35 ~ 3.38 A for
the three grades using Bragg’s equation. The number of graphene layers, indicative of the
crystallite size of the GnP, was calculated as 62 (H100), 56 (M25), and 58 (M5), respectively. On
the other hand, C750 shows a relatively broad spectrum and low intensity when compared to the
other three grades of GnP, and the number of layers calculated to be 13. For this reason, the aspect
ratio, defined as the ratio of the average diameter (D) and the thickness of GnP (L), is not
proportional to the diameter of GnP, especially for C750 and M5. The reason being that the number
of layers for C750 is considerably lower than M5 but the difference of diameter between C750 and
M5 is not relatively significant. Additionally, the bulk density of C750 was considerably larger
than the other grades of GnP. Due to the higher bulk density and less number of layers of C750, a
greater number of particles can be dispersed in a unit volume at the same sample weight of GnP.
Therefore, it can be assumed that a higher degree of dispersion is relatively achievable with C750

compared with other grades of GnP.
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Figure 4.4. XRD spectrum for the four commercial grades of GnP: (a) xGnP H100, (b) xGnP

M25, (c) xGnP M35, and (d) xGnP C750.

Table 4.2. Parameters extracted from XRD spectrum

Grade FWHM d-spacing Number of Aspect ratio
(rad, x 10®) (A) graphene layers (D/L)
H-100 6.76 3.38 62 4032.3
M-25 7.54 3.36 56 1116.1
M-5 7.31 3.35 58 215.5
C-750 33.12 3.37 13 384.6

4.3.2 Electrochemical properties

Cyclic Voltammetry (CV) is widely used to quantify the anti-corrosion performance of a coated or
uncoated metal substrate. In general, a Tafel polarization curve can be obtained by CV
measurement, with the curve providing a value to quantify the anti-corrosion performance of a

material. The Tafel polarization curve is described by the relationship between a potential and

57



current, allowing the anti-corrosion performance of the material to be evaluated by the values. For
instance, higher potential and lower current value correspond with high anti-corrosion

performance. Figure 4.5 illustrates Tafel plots for bare Cu and the Cu coated with PU and the

PU/GnP nanocomposites.
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Figure 4.5. Tafel plots for (a) Cu (bare), (b) PU (pristine) on Cu, (¢) PU/H100 on Cu, (d)

PU/M25 on Cu, () PU/MS on Cu, and (f) PU/C750 on Cu. (GnP loading: 1 wt%).

The plots reveal that PU/GnP including the smaller diameter of GnP shifts the polarization curve
to the direction of a larger potential and a smaller current. This means that the smaller diameter of
GnP in the nanocomposites improves the anti-corrosion performance of PU/GnP. In addition, the
Tafel plot provides significant parameters such as corrosion potential (Ecorr) and corrosion current
(Icorr) to quantify the anti-corrosion performance of the composites. The parameters are determined
by the point of intersection between extrapolated cathodic and anodic curves. Furthermore, Ry,
polarization resistance is calculated by using the Stern-Geary equation (equation 3-3 in chapter

3).[111] In this equation, a smaller R, value represents a higher anti-corrosion performance due to
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the value of lower Icor. All calculated parameters are shown in Table 4.3.

Table 4.3. Electrochemical parameters from potentiodynamic measurements.

samples Ecorr lcorr ba be Rp Reorr Per
(mV vs. Ag/AgCI) (nA/em?) (mV/dec) (mV/dec) (Q:-cm?) (MPY) (%)

Cu -243.5 6.37 113.1 99.9 3.6 571 -
PU -223.6 0.31 99.5 132.8 79.2 0.14 975
PU/H100 -213.8 2.47 103.7 146.3 10.7 113 80.3
PU/M25 -149.0 0.24 214.3 235.4 1996 011 981
PU/M5 -91.6 0.12 354.7 356.2 389.8 0.09 984
PU/C750 -22.0 0.05 388.3 384.4 17475 0.02 99.6

The results show that as the size of GnP decreases, Ecorr increases while Icorr decreases. This means
that the smaller diameter of GnP requires a higher corrosion potential to corrode the Cu substrate,
but a lower current is detected in the potentiodynamic electrochemical system. However, it should
be noted that the Leorr value of PU/H100 (2.47 uA/cm?) is higher than the pristine PU (0.31 pA/cm?),
resulting in a lower R, value (10.7 Q-cm?) and a higher Reorr (1.13 MPY). This unexpected
variation is likely due to the thickness of the PU/H100 layer on the Cu substrate. For instance, Q1
et al. reported that the lower thickness of the film led to a higher corrosion current with an
unchanged corrosion potential.[28] However, PU/H100 was cast on the Cu substrate with the same
thickness as the pristine PU (300 um). For this reason, it can be assumed that there is another
reason behind the cause of the reduction of the thickness of the cast film such as a crevice on the

film surface.

One description for the reason is that large agglomerates of H100 on the surface of the cast film,
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which had the appearance of the black dot, are able to be considered. The average diameter of
H100 was revealed to be 150 um by SEM observation, thus, the entire size of the agglomerate is
larger than at least 150 um. On the other hand, the cast film has a thickness of around 300 um, and,
as a result, it can be assumed that some agglomerates can build a crack or crevice on the cast film
and the defects on the film are able to have an effect by decreasing Icorr. This is because the black
dots can provide a pathway at which a corrosive agent is easy to permeate into the film inside.
Essentially, this phenomenon can result in decreasing the permeation rate of the agent same as
reducing the thickness of the cast film. This issue will be discussed in further detail in the section

of SEM.

The protection efficiency (Pgr)[111] obtained from the Tafel plot is also widely used as a metric to
evaluate the anti-corrosion performance of a protective layer on a metal substrate and is given by
equation 4-4:

ICOTT

Ppr[%] = (1 - ) x 100

corr

(4-4)

where [°corr represents the corrosion current of the pristine PU. Table 4.3 also illustrates that Per
increases by incorporating smaller diameters of GnP in the PU/GnP layer, indicating that the anti-
corrosion performance of PU/GnP is enhanced with smaller sizes of GnP. However, the Per value
of the PU/H100 nanocomposite is lower than that of the pristine PU due to its relatively higher Lcor

value.

Further, EIS was also used to quantify the anti-corrosive performance. Firstly, EIS measurement
requires an appropriate equivalent circuit model to be built up in order to match an acquired

impedance data. Equivalent circuit models for bare Cu and film-coated Cu substrate are suggested
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in Figure 4.6,[126]

(a) Rs CPE1
N N LN
i
e o
NN
7/
Rp w
—
(b) Rs CPE1 CPE2

Figure 4.6. Equivalent circuit model for matching with the electrochemical impedance data: (a)

bare Cu and (b) film coated Cu substrate in NaCl solution (3.5 wt%).

where R; is the solution resistance, R, is the polarization resistance of a coating layer associated
with the charge-transfer resistance, CPE1 and CPE2 are the constant phase elements, R’} is another
polarization resistance, and W is the Warburg diffusion. Figure 4.7 illustrates the Nyquist plots for

bare Cu substrate and PU/GnP on Cu.
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Figure 4.7. Nyquist plots (dotted lines: measured data, solid lines: fitting model) for (a) Cu
(bare), (b) PU (pristine) on Cu, (¢) PU/H100 on Cu, (d) PU/M25 on Cu, (¢) PU/MS5 on Cu, and

(f) PU/C750 on Cu (GnP loading for all samples: 1 wt%).

In Figure 4.7, the dotted line represents the measured EIS data and the solid line represents fitting
results with the equivalent circuit model, with the two lines being well fitted with each other.[126]
The point of interest in these Nyquist plots is the diameter of the semicircle. In general, a larger
semicircle diameter corresponds with a higher resistance, which is inversely proportional to lcorr,
indicating high anti-corrosion performance.[107] In Figure 4.7, the EIS spectrum of the bare Cu
substrate shows the typical curve,[127] with the semicircle size at the low-frequency end being
10.2 kQ-cm?. The pristine PU on Cu shows a larger semicircle as the value of 77.8 kQ-cm? than
the bare Cu, meaning that the anti-corrosion performance of the Cu substrate is improved by the
PU layer alone. However, the PU/GnP composites show much larger semicircles than the pristine

PU and, thus GnP highly contributes to the improvement of the anti-corrosion performance of the
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composites. Furthermore, PU/GnP with the smaller size of GnP shows the larger diameter of the
semicircle in the Nyquist plot, causing the semicircle diameter of the PU/GnP composites to
increase from 104.8 kQ-cm? to 616.6 kQ-cm? by a decrease of GnP size. However, the semicircle
diameter of PU/H100 is almost similar to that of the pristine PU, which is in line with the CV

measurement.

Specific values consisting of the equivalent circuit in Figure 4.6 are shown in Table 4.4 based on
fitting the equivalent circuit model with the acquired EIS data. Among the specific values,
protection efficiency (P’gr) can be also calculated from Rp, which represents the polarization

resistance of the coating layer as follows in equation 4-5:[127]

RO
P’ o (%) = (1 - —”) x 100 (4-3)
Rp

where R°, is the polarization resistance of the Cu substrate. The P’gr value of the pristine PU is
88.1%, and the value increases under the existence of GnP, with an even smaller diameter of GnP
in the composites showing a higher P’gr of up to 98.7%. These results are in accordance with the
results from potentiodynamic measurement (Cyclic Voltammetry) in Table 4.3. As a result, the two
tendencies from EIS and CV show that GnP plays a significant role in reducing a corrosion of the

composites and that a smaller diameter of GnP can be more effective to prevent the corrosion.
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Table 4.4. Equivalent circuit parameters fitting with the acquired data from EIS measurements

samples Rs Rp CPE1l 01 R’p CPE2 W P’er
(Q-em?) (Q-cm? (Q1-S™.cm?) (Q-ecm?) (Q*1S".cm?) Q@*1-s".cm?) (%)

Cu 7.3E+01 8.5E+03  9.55E-06 0.97 2.6E+02 3.9E-03 050 8.5E+00
PU 6.6E+01 7.2E+04 1.01E-10 1.00 1.0E+03 1.0E-09 094 3.1E+01 88.1
PU/H100 8.3E+01 9.3E+04 1.30E-10 0.96 1.9E+02 2.1E-10 091 4.1E+00 90.8
PU/M25 8.7E+01 3.2E+05 2.92E-10 0.90 5.6E+02 8.5E-09 0.37 1.3E+02 97.3
PU/M5 8.3E+01 4.1E+05 2.02E-10 0.91 8.6E+03 2.3E-10 0.52 2.4E+02 97.9
PU/C750 1.5E+02 6.5E+05 1.88E-10 0.92 1.7E+04 2.6E-10 0.20 1.0E+03 98.7

To supplement the Nyquist plot, Bode plot was also used to compare the anti-corrosion

performance of the PU/GnP composites. Figure 4.8 illustrates the Bode plot (a) and phase plot (b)

for the bare Cu and PU/GnP on Cu. In Figure 4.8 (a), the Z’ value (real part of impedance) at the

lowest frequency represents the anti-corrosion performance. Thus, the larger value of Z’ leads to

a smaller Lcor and a higher performance. The Bode plot shows the distinct tendency for smaller

sizes of GnP in the composite to produce higher Z’ values at the lowest frequency.[107, 126]

PU/H100 shows a slightly lower Z’ value (5.09 Q.cm?) than the pristine PU (5.14 Q.cm?), however,

the Z’ value difference between PU/H100 and the pristine PU is not large enough to discuss as the

difference of the anti-corrosion performance of them. As a result, the Bode plot also confirms that

the addition of H100 does not contribute significantly to improving the anti-corrosion performance

of the composite rather than the pristine PU.
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Figure 4.8. Bode (a) and phase (b) plots for pristine Cu, pristine PU, PU/H100, PU/M25,

PU/MS, and PU/C750 on Cu (GnP loading for all samples: 1 wt%).

As a result, the anti-corrosion performance of the composites is definitely improved by decreasing
GnP size, whereas H100, the largest size of GnP, does not follow this trend. It is assumed that these
results are related to the phenomenon due to a large particle which is coagulated by H100 as

mentioned above.

4.3.3 Mechanical properties of PU/GnP composites

Figure 4.9 (a) presents the stress-strain curves of the pristine PU and the PU/GnP nanocomposites
with a GnP loading of 1 wt%. The tensile modulus of the pristine PU corresponds with 0.85 MPa
from the initial linear slope of the curve. On the other hand, the PU nanocomposites with 1 wt%
of GnP show a slightly steeper initial slope than the slope of the pristine PU which means that a
stiffness of PU/GnP nanocomposites is higher than the neat PU. However, tensile strength and
elongation at the break decrease for all nanocomposites including GnP in this figure. Tensile

modulus comparison of the PU/GnP nanocomposites in 1 wt% is shown in Figure 4.9 (b).
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Figure 4.9. Strain-Stress (SS) curves of the PU/GnP nanocomposites at (a) 1 wt% GnP loading
and (b) comparison of tensile modulus for the 1 wt% composites of PU/GnP. (The error bars in

Figure 4.9 (b) present standard deviations (n=5)).

In Figure 4.9 (b), PU/H100 has the highest tensile modulus, but PU/C750 has the lowest value.
This means that tensile modulus of PU/GnP is likely to be proportional to the diameter of GnP. In
addition to the comparison, specific values of mechanical properties for the 1 wt% nanocomposites
are shown in Table 4.5, respectively. As briefly mentioned above, tensile strength and elongation
at break of the PU/GnP nanocomposites show relatively lower values than the pristine PU which
means that the existence of GnP causes reduction of the elongation of the composites and the
elongation associates with the tensile strength. This is a general tendency in terms of a polymer
nanocomposite including an inorganic filler and it can be explained by an interfacial adhesion
theory and the dispersion or an agglomerate of GnP as other studies.[118-120, 128] It is assumed
that, if the interfacial adhesion between the PU matrix and the surface of GnP is insufficient,
external stress will not uniformly transfer throughout the whole nanocomposite. Herein, van der

Waals force between the GnP layers can suppress the stress transfer in the nanocomposite as
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well.[35, 129] In addition, inferior dispersion on the agglomerate of GnP can cause a defect in the
nanocomposite. For this reason, a lack of strong interfacial adhesion and dispersion or aggregates
of GnP often result in early rupture of the tensile specimen during the extension process. To
improve the interfacial interaction between PU and GnP, numerous researchers have suggested a
chemical treatment of the surface of GnP.[130, 131] However, this study primarily focuses on the
effect of GnP size in the PU/GnP nanocomposites. Thus, functionalization of GnP will be studied

in the future for improvement of mechanical properties of PU/GnP.

Therefore, in this study, it can be summarized that tensile strength and elongation at the break of
PU/GnP are not improved by adding GnP due to the deficient interfacial adhesion between PU and
GnP. However, tensile modulus which occurs in the small range of extension is partially improved

by the addition of GnP.

Table 4.5. Mechanical properties of PU/GnP nanocomposites

Contents of GNP Tensile Modulus Tensile Strength Elongation at break

Samples (Wt9%) (MPa) (MPa) (%)
Neat PU - 0.85+0.08 43+0.3 926
PU/H100 1 1.09£0.04 3.1+£03 494
PU/M25 1 1.07£0.01 3.6+0.2 530
PU/M5 1 0.88 £0.04 3.2+0.2 624
PU/C750 1 0.79+0.03 41+0.1 782

4.3.4 Morphology of PU/GnP nanocomposites

Figure 4.10 shows the cross-sectional morphology of PU/GnP nanocomposites with a loading of

1 wt% using SEM. Each type of GnP is readily dispersed in PU and shows their intrinsic size. In
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Figure 4.10a, the thickness of HI00 seems to be particularly thicker than other GnPs. This
phenomenon seems to be due to the inferior dispersion and aggregation of H100 compared to other
nanocomposites. For instance, PU/M25 nanocomposite in Figure 4.10b seems to show relatively
better dispersion and less agglomeration of GnP than PU/H100 though M25 is the second largest
GnP. On the other hand, the small GnPs, such as M5 and C750, are not only well dispersed within
the polymer matrix but also the detached layers within GnP are not observed. Based on this
observation, it can be assumed that the larger size of GnP is difficult to be well dispersed into the
polymer matrix and is easy to be aggregated each other. Thus, the larger GnP, such as H100,
occupies a larger domain in the polymer matrix. Therefore, a smaller number of GnP particles are
distributed in the composites under the same loading of GnP. This dispersion regarding the large
GnP, which has a greater number of graphene layers such as H100 and M25, can influence to
reduce mechanical properties and anti-corrosion performance of the nanocomposite. Furthermore,
Figure 4.11 reveals that PU/H100 shows a void between the PU matrix and GnP near the surface
of the film. This void should be caused by the inferior dispersion and aggregation of H100. The
void can allow a corrosive agent to diffuse into PU/H100 nanocomposite from the surface easily.
For this reason, large H100 particles or agglomerates are likely to reduce the anti-corrosion
performance of the PU/GnP layer because as the corrosive agents pass through the voids, the path
length for the corrosive agent is reduced. However, PU/M5 and PU/C750 show a uniform
dispersion of GnP in the PU matrix without voids. Therefore, small GnPs are likely to provide a
relatively more efficient pathway which can suppress the penetration of corrosive agents than large
GnPs. Furthermore, the voids generated due to large GnPs can also reduce the mechanical
properties of PU/GnP since the strength of interfacial adhesion is proportional to the contact area

among PU and GnP. As a result, the PU/H100 nanocomposite shows the lowest value of elongation
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at the break among the composites. Figure 4.12 depicts a schematic mechanism for the size effect
of GnP with regards to the anti-corrosion performance of PU/GnP. This figure suggests that the
smaller GnPs (i.e. smaller average diameter) are well-dispersed within the composites and provide
more effective pathway to prevent diffusion of the corrosive agent. Thus, the time taken for the

corrosive agent to reach the Cu substrate is extended.

69



Figure 4.10. Cross-sectional SEM images for the PU/GnP nanocomposites (1 wt% GnP loading,
(a)~(d): Low magnification, (e)~(f): High magnification): (a) and (e) PU/H100, (b) and (f)

PU/M25, (c) and (g) PU/M5, and (d) and (h) PU/C750.
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Figure 4.11. Cross-sectional SEM images for the surface of the PU/H100 nanocomposite.
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Figure 4.12. Schematic model for the permeation of the corrosive agent () passing through the

coating layer of the PU nanocomposite containing 1 wt% GnP.

4.4 Conclusion

Four different commercial GnP (H100, M25, M5, and C750) were used to fabricate PU/GnP
composites. The four GnP had the average diameter from under 2 um to 100 pwm, and this difference
of the diameter provided the distinct size comparison of GnP in the PU/GnP nanocomposites.
Electrochemical, mechanical, and morphological properties of nanocomposites were thoroughly

investigated by the average diameter of the four GnP. The anti-corrosion performance against the
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corrosive agents was improved by the incorporation of GnP into the PU matrix, and this effect
could be amplified with the smaller size of GnP. Specifically, the PU/C750 nanocomposite, which
has the smallest diameter of GnP, indicated the highest Ecorr of -22.0 mV and the lowest Leorr of
0.05 pA/cm?. Protection efficiency (Per) of PU/C750 increased up to 99.6 % from 97.5 % of the
neat PU. This improvement can be explained by that C750 more uniformly dispersed within the
PU matrix than other GnP. The uniform dispersion of C750 resulted in forming a complicated
pathway in the PU/GnP nanocomposites to suppress the diffusion of corrosive agents. Whereas,
PU/H100 nanocomposite indicated lower Pgr of 80.3 % than the neat PU. The large H100 led to a
surface failure due to a coagulation of H100 and this failure resulted in a decrease of Pgr value of
the nanocomposite. These phenomena were supported by the morphological properties of the
nanocomposites. In mechanical properties, the PU/H100 nanocomposites, which has the largest
diameter of GnP, indicated the improved tensile modulus up to 28 % than the neat PU. However,
the small GnP, such as M5 and C750, were not effective to improve the overall mechanical
properties of the PU nanocomposites. It seems that the high aspect ratio of H100 (e.g. 4032.3) only
contributed to improving the tensile modulus, which is a small range deformation of the
nanocomposites. Nevertheless, the insufficient interfacial adhesion between GnP and the PU
matrix resulted in decreasing the overall mechanical properties of the PU/GnP nanocomposites. In
chapter 5, graphene oxide (GO), which has hydrophilic functional groups, will be investigated to
increase the interfacial interaction between graphene and the PU matrix due to hydrophilic
functional groups on graphene. In addition, mechanical and anti-corrosion properties of the PU/GO

composites will be compared with the PU/GnP composites.
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5. [Engineering investigation for the size effect of graphene oxide
derived from graphene nanoplatelets in polyurethane
nanocomposites

This chapter is reprinted form from the article below. Permission was obtained from Wiley.

Jun Geun Um, Yun-Seok Jun, Ali Elkamel, and Aiping Yu. “Engineering investigation for the
size effect of graphene oxide derived from graphene nanoplatelets in polyurethane

nanocomposites”, The Canadian Journal of Chemical Engineering, 2020. 1, 1.

In chapter 4, four different commercial of GnP were used to fabricate the PU nanocomposites via
planetary centrifugal mixing. Anti-corrosion performance and mechanical properties of the
nanocomposites were thoroughly investigated. The average diameter of GnP was crucial to the
anti-corrosion performance of the nanocomposites. The PU nanocomposite containing the small
GnP (C750) with diameter of under 2 pum, protected the metal surface from corrosive agents more
effective than the one with the large GnP (H100) around 100 um diameter. This improvement of
PU/C750 was attributed to the uniform dispersion of C750 in the PU matrix, and the dispersion
built a complicated pathway to suppress the diffusion of the corrosive agents. The tensile modulus
of PU/C750 was not improved while PU/H100 indicated enhancement compared to other
nanocomposites due to the high aspect ratio. However, the overall mechanical properties of the
PU/GnP nanocomposites were not improved due to the insufficient interfacial adhesion between
GnP and the PU matrix. This is because PU polymer chain and the graphene surface are not
compatible. The surface of GnP might need to be modified as being compatible with the PU matrix
in order to improve the mechanical properties of nanocomposites. This is because external stress

would be more uniformly distributed by the interfacial interaction between GnP and the PU matrix.
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The overall mechanical properties of PU/GnP could be enhanced by this effect. In this chapter,
graphene oxide (GO) will be derived from GnP in chapter 4 to improve the interfacial interaction.
GO has many hydrophilic functional groups such as hydroxyl (-OH), carboxylic (-COQ), and
epoxy (C-O-C). These functional groups would form a physical interfacial interaction with the PU
matrix such as hydrogen boning. For this objective, two different GO were synthesized from the
two GnP in chapter 4, which have two different diameters of 25 pm and under 2 um, respectively.
In this chapter, the mechanical properties and anti-corrosion performance of PU/GO

nanocomposites were thoroughly investigated in comparison to the PU/GnP nanocomposites.

5.1 Introduction

In the field of polymer nanocomposites, graphene has been studied as one of the most appealing
fillers to reinforce deficient characteristics of polymeric materials, such as mechanical and gas
barrier properties.[3, 37, 132-137] Graphene possesses many favorable characteristics such as
remarkable mechanical strength and high thermoelectric conductivity, and these have led to its use
in numerous applications within the field of polymer nanocomposites such as electronic devices,
sensors, energy storage, and protection coating area.[107, 110, 118, 128, 138-140] In addition, the
high surface area of graphene has proved that the properties of the nanocomposites have the
potential to be maximized when graphene fillers are uniformly dispersed in the polymer
matrix.[141-144] Meaningful achievements with regards to the reinforcement effect of graphene
in polymer nanocomposites have been reported by several researchers. For instance, Jun et al.[145]
reported that polypropylene (PP) incorporated with various sizes of graphene nanoplatelets (GnP)
showed highly enhanced thermal stability in the nanocomposite. The report explained this effect
was due to the small size of the fillers contributing to the uniform distribution within the matrix

and prevent the aggregation of GnP (up to 20 wt%). In another study, Rafiee et al.[141] reported
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that graphene platelets in epoxy nanocomposites improved the elastic modulus and tensile strength
of the nanocomposite by 31% and 40%, respectively, while showing a 53% increase in fracture
toughness.

The main challenge in the fabrication of graphene nanocomposites lies in the dispersion of
graphene into the polymer matrix. This is due to the fact that graphene easily binds with itself to
form a layered structure by van der Waals forces.[3, 133, 134, 136, 146] Layered graphene usually
consists of a few layers to as many as several dozen layers of graphene and therefore the structure
is not easy to delaminate by shear force caused by polymer processing. Moreover, the GnP’s van
der Waals forces are stronger than the interaction between GnP and the polymer matrix, and this
results in the agglomeration of the fillers and the formation of independent phases of GnP within
the polymer matrix.[147, 148]

Alternatively, graphene oxide (GO) has been used for manipulating the uniform dispersion of
graphene into a polymer matrix. GO is an oxidized form of graphene, and thus it includes massive
oxygen functional groups such as epoxides, alcohols, ketones, carbonyl, and carboxylic groups on
the plane and edge of the graphene sheet.[3, 31, 37, 132, 133, 136, 149] For the synthesis of GO,
the Hummers’ method is generally used to oxidize graphene; however, an improved Hummers’
method suggested by J. M. Tour is widely used to achieve the greater oxidized GO than the
typically synthesized GO.[150] Unfortunately, the strong hydrophilicity of GO can be a challenge
in preparing polymer composites involving the exfoliated layers of GO.[151] Due to the
hydrophilicity, GO can build a uniform suspension state in water or hydrophilic organic solvents
such as dimethylformamide (DMF) or tetrahydrofuran (THF).[152] The dispersion uniformity of
GO 1in these solvents can allow structural compatibility with a hydrophilic polymer without the

agglomeration of the filler. For instance, Zhao et al.[153] reported that the mechanical properties
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of poly(vinyl alcohol) (PVA) were significantly improved by the incorporation of GO. The
nanocomposites had a tensile strength improvement of 150% and 10 times higher elastic modulus
than the pristine PVA at a GO content of 1.8 vol%. In addition, Putz et al.[ 154] showed the uniform
dispersion of GO in hydrophobic poly(methyl methacrylate) (PMMA); they overcame the
incompatibility between GO and PMMA using the hydrophilic solvent DMF. In this case, the
PMMA/GO nanocomposites indicated limited improvement in the mechanical properties; however,
it showcased the feasibility of using the hydrophilic solvent to compound the hydrophobic polymer
with GO. In that regard, the strong hydrophilicity of GO has the advantage of enhancing the overall
properties of the nanocomposites in a hydrophilic polymer; however, hydrophilic solvents such as
water are still required to fabricate the nanocomposite.

In this study, we present a comparison of GO and GnP in polyurethane (PU) nanocomposites and
the size effect of GO on the mechanical property and anti-corrosion performance. Two different
sizes of GnP were used for GO synthesis; the grade of xGnP M25 (M25) had 25 um of average
diameter, while the grade of xGnP C750 (C750) had under 2 um of average diameter. They are
both available on the commercial market. In addition, a commercial PU was used for more
practical research. Two different sizes of GO were synthesized by the improved Hummers’ method;
GO-M25 was from M25 and GO-C750 was from C750. The low content of GO (0.1 wt%-0.5 wt%)
within the nanocomposites were selected to design an efficient filler content for mechanically and
electrochemically enhanced nanocomposites. The PU nanocomposites were fabricated via GO
dispersion in THF and their mechanical property, anti-corrosion performance, and morphological

property were characterized by various analyzing methods.
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5.2 [Experimental

5.2.1 Materials

The two types of GnP purchased from XG science (US) were used to form graphene oxide. In this
study, xGnP M25 (M25) and xGnP C750 (C750) grades were chosen to compare the size effect in
polymer composites. According to the technical data from the manufacturer, the average diameters
of M25 and C750 were 25 um and under 2 pm, respectively, and the surface areas of M25 and
C750 were ~ 120 m*/g and 750 m?/g, respectively. The densities of the two grades were the same
as 2.2 g/cm’. Commercial PU, Rencast 6401 (Huntsman, US) was used as the matrix polymer.
Rencast 6401 is widely used as the material in the field requiring the highly flexible and anti-
abrasive properties. Rencast 6401 comprises two liquids, resin and hardener. The main component
of the resin is 4,4'-Methylene diphenyl diisocyanate (MDI) and the hardener includes oxyalkylene
polymer (ie, polyol) and 1,4 butanediol as a chain extender. Based on the data from the

manufacturer, the mixing ratio of the resin and hardener was 25:100 by mass.

5.2.2 Preparation of GO and PU Composites

Graphene oxide (GO) from the two types of GnP was prepared by the improved Hummers’ method
using a mixture of sulphuric acid and phosphoric acid at a volume ratio of 9:1. Synthesized GnP
and GO were dried in a vacuum oven at 25 °C for three days to remove moisture. The dried GnP
and GO were dispersed in 10 mL of tetrahydrofuran (THF) at 0.013 g and 0.065 g, respectively,
using ultra-sonication for 1 hour. 10 g of hardener was added to the THF solution and then the
mixture was mixed for 18 minutes using a planetary centrifugal mixer (PCM). After mixing, the
mixture was left in a convection oven at 50°C for 2 days, and then was left in a vacuum oven for

1 day at RT to remove THF completely. The mixture removing THF was mixed for 2 minutes with
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the resin in the ratio mentioned above using PCM. The final mixture was cast on a clean glass petri
dish (diameter: 135 mm) as well as a polished Cu substrate at a thickness of 300 um. To build a
solid surface layer, the cast film was pre-cured at RT for 6 hours and the pre-cured film was fully
cured for 24 hours in vacuum oven at 50°C. The final PU nanocomposite after curing was removed
from the glass dish for mechanical testing, and the cast film on the Cu substrate was subjected to

electrochemical testing. The process of sample preparation is schematically illustrated in Figure

5.1.
Graphene oxide (GO) GO/THF dispersion Hardener/[GO/THF]
mixture
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— e THF Hardener
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Figure 5.1. Schematic image for the preparation of PU/GO nanocomposites.

5.2.3 Characterization

5.2.3.1 Structure, chemical composition, and morphology characterization

FT-IR (Nicolet 6300, Thermo-Fisher) was used to characterize functional groups on the GO. The

samples for FT-IR were prepared by pressing fine potassium bromide (KBr) powders with a small
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amount of GnP and GO particles. KBr fine powders were obtained by grinding after drying the
powders for2 days at 120°C in a vacuum oven. Each pellet was scanned from 4000 to 400 cm™!
under a nitrogen atmosphere. X-ray diffraction (XRD, Rigaku, Miniflex 600) using Cu-Ka
radiation (A = 1.54184 nm) was performed to analyze the structure of the GnP, GO, and
nanocomposite samples. The samples were scanned from 26 = 1 to 80° at Raman spectroscopy
(SENTERRA, Bruker) equipped with a microscope was additionally performed to analyze the
structural integrity of the GnP and GO using 532 nm of 20 mW He—Ne laser. The morphologies of
the GnP, GO, and nanocomposites were observed by scanning electron microscopy (SEM, Zeiss,
Leo 1550). Gold sputtering was performed to observe the cross-sectional area of the
nanocomposite samples prepared by cryogenic rupture using liquid nitrogen. Transmission

electron microscopy (TEM, JEOL 2010F) was used to verify the average diameter of GO.

5.2.3.2 Mechanical properties characterization

The mechanical properties of the PU/GnP nanocomposites were characterized using a universal
testing machine (UTM, 4.4 kN load-cell, eXpert 7603, ADMET, USA) as the crosshead rate of
100 mm/min at 25 °C. Five specimens, fabricated based on ASTM D638, Type V, were measured
for each sample. The Type V specimen has an overall length of 63.5 mm, overall width of 9.53
mm, gauge length of 7.62 mm, and a narrow section width of 3.18 mm. Therefore, the tensile
modulus was determined by the linear slope of the initial stress-strain curve and the tensile strength
corresponded with the maximum strength. In addition, the elongation at break was obtained by the
strain at the sample fracture. Hardness was determined using a shore durometer based on the scale

D. Five points were measured on the surface of the nanocomposites.
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5.2.3.3 Electrochemical properties characterization

The anti-corrosion performance of the nanocomposites was evaluated using the electrochemical
corrosion cell for a flat specimen in a double-jacketed glass cell (300 mL). A three-electrode
system including the saturated calomel reference electrode was used to measure the corrosion
resistance of the nanocomposites. Electrochemical measurements were gathered in a 3.5 wt% NaCl
electrolyte solution at RT. The samples were washed by deionized water and dried before mounting
to the cell. Cyclic voltammetry (CV) was performed to obtain the corrosion potential and current
from the Tafel plot under the conditions of a 20 mV/min scan rate and a potential range of -500
mV-500 mV. Electrochemical impedance measurement (EIS) was performed to obtain the Nyquist
plot within a frequency range of100 kHz-200 Hz. From the potentiodynamic measurement, the
corrosion rate (Reorr) was obtained by the equation 4-2 in the chapter 4 which is based on ASTM

standard G102.

5.2.3.4 Thermal properties characterization

Thermogravimetric analysis (TGA, Q500, TA instrument) was used to analyze the thermal stability
of the GnP, GO, and the PU nanocomposites. TGA was performed at a rate of 10°C/min up to

800°C under nitrogen with a flow rate of 50 mL/min.

5.3 Results and Discussion

5.3.1 Analysis of GO

Figure 5.2 presents the FT-IR spectra of the two different types of GnP and GO. No functional
groups were detected in the GnP samples, while functional groups were identified in the GO

samples at 3420 cm™!, 1720 cm™-1740 cm™, 1590 cm™'-1620 cm™!, and 1250 cm! regarding —OH,

80



C=0, C=C, and C-O stretching vibrations respectively.[ 150] Therefore, the GO indicated distinct
peaks regarding the hydrophilic functionalities on FT-IR spectra in comparison with GnP. In
addition, the overall FT-IR spectra of GO-M25 and GO-C750 were similar to each other; however,
GO-C750 showed more distinct peaks at 1100 cm™'-1430 cm™! than GO-M25. The peaks are related
to C-O stretching vibrations (1220 cm™) and ~OH bending vibrations (1047 c¢cm™) in the
synthesized GO.[71] This is because GO-C750 has a small size, which means higher surface area
and more edges than GO-M25 on the GO plane. For this reason, higher oxidized groups were
formed on the GO-C750 than the GO-M25 during the oxidization process. In addition, the
functionalities of GO led to a uniform dispersion in a hydrophilic solvent such as water or THF.

The water dispersion state of the GnP and GO is shown in Figure A.1 in Appendix A.

—(a) xGnP M25
— (b) GO-M25
—(c) xGnP C750
—(d) GO-C750

M
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Figure 5.2. FT-IR spectra for two different types of GnP and GO.

The XRD spectra of all of the samples are presented in Figure 5.3a. The spectra of the GO clearly
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showed a different pattern from the original GnP. The two types of GnP, M25 and C750, had
comparable diffraction peaks at 260 =26.41 and 26.32°, respectively, while C750 showed a broader
peak than M25. In general, the peak broadening effect is related to the lattice distortion in graphene
stacking order due to mild oxidation.[71] According to the manufacturer, M25 and C750 were
produced by different methods; therefore, the difference in the XRD spectra between the two GnPs
can be attributed to the fabrication method. The diffraction peaks from the oxidation of GO-M25
and GO-C750 decreased to 26 = 9.24 and 8.52°, respectively. Furthermore, the interlayer distance
(ie, d-spacing) of the graphene layers was obtained by the Bragg’s equation, and the crystallite
sizes (L¢) of the GnP and GO were obtained based on the Debye-Scherrer equation.[110] Therefore,
the number of graphene layers was estimated by the two parameters (eg. number of graphene layers
= crystallite sizes (L) / interlayer distance (d-spacing)). The interlayer distance of GnP was
calculated to be 0.337 nm for M25 and 0.338 nm for C750, while GO-M25 and GO-C750 had
values 0f 0.924 and 0.852 nm, respectively. Consequently, M25 and C750 indicated around 67 and
14 graphene layers, while GO-M25 and GO-C750 indicated around 12 and 8 graphene layers,
respectively. The results determined that the oxidation process of GnP resulted in an increase in
the interlayer distance of GO and a decrease in the number of GO layers. However, it seems that
the oxidation influence of the GO-C750 is not high relative to GO-M25 because C750 already had
a lower number of graphene layers than the M25 before the oxidization process. This implies the
fabrication process for C750 led to more defects of C750 than M25. Therefore, C750 indicated the

low number of graphene layers as well as the small size of graphene.
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Figure 5.3. XRD [a] and Raman [b] spectra for the two different types of GnP and GO.

Raman spectroscopy was used to analyze the structural integrity of GnP and GO, and Figure 5.3b
presents the Raman spectra of all of the samples. In order to compare the integrity of the GnP and
GO, two important values were extracted from the Raman spectra; G band (Ig) at 1584 cm™
represents the highly crystalline structure of graphene layers, while D band (Ip) at 1358 cm™ is
associated with the existence of defects in the graphene layers, especially for the edge of the
graphene sheet. Therefore, the relative intensity ratio of the two bands (Ip/Ig) is widely used to
determine the disorder degree of the samples. Furthermore, equation (5-1), Tuinstra and
Koenig,[110] was used to estimate the inter-defect distance (La). This parameter enables a

quantitative comparison of the number of defects in GnP and GO:

Ip\7? -
L, = (2.4 x 10710) 24 (I—D) (5-1)
G

where A is the wavelength of excitation laser (532 nm). The Ip/Ig ratio of M25 was 0.23 and the
ratio of C750 was 1.24, while GO-M25 had a ratio of 0.97 and GO-C750 had a ratio of 1.06. These
results about the Ip/Ig ratio revealed that the disorder degree of GO was increased by the
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functionalities due to the oxidation process. The disorder degree of C750 was higher than M25, as
mentioned above, and this result was due to the fabrication method to produce the C750. For this
reason, the inter-defect distance of GO-C750 was 18.14 nm and this value was comparable to 15.5
nm of the C750, while the inter-defect distance of GO-M25 was 19.82 nm, and this value was
significantly decreased from the 83.59 nm of M25. These findings indicated that the process of
GO synthesis resulted in a higher number of defects on the graphene sheets than the original GnP.
The defects were attributed to the hydrophilic functionalities on the graphene and they contributed
to an increase in the inter-layer distance and decrease in the number of layers of GO. Nevertheless,
the oxidization process was more effective on the large size GnP (M25) than the small size GnP
(C750). The defects on the C750 are physically formed by the fabrication method, and thus FT-IR
indicated no functional groups in the C750. As a result, the pre-formed defects contributed to a
reduction in the number of graphene layers; however, this effect was not as significant as it was in
the M25. In summary, the M25 lead to higher oxidized graphene structure than the C750 based on
the higher structural integrity. Table 5.1 shows the parameters calculated from XRD and Raman
spectra.

Table 5.1. Parameters extracted from XRD and Raman spectra

Samples  20(°) d-spacing (A) FWHM (rad) L. (A) gri)lllll::::ll.a(;irs Iyl L, (nm)
xGnP M25  26.41 3.37 0.00664  224.13 67 0.23 83.59
GO-M25  9.56 9.24 001369  106.13 12 0.97 19.82
xGnP C750 2632 3.38 0.03108  47.84 14 1.24 15.50
GO-C750 1038 8.52 0.02153  67.55 8 1.06 18.14

The SEM images of all of the samples are shown in Figure 5.4. Figures 5.4a and 5.4d indicated

the size difference between the two types of GnP. M25 indicated a flake-like morphology, while
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C750 was a fine powder. Figures 5.4b and 5.4e indicated that the GO-M25 formed individual
sheets, but the GO-C750 appeared to be an agglomerated structure. However, Figures 5.4c and
5.4f, in fact, showed that both types of GO are exfoliated sheets. When compared, the larger GO-
M25 showed a more exfoliated structure than the GO-C750. This result revealed that the GO
synthesis process successfully led to the exfoliation of each GnP; however, the small size of GO
was easily agglomerated. Unfortunately, SEM imaging could not be used to estimate the diameter
of the GO, and thus TEM was used to observe the diameter of the two GOs. The TEM images
showed that the diameter of GO-M25 and GO-C750 were ~20 pm and 1 pum, respectively. The
TEM results are described in Figure A.2 of Appendix A. In addition, the hydrophilic functionalities
and high disorder degree of GO were associated with the thermal instability of GO.[150] The GnP

and GO TGA results are also indicated in Figure A.3 of Appendix A.

Figure 5.4. SEM images for the two different types of GnP and GO: (a) xGnP M25, (b) to (¢)

GO- M25, (d) xGnP C750, and (e) to (f) GO-C750.
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5.3.2 Morphology of PU/GnP and PU/GO nanocomposites

Figure 5.5 represents the cross-sectional morphologies of the PU/GnP and PU/GO nanocomposites.
In this figure, small cracks are shown on the surface of the cross-sectional images for all of the
samples due to the electron beam of the SEM. The morphology of PU/M25 nanocomposite at 0.1
wt% was identical of the neat PU, while the PU/M25 nanocomposite at 0.5 wt% showed that M25
had a larger size. Conversely, the PU/GO-M25 nanocomposites indicated a more uniform
dispersion of the fillers than the PU/M25 nanocomposites regardless of the content of the fillers.
However, the PU/C750 nanocomposites showed a similar morphology to the neat PU at 0.5 wt%
because of the small size. Accordingly, the morphologies of the PU/GO-C750 nanocomposites
were almost identical to the neat PU. As a result, the GO contributed to the higher uniform
dispersion of the fillers than GnP in the PU matrix due to the exfoliated structure and its affinity

with the pristine PU.
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Figure 5.5. Cross-sectional SEM images for PU/GnP and PU/GO nanocomposites.

5.3.3 Mechanical properties of the nanocomposites

The stress-strain curves and the tensile modulus of the pristine PU and the composites are shown
in Figure 5.6 a to b. The PU/M25 composites indicated a slightly improved tensile modulus by the
increase in the M25 content, while the tensile strength and elongation at break were decreased by
the increase in M25. Therefore, the tensile strength was associated with elongation at the break
because the stress is proportional to the strain in an elastic material. Conversely, the PU/GO-M25
composites showed significant increases in tensile modulus with the increase in the GO-M25
contents, while the tensile strength and elongation at break showed lower values than the PU/M25
composites. As explained above, the elongation at break of the PU/GO-M25 composites was lower

than the PU/M25 composites. The PU/C750 composites resulted in an enhanced tensile modulus
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and elongation at break at 0.1 wt%; however, the tensile modulus and tensile strength of the
PU/C750 at 0.5 wt% was not enhanced, while the elongation at break increased. Nevertheless, the
PU/GO-C750 composites did not show elastic behaviour on the strain-stress curve regardless of
the amount of GO-C750. In addition, the hardness of the neat PU and the PU composites indicated
a similar tensile modulus as shown in Figure 5.6c. This result can be explained by a model
regarding a correlation between hardness and tensile modulus that is suggested by several research
groups.[77, 78] The representative correlation determined by the Shore durometer and tensile
testing is shown in the equation 3-2 in chapter 3.2. The model indicated that the tensile modulus
is associated with the stiffness of a material; therefore, the PU composites that have a high tensile

modulus lead to improved hardness.
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Figure 5.6. Strain-Stress curve [a] of the composites and comparison of tensile modulus [b] and

hardness in Shore D [c]. (The error bars in Figure 5.6 (b) and (c) present standard deviations

(n=5)).

A recent study was done by M. Razeghi et al.[155] reported that thermoplastic polyurethane (TPU)
incorporated with GO, acid treated multi-wall carbon nanotube (MWCNT), and pristine clay
showed a decrease in melting temperature (Tm) when compared to pristine TPU and TPU
composites incorporated with non-polar nanoparticles such as GnP, non-treated MWCNT, and
even reduced GO (RGO). They attributed this phenomenon to the fact that polar nanoparticles

readily form smaller hard segments in the TPU matrix due to the increased number of nucleation
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sites on their surfaces. For this reason, the small hard segment induced the lower T, than other
composites and pristine TPU. Consequently, the tensile modulus of the TPU composites, including
polar nanoparticles, was decreased due to the smaller hard segments. In general, the content of the
hard segments in PU considerably influences the tensile modulus of PU. For instance, B.
Fernandez-d’ Arlas et al.[156] described that the elastic modulus of PU based on hexamethylene
di-isocyanate (HDI) showed a dramatic increase in proportion to the number of hard segments.
Unfortunately, these examples might not fully explain the difference of mechanical propertes
between PU/GO-M25 and PU/GO-C750 because they were due to TPU. Nevertheless, these
examples would be meaningful to this study because PU in this research also consists of hard and
soft-segments the same as TPU.

In this study, PU/GO-M25 nanocomposites had an 53 % enhanced tensile modulus than the neat
PU, while PU/GO-C750 nanocomposites did not show elasticity, even though both the GO-M25
and GO-C750 had hydrophilic or polar particles. It seems that the distinct elasticity between the
two composites is due to the formation of hard segments in the PU matrix and the interaction
between PU and GO The large size of GO-M25 has a lower surface area; therefore, there is a low
number of hard segments but the size is large. For this reason, the tensile modulus of the PU/GO-
M25 nanocomposites is increased due to the hard segments formed by the strong interaction
between GO-M25 and PU. Conversely, the small size of GO-C750 has a high surface area, and
therefore there is a high number of hard segments but the size is small. In summary, the higher
surface area of GO-C750 can provide numerous sites for nucleation of the hard segment of PU.
These many sites lead to smaller hard segments that result in a decrease in the tensile modulus.
However, this discussion about GO-C750 is a qualitative explanation based on the previous studies

of TPU. Therefore, further research would be required about the hard segment formation of PU on
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the hydrophilic functional groups of GO. The mechanical properties of all of the samples are

summarized in Table 5.2.

Table 5.2. Mechanical properties of PU/GNP and PU/GO nanocomposites (STD*: Standard

deviation for 5 samples)

Sambples Filler contents Tensile modulus  Tensile strength Elongation Hardness
P (wt%) (MPa = STD¥) (MPa = STD*)  at break (%) (Shore D £ STD¥*)

Neat PU - 5.6+0.2 150£1.0 399 20+£0.5

0.1 6.0£0.3 14.0+2.0 386 2019
PU/M25

0.5 6.4+0.7 140+1.6 349 23£1.1

0.1 6.0£0.2 15.0£0.9 459 21+£0.7
PU/C750

0.5 46+05 100£1.2 437 12+0.8

0.1 70+£0.2 9.0+2.1 304 26+0.8
PU/GO-M25

0.5 8.6+0.3 9.0+14 249 28+1.3

0.1 04+0.1 0.3+0.01 713 N/A
PU/GO-C750

0.5 05+0.1 0.6 +0.02 620 N/A

5.3.4 Structure analysis of the PU nanocomposites

The XRD analysis of PU/GnP and PU/GO is shown in Figure 5.7. The XRD pattern of the pristine
PU was indicated as a broad peak (26 = 20°), which corresponds with the amorphous phase, such
as the soft segment in PU.[157] In Figure 5.7a, the PU/M25 nanocomposites showed the intrinsic
peak of M25 at 20 = 26.4°, and this peak increased with the content of M25. On the other hand,
the XRD pattern of the PU/GO-M25 nanocomposites showed an identical pattern to the pristine
PU regardless of the content of GO-M25. In Figure 5.7b, the intrinsic peak of C750 was not

observed in the spectrum of the PU/C750 nanocomposites. This is because the XRD spectrum of
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the C750 had a relatively lower intensity than the XRD pattern of PU at 26 = 26.3° even in low
loading. The PU/GO-C750 nanocomposites showed no significant peak in their XRD pattern,
which was the same as the PU/GO-M25. Since both the PU/GO-C750 and PU/GO-M25
nanocomposites showed similar a XRD spectrum with no significant peaks, it is likely that both

the GO-C750 and GO-M25 remained exfoliated within the PU matrix.
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Figure 5.7. XRD spectra of the PU nanocomposites including the large size of GnP and GO [a]

and the small size of GnP and GO [b].

5.3.5 Electrochemical properties of PU/GnP and PU/GO nanocomposites

Cyclic voltammetry (CV) 1s used to obtain the Tafel polarization curve, which quantifies the anti-
corrosion performance of the PU/GnP and PU/GO composites. The Tafel plot provides the
corrosion potential (Ecorr) and corrosion current (Icorr), and these parameters enable a quantitative
comparison between the anti-corrosion performance of a material. For instance, the enhancement
of the anti-corrosion performance is associated with the tendency for an increase in the Ecorr and a
decrease in the Icor.[158] The two parameters, Ecorr and leor, are determined by the intersection

point extrapolated cathodic and anodic curves in the Tafel slopes. The Tafel plots for PU/GnP and
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PU/GO-M25 are shown in Figure 5.8 and the parameters extracted from the plots are summarized
in Table 5.3. However, the Tafel plots of the PU/GO-C750 composites were not produced because
they did not meet the mechanical property requirements due to the absence of elasticity.

The PU/M25 composites in Figure 5.8 indicate a slightly increased Ecorr of -275.5 mV and
decreased Ieorr of 0.018 pA/cm? relative to the amount of M25 rather than the pristine PU (Ecor: -
297.8 mV, Leon: 0.127 pA/cm?). On the other hand, PU/C750 composites showed better anti-
corrosion performance (Ecor: -97.1 mV, Ieorr: 0.002 pA/cm?) than the PU/M25 composites. This is
attributed to the fact that the smaller size of C750 is not only uniformly dispersed within the PU
but also offers a high surface area. This effect considerably contributes to the construction of an
efficient filler arrangement that suppresses the diffusion of a corrosive agent onto the Cu
substrate.[ 158] For this reason, PU/GO-M25 composites show a higher Ecorr 0f-63.7 mV and lower
Leorr 0f 0.001 pA/cm? than the PU/C750 composites at the same fillers content. These results meant

that the GO-M25 was more uniformly dispersed and exfoliated than the C750 in the PU matrix.
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Figure 5.8. Tafel plots for the neat Cu substrate and the pristine PU, the PU/GnP composites, and

the PU/GO composites.

Polarization resistance (Rpmafel) was another parameter used to compare anti-corrosion
performance. Rp, tafel Was calculated by using the Stern-Geary equation 5-2 same as equation 3-3
in the chapter 3.[159]

bq X b,
R =
pTafel = 5 303 % (bg + be) X Icorr

(5-2)

where b, and b, are constants representing the slopes of the anodic and cathodic curves in the Tafel
plot. In addition, protection efficiency (Per) was also used to evaluate the anti-corrosion

performance of a coated metal substrate, given by 5-3.[159]

I
Per [%] = (1 - Ii"”) x 100 (5-3)

corr
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In Table 5.3, Ry, Tafer of the PU/C750 composites was dramatically increased from 293.2 Q-cm? to
21178.3 Q-cm? in comparison to the pristine PU. On the other hand, the PU/GO-M25 composites
had a greater Ry, mfel than PU/C750, up to 40 861.9 Q-cm?. Furthermore, the PU/GO-M25
composite showed a Pgr value that is close to 100%. Therefore, the important point in this study
is that GO enables the greater uniform dispersion in the polymer matrix and contributes to
enhancing the anti-corrosion performance as well as the mechanical properties. These results were

supported by the cross-sectional morphologies of SEM.

Table 5.3. The parameters extracted from Tafel plots

Samples Filler contents E o Leow b, b, Rp,Tﬂfel Ry Py
(Wt%) (mV vs.SCE)  (puA/cm?)  (mV/dec) (mV/dec) (Q-ecm?) (MPY) (%)

Cu - -367.0 9.024 98.4 195.1 32 5.266 -
Neat PU - -297.8 0.127 130.1 251.8 293.3 0.074 98.99
PU/M25 0.1 -289.4 0.119 108.8 210.0 261.5 0.069 99.05
0.5 -275.5 0.018 67.3 73.5 847.5 0.011 99.86
PU/CT50 0.1 -177.5 0.011 423 128.7 1256.7 0.006 99.91
0.5 -97.1 0.002 147.8 2869 21,1783  0.001 99.98
PU/GO-M25 0.1 -143.5 0.011 158.6 83.8 2164 .4 0.006 99.91
0.5 -63.7 0.001 136.6 3025 40,8619  0.001 99.99

To supplement the results from the Tafel plot, electrochemical impedance spectroscopy (EIS) was
used to characterize the anti-corrosive performance. For the EIS measurement, an appropriate
equivalent circuit model was required to match an acquired impedance data. Suggested equivalent
circuit models for Cu and Cu substrate incorporated with a protective layer are shown in Figure

5.9.[126]
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Figure 5.9. Equivalent circuit model: [a] neat Cu and [b] film coated Cu substrate.

In Figure 9, Rs presents the solution resistance, R, presents the polarization resistance of the
protective layer, CPE1 and CPE2 represent the constant phase elements, R’, represents another
polarization resistance, which relates to charge-transfer resistance, and W is the Warburg
impedance. Figure 5.10 illustrates the Nyquist plots for the bare Cu substrate and the PU

composites on Cu.

96



4x10°

2000

—— (a) Copper

1500 -

1000 -

3x10° - (e

7" (@-cm?)

e, (@)

500

f cor ]
&N T T
E 0 1000 2000 3000

© 2x10° 3x10° 4x10°

Z' (Q-cm?)

-.7 T T
0 ® 1x10°

Figure 5.10. Nyquist plots (solid lines; fitting curve with the equivalent circuit, dotted lines:
acquired data); (a) neat Cu, (b) pristine PU, (c) PU/M25 (0.1 wt%), (d) PU/ M25 (0.5 wt%), (e)
PU/C750 (0.1 wt%), (f) PU/C750 (0.5 wt%), (g) PU/GO-M25 (0.1 wt%), and (h) PU/GO-M25

(0.5 Wt%).

To analyze the anti-corrosion performance using the Nyquist plot, the diameter of the semicircle
in the plot is considered to compare the performance. The diameter is associated with the R’p in
the equivalent circuit of Figure 5.9, and thus a higher resistance corresponds to a larger semicircle
diameter. Therefore, polarization resistance is converted to anti-corrosion performance. In Figure
5.10, the Cu substrate represented the typical curve in the Nyquist plots and the semicircle diameter
showed 1,336 kQ-cm”.[126] On the other hand, the pristine PU on Cu had R’}, of 465,924 kQ-cm?,
which means that the PU has a greater anti-corrosion performance than Cu substrate In the case of
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PU/M25 composites, the results indicated higher R’, than PU at a value of 1,044,000 kQ-cm? at
0.1 wt%; however, the R’, raised to 2,019,000 kQ-cm? at 0.5 wt%. Furthermore, PU/C750
composites showed a higher R’, than PU/M25 at a value of 1,252,000 kQ-cm? at 0.1 wt% and
3,209,000 kQ-cm? at 0.5 wt%. The PU/GO-M25 composites indicated a greater R, than PU/C750
in the same content of fillers. Each R’, of the composites increased to 2,230,000 kQ-cm? at 0.1
wt% and 9,628,000 kQ-cm? at 0.5 wt%. As a result, the results of the Nyquist plot were in
accordance with the results of the Tefal plot. As explained above, the anti-corrosion performance
of the composites strongly depends on the dispersion uniformity of a filler. For this reason, GO is
favourable for uniform dispersion in the PU matrix and the obtained dispersion is capable of
preventing the diffusion of the corrosive agent efficiently. The small sized GnP was also efficient
for protection; however, the exfoliated form of GO contributed to achieving a much higher anti-
corrosion performance. The parameters regarding the equivalent circuit extracted from the Nyquist

plot are summarized in Table 5.4.

Table 5.4. Equivalent circuit parameters fitting with the acquired data from Nyquist plots

Sampl Filler contents Rs Rp CPE1 1 R’p CPE2 » W
amples (Wt%) (@-em?) (Qem?) (Q1-Silem?) " (@-em?) (Q1-S12-em?) ™ (Q1-S1lem?)

Cu - 12.38 947E+02 2.33E-05 0.82 1.37E+03 6.14E-05  0.77 2.7E+02
Neat PU - 11.92 1.28E+03 1.28E-09 0.86 4.66E+05 2.04E-07 0.72 1.6E+03

0.1 12.17 4.31E+04 9.08E-07 0.53 1.04E+06  2.18E-08 0.76 5.9E+03
PU/M25

0.5 12.03 2.93E+04 9.16E-09 0.44 2.02E+06 9.64E-09  0.78 1.7E+04

0.1 12.08 1.02E+05 1.44E-06 0.14 1.25E+06 2.85E-10 091 7.4E+04
PU/C750

0.5 11.96 1.54E+05 7.77E-07 0.80 3.21E+06 6.23E-10  0.90 3.4E+04

0.1 1223 3.09E+05 1.29E-09 0.61 2.23E+06  4.31E-10 0.86 6.6E+03
PU/GO-M25

0.5 12.14 5.55E+05  749E-10  0.88 9.63E+06 2.05E-09 0.84 7.7E+04
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5.4 Conclusion

In this study, two different GO (GO-M25 and GO-C750) were successfully synthesized from two
different sizes of commercial GnP (M25 (Avg. diameter: 25 pm), C750(Avg. diameter: under 2
um)). The GO-M25 indicated higher oxidation efficiency than the small sized GO-C750. This is
because the original GnP, M25 and C750, had different graphene structure due to a different
production method. PU nanocomposites were fabricated using THF to disperse the GO solution in
the polymer matrix. PU/GO-M25 nanocomposites showed 34 % improvement on the tensile
modulus in comparison to the PU/M25 nanocomposites. Conversely, the PU/GO-C750
nanocomposites showed non-elastic behavior in comparison to the PU/C750 nanocomposites. The
improvement of the PU/GO-M25 was attributed to the uniform dispersion of the fillers confirmed
by SEM and the strong interaction between PU and GO-M25, such as hydrogen bonding. Whereas,
PU/GO-C750 did not indicate the tensile modulus in mechanical properties. This result can be
explained by that the size of the hard segment in PU/GO-C750 was insufficient to showing elastic
behavior of the nanocomposite. This is because many hydrophilic functional groups on GO-C750
could provide numerous nucleation sites for forming the hard segments of PU. This fact could be
confirmed by previous studies regarding the TPU nanocomposite containing acid treated MWCNT.
Nevertheless, this effect requires further research to confirming the correlation between the
functional groups of GO and the hard segment in PU. In the anti-corrosion performance, the
PU/GO-M25 nanocomposite showed a higher performance than PU/M25 nanocomposites. This
improvement in PU/GO-M25 can be attributed to the uniform dispersion of the fillers and the
interaction between the PU and fillers. The XRD results showed the uniform dispersion of GO in
the PU matrix. Besides, the morphologies of the PU/GO composites supported the XRD results.
However, the low thermal stability of GO needs to be improved to apply the PU/GO
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nanocomposites to pipeliners in oil sands transportation because of the hot oil sands slurry (~80 °C).
In chapter 6, a chemical functionalization of GO will be investigated to improve the thermal

stability with maintaining high interfacial interaction between GO and the PU matrix.
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6. Development of m- m Interaction-Induced Functionalized
Graphene Oxide on Mechanical and Anticorrosive Properties of
Reinforced Polyurethane Nanocomposites

This chapter is reprinted form from the article below. Permission will be obtained from ACS.

Jun Geun Um, Saeed Habibpour, Yun-Seok Jun, Ali Elkamel, and Aiping Yu. “Development of
n- © Interaction-induced Functionalized Graphene Oxide on Mechanical and Anticorrosive
Properties of Reinforced Polyurethane Nanocomposites”, ACS Industrial & Engineering

Chemistry Research, In press (DOI: 10.1021/acs.iecr.9b06755), 2020.

In chapter 5, the PU nanocomposites containing two different sizes of GO were fabricated. GO
had various hydrophilic functional groups and they led to reducing the number of graphene layers.
The PU/GO nanocomposites showed a better dispersion in the PU matrix than GnP due to the
functional groups. In particular, large size GO resulted in both improvements of mechanical and
anti-corrosive properties of the PU nanocomposites. These improvements are associated with the
dispersion of fillers and interfacial interaction between the PU matrix and GO, such as hydrogen
bonding. However, the small size of GO was not effective to reinforce the physical properties of
the nanocomposites. It seems that the small size GO reduced the size of the hard segments in the
PU nanocomposites and then this effect resulted in a decrease of mechanical properties of the
nanocomposites. Nevertheless, this discussion requires further research to confirm this effect.
Although GO contributed to improving both mechanical and anti-corrosion properties of PU/GO
the hydrophilic functional groups of GO were vulnerable to decompose at high temperatures. This
drawback of GO can cause a failure of the PU/GO nanocomposites under harsh conditions. For

example, PU pipeliners for oil sands transportation are generally operated at high temperatures
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(~80 °C) because of the hot oil sands slurry.[52, 63, 64] At this point, the PU/GO nanocomposites
are not sufficient as applying to pipeliners due to the low thermal stability of GO. Therefore,
chemical modification of GO can be considered as a breakthrough for improving the thermal
stability of GO by maintaining the interfacial interaction between GO and the PU matrix. In this
chapter, amine functionalized GO (f-GO) has been studied to improve the challenge of GO. 3
different types of amine groups have been investigated for the objectives of this study. Amine
groups are highly reactive with carboxylic acid groups of GO and amide groups can be formed by
the chemical reaction between the amine and carboxylic acid groups. 2 aliphatic (Dodecyl
(C12H27N) and tert-butyl (C4Hi1N) amine groups) and one aromatic (2-naphthyl (CioHoN)) amine
groups are used for f~GO. The dodecyl amine group is designed to forming a chain entanglement
between the dodecyl groups and the polyol of PU due to a long hydrocarbon chain of the dodecyl
group. tert-Butyl amine group is also expected to form the chain entanglement with the polyol of
PU due to its short but branched structure. Whereas, the 2-naphthyl group is designed to forming
an interaction among aromatic parts in the isocyanate of PU and the 2-naphthyl group. Therefore,
the synthesized f-GO would be compared with GO in terms of overall properties as well as thermal
stability. In addition, mechanical and anti-corrosion properties of the PU/f-GO nanocomposites

would be thoroughly investigated in this chapter.

6.1 Introduction

For many years, graphene has been widely used as a new functional material for polymer
composites based on its surprising intrinsic properties such as mechanical strength and thermal
conductivity.[37, 132, 133, 160] To maximize the performance of the polymer-graphene
composites, a single layer graphene dispersion within the polymer matrix has been ideal but it has

been a challenge in terms of fabricating the composites. This challenge is due to the reason that
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one atomic layer graphene would be thermodynamically unstable. Thus graphene cannot exist in
the single planar layer within the polymer matrix.[134, 135] Furthermore, the hydrophobic surface
of the graphene layers leads to weak interfacial interactions with the polymer matrix, especially
for hydrophilic polymers.[153, 161] This inherent nature of graphene limits improving the
performance of the composites. The multiple-layer graphene structure which is referred to as
graphene nanoplatelets (GnP) has been studied for several years as a candidate to optimize the
properties of the composites.[118, 128, 138] GnP has the potential to be cost-effective and high-
performance polymer composites based on easier processing than single-layer graphene.[145, 147,
162] However, the interfacial incompatibility and a large number of graphene layers have remained
as a problem of polymer composites with GnP. For this reason, a different approach to achieve

satisfying polymer-graphene composites has spurred intensive interest to researchers.[163]

Graphene oxide (GO) has opened new pathways to form exfoliated graphene structure and allows
building uniform dispersion of graphene in the polymer matrix.[71, 151, 164] This is because
oxygen-containing groups such as hydroxyl (-OH), epoxy (C-O-C), and carboxyl groups (-COOH)
are covalently attached to the surface of GO.[165] These functionalities are widely scattered on
the graphene, however, -COOH groups are mostly positioned to the edges of the graphene planes,
while the hydroxyl and epoxy groups are bond to the surface of the basal planes.[150, 166] Not
only do these hydrophilic groups ensure the uniform dispersion of GO in water or hydrophilic
organic solvents,[152] but also give rise to significant improvements in the polymer composites
especially for elastic modulus and thermal stability. For instance, poly (vinyl alcohol) (PVA)/GO
composite indicated 76% higher tensile strength and 62% higher elastic modulus than neat PVA at
0.7 wt% GO loading.[144] This improvement of the composite was attributed to uniform filler
dispersion and interfacial hydrogen bonding between polymer and fillers. However, to fully utilize
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the performance of GO, hydrophilic polymers should be used as the matrix. Therefore, an
additional technique to control the surface of GO is required for applying GO to various polymeric

materials.[130]

GO can be chemically modified with specific functional groups, including isocyanate and amine
and the modified surface of GO can provide higher compatibility between the fillers and the
polymer matrix.[3, 31, 136] For instance, Kim et al,[38] designed functionalized GO with
isocyanate groups in which functionalization resulted in 80 to 90% improvement in tensile
modulus of in-situ polymerized polyurethane composites. Furthermore, GO can form a grafted
structure with polymer chains and the polymer-modified GO can lead to solubility enhancement
of GO in organic solvents. For instance, polystyrene(PS)-grafted GO showed a higher solubility
in PS/toluene solution. Thus, PS nanocomposites including 0.9 wt.% of PS-grafted GO improved
57% and 70% of modulus and strength of the composite, respectively. This is because the modified
surface of GO dramatically reduces the total free energy of the composite system. Consequently,
this thermodynamic change contributes to the interfacial property of the composites between the

modified GO and the polymer matrix.[146]

Chemically functionalized GO has been studied theoretically and experimentally by several
research groups. Particularly, solution processable graphene composites including the
functionalized GO have been attractive to researchers because of its vast range of applications
from photonics, optoelectronic devices to polymer composites.[49, 167] Along this line, the
current interest of our research is designing and synthesizing polyurethane composites with the
functionalized GO based on solution processing through the organic solvent such as
tetrahydrofuran (THF). In particular, we designed three different types of amine functionalized GO

via chlorinated graphene oxide by using two aliphatic (linear and branched) and aromatic amine
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structures. Besides, the effects of the functional groups on mechanical properties and corrosion
resistance of the polyurethane composites have been thoroughly investigated. The aromatic amine
functionalized GO has significantly improved the anti-corrosion and mechanical properties of PU.
Thus, it has been proved to be an excellent candidate for reinforcing PU used in pipelines for oil

sand transportation and other areas.

6.2 Experimental

6.2.1 Materials

GnP was purchased from XG science (US) as the grade of xGnP M25 (M25) to synthesize the
functionalized graphene oxide. According to the technical report provided by XG science, the M25
has 25 um of the average diameter with 7 % of standard deviation, approximately 120 m*/g of the
surface area with a density of 2.2 g/cm®. Commercially available polyurethane (Rencast 6401) was
purchased from Huntsman (US) and Rencast 6401 consists of resin and hardener; the resin
comprises oxyalkylene polymer (i.e. polyol) and the hardener comprises 4,4'-Methylene diphenyl
diisocyanate (MDI). The resin and hardener could be mixed by 100:25 of mass ratio following the
technical data from the manufacturer. Three types of amine groups, dodecyl amine (DA), tert-butyl
amine (tBA), and 2-naphthyl amine (2NA), were purchased from Sigma-Aldrich to functionalize
the surface of GO. The physical properties of the 3 types of the amine groups are summarized in
Table 6.1. Anhydrous grade of thionyl chloride (SOCIL2), THF, and dimethylformamide (DMF)

were purchased from Sigma-Aldrich for the functionalization and dispersion of GO.
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Table 6.1. Physical propertes of the 3 different type of the amine functional groups.

Amine groups MoIeE:E;J/Ir?]rO\I/;/eight I(D;gﬁ%l Melt(i(r)lg)point Boili(rg%;ooint
(DDog()acyl amine 185.35 0.806 29.0 249.0
Efé:l))utﬂ amine 73.14 0.696 675 45.0
?Z-E?)hthﬂ amine 143.19 1.061 112.0 306.0

6.2.2 Preparation of functionalized GO

A modified Hummer’s method was used to synthesize GO, which is described elsewhere.[151]
The prepared GO was dried for 5 days in a freeze dryer before chlorination. After freeze-drying,
50 mg of GO was refluxed in 20 mL of SOCI; with 1 mL of DMF for 24 hours at 70 °C under N»
atmosphere in order to transform the carboxylic acid groups of GO to acyl chlorides (CI-GO). The
remaining solid after centrifugation of CI-GO was washed with anhydrous THF and then they dried
under vacuum at room temperature for 24 hours. The obtained CI-GO and 1 g of the three types of
amine-reagents were dispersed in 20 mL of DMF and the mixture was stirred vigorously for 65 h
at 50 °C under N,. The f-GO was separated by 0.5 pum PTFE membrane via reduced pressure and
then washed with anhydrous THF. The f-GO series was described as DA-GO (dodecyl amine),
tBA-GO (tert-butyl amine), and 2NA-GO (2-naphthyl amine) by the amine group. In order to
qualitatively confirm the functionalization process, synthesized f-GO series were dispersed in
water and hexane as a polar and non-polar solvent, respectively. The f-GO showed better
dispersion in hexane with respect to M25 and GO, while GO was dispersed better than f-GO in
water. Therefore, it seemed that the f-GO series were successfully synthesized by the dispersion

appearance of the solutions. The appearance of f-GO dispersion in the two solvent is shown in
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Figure A.4 of Appendix A.

6.2.3 Preparation of PU nanocomposites

The three types of f-GO were immediately dispersed in 20 mL of THF using ultra-sonication for
0.5 hours after the washing process. 8 g of resin was mixed with the f~-GO/THF solution and stirred
vigorously for 24 hours at room temperature. The mixture was dried under vacuum for 2 days at
room temperature to remove THF. 2g of the hardener was added to the f-GO/resin mixture and
then the total composite was mixed using a planetary centrifugal mixer (PCM) for 2 minutes. The
final mixture was cast using the adjustable film applicator (GARDCO, US, width: 76 mm) as 100
pum of the film thickness. The cast film was procured at room temperature for 2 hours and then
fully cured for 24 hours at 50 °C under vacuum. Electrochemical testing of the PU composites was
performed with Cu plate; however, mechanical properties of the composites were tested after
peeling off the film from Cu plate. The schematic of f~GO synthesis, sample preparation of the

composites, and a photo of real free film samples of the composites are shown in Figure 6.1.
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Figure 6.1. Schematic image; (1) the synthesis procedure of the functionalized GO preparation

of PU/GO composites, (2) Film sample preparation for PU composites, (3) Appearance image for

the film samples: (a) Neat PU, (b) PU/M25, (¢) PU/DA-GO, (d) PU/tBA-GO, (e) PU/2NA-GO.

6.2.4 Characterizations

6.2.4.1 Morphology, functionalization, and structure analysis

The morphological properties of f-GO and the composites were analyzed by scanning electron

microscopy (SEM, Leo 1550, Zeiss). The cryogenic rupture method with liquid nitrogen was used

for cross-sectional SEM specimens. Additionally, gold sputtering was performed on the cross-
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sectional specimens of f-GO and the composites samples. FT-IR (Nicolet 6300, Thermo-Fisher)
was used to analyze functional groups of f-GO. Potassium bromide (KBr) fine powder was used
to prepare KBr pellet with a small amount of f-GO, and the analysis done from wavenumber of
4000 to 400 cm™ under nitrogen atmosphere. The structural integrity of f-GO series was analyzed
by Raman spectroscopy (SENTERRA, Bruker) equipped with a microscope using 532 nm of 20
mW He—Ne laser. The structure of f~-GO and the composite samples were characterized by X-ray
diffraction (XRD, Rigaku, Miniflex 600) using Cu-Ka radiation (A = 1.54184 nm). XRD was

performed by the scan rate of 1 °/min from 26 = 1° to 80°.

6.2.4.2 Thermal properties characterization

Thermal properties of f-GO and the composites were analyzed by thermogravimetric analysis
(TGA, Q500, TA instrument). The samples were scanned from 30 °C to 800 °C at the rate of

10 °C/min under nitrogen and air.

6.2.4.3 Mechanical properties of the composites

Universal testing machine (UTM, ADMET, eXpert 7603, USA) was used to characterize the
mechanical properties of the neat PU and the PU composites. UTM was performed as the crosshead
rate of 100 mm/min at room temperature with 50 % humidity and five specimens were prepared
for each sample. The specimens were prepared by ASTM D638 and Type V specimen size was
selected for testing. The strain-stress curve was obtained by UTM testing and tensile modulus,
tensile strength, and elongation at break were extracted from the strain-stress curve. Hardness
property of the composites was characterized by Durometer following the scale of Shore D and

five points per each sample were measured on the surface of the composites.
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6.2.4.4 Electrochemical properties of the composites

Electrochemical properties such as corrosion resistance were measured by corrosion cell testing
including a double-jacketed glass cell (300 mL) with a flat specimen. The corrosion resistance of
the composites was evaluated by a three-electrode system with the saturated calomel reference
electrode in 3.5wt% NaCl electrolyte solution at room temperature. Deionized water was used to
wash the samples before mounting to the cell. Tafel plot was obtained by cyclic voltammetry (CV)
using the cell under the conditions of 20 mV/min scan rate and -500 mV to 500 mV of potential
range. The corrosion potential (Ecorr) and corrosion current (Icorr) were extracted from Tafel plot to
evaluate the corrosion resistance of the composites. Ic.orr Wwas used to decide the corrosion rate (Reorr,
MPY (mils per year)) based on the equation 4-2 in the chapter 4 following ASTM standard G102.
Additionally, Nyquist plot was obtained by electrochemical impedance measurement (EIS) under

the frequency range from 100 kHz to 200 Hz at room temperature.

6.3 Results and Discussion

6.3.1 Analysis of -GO

Figure 6.2 shows SEM images of GnP, GO, and f-GO series. Flake like morphology of xGnP M25
is observed while M25-GO indicated a scattered paper-like morphology. That means the oxidation
process of M25 led to the exfoliation of GnP due to the gallery space (i.e. interlayer distance among
graphene layers) expansion induced by oxygen-containing functional groups. Conversely, f-GO
series such as DA-GO, tBA-GO, and 2NA-GO show a partially exfoliated structure (Figure 6.2 (c)
to (e)). It seems that the amine groups can mainly exist at the edge of GO layers due to a chemical
reaction between acyl chloride and the amine groups. According to the Lerf-Klinowski model of

GO,[43] most carboxylic acid is placed at the edge of GO. Thus, the acyl chloride, the product of
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chlorination, can be also placed at the same position and then chemical reaction with the amine
groups can also occur at the same edge. In this process, the amine groups can deform the layer
structure of f-GO, consequently, the f-GO series can have a partially exfoliated layer structure.
Moreover, tBA-GO shows a higher exfoliated structure than DA-GO and 2NA-GO. This was
attributed to the lower molecular weight of tBA (73.14 g/mol) which allows the amine group to
easily penetrate the GO layers. Furthermore, the relatively short structure of the hydrocarbon (tert-
butyl) may contribute to the penetration. Thus, tBA-GO maintains the exfoliated GO structure due
to the molecular weight and chain length of the hydrocarbon structure. For this reason, 2NA-GO
shows a similar number of graphene layers to DA-GO in the SEM images. 2-naphthyl amine (2NA)
and dodecyl amine (DA) have a molecular weight of 143.19 and 185.35 g/mol, respectively.
Consequently, the factors, molecular weight and chain length of the amine group can play a key

role in the structure of the functionalized graphene.
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Figure 6.2. SEM images for the (a) xGnP M25, (b) M25-GO, and the three different types of
functionalized GO such as (¢) DA-GO, (d) tBA-GO, and (e) 2NA-GO. (The yellow boxes

indicate magnified images for a specific area)

Figure 6.3 presents the XRD (Figure 6.3(1) and Raman (Figure 6.3(2)) spectra of GnP, GO and f-

GO series. In XRD spectra of Figure 6.3(1), M25 shows typical diffraction peak at 20 = 26.4 ° and
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this value corresponds with an interlayer distance of 3.4 A. However, M25-GO shows a broader
peak at lower 20 = 10.1 ° that corresponds with a larger interlayer distance of 8.8 A due to the
oxidation induced inter-gallery space (ie. interlayer distance between graphene layers) expansion
process. That means the oxygen-containing functional groups on GO and the absorbed moisture
due to the functional groups can influence the interlayer distance between graphene sheets of GO.
Conversely, the f-GO series showed two diffraction peaks on their spectra in comparison with GnP
and GO. The peaks are observed at 20 = 12.0 © and 23.4 ° on DA-GO, 26 = 11.3 ° and 22.3 ° on
tBA-GO, and 20 = 12.8 ° and 25.9 ° on 2NA-GO, respectively. Based on the results, DA-GO has
two different interlayer distance of 3.8 and 7.4 A, tBA-GO has a distance of 4.0 and 7.8 A, and
2NA-GO has a distance of 3.4 and 6.9 A. This phenomenon can be explained by the reduction of
M25-GO occurred during the functionalization process by the amine groups. Reduced graphene
oxide (rGO) indicated a weak diffraction peak at around 20 = 25.8 °, which corresponds with the
(002) planes of rGO. This diffraction pattern is distinct to present the amorphous structure of
rGO.[168] As a result, the amine groups led to the both of the reduction and functionalization of
M25-GO. Furthermore, 2NA-GO shows slightly lower interlayer distance in comparison with DA-
GO and tBA-GO. This lower inter-gallery space was attributed to the strong n- m interactions of
2NA molecules which give rise to the higher inter-molecular attraction and stacking of the phenyl
groups on each other. [49, 146, 169, 170] Consequently, the XRD spectrum indicates the amine
functionalization of GO would predominantly occur at the edge of C1-GO due to the acyl chloride
on the side. Thus, the amine groups can be also more likely to be placed on the edges than inside
of CI-GO by the reaction. This biased distribution of the amine groups seems to lead to the two

different interlayer distances.

In Figure 6.3 (2), the Raman spectra of the samples indicated the specific peaks at 1350 and 1591
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cm™!, which correspond to the D and G band, respectively. The G band is associated with the first-
order scattering of the E»; mode due to the stretching of the C-C bond in graphitic carbon while
the D band is associated with defects in the graphene structure.[171] The integrity of the graphene
structure is evaluated by the Ip/I; ratio of the samples. M25 presented strong G band and had the
Ip/I ratio of 0.23 while M25-GO showed higher D band and /Ip//¢ ratio of 0.98 than M25. This
means that the oxidization process for M25-GO led to the formation of high amount of defects on
the graphene structure. However, DA-GO, tBA-GO, and 2NA-GO indicated higher /p/I; ratio than
M25-GO such as 1.25 (DA-GO), 1.21 (tBA-GO), and 1.23 (2NA-GO) respectively. This
phenomenon means that the reduction of GO occurred on f-GO series during the functionalization
process. These results of Raman correspond with the XRD results and are in accordance with
various studies conducted on the difference between GO and rGO in terms of the Ip/I ratio. For
instance, Guijing Liu et al,[ 168] reported that the /p/I; ratio of rGO increased in comparison with
GO because the average size of the sp> domains decreased while the number of these domains
increased. Furthermore, Hua Feng et al,[172] demonstrated that the /p/I; ratio of rGO increased
up to 1.18 from 0.67 of the ratio of GO. They explained this fact by the formation of some degree
of amorphous phase of rGO in the carbon lattice of GO during the reduction process. In fact, XRD
and Raman spectra in Figure 6.3 might not fully explain that reduction of GO occurred during the
functionalization process of f-GO. Nevertheless, the existence of the reduction that occurred on f-

GO can be inferred by these results.

114



@
26.4"1
i (a)

—101°
-) _JL o 5
< . <
= 1200, 2340 S
> >
2 | N_ ©| 2
()] )]
c c
‘93 11.3° 22.3¢ 2
cC a & o c

2590
12.8 ¢
e (e)
T T 1 1 T T 1 1 T T T - T . T
5 10 15 20 25 30 35 40 45 50 500 1000 1500 2000
. 1
2 theta (degree) Raman Shift (cm™)

Figure 6.3. (1) XRD and (2) Raman spectra for the GnP, GO, and f-GO series; (a) M25, (b)

M25-GO, (c) DA-GO, (d) tBA-GO, and (¢) 2NA-GO.

The FT-IR spectra of GO and f-GO series are shown in Figure 6.4 (1) and magnified spectra for
the range of 3050 to 2800 cm™ and 1900 to 1400 cm™ are shown in Figure 6.4 (2) and 6.4 (3),
respectively. In Figure 6.4 (2), the peaks at 2954 cm™, 2923 cm™!, and 2845 cm™! were detected in
the sample of DA-GO and tBA-GO. They are associated with the asymmetrical and symmetrical
stretching vibrations of hydrocarbon groups. Conversely, the peaks at 2960 cm™, 2902 cm!, and
2869 cm™ were slightly observed in the sample of 2NA-GO which are in regards to =C-H
stretching band.[173] GO-M25 in Figure 6.4(3), (b) shows functional groups; 1720 ~1740 cm™!
regarding stretching band of carbonyl group (C=0), 3420 cm™! indicating hydroxyl group (-OH),
and 1590~1620 cm™ associated with C=C, and 1250 cm! regarding C-O stretching vibrations,[150]
while M25 shows no specific peaks in the FT-IR spectrum. On the spectrum of the f-GO series,
the new peak was detected at 1650 cm™ for the three f-GO and this peak is associated with C=0
stretching band in the amide group. Besides, other new peaks were observed in the f-GO series at

1585 cm! and 1450 cm regarding N-H stretching vibration and C-N stretching band,
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respectively.[31, 32, 173] These peaks are representative of the result of the chemical reaction
between GO and the three types of amine groups. Consequently, FT-IR results of GnP, GO, and f-
GO series indicate that the amine functionalization of GO successfully occurred and the amine

groups were covalently bonded to the edge of GO layers.
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Figure 6.4. FT-IR spectra for the GnP, GO, and f-GO series; (a) M25, (b) M25-GO, (c) DA-GO,

(d) tBA-GO, and (e) 2NA-GO.
Figure 6.5 presents the TGA and DTG results of all of the samples which were conducted in air
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and nitrogen. f-GO series show the lower weight loss than GO at the whole temperature range
regardless of the gas. This is because the oxygen-containing functional groups on GO are thermally
weak, thus, their decomposition can start at the temperature around 150 °C.[125] DTG in Figure
6.5 (1-2) and 6.5 (2-2) clearly shows the decomposition temperature of M25-GO starting around
150 °C. Conversely, f-GO indicates a relatively lower and broader peaks than M25-GO. This
means that f-GO is thermally stable due to the strong covalent bonding between the amine groups
and graphene. In addition, the reduction of f-GO series by the functionalization process can also
contribute to the improvement of the thermal stability. In TGA results of Figure 6.5 (1-1) and 6.5
(1-2), M25-GO has 88.42 % of weight at 100 °C in air condition while DA-GO, tBA-GO, and
2NA-GO have 98.9 %, 99.2, and 99.5 % of weight at the same condition, respectively. This high
weight loss of M25-GO is attributed to the evaporation of the water molecules absorbed by the
hydrophilic functional groups on GO. At 200 °C in air condition, the weight of GO was
dramatically decreased to 55.7 % while the weight of DA-GO, tBA-GO, and 2NA-GO was slightly
decreased to 92.6 %, 84.3 %, and 93.0 %, respectively. In addition, GO showed 52.4 % of weight
while DA-GO, tBA-GO, and 2NA-GO indicated 95.0 %, 88.0 %, and 91.3 % of weight at 200 °C
in N> condition. In these results, DA-GO and 2NA-GO showed relatively high thermal resistance
than tBA-GO. Herein, it seems that the thermal stability of f-GO depends on the molecular
structure and weight. tBA-GO indicates the highest weight loss because of its short chain length
and small molecular weight. DA-GO showed a slightly higher weight of 95.0 % than 91.3 % of
2NA-GO in nitrogen while DA-GO indicated a similar weight of 92.6 % as 93.0 % of 2NA-GO in
air condition. This is because the molecular weight is more dominant in the weight loss in the inert
gas condition while DA group would be more vulnerable to oxidation in air condition than 2NA.

Therefore, the molecular weight and structure of the amine functional groups would be a critical
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design factor for the modification of GO. The specific results of TGA are shown in Table A.1 of
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Figure 6.5. TGA and DTG results for the GnP, GO, and f-GO series; (1-1) TGA, (1-2) DTG in

air condition and (2-1) TGA, (2-2) DTG in N> condition.

6.3.2 Morphology of PU/GnP and PU/GO composites

Figure 6.6 shows the morphologies of the cross-sectional area for PU nanocomposites incorporated

with the GnP and f-GO series. In Figure 6.6 (b) the larger particle size of M25 in PU/M25
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composite with respect to the primary particle size of M25 can be attributed to the coagulation and
worse dispersion during the sample preparation process. Conversely, PU/f-GO nanocomposites
(Figure 6.6 (c) to (e)) indicate the inherent size of M25 which means f-GO series was relatively
well dispersed into the PU matrix than the pure GnP (M25) Moreover, in the PU/DA-GO and
PU/tBA-GO nanocomposites, some spaces were found in the interface between the PU matrix and
fillers. However, 2NA-GO was strongly attached to the PU matrix, thus, the crack was found on
the PU matrix rather than the interface. It seems that the aromatic component of 2NA-GO is more
attractive with the PU matrix than the hydrocarbon component of DA-GA and tBA-GO. This
attraction can be explained by that the aromatic component of PU from MDI can build the n-nt
interaction.[ 174] This interaction force would be higher than the effect of the chain entanglement
between the PU matrix and hydrocarbon chains of DA-GO and tBA-GO. For this reason, PU/DA-
GO indicated a better interface than PU/tBA-GO nanocomposite based on the hydrocarbon length
of the amine group. Nevertheless, the SEM image of the PU/2NA-GO nanocomposite is
insufficient to provide direct proof of n-n interaction between 2NA and the PU matrix. However,
this interaction can be an available candidate to explain the improved interfacial adhesion of the

PU/2NA-GO nanocomposite.
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(b) PU/M25

L

Figure 6.6. Cross-sectional SEM images for the (a) neat PU, (b) PU/M25, and the PU/f-GO
nanocomposites such as (c) PU/DA-GO, (d) PU/tBA-GO, and (e¢) PU/2NA-GO. (The yellow

boxes indicate magnified images for a specific area)
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6.3.3 Mechanical properties of the nanocomposites

The mechanical properties of the PU nanocomposites are tabulated in Table 6.2. Figure 6.7 shows
the comparison of the tensile modulus and hardness of the PU nanocomposites. The strain-stress
curves for the nanocomposites are shown in Figure A.5 of Appendix A. The tensile modulus of
neat PU was slightly improved from 1.87 MPa to 2.06 MPa with the incorporation of M25 in the
PU matrix. Furthermore, the hardness of the nanocomposite was also slightly improved from 17.0
to 18.6 in Shore D. However, the tensile strength and elongation at break of PU/M25 decreased
because the tensile stress is determined by the maximum strain in an elastic material. Thus, the
low tensile strength was attributed to the low elongation at break. The tensile modulus of the
PU/2NA-GO nanocomposite was significantly improved up to 4.17 MPa and this is about 2.2 times
higher than the neat PU while the tensile stress was decreased as explained above. Moreover, the
hardness of PU/2NA-GO was also improved around 1.5 times with respect to the neat PU. Herein,
the tensile modulus trend of the nanocomposites is comparable with the hardness of the
nanocomposites. This is because the tensile modulus of polymeric materials is associated with
hardness or stiffness of the materials. Several empirical models have been suggested to explain
this correlation between the tensile modulus and the hardness.[77, 78] According to equation 3-2
in chapter 3.2 that is generally used for the correlation, the tensile modulus is proportional to the
hardness of Shore D. Therefore, the higher tensile modulus of the PU nanocomposites can lead to
the higher hardness of the composites. Nevertheless, PU/DA-GO and PU/tBA-GO composites
showed a decreased tensile modulus and hardness. This is because the mechanical properties of
the nanocomposites strongly depend on interfacial interactions between the polymer matrix and
the fillers.[158] PU consists of hard and soft segment in which the hard segment comprises to

diphenyl groups from MDI. Thus, PU/2NA-GO nanocomposite has a better interfacial interaction
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such as m-m interaction between the diphenyl groups and 2NA-GO.[29, 174, 175] The reinforcing
effect due to the n-m interactions within the polymer nanocomposites has been proven by several
studies. For instance, Jizhen Zhang et al.[176] reported that graphene sheets improved the
mechanical properties of the di-pyrene terminated PEG (polyethylene glycol) due to the n-n
interactions. They demonstrated that the aromatic structure of pyrene molecules formed the n-nt
interactions with graphene sheets. In addition, Bin Shen et al.[30] showed that the n-m interactions
facilitated uniform dispersion of graphene in polystyrene (PS) matrix. The PS/graphene composite
indicated higher molecular weight than PS because of the attached graphene by the n-1t interactions.
The high molecular weight of PS/graphene composite could lead to improved mechanical
properties. Thus, polymers, which have aromatic-rich groups, can be physically enhanced by the
n-m interactions due to graphene sheets. Furthermore, the 2-naphthyl amine group can form a
conjugated structure with GO.[49] This conjugated functionalized 2NA-GO is capable to transfer
external stress to the graphene sheets in the PU nanocomposites. Conversely, PU/DA-GO and
PU/tBA-GO nanocomposites do not obtain a sufficient interfacial interaction between the PU
matrix and the fillers. It can be attributed to the lower compatibility between the hydrocarbon
component of DA-GO or tBA-GO with the PU matrix, which leads to the limited number of
interlacing between polymer chains and the fillers. Besides, PU/DA-GO showed the lower
mechanical properties than PU/tBA-GO, this is due to the fact that DA would not build the
entanglement with PU matrix and only form its segregated phase on the GO surface since the
longer chain length than tBA. In conclusion, the molecular structure and weight of the amine group
on f-GO can influence the mechanical properties of the PU nanocomposites. Besides, interfacial
interaction with the polymer matrix such as m-m interaction as explained above is required to

improve the mechanical properties of the nanocomposites.
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Figure 6.7. Comparison of tensile modulus (1) and hardness in Shore D (2) of the neat PU and

PU nanocomposites. (The error bars present standard deviations (n=5))

Table 6.2. Mechanical properties of the neat PU, PU/GNP and PU/f-GO nanocomposites (STD*:

Standard deviation for 5 samples)

samples Tensile modulus Tensile strength Elongation at break Hardness
(MPa + STD*) (MPa + STD*) (%) (Shore D + STD*)
Neat PU 1.87 + 0.21 6.12+0.51 560 17.0+1.6
PU/M25 2.06 £ 0.02 3.75+0.43 388 18.6 £ 1.1
PU/DA-GO 1.69 +0.22 1.91+0.17 228 136 + 1.1
PU/tBA-GO 2.08+0.14 2.92+0.63 445 14.0 £ 0.7
PU/2NA-GO 4.17+0.60 4.28+0.57 306 254 + 1.1

6.3.4 Electrochemical properties of PU/GnP and PU/GO nanocomposites

Tafel polarization curve was obtained by cyclic voltammetry (CV) to evaluate the corrosion

resistance of the neat PU and the PU nanocomposites. Corrosion potential (Ecor) and corrosion

current (Iecorr) can be extracted from the Tafel plot and the corrosion resistance of the samples can
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be quantitatively compared by the parameters. For example, the anti-corrosion performance of the
materials is explained by the increase and decrease in Ecorr and  Icor, respectively.[126] Ecorr and
Leorr are obtained by the point of the intersection between the extrapolated cathodic and anodic
curves from the plot. Tafel plots for the samples were shown in Figure 6.8 and the parameters from

the plots were summarized in Table 6.3.
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Figure 6.8. Tafel plots for the pristine Cu substrate and the neat PU, PU/M25, and PU/{-GO

nanocomposites; PU/DA-GO, PU/tBA-GO, and PU/2NA-GO.

In Figure 6.8, PU/M25 nanocomposite indicated a slightly higher Ecorr 0f 265.341 mV and a lower
Leorr of 1.633 pA than the copper substrate (Ecorr: 327.50 mV, Leon: 10.89 pA). However, the PU
nanocomposites with the f-GO series indicated the higher Ecorr and lower Icor than PU/M25
nanocomposite. This means PU/f-GO nanocomposites indicate better corrosion resistance than
PU/M25. This is because the f-GO series was more uniformly dispersed in the polymer matrix

because of the less agglomeration than M25. This fact was confirmed by the SEM results. Thus,
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the better dispersion resulted in a high surface area. For this reason, the relative uniform dispersion
of f-GO considerably contributes to building a filler arrangement efficiently and this effect can
mitigate to diffuse a corrosive agent within the nanocomposite.[158] Besides, PU/2NA-GO
composites indicated the highest Ecorr and lowest leor. It seems that the aromatic component of
2NA can transfer the corrosive agent to graphene sheets based on the interfacial interaction.
Therefore, PU/2NA-GO showed the highest corrosion resistance due to the two effects such as the

filler dispersion and the interfacial interaction.

Polarization resistance (Rp) was used as another parameter to compare the corrosion resistance. Ry
was determined by the Stern-Geary equation 3-3 in chapter 3.[126] Additionally, protection
efficiency (Per) given by equation 4-4 in chapter 4 was also utilized to evaluate the anti-corrosion
performance of a metal substrate coated with the polymeric materials.[126] In comparison to the
neat PU, the PU/f~GO nanocomposites showed the greater value of R, and Pgr. Specifically,
PU/DA-GO and PU/tBA-GO nanocomposites indicated R, of 2835.1 Q-cm? and 2925.1 Q-cm?,
respectively. Besides, PU/2NA-GA nanocomposite showed a considerably high R, value of 7060.6
Q-cm? in comparison to the value of the two nanocomposites. This high R, of PU/2NA-GO can
be due to not only the good compatibility between the PU matrix and 2NA-GO, but also due to the
reduction of GO by 2NA, which leads to restore the conjugation structure of graphene resulting in
higher electrochemical property of graphene than other nanocomposites. In addition, the Pgr value
of PU/2NA-GO increased by up to 99.9 %. Based on these results, the 2NA component on 2NA -
GO contributed to the more uniform dispersion within the PU matrix and resulted in the mitigation

of the corrosion occurrence and improvement of mechanical properties.
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Table 6.3. The parameters obtained from Tafel plots

E o b b R R P

Samples corr ) a c p ) corr EF
(mVvs. SCE) (uA/cm’) (mV/dec) (mV/dec) (Q-cm) (MPY) (%)
Cu -327.5 10.890 114.6 248.0 3.1 4,957 -
Neat PU -265.3 1.633 365.4 322.5 45.6 0.074 87.0
PU/M25 -200.4 0.040 334.5 294.8 1701.0 0.018 99.7
PU/DA-GO -172.6 0.024 334.5 294.8 2835.1 0.011 99.8
PU/tBA-GO -162.4 0.023 305.3 314.6 2925.1 0.011 99.8
PU/2NA-GO -67.9 0.007 227.2 228.1 7060.6 0.003 99.9

Electrochemical impedance spectroscopy (EIS) was performed to characterize the corrosion
resistance of materials for supporting the Tafel plot. EIS measurement was required an equivalent
circuit model to fit with an acquired impedance data. The equivalent circuit models for Cu and
coated Cu substrate are shown Figure 6.9.[177] This model in this chapter was more simple than
the model, which was used in chapters 4 and 5. This is because the simple model is more useful
for comparing the anti-corrosion performance of protective layers with high corrosion
resistance.[178, 179] For this reason, the simple model without Warburg impedance (W) was used
for the equivalent circuit model of Cu substrate with the PU protective layers. In Figure 6.9, R
presents the solution resistance, Rec presents the polarization resistance of Cu substrate which
relates to the charge-transfer resistance, and Ram presents the charge-transfer resistance of the
protective layer. Qg represents the capacitance of the interface between Cu and solution interface
and Qsim represents the capacitance of the protective layer. Figure 6.10 illustrates the Nyquist plots

for the bare Cu substrate and PU/GnP on Cu.
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Figure 6.9. Equivalent circuit model: [1] neat Cu and [2] Cu substrate coated with protective

layer using the PU nanocomposites.
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Figure 6.10. Nyquist plots (dotted lines: acquired data, solid lines; fitting curve with the
equivalent circuit); (a) Cu substrate, (b) the neat PU, (¢) PU/M25, (d) PU/DA-GO, (e) PU/tBA-

GO, (f) PU/2NA-GO.

In the Nyquist plot, the corrosion resistance of materials is associated with the diameter of the

semicircle. Herein, polarization resistance regarding charge-transfer resistance of the corrosive
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agent is converted to the diameter of the plot, thus the charge-transfer resistance (Rct) and the
resistance of the protective layer (Rfim) are attributed to the corrosion resistance. Therefore, a
larger semicircle diameter corresponds with higher corrosion resistance. Subsequently, the pure
Cu showed the typical plot and the R presented 3720 kQ-cm?.[126, 177] The coated Cu with the
neat PU showed Rpim of 141,000 kQ:-cm? which means the PU coating layer protects the Cu
substrate against the corrosive agents. Besides, PU/M25 composite layer indicated the higher value
of R than the neat PU as 271,000 kQ-cm?, thus, the GnP within the PU matrix was effective in
mitigating the corrosion on Cu substrate. Furthermore, PU composite layers, including the f-GO
series, indicated the greater value of Rfim than PU/M25 and PU/2NA-GO layer showed the highest
value of Rsim among the samples as 6,530,000 kQ-cm?. This is because f-GO was better dispersed
in the PU matrix than M25 as confirmed by SEM. Thus, this dispersion led to the higher corrosion
resistance. In addition, the interfacial interaction between 2NA and PU matrix in PU/2NA-GO
seems to have a synergetic effect in terms of the corrosion resistance. As a result, the Nyquist plot
showed similar results of the Tafel plot and the filler dispersion and the interface between the fillers
and matrix could influence the corrosion resistance of the nanocomposite layer. Besides, the
aromatic component on GO seems to be more effective in mitigating the corrosion that occurs due
to the interfacial interaction such as m-m interactions. The schematic image in Figure 6.11
represents the interfacial interaction between 2NA-GO and the PU matrix within the
nanocomposites. In addition, the parameters of the equivalent circuit extracted the Nyquist plot

were shown in Table 6.4.
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Figure 6.11. Schematic image of the development of interfacial interactions (n-m interactions)

between 2NA-GO and the PU matrix within the composites.

Table 6.4. Acquired equivalent circuit parameters extracted from Nyquist plots

Samples Rs 2 Ra 2 -1 ?fl 2, nl Rﬁlmz -1 Qr?zlm 2, N2 1 Vn\1/ -2
(Qcm) (Qcm) (Q S -cm) (Qcm) (Q-S -cm) (Q-S -cm)
Cu 9.0 3.72E+03  4.29E-05 0.74 - - - 1016
Neat PU 8.7 4 35E+05  1.98E-09 091 1.41E+05 1.45E-10 0.72 -
PU/M25 9.2 1.40E+06  5.07E-10 0.96 2.71E+05 1.05E-10 0.71 -

PU/DA-GO 9.0 2.56E+06  6.12E-10  0.97 1.88E+05 2.73E-10 0.78 -
PUBA-GO 9.1 5.01E+06  1.05E-10 0.88 6.49E+05 5.10E-10 0.60 -
PU/2NA-GO 9.2 1.26E+07  1.71E-08  0.82 6.53E+06 1.48E-09 0.66 -

6.3.5 Structure and thermal 