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ABSTRACT

Significant efforts have been made to understand corrosion since it is important both
scientifically and technologically, as the direct cost resulting from corrosion and its
prevention has become a non-negligible portion of the gross domestic product. While
considerable effort has been made to understand the macroscopic corrosion behavior and
empirical knowledge of effective corrosion mitigation strategies is available, a nanoscale
description of corrosion processes is still lacking. This dissertation describes efforts to
establish a fundamental understanding of the corrosion process at the coating/metal

interface on the nanoscale.

The dissertation is divided into three parts. In the first part, a nanoscale depiction of
the influence of ions on the diffusion of water is garnered from the analysis of X-ray and
neutron reflectivity (XR/NR) and electrochemical impedance spectroscopy (EIS) data
since metal, water and oxygen are three key ingredients in corrosion and ions play an
important part in accelerating corrosion. The diffusion of water or electrolyte in thin
polymeric films in different directions, parallel to the film or perpendicular to it, was
distinguished. XR/NR measurements were used to probe the diffusion parallel to the film
using a customized diffusion cell and that rate was found to be orders of magnitude larger

than the diffusion rate in bulk epoxy. In contrast, when EIS data were analyzed using
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equivalent electrical circuit (EEC) model fitting, the penetration (diffusion perpendicular
to the film) rate was found to be orders of magnitude smaller than the diffusion rate in bulk
epoxy. Consistent results from XR, NR and EIS showed that the diffusion rates of
electrolyte in both the lateral and perpendicular directions are lower than those of water
(H2O/D20), and that the higher the ion concentration, the lower the rate of diffusion.
Reflectivity measurements probing at small (nm) length scales and also comparatively
short times (hours) complement the widespread use of EIS and provide a means of
quantitatively investigating phenomena that occur rapidly as a first step in the metallic

substrate corrosion.

The second part of this dissertation provides a detailed description of the changes in
an epoxy/aluminum interface morphology that occur upon exposure of the interface to
water or electrolytes, with information derived from X-ray off-specular scattering and
atomic force microscopy (AFM). The interface is quantitatively described using a self-
affine model of a randomly rough interface based on height difference correlation function
with parameters of roughness, jaggedness, and correlation length. “Rocking curve”
measurements show the interface becomes more rough, the texture becomes more jagged
and the correlation length becomes smaller. Different electrolytes (NaCl and Nal aqueous
solutions) have similar effects on the disruption of the interface morphology, and H2O is

less disruptive to the interface as compared to the two electrolytes.

In the last part of this dissertation, the surface fluctuations of polystyrene (PS) melt
films adsorbed on graphene are compared to the surface fluctuations on films adsorbed on

single crystal silicon wafers. The surface fluctuations on polymer thin films have received
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intense interest since surface fluctuations influence important interfacial properties such as
wetting, adhesion, and tribology. Additionally, for sufficiently thin films the surface
fluctuations also reflect realities of the chain adsorption and organization at the interface
with the substrate and those features of films should be important for dictating the
resistance to water or electrolyte incursion at a substrate/film or matrix/filler interface. For
8R, thick entangled linear polystyrene (PS) films on silicon (8R; PS/Si) the surface
fluctuations can be described using a hydrodynamic continuum theory (HCT), which
assumes the thin film viscosity is equivalent to the bulk viscosity throughout its entire depth.
For 131000 g/mol linear PS, when the thickness of the film is less than 4R, the surface
fluctuations show confinement effects and the fluctuations are slowed. The surface
fluctuations for an 8R, thick PS film on graphene (8R; PS/Graphene) are three orders of

magnitude slower than those on 8R; PS/Si. The 170°C data from the 3R, PS/Si, 8R, PS/Si

and 8R, PS/Graphene samples collapse on a universal curve using a two-layer model with
a 75 nm (ca. 7R,) thick highly viscous layer on graphene and a 14 nm (ca. 1.5R,) thick
highly viscous layer on silicon. The layer left after a rinsing and drying procedure reflects
a 2.4 times thicker strongly adsorbed layer on graphene compared to that on silicon. Thus
the effect of adsorption of melt PS chains on graphene on dynamics of the chains near the
graphene is far more profound than the effect of adsorption of PS chains on silicon. This
remarkable slowing of material near the polymer/graphene interface could have important
implications for the performance of other graphene containing composites and coating

systems when the polymer is able to interact as strongly with graphene as does PS.
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CHAPTER I

INTRODUCTION

“There’s plenty of room at the bottom.”

—Dr. Richard P. Feynman (Pasadena, December 1959)

Half a century ago, Dr. Feynman delivered his famous lecture at the annual American
Physical Society meeting at Pasadena, which is considered as the inception of the
nanotechnology, and it develops rapidly since then. However, despite the importance of
corrosion from the perspective of both science and technology and the large amount of
efforts made to the understanding of macroscopic corrosion behavior, a nanoscale

depiction of corrosion process is still not available!.

Corrosion is the reaction of a metal with its environment with a subsequent
deterioration in properties?. With the protection from organic coatings, corrosion of the
metal initiated by water or electrolyte usually happens at the organic coating/metal
substrate interface. The direct economic cost resulting from corrosion and its preventative
methods is accountable for a non-negligible portion of the gross domestic product®. In
addition, subsidiary costs associated with corrosion include environmental catastrophes
and casualties usually from sudden failure of load-bearing components. Outdoor exposure

and accelerated weathering are the two methods widely used in industry to evaluate the



performance of an organic coating, both of them are based on empirical evaluations and
are time consuming. A characterization method with the resolution on the order of
nanometers, i.e. from the “bottom”, would make such evaluations faster, help understand
how water or electrolyte diffuse to the coating/metal interface, and how corrosion happens

on a much smaller scale.

In the study of the water or electrolyte diffusion, gravimetric methods*, Fourier
transform infrared spectroscopy (FT-IR)*?, scanning Kelvin probe (SKP)°!3, computed
tomography (CT)!'* and fluorescence microscopy'> have been used in the investigation of
water uptake. In the first part of this dissertation, with implementation of X-ray/neutron
reflectivity (XR/NR) with resolution on the order of nanometers, and electrochemical
impedance spectroscopy (EIS) as a complementary method, we have distinguished the
diffusion in both lateral and perpendicular directions with respect to the thin film surface.
The lateral diffusion rate was orders of magnitude larger compared with that in bulk epoxy,
while the penetration rate was orders of magnitude smaller than that in bulk epoxy. Results
from XR, NR and EIS indicated that in both directions the diffusion rate of electrolyte was
slower than that of H>O/D»0O, and with an increasing in ionic concentration, the diffusion
rate of electrolyte decreased. Probing on such short length scales also makes it possible to

study changes that happen rapidly as a first step in the metallic substrate corrosion process.

The second part gives results from the interrogation of the interface morphology
between a metal substrate and an anti-corrosion organic coating using X-ray off-specular
scattering with atomic force microscopy (AFM) as a complementary technique. Such

efforts were built on pioneering scattering studies on an analytical rough surface model



which regards the surface as composed of randomly disposed mirror-like facets by
Torrance et al.!® in the 1960s, and theoretical description of such rough surface scattering
by Sinha et al.!” in the 1980s. Later in the 1990s, Schwarz et al.'® characterized the off-
specular scattering of the water-vapor interface, Sinha et al.'>?° did a time-resolved, in situ
off-specular scattering measurements to study the electrochemical pitting of Cu surfaces in
electrolyte, Miiller-Buschbaum et al.?’*?> showed with “detector scan” off-specular
measurements that supported spun-cast polymer films had surface morphologies conformal
with the polymer substrate interface. Singh et al.?} used off-specular neutron scattering to
describe the morphologies from two interfaces associated with a corroded Ni film.
Simultaneous analyses of X-ray off-specular scattering measurements and AFM images
showed that this buried interface was roughened on the scale of nanometers with water or
electrolyte exposure of the coating and that the details of this roughening differ with the
type of crosslinker used in the epoxy coating. With exposure the texture also becomes more
jagged and the correlation length becomes smaller from the results of “rocking curve”
measurements. The effects of different electrolytes and H>O were also compared, NaCl and
Nal solutions disrupt the interface morphology similarly, and H2O has less capability in

disrupting the interface compared with both electrolytes.

The last part of this dissertation, discusses the surface fluctuations of polystyrene (PS)
thin melt films adsorbed on graphene were probed with X-ray photon correlation
spectroscopy (XPCS)*** and illustrated with hydrodynamic continuum theory
(HCT)?3-3637, Several attempts to enhance the performance of anti-corrosion coatings by

integrating graphene were reported based on the evidence that graphene can strongly affect



the management of water in the film**. The behavior of water at the interfaces with such
fillers in corrosion protection coatings most likely depends on details of the polymer-filler
interaction including the degree to which such interactions slow down the movement at
and near the interface. It has been proposed that in the area of corrosion, high atom density
in the protective coating near the metal surface could provide better anticorrosion
properties***. Thus, the high density of carbon atoms in the aromatic hexagonal lattice in
graphene suggests the potential use of graphene in the area of anti-corrosion coatings

especially for high value asset corrosion prevention.

The phenomenon of surface fluctuations of entangled melt films is an important
scientific and technological problem with applications in areas including, but not limited
to, wetting, adhesion*®*’, and tribology. Simulations from Rissanou et al.*® showed the
effect of graphene layer numbers on the dynamical properties of a graphene sheet supported
PS film. Tsige et al.** demonstrated the most significant difference in relaxation time
between the PS on graphite and a-quartz came from a region within 3 nm from the substrate.
No experimental investigations have been reported in the graphene-thin film interfacial
interaction possibly because of it is a “buried” interface, and not easily probed. The
involvement of X-ray photon correlation spectroscopy (XPCS)* in the characterization of
the thin film surface dynamics and the use of Guiselin®! approach in the analysis of the
strongly adsorbed layer will contribute to the investigation of the dynamics of polymer
chain segments at the interface between graphene and the polymer thin film adsorbed on
it. Surface dynamics of a thin PS melt film adsorbed on a PS substrate are substantially

altered when the substrate is changed from silicon to graphene. The surface dynamics of



8R¢ PS on graphene was slowed down more than two orders of magnitude compared with
that on hydrogen-passivated silicon (H-Si), and the thickness of the strongly adsorbed layer
on graphene substrate (8.2 nm) was more than twice as that on H-Si (3.4 nm), which is

because of the difference in the substrate surface energy.

Additionally, there has been a debate for a long time about the correlation between
glass transition temperature (7,) and polymer film thickness, including the origin of the

52,53

changes’*~°. The correlation reported between 7, and film thickness includes decreasing

58,59 60-63
b

of T, with the decrease of film thickness®* 7, remaining the same®®>?, increasing or
varying in different ways depending on the specific system>3-¢*63, The XPCS technique
used here will also help better understand this question by investigating films with various
thickness values and molecularly altering the interfacial interaction by substrate
modification, including, but not limited to, graphene. The approach of using a surface
dynamics technique to probe an extremely thin film, in which case the hydrodynamics of
the entire film matters, provides a way to investigate interfacial properties at the thin
film/substrate interface since the mobility of the surface is related to the mobility of

material next to the interface. The dynamics of chain at a buried interface between a melt

and hard surface are hard to study by other means.

The three parts of the work in this dissertation regarding the phenomena at the “bottom”
are interconnected, using different X-ray and neutron scattering methods to study thin film
properties on the nanometer scale. These efforts at the “bottom”, on the length scale of
nanometers, provide information not available with previous empirical evaluations of anti-

corrosion organic coatings made at the macroscopic scale, and opens more opportunities,



indicating “plenty of room™ at this level. The nanoscale investigation using scattering
methods makes it possible to observe changes that happen rapidly in the corrosion process.
Additionally, these scattering measurements help to understand the mechanism of
corrosion on the nanometer scale, to probe the buried interface morphology between a
metal substrate and an anti-corrosion organic coating where no other techniques are
available, and to interrogate surface dynamics of polymer melt films and show the
possibility to characterize the interfacial properties at the film/substrate interface of an

extremely thin film difficult to study in other ways.



CHAPTER II

BACKGROUND

2.1 Corrosion and Its Implication

From the perspective of corrosion science and engineering, corrosion designates the
reaction of a material with its environment resulting in a subsequent deterioration in
properties®. The material here can be either a metal or nonmetallic substance, such as glass
and concrete. However, the discussion here is restricted to metallic corrosion, or more
specifically, the corrosion of aluminum metals. Direct cost resulting from corrosion, and
its prevention have been responsible for a significant portion of the gross domestic product
(GDP)*. Based on a government report in 2002, the direct costs of corrosion in the U.S.
were $276 billion, which is more than 3.1% of the GDP. This cost is larger than the total
financial cost of all the fires, hurricanes, and earthquakes in the nation, although those

disasters received much more attention®’

. Direct costs include repainting of the
infrastructure, replacement of corroded parts, and many other maintenance costs.
Additionally, corrosion usually results in severe consequences including environmental
68,69

catastrophes and casualties usually from sudden failure of load bearing components

Such indirect costs are usually difficult to quantify, although they may be as much as the



direct costs being evaluated. Examples of such costs include the costs of plant shutdowns,

contamination of products, and loss of efficiency®’.

2.2 Metallic Corrosion and Protection
2.2.1 Metallic Corrosion

Metallic corrosion is an electrochemical process in which metal returns to its
thermodynamically stable state, such as minerals™. There are three key components in a
corroding system: anode, cathode, and electrolyte. Generally, the anode in corrosion is the
metal, which releases electrons; the cathode is the material which is in contact with the
anode and which receives electrons from the anodes; and the electrolyte is the conductive
medium in which the corrosion takes place. The driving force is the change in Gibbs free
energy, AG, which is made up of the decrease in the Gibbs function of the metal and its
environment combination in the process of corrosion. For a spontaneous corrosion reaction,
AG is negative, which indicates a lower energy for the corrosion products when compared

as the metal and its environment.

As an electrochemical process, corrosion can be divided into cathode and anode half-
cell reactions, both of which happen at the organic coating/metal substrate interface. The
anode half-cell reaction is where the anode metal corrodes, and dissolves into the

electrolyte as metallic ions. In the case of aluminum corrosion, the reaction is

Al > AIB* + 3e™ 2.1)



in which each aluminum atom donates three electrons. The cathode half-cell reaction
consumes the electrons donated by the reducible species from the electrolyte in the anode
half-cell reaction; the cathode itself does not react. The anode and cathode half-cell
reactions are referred to as oxidation and reduction reactions in organic chemistry. The
most common cathode half-cell reaction is the consumption of electrons by dissolved

oxygen,
0, + 2H,0 + 4e - 40H™ . (2.2)
If the environment is acidic, electrons will be consumed by protons, as in
2H* + 2e™ - H,(g) (2.3)

where (g) refers to the gas state. The hydrogen reduction reaction is not as important as the
reaction involved with O in water, since water does not contain enough hydrogen ions.
The aluminum corrosion reaction product is alumina, AI(OH)s, which precipitates in water

following the reaction:
4Al + 30, + 6H,0 — 4AI(OH); . (2.4)

Aluminum has a variety of properties such as low density with high strength, thermal
and electrical conductivity, non-toxicity and high corrosion resistance. The aluminum
corrosion resistance is also influenced by its native oxide layer, Al2O3, which is an
amorphous uniform oxide layer with a thickness up to several nanometers’!’2. The native

oxide forms rapidly after being removed from the aluminum by the reaction:

4A1 + 30, > 2A1,05 . (2.5)



The chemical structure of the aluminum oxide layer also influences the adhesion” and

corrosion properties at the interface between the metal and polymer coating.

2.2.2 Corrosion Protection

Various approaches available to protect metal against corrosion are categorized into
three types: chemical, physical, or electrical’®. Chemical modification usually involves
with the adjustment of the pH of the electrolyte or the use of an inhibitor. Electrical
modification uses an impressed current to adjust the potential values in order to make it not
favorable for corrosion. Using physical barrier or organic coating is the most common
technique among numerous methods to protect metal from corrosion. The coating could
block electrolyte or reduce the amount of electrolyte coming through the coating. As
illustrated in section 2.2.1, electrolyte is one of the three key components in corrosion. The

barrier effect of organic coatings can prevent the corrosion electrochemical reactions.

Epoxy, developed immediately after World War 11, is one of the most widely used
primers in the industrial applications. It provides exceptional adhesion to metallic substrate
and good resistance to electrolytes, and is used in coatings, adhesives, electronics and
aerospace systems’. Epoxies are made from two components, typically, one being an
epoxide and the other a crosslinking agent. The oxirane group in an epoxide can react with

the amino groups in the crosslinking agent to form crosslinked epoxy as a primer.

Organic coatings based on polymers are generally not reliable for long-term corrosion

protection applications because the disordered noncrystalline polymer chains provide
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pathways for water or electrolytes to the metallic substrate. Hybrid coatings with both
organic and inorganic components have been explored in the last several decades’>~"7. The
inorganic component in the hybrid coating segregates preferentially to the metallic
substrate, improves adhesion’®, reduces the degree of disorder in the film and reduces water

or electrolyte diffusion to the coating/metal interface.

Tetraethylorthosilicate (TEOS) as an alkoxide of silicon is generally used as a
precursor in the hybrid coatings to provide improved covalent interaction between the
metal and the organic component in the coating. Hydrolysis and polycondensation are
involved in the polymerization of TEOS. The latter can be divided into two pathways:

water-forming condensation and alcohol-forming condensation’:
=Si—OR+H,0==Si—-0H+ ROH,
=Si—0OR+HO-Si==2=Si—0-Si=+R0OH,
=Si—-OH+HO-Si= = =S8i—-0-Si=+H,0. (2.6)

Thus in this dissertation, hybrid inorganic-organic epoxy coatings are selected for study
with multiple techniques, such as X-ray and neutron reflectivity (XR/NR), X-ray oft-

specular scattering, X-ray photon correlation spectroscopy (XPCS).

2.3 Characterization of Corrosion

In industry, the performance of corrosion protection coatings are evaluated with two
kinds of methods: outdoor exposure and accelerated weathering tests”. For the former,
materials being evaluated are placed under outdoor conditions, with sunlight and

11



temperature variations. Such as test provides a good evaluation of how the material will
perform in the environment it is supposed to be used in, although such tests take a long
time. For the accelerated weathering tests, conditions such as radiation, humidity, and
specific chemical environment can be controlled, attempting to rapidly simulate corrosion
in materials during outdoor exposure tests. It usually takes less time for corrosion to happen
in accelerated weathering tests, but the results cannot be directly used to predict the lifetime
of the coating under normal use conditions. This difficulty arises because the mechanisms
by which the sample corrodes are usually different for the two testing methods. Accelerated
weathering tests are still used to eliminate candidate coatings with weaknesses. There are
long time endeavors to establish a correlation between the two methods (Figure 2.1), but

results are not satisfactory.
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Figure 2.1 Illustration of the type of ideal correlation between the outdoor exposure test
and the accelerated weathering test that researchers have hoped for. However, no
correlation has been developed. Adapted with permission from J. Polym. 2016, 1-14.

Copyright (2016) Hindawi.

In order to make faster evaluations, a nanoscale understanding of the water/electrolyte
diffusion into the interface, and the corrosion process is necessary. Scanning Kelvin probe
and in situ infrared spectroscopic measurements of water/electrolyte diffusion performed
by Wapner et al.” indicate the diffusion rate of D>O along the interface between an epoxy

coating and iron is two orders of magnitude larger than the penetration. The hydrated ion
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diffusion rate is also larger along the interface than that through the coating. A lateral
diffusion cell (Figure 2.2) and a penetration cell (Figure 2.3) were used in their study. A
silicon crystal at the bottom allows the total reflection of the infrared beam. D>O was used
instead of H»O since the D>O infrared bands and those from the epoxy coatings used in the

study do not overlap.
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o *o
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o O-Ring
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D’)O(g) )
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ATR-crystal
B
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Figure 2.2 Experimental setup for lateral diffusion coefficient measurement with scanning
attenuated total reflection infrared spectroscopy (ATR-IR). Adapted with permission from

Electrochimica Acta 2006, 51 (16), 3303-3315. Copyright (2006) Elsevier.
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Figure 2.3 Experimental setup for penetration diffusion coefficient measurement with
FTIR microscopy. Adapted with permission from Electrochimica Acta 2006, 51 (16),

3303-3315. Copyright (2006) Elsevier.

X-ray and neutron reflectivity (XR/NR) have also been employed in the probing of
water diffusion independently by several research groups. Vogt et al.®® explored the
absorption of moisture in supported poly(4-tert-butoxycarbonyloxystyrene) (PBOCSt)
films on AlO; sputter coated silicon wafers. The interfacial concentration of water was

decreased with an increase in the hydrophobicity of the interface, as shown in Figure 2.4.
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Figure 2.4 Concentration profiles derived from NR data for PBOCSt films supported on

AlL0Os. The total concentration of D>O (filled) is shown as a function of the distance from

solid Al,O3;. The difference between these two curves is because of the diffuse

ALOs/polymer interface. Surfaces were (a) neat AlOs, or treated with (b) tert-

butylphosphonic acid, (c) phenylphosphonic acid, and (d) n-octyltrichlorosilane (OTS).

Adapted from Langmuir 2005, 21, 2460-2464. Copyright Not subject to U.S. Copyright.

Published (2005) American Chemical Society.
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Silane molecules have been used for some time for the modification of adhesion of
organic coatings with metals. Schaefer et al.3! studied the interface morphology formed
with the application of silane or siloxane coupling agents to improve adhesion between
metal surfaces and epoxy-based coatings to understand the mechanism of adhesion. The
study indicated that the silane coupling agents are enriched the interface between the metal
surface and the coating (Figure 2.5), improved the epoxy coating protection properties and
reduced the water volume fraction in the coating to half of the value found without the
coupling agent. The reflectivity curves and best fit scattering length density (SLD) profiles
are in Figure 2.6. From the detailed shape of the variation of reflectivity with scattering
vector, the depth profiles of scattering length density can be inferred; these were related to

the morphology. How this is done will be explained in section 3.1.1.

Epoxy

Metal Substrate

Figure 2.5 Silane enriched hydrophobic dense substrate/coating interfacial layer. Adapted
with permission from Langmuir 2008, 24, 13496-13501. Copyright (2008) American

Chemical Society.
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Figure 2.6 NR data from (a) epoxy-coated sample, (c) epoxy-silane mixture coated sample

at different time intervals when exposed to D>O vapor, and best fits using model SLD

profiles for (b) epoxy coated sample and (d) epoxy-silane mixture coated sample. Adapted

with permission from Langmuir 2008, 24, 13496-13501. Copyright (2008) American

Chemical Society.
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Hydrophobicity of the substrate surface may not be the only physical property that
appears to influence the movement of water into the coating. Karul et al.®? illustrated that
for a series of poly(n-alkyl methacrylates), when the alkyl chain length increases, the
moisture uptake decreases, since the polymer becomes less hydrophilic. A series of poly(n-
alkyl methacrylates) were used in their work: poly(methyl methacrylate) (PMMA), poly(#n-
butyl methacrylate) (PnBMA), and poly(n-octyl methacrylate) (PnOMA). The equilibrium

moisture uptake for these poly(n-alkyl methacrylates) are in Figure 2.7.
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Figure 2.7 Equilibrium moisture uptake into supported thin films of PMMA(11 nm),
PnBMA (12 nm) and PnOMA (11 nm). Adapted with permission from Polymer 2009, 50

(14), 3234-3239. Copyright (2009) Elsevier.
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Very recently, XR and NR were used in the investigation of iron corrosion in a marine
environment by Wood, et al.®* The corrosion of thin iron films on silicon wafers with
electron-beam deposition were characterized with both XR and NR (Figure 2.8). The
dissolution and formation of voids underneath the surface were observed in artificial
seawater, with relevant XR and SLD profiles in Figure 2.9. Two treatments, ultrapure water
soaking or UV/ozone exposure were able to enhance the iron surface protection for an
extensive period of time, most of the iron film remained even after 42 days. Different
potential corrosion inhibitors with chemical structures shown in Figure 2.10 were explored:
DTAB did not improve the corrosion protection of the iron surface, SDS accelerated
corrosion, and bis(2-ethylhexyl)phosphate demonstrated an enhancement of protection.
Differences were elucidated in terms of preferential adsorption of these inhibitors at anodic

and cathodic surfaces®>.

S Y . f

Figure 2.8 Cartoon for the characterization of iron thin film with X-ray and neutron
reflectivity (XR/NR). Adapted with permission from Langmuir 2018, 34 (21), 5990-6002.

Copyright (2018) American Chemical Society.
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Figure 2.9 (a) XR data (points) and model fits (solid lines) for iron film before and after
exposure to artificial seawater for 3 h and 24 h. Data offset vertically for clarity. (b) Best
fits using SLD profiles of the model. Adapted with permission from Langmuir 2018, 34
(21), 5990-6002. Copyright (2018) American Chemical Society.
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Figure 2.10 Chemical structures for (a) dodecyltrimethylammonium bromide (DTAB), (b)
sodium dodecyl sulfate (SDS), and (c) bis(2-ethylhexyl)phosphate. Adapted with
permission from Langmuir 2018, 34 (21), 5990-6002. Copyright (2018) American

Chemical Society.
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2.4 Graphene as a Corrosion Protection Barrier

Graphene has various exceptional properties such as impermeability, transparency,
thermodynamic stability and flexibility*'%4#> Intensive efforts have been made in the
fabrication of graphene with high quality and on a large scale®, both for academic and
industrial purposes. As a perfect two-dimensional crystal material, graphene has been used
in membranes, energy, coatings, sensors and electronics, composites, and biomedical drug
delivery®’. Since 2012, graphene has been used in the inhibiting coatings*®* to provide a
solution to corrosion, one of the greatest challenges faced by the steel industry®. Its
impermeability to all molecules, including gases and electrolytes, makes graphene an
exceptional candidate as an anticorrosion coatings®’. Although there are some different
arguments and concerns about the utilization of graphene in the corrosion protection area*?
based on its inertness at the joint between different metals in the galvanic reactions, and
the fact that more reactive metal will corrode preferentially (Figure 2.11), multiple
independent research groups reported substantial improvements of the anti-corrosion
properties of coatings with graphene or functionalized graphene’®-3%4188-91" due to the

impermeability of graphene as displayed schematically in Figure 2.12.
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Figure 2.11 (a) The galvanic sequence with various metals and graphite in order of
tendency to corrode, (b) An anodic coating (e.g. Zn) as a protection layer for steel in case
of scratching, (c¢) In contrast, with a cathodic coating, local corrosion at scratches
accelerates, (d) localized corrosion seriously weaken the metal by etching through grain
boundaries. Adapted with permission from Nature Nanotechnology 2017, 12, 834-835.

Copyright (2017) Springer Nature.
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Figure 2.12 A schematic diagram for functionalized graphene coating. Adapted from
FlatChem 2017, 1, 11-19. Permission Not Required for Non-commercial Use. Copyright

(2017) Elsevier.

It is also possible that the polymer chain mobility next to the surface with the substrate
is related to the mechanism of corrosion. Certainly, the movement of water to the interface
and along the interface could readily be imagined to be influenced by the mobility of the
chains. However, the study of chain dynamics near a buried interface is very challenging.
Inevitably, to see the motion of chains one must introduce a contrast mechanism for the
experimental probe being used. However, recent work by several groups®? has shown that
the mobility of the chains immediately at the substrate impact behavior through a depth up
to several Ry away from the substrate for the case of non-crosslinked melts. If the polymer

film is made thin enough, changes in collective movement of the chains, as manifested in
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hydrodynamic motion characterized by viscosity impact the collective dynamics of surface
fluctuations at the surface of the film. In this work, XPCS will be used to probe such
fluctuations in the case that the substrate surface is modified with graphene in the hope that
this may suggest additional insights into how graphene could impact corrosion protection.
Additionally, the surface dynamics of entangled melt films is an important problem from
the perspective of both science and technology. Surface dynamics can be adjusted through
the modification of substrate chemistry®?, through which the properties such as wetting,
adhesion***’_ and tribology can be modified. Graphene, as a monolayer of sp? carbon atoms
in an aromatic hexagonal lattice, alters the surface dynamics of substrate adsorbed melt
polystyrene (PS) thin film substantially compared with that on silicon. The investigation
of surface dynamics with XPCS will benefit applications in areas such as wetting and
adhesion, which will also help better understand the role of graphene in the corrosion

protection.

2.5 Statement of the Problem

In this research, three central questions were tackled. In the first part, the influence of
ions on the water diffusion rate was investigated with XR/NR/EIS and in particular such
diffusion in the polymeric films was studied in two different directions: vertical movement
through the film, denoted as “penetration” and movement along the interface between film
and substrate, denoted as “lateral diffusion”. The probing of the changes over a short length

scale (nm) and short times (hours) is key for advancing the understanding of water and
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electrolyte movement in organic coatings, which is considered as a first step in

understanding metallic substrate corrosion.

The second question tackled was “How does the epoxy/metal interface morphology
change upon exposure of the interface to water or electrolyte?”. The novel approach taken
is to use X-ray off-specular scattering and atomic force microscopy (AFM) to probe on the

nanometer length scale an interface otherwise very difficult to quantify.

The third question is how the modification of a substrate surface through the
deposition of graphene changes the chain motion at that interface. That interfacial motion
is probed indirectly by measuring the surface fluctuations of a thin melt film of polymer
chains which are affected by changes at the buried interface. This thin melt film serves as
a model system readily connected with other studies on surface fluctuations in the literature
and further study are needed to connect the insights for the annealed, uncrosslinked melt
film with the case of a polymer coating that is annealed, but which crosslinks when at

elevated temperatures.
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CHAPTER III

EXPERIMENT

3.1 Scattering Characterization Methods

The use of a suite of scattering characterization methods including X-ray/neutron
reflectivity (XR/NR) and X-ray off-specular scattering provided answers to the central
fundamental research questions just summarized. These scattering methods can
nondestructively and sensitively probe surfaces and interfaces in situ with depth resolution
of 1-2 nm. The probing of changes on this short length scale, and also over a short time
period is a key for advancing the understanding of the diffusion of water or electrolyte,
disruption of interface morphology and changes in the mobility of chains adjacent to a
substrate when the substrate surface is modified to engineer interactions at that interface.

The principles of these scattering methods are discussed in this chapter.

3.1.1 X-ray and Neutron Reflectivity (XR/NR)

X-ray reflectivity (XR) and neutron reflectivity (NR) are nondestructive techniques
to study thin film properties on the nanoscale, and are widely used in situ, especially in
studies of kinetics. XR and NR are carried out with the reflection angle equivalent to that

of incidence, i.e. they collect the specular scattering, as shown in Figure 3.1. The difference
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between XR and NR originates from the differences in the scattering lengths, b, to which
they are sensitive. For XR, b is a function of electron density. For NR, » depends on the
character of the atomic nuclei in a material, which varies even with isotopic identity. Film
properties derived from XR and NR include the film thickness, roughness, and the depth

profile of scattering length density (SLD), which depends on the elemental composition
and film mass density. Generically, SLD can be calculated using SLD = % (X b)), in

where p is the mass density; Ny is the Avogadro's number; b; is the scattering length of
element i; and M is the reference chemical structure molecular weight for which the sum

over i 1s calculated.

Generally, an incident beam with a wave vector k; (|ki| = 2m / 1) coming at a certain
angle with respect to the surface interacts with the film through absorption and scattering.
The radiation reflected at the angle of 26 with respect to the incident direction is described
with a wave vector ks. The momentum change with this scattering is defined by the
scattering vector g = ks - ki. For reflectivity, the scattering vector magnitude is q = 4n-sinf/4,
which involves the incident beam wavelength and the incident angle. For specular
reflectivity, the scattering wave vector ¢ = ¢,, is perpendicular to the film surface. Thin
film properties can be derived from the analysis of reflectivity, when and only when there
is enough contrast among different layers of the film. Contrast comes from the difference

in SLD values for different parts of the sample.
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Figure 3.1 Schematic of specular scattering. For reflectivity (specular scattering), the

scattering wave vector is perpendicular to the sample surface, in which case ¢ = ¢..

The quantity of reflectivity, which is the ratio of the reflected radiation intensity to
the incident beam intensity at an interface, is determined by the refractive indices, #;, of the
two materials adjacent to that interface. For X-rays and neutrons and condensed matter, the

value of the refractive index is a little less than one,
n=1-6+if, (3.2)

where 0 is the real part describing the real portion of the atomic scattering and f is the
imaginary part describing the absorption part of the atomic scattering. The real portion of
the refractive index can be illustrated in terms of electron density, pe,

AZ

8 = o Pelo s (3.3)

where 1 is the wavelength of radiation and r, is the classical electron radius (2.82 x 107
nm). The absorption part of the atomic scattering factor is determined by the mass

absorption coefficient, y,
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p="1 (3.4)

41

For neutrons the imaginary part is generally small compared with the real part, and the real

part can be described by
22 (b
s=2(2). (3.5)

where b/V is the scattering length density (SLD) For most materials, the value of ¢ for both

XR and NR is on the order of 10 A2,

Reflectivity curve detailed features influenced by correlations in electron density or
refractive index in areas probed in the experiment are depicted with differential scattering

cross-section, do/dQ(q), which can be divided into three terms,
2 (q) = 13(Bp)2S1S(q) . (3.6)

The first term, r¢(Ap,)?, is the contrast factor, reflecting mean square SLD
fluctuation in the probed system. The second one S is the total interface area in the probed
volume, varying with the illuminated volume and phase volume fractions. The last one is
the structure factor S(q), dictated by the interfacial structure, regardless of the chemistry of

the sample.

According to the law of reflection, the angle of reflectance is equal to the incident

angle, 6, and following Snell’s law, the refracted angle, 61, can be derived by

n-cosf = ny - coso,. 3.7)
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As 6 is declining to zero, a critical value, 6, will be reached under which circumstance
the refracted angle is zero. 6. for incidence from vacuum can be related to the refractive

index by
ec=m=x\/§. (3.8)

When the angle of incidence is above the critical angle, a portion of the radiation will
be refracted. The reflectivity, R, is the ratio of the reflected intensities to the incident field

amplitudes. For an ideal interface, the reflectivity R is derived by Fresnel et al®?,

2
kzo—kz1

kzo+ kz1

R =

(3.9)

which applies to both X-ray and neutron radiations. From Porod’s law®?, for 6 > 6,

reflectivity decreases rapidly as a function of ¢, where ¢ is equal to 2k.

An XR curve example is in Figure 3.2. It comes from an epoxy film on top of a 40 nm
aluminum layer on a silicon wafer, Epoxy/Al/Si. Large amounts of information can be
derived from the analysis of an XR curve. (1) The envelope of the reflectivity decreases
rapidly, as a function of ¢ for smooth interfaces; for rough interfaces, the reflectivity
decays faster than g™, (2) The decrease in intensities starts immediately after g, = gc, which
is the critical edge determined by the larger of two SLDs, either of the substrate or of the
film. (3) Kiessig fringes emerge after the critical edge, due to the interference from
reflections from several interfaces within the sample. Two distinctive spacings of fringes
correspond to different layer thicknesses in the sample. The spacing between adjacent

fringes can be used to estimate the layer thickness of the film,
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d= -, (3.10)

IR

where d is the layer thickness, and Aq, is the difference in g, between adjacent maximum

or minimum of the fringes under the circumstance of g > q.. Otherwise, Aq, should be

calculated as Aq = \/qi1 —q¢ - \/qu — q2, where gj,1 is the value of ¢ at the position of

the (j+1)™ maximum or minimum in vacuum or air, g; is the value of g at the position of
qi q p

the j™ maximum or minimum in vacuum or air, and g. is measured in vacuum or air.

A detailed analysis of the reflectivity data based on a multilayer structural model
nonlinear least squares regression using software MotoFit developed by Andrew Nelson
from the Australian Nuclear Science and Technology Organisation gives more parameters
such as layer thickness, roughness, and SLD depth profile (Figure 3.3), which is dictated
by the film elemental composition and mass density. The quality of the fitting is

characterized by

_p)2
22 =y, B 3.11)

n+1 oj

in which y? is a depiction of the difference between the experimental data and the fitting

from the multilayer structural model.
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Figure 3.2 X-ray reflectivity (XR) with the nonlinear least square regression using a

multilayer structural model for the sample Epoxy/Al/Si.
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Figure 3.3 SLD profile corresponding to the best fit of the XR curve using a multilayer

structural model.
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3.1.2 X-ray Off-specular Scattering

In off-specular scattering, the angle of reflection is different from the angle of
incidence, usually within a few degrees from the specular condition; it is a type of small
angle scattering. The intensity is also collected as a function of the scattering wave vector,
¢, which is the wavevector transfer in the scattering, g = ks - ki. In scattering experiments,
the reflectivity measured at the specular condition is generally lower than that of the
theoretical value, attributing to these off-specular scattered radiations. The scattering wave
vector, ¢, in specular reflectivity is perpendicular to the sample surface, from which root
mean square roughness (rms) can be derived. The reflected specular radiation corresponds
to the coherent component of the reflected beam. In off-specular scattering, ¢, from which
lateral correlations and interfacial jaggedness can be obtained, has components both
vertical and parallel with respect to the sample. Such off-specular scattered beam originates

from the incoherent portion of the reflected radiation®.

The grazing incidence off-specular scattering using X-rays was first observed by
Yoneda® in the 1960s. The explanation of the intensity variation resulting from off-
specular scattering”® started in the 1970s. Efforts to understand the off-specular X-ray
scattering from rough surfaces involve the description of the scattering from an “interphase”
of finite thickness into the interfacial problem. The interface structure described using
correlations at the interface and composition variation across the “interphase” is considered
an indirect description. Such methods include Born approximation'’-7 and Distorted Wave

Born Approximation'”?8 (DWBA). In Born approximation, the reflection is considered as
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a scattering from independent electrons being irradiated. The DWBA assumes that the

undisturbed states correspond to two different wave fields in an ideal system®®.

3.1.2.1 Born Approximation

Born approximation is based on the scattering from a single rough surface as the
simplest approach in which the atomic structure will be ignored!’. This assumption is valid
in small angle scattering measurements where ga < 1, in which g is the scattering wave
vector, and a is a typical length scale for the inhomogeneity within the surface. The

differential cross section is composed of the specular and off-specular components,

do

2 2 . I/ . ! !
o= %ﬂ% dxdy ﬂso dx'dy’ - ezl -2(x"yNlg=ilax(x=x")-ay(y=y")l  (3.12)

in which S is the (x, y) plane surface, z(x, y) is the surface height above the plane surface
at (x, ), and Ap, is equivalent to p, of the condensed medium®. It is assumed that
[z(x,y) — z(x',y")] is a Gaussian random variable with its distribution as a function of the

relative plane surface coordinates (X,Y) = (x' —x, y' —y),
gX,Y) = 2([z(x",y") — z(x, )]?) , (3.13)

and C(X,Y) = (2(X,Y)z(0,0)) = 62 — - g(X,Y) (3.14)

where C(X,Y) is the height-height correlation function. Assume g(R) approaches zero with

some finite R, the scattering function Sair(q) is

20.2 ]
Saigr (9) = o [f, dXdy (e — 1)eilaxsam) - (3.15)
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Numerical methods were used to solve equation (3.15) by Sinha et al.? using a self-

affine model. When the surfaces are isotropic,
gX,Y) =g(R) =AR*" (0<h<1), (3.16)

in which R = (X% + Y?)¥2, 4 is an arbitrary unit vector, and / is a description of the
jaggedness, with 4 = 0 describing an extreme jagged surface, and 4 = 1 depicting a smooth
surface. For self-affine rough surfaces, at large distances the surface appears flat, since
|z(R) — z(0)|/R approaches 0 as R approaches oo, but when R < R,, where

1

R = A2a-hy | (3.17)
The surface appears to be fractal, with the fractal dimension of
Ds=3—-h. (3.18)

Equation (3.16) is an ideal case, while the root mean square roughness may saturate

at a value of o2. Under this circumstance,
g(R) = 2021 — e~ ®/D™"] | (3.19)
in which ¢ is a cutoff length for the roughness.

The born approximation is considered to be valid when the ¢, value is large enough,
q,0 > 1. Below the critical angle for total reflection, born approximation cannot be used
in describing the reflectivity below unity because of the losses due to off-specular
scattering. Additionally, when the electron density contrast Ap, becomes small, the diffuse
scattering is less pronounced, which makes it difficult to investigate a polymer/polymer

interface with X-ray off-specular scattering.
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3.1.2.2 Distorted Wave Born Approximation (DWBA)

A more rigorous formalism established to describe the off-specular scattering is the
distorted wave born approximation (DWBA). The DWBA is a time-dependent first-order
perturbation theory!®, in which a perturbation theory is involved®. The crucial
approximation of the DWBA is the use of a perturbation on the exact solution; it takes the
refraction at a smooth interface into consideration. The X-rays obey the stationary wave

equation,

C(x'}’) :V1(x'}’)+V2(x'}’)a (320)

in which V' is the interaction potential, with 7 corresponding to the average smooth
interface. The incident beam wave vector, reflected beam wave vector, and transmitted
beam wave vector for the smooth interface are ky, ki, and ki, respectively. V> is the
perturbation on V7 resulting from roughness, in which a time reversed scattering is
considered, in which —k,, —k,, and —k}, are the incident beam wave vector, specular

reflected beam wave vector and transmitted beam wave vector, respectively.
The scattering intensity in DWBA is calculated by Sinha et al.?,

|k3(1-n2)*

do
5], = Loty B i) PTG S (321)

in which k; and k, are the incident and scattering wave vectors, respectively, while ko is
the magnitude of the wave vector. S(q") is the Born approximation with g replaced by the

value of the medium under the interface.

S(qt) = | :lz

qz

e7(@) +(af) %2 [f,, dxdy eilaxsa) el con — 1y 3.22)
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The DWBA expression is similar to that of Born approximation in the diffuse
scattering cross section. The major difference is that the transmission functions for the
incident and scattered radiations are considered in the DWBA, and the wavevector transfer
in the medium (qf) is used instead of that in the vacuum (q,). The inclusion of the
transmission coefficient in equation (3.21) predicts an important feature of the off-specular
scattering, i.e. the occurrence of a maximum in the off-specular scattering when either the
angle between the surface and ki or k> is equivalent to the critical angle, 8.. These peaks
are referred to as Yoneda peak®, named after Yoneda who first observed such an angle in

a rocking curve scattering experiment.

For g,0 < 1, the DWBA works well, while the Born approximation diverges rather
than saturates at total reflection. Conversely, when q,0 > 1, Born approximation is
considered to be a more accurate description, while the DWBA yields an estimate too large
for reflectivity, as a result of the Fresnel eigenstates which form the basis for the
perturbation theory. Furthermore, on a rough surface, |R|? < 1, and g, is smaller than g,
(g2 = 4k2(1 —n?)), which is the value of g, at the critical angle in specular reflection

because of off-specular scattering losses, though DWBA does not correctly show this.
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3.1.3 X-ray Photon Correlation Spectroscopy (XPCS)

Advanced third-generation synchrotron radiation sources made it possible to deliver
coherent X-ray beams with intensities orders of magnitude higher than previously
achievable, which provided possibilities for advanced techniques such as X-ray photon
correlation spectroscopy (XPCS)!91-103 XPCS investigates the dynamics of matter through
the analysis of the time correlations of scattered photons. It usually measures comparatively
low frequency dynamics (10° Hz to 10~ Hz) in a scattering vector, ¢, range of 1 x 107 A"!
up to several A-'. Figure 3.4 illustrates the frequency-wavevector range covered by XPCS
and complementary techniques used in probing the dynamics of disordered systems,
including surface fluctuations. By “surface fluctuations” we mean thermally stimulated
lateral variations in height that vary as a function of time, and happen over a range of length
scales. The capability of XPCS to probe scattering over a certain range of g makes it

suitable for the characterization of such surface dynamics.
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Figure 3.4 Frequency-scattering vector space covered by X-ray photon correlation
spectroscopy (XPCS) and other techniques: photon correlation spectroscopy with visible
coherent light (PCS), Raman and Brillouin scattering, inelastic neutron (INS) and X-ray
scattering (IXS), neutron spin-echo and nuclear forward scattering (NFS). Adapted with

permission from J. Alloys Compd. 2004, 362 (1-2), 3-11. Copyright (2012) Elsevier.
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Figure 3.5 (a) Scheme of the experimental setup for XPCS in reflection geometry. (b) CCD
image of the time-averaged diffuse scattering. (c¢) Simulated time-averaged diffuse
scattering from a capillary wave model for a film sample with thickness 84 nm at 160°C
that provides the best fit with the data in (b). Axes are labeled with pixel numbers. Adapted
with permission from Phys. Rev. Lett. 2003, 90 (6), 068302. Copyright (2003) American

Physical Society.
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If a coherent beam is scattered from a disordered system, it will produce an off-
specular scattering pattern, which is usually referred to as a “speckle pattern”. Figure 3.5
is the time averaged off-specular pattern for an XPCS measurement from the surface of a
film. In the time-averaged pattern the speckles are no longer visible. The speckle pattern at
any moment is connected to the specific spatial arrangement of the atoms at that moment
in the volume near the surface that is probed by the X-rays. Coherent X-ray beams make

such observations!%4

. If the atom spatial arrangement varies in time, the speckle pattern will
change in time accordingly. Its intensity is recorded using a two-dimensional charge

coupled device (CCD) camera downstream of the sample. Both transmission'® and

reflection!®® sample geometry have been used in earlier work.

The XPCS experiments in Figure 3.5 were conducted at 8-ID-I at the Advanced
Photon Source (APS), Argonne National Laboratory, using a geometry and analysis
procedure described in Figure 3.6. The g range used at 8-ID-I for the XPCS measurements
is typically from 10* A-' to 10 A-!. The range of accessible relaxation times derived is
from 107! to 10° seconds with the detector typically used, though very recently fast
detectors have made it possible to push the accessible relaxation times down into the
microsecond range. In principle, XPCS works in the similar way as dynamic light
scattering (DLS). Both techniques require coherence, although the coherence in DLS (done
with visible light) is much better than that in XPCS. That is the reason why XPCS requires

a high intensity third generation synchrotron source.
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Figure 3.6 Schematic of the beamline 8-ID-I for surface XPCS measurements at the
Advanced Photon Source (APS) when run in reflection geometry. Adapted with permission
from Macromolecules 2012, 45 (15), 6210-6219. Copyright (2012) American Chemical

Society.

A partially coherent monochromatic beam of X-ray with its wavelength on the order
of Angstroms makes it possible to detect length scales much smaller than those in DLS.
The incident angle, 6, is below the PS critical angle at this wavelength (0.16°), thus the
penetration of X-ray in the film is limited to 9 nm in depth. Thus the scattering from the
polymer/substrate interface can be neglected. There is scattering from density fluctuations
within that top 9 nm of polymer, but the intensity of that scattering is also negligible
compared to the scattering from the polymer/air surface, where the contrast is much
stronger. The intensity is recorded with a two-dimensional CCD camera downstream of the

sample!'?’

. The fluctuations in the coherent speckle pattern were collected from random
polymer thin film surface fluctuations at temperatures higher than the bulk glass transition

temperature (7gpui). Every time when the speckle pattern is captured, it is referred to as a
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“frame”. The intervals between the frame is the “delay time”. This surface fluctuation is

represented by the normalized intensity-intensity autocorrelation function (g»),

1(ay, t")1(qt’ +t))
(I(ay, t"))? ’ (3.23)

92(q, t") = (

where I(qy,t") is the scattering intensity at wave vector transfer ¢ at time t’, and the
angular brackets denote ensemble average for the delay time, ¢. A single-exponential decay
function, g, = 1 + f exp (—2t / 1), was used in the fitting of the g, data for overdamped
capillary waves!®®, where f is the coherent contrast and 7 is the relaxation time for

equilibrium surface height fluctuations.

Hydrodynamic continuum theory (HCT)?>3%*7 represents the universal dependence of
the normalized relaxation time, /4, as a function of the dimensionless in-plane scattering
vector, g h, for films with different thicknesses, /4, when the temperatures are sufficiently
greater than the 7 puik. The surface of such melt exhibit overdamped capillary waves with
a relaxation time 7 depending on film viscosity (#), film thickness (%), surface tension (y),
and scattering wave vector (g|)!°%. For a sufficiently thick supported melt film and a nonslip
boundary at the film/substrate, the HCT gives the normalized relaxation time /4 as a

function of ¢4 as

T Zn[COShZ(qIIh)JF(quh)Z]
ho yqyh[cosh(q h)sinh(qyh)—qh]’ (324)

in which the normalized relaxation time, 7/4, changes in a universal way as a function of
the dimensionless in-plane scattering vector, gh. According to HCT theory, for a given

temperature and a given polymer but different thickness, /4 and g4 should collapse onto
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a single universal curve. A deviation from this universal curve will be evidence of the

existence of confinement effects.

Full frame mode is used to capture the off-specular scattering, in which the whole area
of the CCD camera was used. Full frame mode is good for slow surface fluctuation (100
seconds < 7 <2000 seconds) characterization. Speckle pattern sequences are collected as a
function of time. The time intervals between two contiguous frames, “sleep time”, will be
increased when the relaxation time is large, in order to avoid radiation damage. During the
sleep time, a fast shutter is used to block the X-ray to reduce X-ray exposure on the spot
being studied. Using the dynamics measured at multiple spots will further reduce beam
damage and also get better statistics from their averaged autocorrelation function. X-ray
reflectivity (XR) measurements are conducted before and after each measurement of XPCS
to compare the film thickness to leave out results from severe beam damage; comparisons
between correlation functions derived from the first and second half of the frames are made

to exclude other suspicious results from beam damage.

3.2 Complementary Characterization Methods

In addition to the scattering methods introduced, several complementary
characterization techniques are used to provide additional information in the analysis of
thin film properties in order to better understand the water/electrolyte diffusion, interface

morphology disruption and surface dynamics of polymer films adsorbed on graphene.
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3.2.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is an established type of scanning probe microscope
(SPM) that collects images of surfaces with a physical probe that scans the sample. It is

one of the most broadly used methods in the characterization of surfaces, in areas including

110,111 112

functional nanocrystals!?’, biomaterials two-dimensional crystals''4, and sensor
y 5 ,

113,114

applications . The principle is based on the mechanical probe-surface interactions

between a surface and an AFM tip as a function of position!!>.

The AFM tip is used in a raster pattern to obtain topographic images with nanometer
scale resolution. A series of thin film properties including but not limited to relative height,
surface morphology, roughness, in-plane molecular ordering, and surface defect can be
measured. AFM is sensitive to a various forces, including electrostatic force, van der Waals
force, friction force, and adhesion force. Different modes such as tapping!!®!!7,

120,121

noncontact!!8, contact'!?, chemical force and friction modes!?? have been developed

and applied in different polymer surface studies.

The piezoelectric scanner moves the tip with regard to the sample. This movement is
measured by the deflection of the low spring constant cantilever, on the end of which an
AFM tip is located. Cantilevers available commercially have micrometer-size dimensions,
and spring constants in the range of 0.01 to 100 N/m. The tip has a typical radius of a few
nanometers and a height usually of a couple of micrometers. A feedback loop watches the

tip-sample force!?3-126

and corrects the sample vertical direction position to keep the force
constant in constant-force mode or adjust the force on the sample to hold the vertical

direction position constant in constant-height mode. Tapping mode has high image
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resolution of surface morphology with little damage to the sample by eliminating the lateral
forces inherent to contact mode AFM; thus it is very suitable to study polymer film

properties.

Surface morphology characterized by AFM is complementary to the reflectivity
measurement since the two techniques are based on different principles. Reflectivity
provides statistically averaged information on the sample surface within the entire footprint,
where the sample surface is illuminated with the incident beam. AFM presents an image
of a surface with local morphological details. The footprint in a reflectivity is of several
square centimeters (i.e. 1 cm x 2 cm), where AFM can be done for the maximum surface
area of less than 0.01 cm? (87 pm x 87 um in Dimension Icon). The reflectivity is able to
provide a measurement of the roughness of buried interfaces, while AFM measurements
are limited to the surface of the specimen. All images are obtained at room temperature in
the atmosphere and the rms roughness can be obtained by analyzing of AFM images using

software NanoScope Analysis from Bruker Inc.

To compare surface structure information from AFM images and that from off-
specular scattering, exp[ig-iarm(X, y)] and the squared two-dimensional Fourier
transformation were derived from the surface height profile Zarm(x, y)!'¢. Since the X-ray
measurement integrates over gy, the Sarm(gx, gz) as a function of the X-ray scattering

function S(gx, gz) 18

. . 2
Surm (@ @) = LZ [ dq, - U dxdyelCIzhAFM(x,Y)el(CIxX+CIyy)| . (3.25)
qz
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Each AFM image offers a segment of Sarm(gx, gz) over a certain range of ¢g. Such
Fourier transform of the displacement-displacement correlation function from AFM
images yields the wave number distribution in Fourier spectrum of the rough surface and
describes the power spectral density (PSD)!?7. The agreement between the PSD from AFM
images and X-ray off-specular scattering from a 31 nm PS brush is excellent, as shown in

Figure 3.7.
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Figure 3.7 AFM images of (a) I pm x 1 pm and (b) 10 um X 10 pum areas and (c)
comparison of Sarm(Qx, q-) calculated using equation 3.3 from these two images with the
X-ray off-specular scattering intensities for a 31 nm thick PS brush. Adapted with
permission from Macromolecules 2007, 40, 6361-6369. Copyright (2007) American

Chemical Society.
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3.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy, EIS, measures the impedance variation as
a function of frequency. EIS is done by either applying a series of AC currents and probing
the response of potential or applying a series of AC potentials and measuring the response
of current. Data measured in EIS are usually presented in the form of Bode plot, which
presents phase and log (amplitude) as a function of log (frequency), or in the form of
Nyquist plot, which has the imaginary part vs. the real part of the impedance, but does not
involve the frequency measured at each point. A Nyquist plot example is in Figure 3.8.
Each point on the plot denotes a vector from the origin, corresponding to the magnitude
(modulus) and phase angle of the impedance at that certain frequency. When the frequency
decreases, the impedance increases and shifts along the semicircle in the direction away

from the origin.

Three criteria must be met to get a valid result'?8: (1) Linearity: the system response
should be proportional to the perturbation; this was approached by small amplitude
perturbations; (2) Causality: the system response should be a direct consequence of the

perturbation; (3) Stability: The system should exhibit a single value for a given perturbation.

51



1.2x10°

8.0x10*

Z" [Ohm]

4.0x10*

0.0 : ! : ! : L
0.0 5.0x10* 1.0x10° 1.5x10°

Z' [Ohm]

Figure 3.8 A Nyquist plot of impedance in which x-axis and y-axis are real and imaginary

parts of the impedance, respectively.

52



The three-electrode EIS setup is generally used in the measurement of water or
electrolyte diffusion or coating degradation. A schematic for this set up is in Figure 3.9. A
perspex cylinder is attached to the coating with an O-ring and a glass tube clamp. The
coating surface within the O-ring is the testing area. The cylinder is filled by working fluids,
either water or electrolyte such as 3.5 wt % NaCl aqueous solution. A three-electrode
system used in this setup includes a saturated calomel reference electrode, a platinum
counter electrode, and a working electrode which is the metal substrate!?®. Usually, EIS

measurements are done at room temperature, 25°C.

Appropriate equivalent electrical circuit (EEC) is necessary in the evaluation of the
EIS data. A schematic diagram for a simple model for organic coatings on metal substrate
in Figure 3.10 is proposed by Mansfeld et al.'** In this model, Rs denotes the electrolyte
resistance, R. refers to the coating resistance, and C. is the coating capacitance. For a
coating in dry condition, the Zr and R. are large enough that the total impedance is RsC-.
As a consequence of the water/electrolyte diffusion into the coating, the EEC turns into
Rs(CcR.). These EEC elements have similar characteristics to the actual processes being
considered, and the parameters used in the fitting between these EEC elements and real

data are adjusted to achieve the optimal fit.
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Figure 3.9 A schematic of the three-electrode EIS setup. Adapted with permission from

Prog. Org. Coatings 2013, 76 (11), 1674-1682. Copyright (2013) Elsevier.
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Figure 3.10 Equivalent electrical circuit (EEC) used in the fitting of EIS data for organic

coatings on metal substrates.
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3.2.3 Spectroscopic Ellipsometry

Ellipsometry was developed in the early 1970s as an optical technique utilizing the
reflection of light from samples. It is widely used in the measurement of thin film thickness
and properties!3!"13%, Ellipsometry is used both in academic research areas such as surface
and interface science, and in industries such as optical coatings, dielectrics, and composites

of materials.

Ellipsometry measures the variation of a polarized light upon its reflection on the
surface of a sample. Light can be depicted as an electromagnetic wave; the polarization of
light refers to electromagnetic wave behavior as a function of time in space. The
propagation direction of a wave is orthogonal to its electric field; consequently, a wave
travelling by the z-direction could be represented with its x- and y- components. The
electric field of the light used in ellipsometry follows a specific path, which is recognized
as polarized light. When the two orthogonal electric waves are in-phase, the radiation after
its reflection on the surface will be linearly polarized, and the orientation is dictated by the
relative amplitudes of the two light waves. An elliptical polarization is a combination of

two orthogonal waves with arbitrary phase and amplitude, as revealed in Figure 3.11.

The polarization variation is described using two parameters, phase angle, A, and
amplitude ratio, W. These two parameters depend on the thickness of films and optical
properties such as refractive index. A complex ellipsometric parameter, p, is associated

with the amplitude ratio, phase angle, and complex Fresnel reflection coefficients,

p= i—p = tanWe (3.26)

N
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in which Rs and R, are the complex Fresnel reflection coefficient for s- and p-polarized
light, respectively!3*. A schematic of an ellipsometry experiment is in Figure 3.12, in which
the incident light is linear with p- and s- components. Ellipsometry measures the phase
angle and amplitude of the reflected light for both the p- and s- polarized light. From
ellipsometry measurement, the optical constants and film thickness can be garnered. The
optical constants extinction coefficient &, and refractive index #n, can be correlated to the

real &;, and imaginary ¢€,, components of the dielectric function, «.

& = n? —k?

&, = 2nk (3.27)

The raw data from the ellipsometry measurements are usually presented in the pseudo-

dielectric function,

(€) = (e,) + ile,) = sin?(8) [1 + (1‘")2 tanZ(H)] (3.28)

14p
in which @ is the incident angle, p is defined by the equation 3.26.

The analysis of the ellipsometry data is based on the construction of a proper model,
calculating its predicted response with Fresnel’s equations, and comparing the calculated
values to experimental data. The unknown material properties such as optical constants and
film thickness are varied to improve the fitting between the model and experimental data

until the smallest mean squared error is reached, following the general regression routine.
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Figure 3.11 A schematic of two orthogonal electric waves and the resulting polarized light.

Adapted from J.A. Woollam Co. http://www.jawoollam.com (accessed Sept 10, 2018)
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Figure 3.12 A schematic of a spectroscopic ellipsometry measurement. Adapted from J.A.

Woollam Co. http://www.jawoollam.com (accessed Sept 10, 2018)
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3.2.4 Raman Spectroscopy

Raman spectroscopy is broadly utilized in the characterization of both the quality and
the number of layers of the graphene!3>!136, It gives data averaged over a large area and
provides a chemical fingerprint of the graphene. There are three graphene signature peaks
in its Raman spectrum: G mode at ca. 1580 cm™!, D mode at ca. 1350 cm™!, and 2D mode
at ca. 2670 cm™!, which is a second order D mode requiring no defects for activation'*7-13,
The G mode, D mode and 2D mode are a doubly degenerate zone center E2, mode, a ring-
breathing mode that is activated near defects, and a second order D mode requiring no
defects for activation, respectively!#’. Information regarding the graphene quality and the
number of layers can be derived from the analysis of the line shapes, positions, and relative
intensities of the modes'*!'~143_ It has been well accepted that the 2D peak to G peak (I2p/1c)
intensity ratio and the 2D peak average full width half maximum (FWHM) are key
parameters reflecting the charge impurities on the graphene surface!*+-146, from which the
number of graphene layers and the grain size can be estimated!*’. The grain size can be
derived from Ip/I¢ using the equation'*® Ip/Ig = C (X) / L4, in which A (nm) is the wavelength
of incident light, L, (nm) is the grain size, and C (A) is a constant as 2.4 x 1071914, As the
graphene layer number increases, FWHM increases and the Ip/l decreases!**!1>°. When

the I2p/Ic from the Raman spectra is larger than one, it is considered to be a monolayer of

graphene.

58



3.2.5 Nanoindentation

Nanoindentation can be employed in the measurement of the hardness and elastic
modulus of a material through the analysis of the load-displacement curve during the
loading and unloading processes!>!~!>3, Nanoindentation was used in the investigation of

poly(ethylene terephthalate) by Ion et al.!>*

in 1990 and subsequently in the
characterization of poly(methyl methacrylate) by Briscoe et al.'>> in 1996. The force-
displacement curve represents the load variation as a function of displacement during the
process of pressing the indenter continuously into the film being measured and also the

unloading process'>?

. The unloading curve analysis is shown in Figure 3.13. Anax refers to
the maximum indenter displacement when the maximum load, Pmax, is applied. /: denotes
the residual displacement, and /. describes the elastic deformation, which comes from the

intercept of the tangent line from the unloading curve and the displacement axis. Stiffness,

S, is the tangent line slope at the maximum displacement.

S

(%g) . (3.29)

hmax

Geometrically, it follows that,

hc = hmax - (;%) = hmax - (g) . (330)

= h
O/ B ax max

Analytical approaches are used in the evaluation of the stiffness, S, at the maximum

penetration depth, by fitting the data for the unloading process to the functional form,

P=a(h—h)™ (3.31)

59



B max

B
Load Perfectly
plastic material
.///
I . .
. Viscoelastic
™~ - plastic
. . —
Loading ~ [l material
e ~_ 1 o
N 1 . -~
Unloading S \Q .. 77*.4 -
A T
AN A,
. \‘\ \\_
hr hel max »>
Displacement

Figure 3.13 A schematic of a tip used in nanoindentation measurements, and a load-
displacement curve including both the loading and unloading processes. Adapted with
permission from J. Phys. D. Appl. Phys. 1998, 31, 2395-2405. Copyright (1998) 10P

Publishing.
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in which @ and m are the fitting parameters. The parameter m is a power law exponent
depending on the indenter geometry. « is determined from the sample Poisson’s ratio, the
sample elastic modulus, the geometric constants, the indenter Poisson’s ratio, and the
indenter elastic modulus.

After obtaining a best fit, a derivative, the contact stiffness, S, applied at the point with

151

the maximum loading is derived analytically'>' using the expression,

S =2aE, = %Er\/z : (3.32)

in which a is the contact radius, 4 is the projected contact area, and E: is the reduced

modulus. E; describes the deformation from both the indenter and the sample!3,

L (3.33)

where E, Ei, v, and v; are the sample elastic modulus, indenter elastic modulus, Poisson’s
ratio of the sample, and Poisson’s ratio of the indenter, respectively. The normal hardness

is evaluated using the general formula!*2,

H(h,) = fmax — Pmax (3.34)

2 >
Amax chg

in which c is a constant characteristic of the indenter geometry. Paraboloid of revolution,
flat-ended cylindrical punch, cone, and Berkovich are four tip geometries commercially
available. When thin films on substrates of much larger modulus are studied with
nanoindentation, in order to obtain quantitative analysis one must account for the properties

of the film and also the substrate. Qualitatively it may still be possible to see differences
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between thin films on such a hard substrate, but the modulus (hardness) of the substrate

plays a significant part in affecting the shapes of the curves.

3.3 Sample Preparation
3.3.1 Silicon Wafer

N-type [1 0 0] prime silicon wafers (El-Cat Inc.) were used for X-ray and neutron
scattering experiments. The thicknesses of the silicon wafers used in the X-ray and neutron
scattering experiments were 0.7 mm and 5 mm, respectively. Organic impurities on the
surface of each silicon wafer were removed by placing in piranha solution (H>2O2:H2SO4 =
3:7 by volume) at 100 °C for 30 min (Warning: Piranha solution presents an explosion
danger and should be handled with extreme care, it is a strong oxidant and reacts violently
with organic materials. All work should be performed in a fume hood. Wear proper
protective equipment.) The native oxide layer was etched by submerging the clean wafer
into a 1% aqueous solution of hydrofluoric acid for 1 minute, rinsing with ultra-purified

water and drying with high-purity nitrogen (N2) gas.

3.3.2 Aluminum Substrate

Aluminum was selected as the metal of choice in this study because of its wide
application in areas such as automobiles'®S, aircraft!>’, and aerospace!>®!>°, In the
scattering study of thin films, including X-ray/neutron reflectivity (XR/NR) and X-ray off-
specular scattering, samples must meet rigorous requirements, such as planarity,

smoothness, thickness uniformity and also sufficient electron density differences between

62



the different components to be distinguished®. A crucial part of the sample preparation is
depositing aluminum thin films on the silicon wafer substrates controllably and
reproducibly. There are various techniques to make such films, including direct current
(DC) magnetron sputtering and thermal evaporation. Both techniques are physical vapor
deposition (PVD) processes in which the material starts from a condensed phase, moves to
a vapor phase and eventually back to a condensed phase in the form of a thin films. PVD
is widely used in the preparation of thin films and differs from chemical vapor deposition
(CVD) by the absence of chemical reaction at the surface of the coated substrate. Both
direct current (DC) magnetron sputtering and thermal evaporation were employed in the

preparation of the aluminum substrates used in this work.

3.3.2.1 Direct Current (DC) Magnetron Sputtering

Direct current (DC) magnetron sputtering is based on the principle of PVD that a
portion of the target is vaporized and deposited on the substrate as a film through adsorption
and diffusion of atoms. The deposition of aluminum!®%!®! and co-deposition of aluminum
together with other kinds of metals'®? have been the subjects of intense research over three
decades!®-1, DC sputtering functions with a constant voltage and offers controllability
and uniformity over a relatively large area on the substrate!62. A schematic of the Denton
Vacuum Discovery 550 Sputtering System used in the Center for Nanoscale Science and
Technology (CNST) NanoFab Class 100 Clean Room located in the National Institute of
Standards and Technology (NIST) is shown in Figure 3.14. Aluminum with the purity of
99.999% was used as the target. Each time before the start of the deposition, the chamber

was pumped down to 2.6 x 10 Pa (2 x 10”7 Torr) with a turbo pump to limit possible
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contamination in the chamber. The actual deposition pressure was much higher than the
chamber base pressure, normally on the order of mTorr. This pressure was reached by
backfilling with an inert gas, such as argon. Plasma was sparked in the deposition chamber
near the target, which acted as a cathode. Energy and momentum transfer to the target

caused the aluminum atoms to be removed from the target and to travel to the substrate.

A 40 nm thick aluminum layer on a silicon wafer was obtained in order to meet the
requirement of XR/NR for sample thicknesses of tens of nanometers if we wish to be able
to resolve the layer thickness. Wafers were cleaned with piranha solution right before being
loaded into the sputtering chamber. Manual mode was used for the sputtering process in
order to obtain experimental conditions for deposition of aluminum films with optimal
surface roughness. This is the procedure that was used. (1) Set argon gas flow to 30 sccm
(standard cubic centimeters per minute), set power to 100 W. (2) While keeping the shutter
closed, switch “on” gas switch to allow the inflow of argon and switch “on” the substrate
stage rotation, which will result in films with better uniformity. (3) Turn power switch to
“on”. (4) Adjust argon flow rate and power to 20 sccm, 75 W to spark the plasma, and then
to 10 scem, 50 W, respectively. (5) Open the shutter to start deposition and keep open for
500 seconds. (6) Close the shutter, turn off power, stop substrate rotation, and stop argon

inflow.
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Figure 3.14 A schematic for direct current (DC) magnetron sputtering system.
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3.3.2.2 Thermal Evaporation

Thermal evaporation involves evaporating a metal in the evaporation source, allowing
it to diffuse in high vacuum on the order of 10 Torr, and then being deposited on the
substrate. A schematic of the chamber used here is shown in Figure 3.15. Electrical current
was applied to the evaporation source to heat it. The evaporation source used here was an
alumina coated tungsten basket. A turbo-pumped vacuum chamber was used to increase
the evaporated material mean free path by reducing the probability for the atoms from the
target to collide with background gas molecules. Performing the deposition with a poor

vacuum will result in discontinuous, rough films.

Several factors in the deposition have influences on the film quality: evaporation rate,
substrate geometry and sample-to-source distance. For a given system, the sample to source
distance is the same, but it can vary from one system to another. Samples closer to the

evaporation source experience a higher deposition rate!¢’

. Substrate geometry is significant
only in depositions for a three-dimensional substrate, but not important in the deposition
for a smooth, two-dimensional substrate. A rotating stage is used to further improve the
film uniformity. The evaporation rate is controlled by the input power used to heat the
evaporation source. The films form as the evaporated atoms adsorb to the substrate surface,
resulting in adsorbed atoms that diffuse on the substrate surface. The magnitude of the
thermal energy of the adsorbed atoms as compared to the activation energy required to get
168,169

to an adjoining site determines the diffusion of the adsorbed atoms on the substrate

An increase in the evaporation rate reduces the time for the diffusion of adsorbed atoms at
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the lowest points on the substrate surface, resulting in increased roughness and defects in

the film.

Source

Figure 3.15 A schematic for thermal evaporation system.

The rate of evaporation can be controlled by the power input for a given material, but
the quality of the film, characterized as surface roughness or defect density, is a function
of the vacuum chamber pressure. The evaporation rate of a given material, whether in solid
or liquid phases, is proportional to Pe(T) — Pn, where P¢(T) is the equilibrium pressure at
temperature 7, and Py is the hydrostatic pressure. In theory, the equilibrium pressure could

be derived from the Clausius-Clapyeron equation!”’,

dP, _ AH(T)
ar ~  TAV

(3.35)
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where the AH(T) is the enthalpy variation upon evaporation, and AV is the variation in
volume between the condensed phases (liquid/solid) and vapor phases. Actually,
experimental data and empirical formulas are more valuable to acquire the vapor pressure

of a given material. The equilibrium pressure of liquid Al is
log P (torr) = — 15993/T +12.409 — 0.9991ogT — 3.52 x 10°°T (3.36)

where — 15993/7 +12.409 is considered to be the main term, and the other terms represent

small corrections. The equation for evaporation is

aeNa(Pe — Pp)
2TTMRT

D, = (3.37)

where @. is the evaporation flux, a, is the evaporation coefficient (0 <a, < 1), Pe is the
equilibrium pressure and Py is the hydrostatic pressure, M is molar mass, 7 is absolute
temperature, and R is the gas constant (8.314 J-K-!''mol'). To achieve the maximum
deposition rate, it is necessary to reduce Pn to zero and maximize the coefficient of
evaporation, a, = 1, which gives

P, molecules

9, = 3.513 x 1022 (3.38)

MT cm?

or to multiply the deposition rate above with the atomic mass to get a rate with mass units

[,=584 x 1072 |[=-p,-—Z_ (3.39)

cm?2-s

BB

where M and T are molar mass and temperature, respectively. For aluminum deposition, M
is 27 g/mol. From the diagram of vapor pressure, in order to obtain P. = 10 Torr, T needs

to be 980°C. The rate of mass evaporation is then Iz = 5.84 x 107 g-cm™-s’!. Multiple
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deposition rates were tried, and the rate of 1 A/s gave the optimal surface roughness of 1.63

+0.15 nm.

3.3.2.3 Characterization of Aluminum Substrate

The quality of the aluminum films deposited using DC sputtering or thermal
evaporation was characterized with X-ray reflectivity (XR) and atomic force microscopy
(AFM). XR measurements were done using a homebuilt rotating anode source (18 kW,
RA-HF18, Rigaku) reflectometer with CuK, radiation (A = 1.54 A). XR was measured with
the reflection angle equals to the incidence angle with regard to the surface. The XR and
scattering length density (SLD) plots for aluminum surface prepared with the lowest
surface roughness are shown in section 4.2.3, the roughness from the best fitting result is

1.90 nm.

AFM was also used in the investigation of the aluminum surface roughness. The
averaged rms roughness derived from tapping mode AFM images on several spots of the
same sample surface is 1.63 £ 0.15 nm. The value of the roughness from the fitting of XR
plots is a little bit larger than that from the AFM images, because XR provides statistically
averaged information on the sample surface within the entire footprint where the sample
surface is illuminated with the incident beam, while AFM presents an image of a surface
with local morphological details. The footprint in a reflectivity measurement is of several
square centimeters (i.e. 1 cm x 2 cm), while AFM can be done for the maximum surface

area of less than 0.01 cm? (87 um x 87 um in Dimension Icon).
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3.3.3 Epoxy Coating Preparation

Epoxy coatings on silicon wafers and aluminum substrate will be prepared and will
be used in experiments investigating the diffusion of water/electrolyte along the interface
between protective coating and non-metallic or metallic substrates, or in experiments
probing the interfacial morphological alteration with exposure to water/electrolyte. Epoxy
was selected because it is one of the most widely used primers'!'""178  has excellent

adhesion to the metallic substrate, and provides good resistance to water or electrolytes.

3.3.3.1 Hybrid Coating Solution

A variety of hybrid coatings have been developed and used as anticorrosion coatings
on metallic substrates’”~7’. The inorganic component in the hybrid coating improves
adhesion’®, reduces the degree of disorder in an organic coating, and reduces water or
electrolyte diffusion to the interface. The formulation used for spin-coating was from two
solutions: a 4 wt % solution of tetraethoxysilane (TEOS) in methanol and a methyl isobutyl
ketone (MIBK) solution of EPON SU-8 epoxy with epoxide equivalent weight (EEW) of
195-230 (g/eq) and curing agent EPIKURE 6870-W-53, or isophorone diamine (IPDA) at
stoichiometric ratios, r, of [NH]/[Epoxide] = 0.5. The epoxy resin solution and the TEOS

solution were mixed at a weight ratio of epoxy : TEOS = 98:2.
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3.3.3.2 Spin-coating

Spin-coating is one of the most common techniques in electronics and the
nanotechnology industry. The advantage is that it can form very uniform films with good
repeatability. For example, spin-coated polystyrene (PS) films usually have roughness
values ranging from 4-6 A. A typical process consists of several stages. 1) Dispense: a low
concentration polymer solution is dispensed onto the substrate; 2) Spinning: a high-speed
spin step is used to thin the fluid; during the preliminary stage the majority of the solution
is centrifuged off, leaving on the substrate a thin film. 3) Evaporation: a drying step which
eliminates the excess solvent; viscosity increases during this process, and the shear thinning
process is slowed down. Films formed via spin-coating method usually leave the surface
structure in a nonequilibrium stage?’. Annealing of the sample is necessary to allow the

adsorbed layer to reach a steady state, and was performed before XPCS measurements.

Final thickness depends on many factors such as rotational speed, acceleration,
solvent used and concentration of polymer solution. For all the samples prepared in this
work, the silicon wafers were precleaned with a piranha solution (Warning: Piranha
solution presents an explosion danger and should be handled with extreme care; it is a
strong oxidant and reacts violently with organic materials. All work should be performed
in a fume hood. Wear proper protective equipment.), etched with hydrofluoric acid (HF),
rinsed with ultra-purified water, dried with high-purity nitrogen, and rinsed with
spectroscopy grade solvent. The concentrations of the solutions used vary depending on
the target thicknesses of the films. All solutions and solvents had been filtered seven times

with a 0.45 um filter (Whatman, PTFE).
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3.3.3.3 Thermal Curing and Annealing

Hybrid epoxy thin film was used for the XR, NR and X-ray off-specular scattering
experiment. Spun cast films from the hybrid coating precursor solution were dried and

cured at 150 °C in vacuum (at 30 mm Hg, dry ice trap) for two hours.

Polystyrene (PS) samples on hydrogen-passivated silicon wafer or graphene substrate
for the XPCS measurements were annealed at 150°C in high vacuum (ca. 1 x 107 Pa) for
12 hours in order to remove the residual solvent in such films and ensure the PS chains

were in a state close to equilibrium before XPCS measurements.

3.3.3.4 Characterization of Epoxy Coating

Similarly, the epoxy coating surface quality was characterized with XR and AFM,
with XR providing statistically averaged information and AFM presenting local details.
The XR and SLD curves for the best fitting results are shown in Figure 3.16(a). The epoxy
surface roughness was 0.61 nm from the best fitting of reflectivity curve. The AFM results
are in Figure 3.16(b). The averaged rms roughness derived from tapping mode AFM

images on several spots of the same sample surface was 0.58 + 0.04 nm.
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Figure 3.16 (a) XR and the best fitting of the data (y>= 0.0106) for epoxy film. (b) The

corresponding AFM image of the same epoxy film with a line cut on the AFM image.
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3.3.4 Graphene Growth and Transfer

Graphene is a perfect two-dimensional crystal material with a monolayer of sp? carbon
atoms in an aromatic hexagonal lattice. It has received massive interest since its
discovery®+*> because of its exceptional properties such as impermeability, transparency,
flexibility, and thermodynamic stability. Intensive efforts have been made in the fabrication
of large scale graphene with high quality®® and also the transfer process to nonmetallic
substrates!”!82, The methods for graphene preparation include chemical reduction of

183,184

graphene oxide , epitaxial growth on SiC substrate!®>1%¢ and chemical vapor

deposition!87-190,

3.3.4.1 Graphene Growth by Chemical Vapor Deposition

Chemical vapor deposition, CVD, is considered the most promising way for graphene
preparation and scale-up production. Nickel (Ni) and copper (Cu) are the most widely used
catalysts in the CVD growth of graphene!®!. Graphene of multiple layers can be prepared
by CVD with Ni as the catalyst, while a monolayer can be grown on the surface of a Cu
catalyst. To grow large area graphene without defects, it is necessary to reduce the number
of nucleation centers by using lower carbon source concentration. A higher reaction
temperature will help to overcome the large energy barrier for graphene nucleation and
also contribute to the diffusion of carbon atoms to the hexagonal lattice, resulting in fewer
defects. Other methods reported include the use of pre-pattern growth seeds'®? and the
growth of graphene on liquid metals'® to further reduce the defects in graphene and

increase its crystal size.
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3.3.4.2 Graphene Transfer

Various methods were reported to transfer the graphene layer from the Cu surface to
another substrate, usually nonmetallic materials'’*-!82, Poly(methyl methacrylate), PMMA,
was widely used in laboratories to transfer graphene layer. The PMMA transfer process!8®
involves (1) spin cast the PMMA on the original Cu supported graphene surface, and
thermal curing; (2) etch the Cu with inorganic solution, such as FeCls or (NH4)2S:20s
aqueous solution; (3) scoop out the PMMA/graphene and rinse with deionized water and
transfer to silicon wafer; (4) dry the PMMA/graphene/Si at 100°C and remove PMMA by
acetone; (5) anneal the graphene/Si at 300°C in Argon/H» atmosphere. However, because
of the strong adsorption between PMMA and graphene'®®, PMMA residuals on the
graphene surface cannot be avoided. Novel methods using rosin'®, a face-to-face transfer
technique'®? and thermal release (TR) tape!®? is reported, which provide new means of
damage-free and clean graphene transfer. In this work, multiple graphene transfer methods
have been explored, and the TR tape gives the optimal graphene quality on silicon wafer.

The detailed process of transfer will be discussed in Chapter VI.
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CHAPTER IV
IN SITU STUDY OF THE EFFECT OF IONS ON

WATER DIFFUSION IN POLYMER FILMS

Coverage with organic coatings is the most broadly used method for metallic material
corrosion protection. Robust coatings have notably extended the life of structural
components and greatly reduced the substantial financial cost associated with corrosion by
excluding electrolyte or water, one of the three key components of corrosion, from the
coating/metal interface. However, the unpredictable failure of load bearing components
due to corrosion continues to be a challenge scientifically and technologically, because the
results of such failure are usually catastrophic. Empirically, corrosion accelerates in the
marine environment with high salt concentrations. However, the diffusion of electrolyte or
water and the subsequent corrosion are two separate processes that happen in sequence.
Consistent results from X-ray/neutron reflectivity (XR/NR), together with electrochemical
impedance spectroscopy (EIS) indicate that the diffusion rate of electrolyte is lower than

that of water, and the higher the salt concentration, the lower the rate of diffusion.
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4.1 Introduction

The degradation rate of an organic coating/metal substrate interface determines the
performance of a coating in a corrosion protection application. Generally, there are two
kinds of methods used in industry to evaluate the performance of an organic coating!**,
outdoor exposure and accelerated weathering. In the case of outdoor exposure, the testing
samples are placed in the actual environment in which they are supposed to be used, usually
for months or years, then the degradation of the samples is evaluated. In accelerated
weathering, conditions such as radiation, humidity, and specific chemical environment can
be controlled. It usually takes less time for corrosion to take place in accelerated weathering,
but the results cannot be used to predict the lifetime of testing samples directly because the
mechanisms are usually different in outdoor exposure and the accelerated weathering test.
Nonetheless, accelerated weathering is still used to provide means to eliminate candidate
coatings with certain weaknesses. There have been long time efforts to correlate the two
methods, but no significant progress has been made. In order to make faster evaluations,
we have to understand how water or electrolyte diffuse to the coating/metal interface, and

how corrosion happens on a much smaller scale.

In previous investigations, gravimetric methods?, Fourier transform infrared
spectroscopy (FT-IR)*, and scanning Kelvin probe (SKP)°~!* have been used intensively.
The diffusion directions, either parallel or vertical with respect to the film surface, was
distinguished. For example, De Neve et al.* found, using gravimetric methods, that water
diffusion along the interface is relatively rapid because diffusion is increased by favorable

interaction between water and a high energy surface. Wapner et al.” proved that the lateral

77



diffusion of water along an interface between epoxy and metal oxide was two orders of
magnitude faster than the penetration through the film. In another study of the water
absorption and diffusion properties of epoxy coatings, the water uptake derived from
dielectric constant values was compatible with that directly measured by gravimetry, using
supported films!®3. The effect of silane in epoxy coatings as a barrier that impedes the
aggressive specie transportation into the coating/metal interface was compared with that
without silane!”*:1%. This comparison proved that silane significantly enhanced adhesion
and corrosion protection by elimination of salt at the interface, which excluded the key
mechanism in pitting corrosion. Additionally, enhanced crosslinking in the bis-amino

197 A separate study compared the bis-

silane films also results in better barrier properties
sulfur silane and bis-amino silane film at equilibrium; the bis-amino silane absorbed
significantly more D20 than did the bis-sulfur silane, and most water is located in the free
space rather than swelling the film!*®. Computed tomography (CT) was also applied since
it is an imaging technique which allows one to non-destructively obtain multiscale
information down to the length scale of tens of nanometers'®. Characterization with
fluorescence microscopy of the local water interaction with epoxy films showed that the
epoxy coating water uptake initially happens at sites scattered on the coating surface; the

scattered site number density varies among regions of the surface and increases with an

ionic concentration decrease or a water activity increase'.

In this work, we have quantified the diffusion in directions parallel and perpendicular
with respect to the thin film surface. Using X-ray/neutron reflectivity (XR/NR), and

electrochemical impedance spectroscopy (EIS) as a complementary method, we have
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found that in both directions, the diffusion rate of the electrolyte is lower than that of H>O.
Additionally, we find that with the increasing ionic concentration, the diffusion rate of

electrolyte decreases.

4.2 Experimental Section
4.2.1 Epoxy coating preparation

Silicon wafers of three inch diameter, n-type, (100)-orientation, | mm and 5 mm thick,
are purchased from El-Cat Inc. The planarity of each candidate wafer had been examined
critically; only qualified wafers were used for reflectivity measurements. Wafers were
cleaned using piranha solution (H202:H2SO4 = 3:7 by volume) at 100 °C for 30 minutes.
(Warning: Piranha solution presents an explosion danger and should be handled with
extreme care, it is a strong oxidant and reacts violently with organic materials. All work
should be performed in a fume hood. Wear proper protective equipment.) Then a 40 nm
thick layer of aluminum (Al) was deposited using thermal evaporation at the rate of 1 A/s.
Thermal evaporation provides controllability and uniformity over a relatively large area on
the substrate. The quality and roughness of the aluminum was characterized by X-ray
reflectivity (XR) and atomic force microscopy (AFM). Spin casting was used in the
preparation of the thin epoxy film, on Al or silicon (Si) substrates, in order to make uniform
films with good repeatability. Outstanding uniformity and root mean square roughness
within range of 3 to 8 A are readily achievable. A mixture for spin-coating was created
from two solutions: a 4 wt % solution of tetraethoxysilane (TEOS, Sigma-Aldrich Inc.) in
methanol and a methyl isobutyl ketone (MIBK, Sigma-Aldrich Inc.) solution of EPON SU-
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8 epoxy (Momentive Performance Materials Inc.) with epoxide equivalent weight (EEW)
of 195-230 (g/eq) and curing agent EPIKURE 6870-W-53 (Hexion Inc.) (used in epoxy
coatings for NR measurements), or isophorone diamine (IPDA, Sigma-Aldrich Inc.) (used
in epoxy coatings for XR measurements) at stoichiometric ratios, », of [NH]/[Epoxide] =
0.5. The TEOS solution was mixed with the epoxy resin solution at a weight ratio of TEOS :
epoxy = 2:98. The substrates, Al or Si, were rinsed with 5 mL MIBK solvent, then
approximately 0.5 mL of the prepared solution was dispensed onto the substrate, and spun-
cast at the rotation speed of 2000 rpm (revolutions per minute) for 2 minutes. Films spun
cast on Al layers from the hybrid coating precursor solution were dried and cured at 150 °C
in vacuum (at 30 mm Hg, dry ice trap) for two hours. All solutions and solvents had been

filtered five times with a 0.45 um filter (Whatman, PTFE).

4.2.2 Lateral diffusion cell

For XR/NR characterization of the lateral diffusion of H>O/electrolyte, a lateral
diffusion cell was used. A schematic of the cell is in Figure 4.1. The scratch in the epoxy
coating was made intentionally using a diamond pen. A small reservoir was placed above
the scratch. The H2O or DO or electrolyte from the chamber has access to the entire depth
of the epoxy film as well as to the interface between the epoxy and the substrate. XR or
NR was performed on three areas of a sample, at various distances from the scratch, as
shown in Figure 4.1. The width of the beam was reduced to 16 mm to get a coarse, but
unprecedented lateral resolution of the HO/D,O/electrolyte diffusion. The reduced beam

width reduced the beam intensity and increased the time needed to measured up to a given
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value of ¢. with a given statistical precision. The centers of Area 1, Area 2, and Area 3,
were at 10, 28, and 46 mm from the scratch, respectively. The timer was started when the

H>O/D,0O/electrolyte was injected into the reservoir.

Lateral Diffusion Cell

\ X-rays X-rays X-rays
o '.' ° o'.'o -

:Z-"“.. on

(2)

Electrolyte/H,0 Epoxy coating

Scratch
Sio,

Lateral Diffusion Cell

(b)

Neutrons Neutrons Neutrons

Epoxy coating

Electrolyte/D,0

Scratch Al,O,

Al
Sio,
Figure 4.1 Cartoon for lateral diffusion cell used in (a) X-ray Reflectivity (XR) and (b)

Neutron Reflectivity (NR) measurements. There is a scratch extending down to the (a)

Si0,/Si substrate for XR measurements and (b) AlO3/Al substrate for NR measurements.
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4.2.3 X-ray and neutron reflectivity (XR/NR)

X-ray reflectivity (XR) measurements were done using a homebuilt rotating anode
source (18 kW, RA-HF18, Rigaku) reflectometer with CuK, radiation (A = 1.54 A). The
aluminum substrate surface morphology was characterized with XR and atomic force
microscopy (AFM) before any epoxy coating was applied. Representative XR and AFM
data from such a sample are shown in Figure 4.2. The aluminum surface root mean square
(rms) roughness derived from the best fitting of the XR profile in Figure 4.2 was 1.90 nm
rms, and from tapping mode AFM images on several spots of the same sample was 1.63 +
0.15 nm. XR and AFM provide complementary information to be used in the fitting of the

NR data from a more complicated sample that has an epoxy coating on the aluminum.

An NR experiment was conducted at NG7 Horizontal Neutron Reflectometer in the
NIST Center for Neutron Research (NCNR), the National Institute of Standards and

Technology (NIST). Specular reflectivity®*”

was measured as a function of scattering
wave vector perpendicular to the sample surface, ¢. = (4n/A)sinéd, where 6 was the incident
angle with respect to the surface and A was the wavelength of incident beam. Both XR and
NR data are plotted as log R vs. g, where R (reflectivity) is the intensity ratio of the
reflected beam to the incident beam. All measurements were carried out with the angle of
reflection equivalent to the incident angle, which corresponds to specular scattering, i.e.
reflectivity. Film properties derived from the XR and NR data include the film thickness,

roughnesses, and scattering length densities (SLD), which depends on the film mass

density and elemental composition. In general, SLD can be calculated using

SLD = A2 (3 b)) (4.1)

82



where p is the mass density; N4is Avogadro's number; b; is the scattering length of element
i; and M is the molecular weight of the reference chemical structure for which the sum over
i is calculated. The scattering length b; is a function of electron density for X-rays and is
simply the neutron scattering length for neutrons. The water uptake was derived by
comparing the SLD profiles from both XR and NR. The difference in SLD values among
different layers determines the contrast in both XR and NR measurements. XR and NR
data analysis were performed using nonlinear least squares regression with a multilayer
structural model and the fitting software Motofit by Andrew Nelson from the Australian

Nuclear Science and Technology Organisation.
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Figure 4.2 (a) XR data and best fit (y>= 0.0106) for an aluminum film on a silicon substrate.

(b) The corresponding AFM image of that aluminum film with a line cut from the image.
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4.2.4 Electrochemical Impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is one of the most widely used
methods in the evaluation of a new coating, both in the laboratory and in industry'®>. The
degradation of coatings in water and NaCl solution was compared by Zhou et al.'””. They
found the diffusion of H>O into the coating from above the coating (“penetration”) was
faster than the diffusion of 3.5 wt % NaCl (aq). The water and electrolyte uptake were
compared using a combination of EIS and UV-Vis spectroscopy by Dornbusch et al.??° The
authors showed there was a faster water uptake process and then a slow ion uptake which
caused the initiation of corrosion at the interface. Several studies of diffusion behavior have
used EIS. Hu et al. modeled ideal®®! and non-ideal?*? Fickian diffusion of water in
polypropylene?® and epoxy?** coatings. Zhang et al.>*> looked at water uptake and Cl ion
diffusion in epoxy primer. Maile et al.?®® showed the diffusion could be understood as a
two-stage sorption process. Oxygen and water permeability were investigated by Popov?’
and Scully?®® and Walter?® found that diffusion of the sodium ion is the rate-controlling
step in the corrosion process. New models for extracting the diffusion rate from EIS data

were proposed by Ding et al.?!? and Ghojavand et al.2!!

A three-electrode system is commonly used in EIS measurements, with the aluminum
underneath the epoxy acting as the working electrode, a platinum disk as the counter
electrode, and a saturated calomel electrode (SCE) as the reference electrode. The thickness
of the epoxy film used in the EIS measurements in the dissertation research was on the
order of tens of nanometers, much smaller than what is typically used in the coating

industry, which is on the order of micrometers. An O-ring perspex cylinder was fixed to
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the surface of the coated epoxy to hold the electrolyte (Figure 3.9). The cylinder was filled
with water or a 3.5 wt% NaCl solution as the working fluid. All measurements were done
at room temperature (25°C); three samples were tested for each working fluid. The
experimental data were analyzed using the ZIVE ZMAN 2.3 software developed by

WonATech Co., Ltd.

4.3 Results and Discussion
4.3.1 X-ray and neutron reflectivity (XR/NR)

In both XR and NR measurements, the SLD plays an important part in determining
the reflectivity data. The difference in SLD values between different pairs of layers in a
model determines the contrast. DO (99.9% atom % of D, Sigma-Aldrich) and 3.5 wt %
NaCl solutions in D>O were used for the NR experiments, and 3.5 wt % or 7 wt % Nal
solutions in H>O were used for the XR experiments to provide contrast for distinguishing
the differences in layer thicknesses and the values of interface roughnesses by nonlinear
regression of the data. The simplest layered model that fits the data was accepted here.
Epoxy films crosslinked with isophorone diamine (IPDA, Sigma-Aldrich Inc.) or
EPIKURE 6870-W-53 (Hexion Inc.) were used in the XR and NR experiments,
respectively. Following the work of Schaefer et al.!”® the curing agent EPIKURE 6870-W-
53, which has a larger spacing between the two intramolecular amino groups than does
IPDA, was used to make it easier for electrolyte or water to diffuse through the crosslinked
epoxy coating, making the time required to see the diffusion fit into the typical beam time

available for an NR experiment due to limited access to neutron sources. IPDA crosslinked
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epoxy films made the diffusion process slower than it was in films crosslinked with 6870-

W-53.

As introduced in the experimental section, a lateral diffusion cell was used for the XR
and NR measurements. Figure 4.3(a-c) compares the XR data for the dry condition
measured at Areas 1, 2, and 3, and for 27, 33, 49 h after the 3.5 wt % Nal (aq) was injected
into the lateral diffusion cell measured at Area 1, Area 2, and Area 3, respectively. The
centers of Area 1, Area 2, and Area 3 were at 10 mm, 28 mm, and 46 mm from the scratch,
respectively. Comparisons of the shapes of the curves are made in Figure 4.3(a-c). The
spacing between fringes (Ag) is inversely proportional to the film thickness (d) by d =
21/Aq.% Thus, the decrease in Aq is in Figure 4.3(a, b) implies an increase in the film
thickness. After 27 hours of exposure, in Area 1, which is the region closest to the scratch,
the data enlarged in the inset show there is a clear shift (0.0044 A™") of the Kiessig fringes®
to the left, which is an indication that the film is swelling. After another six hours in Area
2, which is another 18 mm farther from the scratch, a smaller shift (0.0031 A™!) to the left,
relative to the curve for the dry state, is observed, indicating that the film in Area 2 has
swelled less than did the film in Area 1 after 27 hours. Similarly, in Area 3, which is another

18 mm farther from the scratch than is Area 2, no change is observed.
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Figure 4.3 Comparisons of X-ray reflectivity (XR) data for the dry condition with that at
27,33, and 49 h after 3.5 wt % Nal (aq) was injected into the lateral diffusion cell measured
at (a) Area 1, (b) Area 2, and (c) Area 3, respectively. The reflectivity curves after exposure

have been shifted vertically by a factor of ten for clarity.
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Examples of quantitative analysis of the data collected from the Area 1 in the dry state
and after 27 h of exposure to electrolyte are in Figure 4.4(a, b). A simple one layer model
was used in the nonlinear regression fitting of the reflectivity data. From the SLD profile,
it may be seen that the coating thickness increased by 4 A and the SLD increased from 9.8
x 10 A2 t0 10.5 x 10 A2, The SLD has increased because 3.5 wt % Nal (aq) has an SLD
of 11.2 x 10° A2 The electrolyte volume fraction in the film can be deduced from this

change in SLD using the equation

SLDywet—SLDgry

(pelectrolyte -

(4.2)

SLDelectrolyte
where SLDyet, SLDdry, and SLDeiectrolyte are the SLDs for the film after exposure in the lateral
diffusion cell, the SLD for the as-prepared sample, and the SLD of the electrolyte used,
respectively. From equation 4.2 we calculate, Qeiectrolyte = 0.062 after 27 h in the lateral

diffusion cell.

We wish to infer a rate of mass transfer of electrolyte along the film due to the
diffusion. First, we will neglect the complication that the movement of the water is not
rigorously one-dimensional (i.e. water can diffuse laterally into the film and then be lost
out of the top of the film). Then we will estimate the amount of electrolyte that crosses the
polymer film cross-sectional area moving away from the scratch by calculating the change
in total scattering length in the volume of the film that lies under the Area 1 on top of the
film. The area of Area 1 is 4 cm?. The coating is 27.1 nm thick, so the volume, V., initially
under Area 1 is 1.08 x 10 cm?®. The total scattering length in that volume initially is
Vo'SLDary = 1.06 x 10'* A. After 27 h the total scattering length in that volume, bz, is

VoreSLD27, = 1.16 x 10'* A, where we have used the volume of the slightly swollen film.
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The amount of scattering that has moved into Area 1 is given by bz, — b, = 1.0x 103 A,
The amount of electrolyte that has moved, the net rate of mass transfer Jetectrolyte 1S then
given by
Nelectrolyte = Ab/belectrolyte > (4.3)
Jetectrotyte = Netectrotyte / Atime , (4.4)
in which Neiectrolyte 18 the number of molecules calculated from the SLD profile for a given
exposure time and Ab is the increase in scattering length. The lateral diffusion coefficient

may be related to the value of Jelectrolyte using the standard model for a film at steady state,

Delectrolyte'K'A
]electrolyte - d (Cscratch - Ccenterline of Area 1) (45)

in which Jeiecrrolyte 18 the net rate of electrolyte diffusion across an area A4, Delectrolyte 1S the
electrolyte diffusion coefficient (cm?/s), 4 is the coating area (cm?), K is the partition
coefficient, d is the lateral dimension of the area along the direction of electrolyte diffusion
(cm), and C is the concentration of electrolyte (mol/cm?). Cseraren comes from the density
of liquid electrolyte, and Cecenteriine of 4rea 1 Was calculated from SLD profile variation with
time. This model assumes that the diffusion through the coating parallel to the substrate
can be described using the known steady state solution for diffusion through a film?!? (i.e.
ignores complications in the other dimensions). In this experiment, K is 0.2, Cscrarcn 1S
0.0555 mol/cm?®, Ceentertine of area 1 18 6.2 % 103 mol/cm?, and d is 1 cm. The electrolyte
diffusion coefficient value derived from the set of equations including (4.1) (4.4) and (4.5)
is 1.9 x 1073 cm?/s, This is a nominal value calculated from the behavior that occurs between

the dry condition and after 27 hours after the injection of 3.5 wt % Nal (aq) electrolyte.
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Data for another measurement, with a higher concentration of electrolyte, 7 wt % Nal
(aq), at Area 1 after 49 hours are compared with the data for the dry state in Figure 4.5. No
change was observed with such a high concentration of electrolyte, even with a longer
exposure time as compared with the experiment in Figure 4.3(a). The presence of Na* and
I ions impeded the diffusion of water or electrolyte. The limitation of the XR measurement
is that it cannot distinguish the movement of Na* or I" ions from that of the H>O molecules
because the contrast between their SLDs is small. However, using other characterization
techniques, such as UV-Vis and EIS, as reported by Dornbusch et al.?%, it can be shown
that the water/electrolyte uptake is a two-step process, with a faster water uptake and then
a slow ion uptake. It was the ion uptake that initiated the corrosion at the interface. A
separate study regarding water reorientation dynamics in concentrated ionic solutions by
Zhang et al.?!® showed that water rotation was retarded in concentrated ionic solutions due
to the ions effect on water structure dynamics. Zhang et al. attributed this to the cluster
formation from cations and anions in concentrated solutions, and this slow cluster motion
coupling with water frame rotations nearby retarded the water dynamics. In both cases, the
ions in electrolyte were either slower in diffusion dynamics or inhibited the diffusion of
H>0, a finding which was consistent with the slower electrolyte diffusion with a higher
concentration reflected by the XR measurements using the lateral diffusion cell. The
nanoscale morphology change at the epoxy/metal interface after exposure to ions was

investigated and is reported in Chapter V.
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Figure 4.5 Comparisons of XR data for the dry condition and for a measurement in Area 1

49 hours after 7 wt % Nal (aq) was injected into the lateral diffusion cell.

NR measurements were performed using the lateral diffusion cell, but with an epoxy
crosslinked with curing agent EPIKURE 6870-W-53 on an aluminum substrate. An
example in Figure 4.6 was the measurements for Area 1 comparing the as-prepared sample
and 2.5 hours after the injection of D>O or 22 hours after the injection of 3.5 wt % NaCl
solution in D>0O. Qualitatively, there is an obvious vertical shift of the Kiessig fringes®® for
the sample after 2.5-hour exposure to D20, which is attributed to the increase in the epoxy
film SLD because of the diffusion of DO into the epoxy film. No obvious shift was

observed for the sample even after 22-hour exposure to the 3.5 wt % NaCl solution in D0,
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which indicated that the electrolyte (NaCl in D,0O) showed a lower diffusion rate than pure

D;0 in lateral diffusion along the epoxy film.

From the SLD profile corresponding to the fitting of NR data and equation (4.2), the
D>0 volume fraction @p,¢ is 1.90 % after 2.5 hours in the lateral diffusion cell. The D>O
diffusion coefficient was derived similarly from the calculation of the equation set
including (4.1) (4.3) and (4.4). The D,O diffusion coefficient Dp, , is 3.19 x 10~ cm*/sec,
calculated from the comparison of NR and SLD of the sample when it was dry and 2.5

hours after the injection of D>O into the lateral diffusion cell measured at Area 1.

The diffusion coefficient of the electrolyte calculated from XR and that of D>O from
NR are both on the order of 103 cm?/sec, which is four orders of magnitude larger than the
conventional diffusion coefficient for water in bulk epoxy (on the order of 10 cm?/sec)?!4.
The D20 diffusion coefficient, D, o = 3.19 x 10 cm*/sec, was larger than the electrolyte
diffusion coefficient, Delcctrolyte = 1.92 % 10~ cm?/sec, attributing to the less impedance on
water diffusion resulting from the absence of ions and larger spacing between the two
intramolecular amino groups in the curing agent EPIKURE 6870-W-53 used in the NR

measurements.
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Figure 4.6 Comparisons of neutron reflectivity (NR) data measured for the dry condition
and measured at Area 1 for (a) 2.5 hours after injection of DO, and (b) 22 hours after
injection of 3.5 wt % NaCl solution in D>O into the lateral diffusion cell. The Full NR
curves are shifted vertically for clarity. In the insets they are not shifted. (c) Model fit (solid
curve) of NR data (open circles) and (inset) SLD depth profiles corresponding to the as-

prepared dry epoxy coating on aluminum substrate.
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4.3.2 Electrochemical Impedance Spectroscopy (EIS)

The barrier properties of coatings on the corrosion protection and the diffusion of
water or electrolytes to the interface between metal and coating by penetration have been
extensively investigated by EIS?!°. EIS gives a previse and in situ characterization for the
organic coating capacitance??>, which makes it a well-known tool for coating evaluations.
In the analysis of EIS data, appropriate equivalent electrical circuit (EEC) is necessary. A
simple model proposed by Mansfeld et al.!*° for organic coatings on metal substrates is
shown in Figure 4.7(a). Rs denotes electrolyte resistance, R. refers to the coating resistance,
C. is the coating capacitance, and Zr is the interfacial electrochemical process. For an as-
prepared dry coating, the R. and Zr are large enough that the total impedance is RsCs. As a
result of the water/electrolyte diffusion into the coating, the EEC is converted into Rs(CcR.),

as indicated in Figure 4.7(b).

(a) C, (b) Ce
R, R,
— N , — — N —
C f C
— — | g

Figure 4.7 (a) A general equivalent electrical circuit (EEC) for organic coatings on metal
substrates. (b) EEC used in the fitting of EIS data for the early water/electrolyte penetration

diffusion process.
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The effects of two different working fluids were compared, pure H>O and 3.5 wt %
NaCl aqueous solution. EIS was measured for each working fluid at time zero, and every
hour until five hours after the working fluid was added to the three-electrode EIS setup.

The results are compared in Figure 4.8.
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Figure 4.8 A Nyquist plot comparing EIS results from thin epoxy films exposed to H>O or

3.5 wt% NaCl aqueous solution as the working fluid.
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Qualitatively, the capacitive arcs for samples measured in H2O and 3.5 wt % NaCl
(aq) were reduced because of the diffusion of H>O or electrolyte into the epoxy thin film.
The rate of capacitive arc radius reduction was larger for measurements using H>O as
working fluid than for tests using 3.5 wt % NaCl (aq). This difference in arc reduction rate
indicated a larger diffusion rate for H>O than for 3.5 wt % NaCl(aq) in penetration through
the epoxy coating. Quantitative analysis was performed with the EEC modelling using the
software ZIVE ZMAN 2.3. Values of parameters in the model, coating capacitance (C:),
electrolyte resistance (Rs), and coating resistance (R.) are derived from the fitting of the
Nyquist plot. A summary of the coating capacitance values at each measurement is shown
in Table 4.1. The capacitance values for such a thin epoxy film on the order of tens of
nanometers is much larger than the values of the coating capacitance for films with
thicknesses on the order of micrometers?!S, which is usually on the order of 107'° F. The
different capacitance originates in the different epoxy films selected, and more importantly,

in the significant difference in film thickness values.

Table 4.1 Epoxy film capacitance values from EEC fitting of Nyquist plot

Epoxy coating capacitance (x 107 F)
Working fluids
t=0 t=1h t=2h t=3h t=4h t=>5h
H>O 3.2 3.4 3.5 3.7 4.1 4.5
3.5 wt % NaCl(aq) 3.3 3.3 3.3 3.3 3.4 3.4
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The increase in the capacitance of coating as a function of time has been correlated

217

with water penetration in the coating“'’. The amount of water uptake can be derived from

InC(t)-1n C4 _ M® (4.6)

InCoo—InCy My

in which C(t), Cs and C, are the coating capacitance at time ¢, zero, and when the coating
is fully saturated, respectively; M(t) and M., are the amounts of adsorbed water at time ¢
and equilibrium, respectively. Since the water diffusion in epoxy follows the Fickian

diffusion law, and the fact that the measured data follow the equation®’4,

— 2.p.qr2
exp( (2n+1)"Dn -t) , 4.7)

12

Mo _ g _ e

¥
Moo w2 “Nn=0(on41)2

where L is the thickness of the film and D is the effective diffusion constant. By combining
equations (4.6) and (4.7), and use of a series of expansion for (4.7) in the short time

approximation, the following equation can be derived

Inc(t)-Incq _ 2VD
meonce _ 2. 7. (4.8)

InCoo—InCy
The material water volume fraction is related to capacitance using the Brasher-Kingsbury
(B-K) equation?!7,

_ log(Ct/Co)
= T iogtw 4.9)

in which ¢ is the coating water volume fraction, C; is the capacitance at time t, Cy is the
capacitance at time 0, €,, is the working fluid relative permittivity, either H>O or NaCl (aq).

€y 15 80.4 for pure water and 74.0 for the 3.5 wt % NaCl (aq) at room temperature.

The relative capacitance and water volume fraction variations of the coating as a
function of time are shown in Figure 4.9(a, b). Both parameters increased with exposure to

H>O or NaCl(aq), but the increase in both parameters is more significant when using H.O
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as the working fluid. The Fickian diffusion constants for H>O and 3.5 wt % NacCl (aq) in
the penetration of epoxy coatings calculated from equations (4.6-4.8) are Dy, = 4 x 107
cm?/s and Dyqci(aq) = 6 % 10°'® cm?/s. Results from the relative coating capacitance, water
volume fraction, and Fickian diffusion constants showed consistently lower diffusion rates
for NaCl (aq) compared to H>O in this penetration process. Compared to the Fickian
diffusion constants for H>O in epoxy coatings on the order of 10® ¢cm?/s in some EIS
literature?°>2%7, the Fickian diffusion constant here is orders of magnitude smaller, resulting

from the large coating capacitance because of a smaller film thickness.
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Figure 4.9 (a) Relative capacitance and (b) water volume fraction for epoxy films exposed

to H20 or 3.5 wt % NaCl aqueous solution as the working fluid in the EIS measurements.
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4.4 Conclusions

The effect of ions on water diffusion in epoxy films was investigated with XR, NR
and EIS. The diffusion of water/electrolyte in the nanometer scale thick organic films was
distinguished by their moving directions: vertical movement (penetration) and lateral
diffusion. XR/NR probed the lateral diffusion using a customized diffusion cell. EIS data
analysis using EEC model fitting compared diffusions of H2O or electrolyte perpendicular
to the sample surface. The lateral diffusion of water or electrolyte was orders of magnitude
faster than their diffusion in bulk epoxy; the penetration rate of water or electrolyte as a
result from a small film thickness was orders of magnitude smaller than the diffusion rate
in bulk epoxy. Such a large difference between the rates of lateral and vertical diffusion is
consistent with the empirical observation that a scratched coating on metallic substrate
makes the metal corrode much faster. Consistency in results from XR, NR and EIS showed
that the diffusion rate of electrolyte is lower than that of water (H,O/D>0), and the higher
the salt concentration, the lower the rate of diffusion. Both XR and NR used in this study
are nondestructive, in situ techniques with depth resolution of 1-2 nm. The probing of
changes over this short length scale (nm), and also short times (hours) is a key for
advancing the understanding of water and electrolyte movement in organic coatings, which
is considered as a first step in the study of metallic substrate corrosion. Reflectivity
complements the wide use of EIS, and provides a means of quantitatively investigating

phenomena that occur rapidly in the very early corrosion process.
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CHAPTER V
ELECTROLYTE DISRUPTION OF METAL/COATING INTERFACE

MORPHOLOGY CHARACTERIZED BY X-RAY OFF-SPECULAR SCATTERING

A challenge of broad interest in both materials science and biology is the study of
interfaces that are buried within a structure, particularly multilayer structures. Despite the
enormous costs of corrosion and many decades of corrosion research, details of the
mechanisms of various sorts of corrosion are still not clear, in part due to the difficulty in
interrogating the interface between the corroding metal and an organic coating which is
typically used to mitigate corrosion. Generally the performance of such coatings is
evaluated by visual inspection after exposure or by modeling impedance data, which is a
process not straightforwardly connected to physical interface structures. “Rocking-curve”
X-ray scattering measurements provide a means of probing such interfaces because of the
capability of X-rays to penetrate materials. Here variations in the morphology of an
interface between a protective coating and a metal substrate due to exposure to an
electrolyte are derived from analysis of rocking-curve data in conjunction with Atomic
Force Microscopy imaging of the outer coating surface. The interfaces of crosslinked
epoxy coatings with aluminum are irreversibly changed after 12 h of contact between
electrolyte solution and the face of the coating. The character of this change varies with
molecule used to crosslink the coating. Since X-ray off-specular scattering is sensitive to
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changes on the nanometer scale it is also able to register interface degradation on time
scales shorter than those probed by many other techniques, potentially expediting the

evaluation of coatings for protection against degradation of the interface.

5.1 Introduction

The evolution of multilayer structures due to exposure to degradants or environmental

stimuli is of interest in a variety of fields including supported lipid bilayers®!8-223,

224,225 226

semiconductor layers , perovskite superconductor’?® and corrosion?®. Particularly
challenging is quantitative description of change in interfaces lying inside a multilayer.
Both XR and NR have been used to probe the laterally averaged structure of interfaces

23.227-31 However, to obtain information on the in-plane

internal to layered structures
structure at a buried interface it is necessary to go to off-specular scattering, one example
of which is shown in Figure 5.1. Such measurements can be useful for systems with very
thin films, even those with layers of 2-D materials. Here we consider specifically the buried
interface between a metal or metal oxide and a thin (ca. 60 nm) organic coating designed
to bond strongly to the substrate and act as a physical barrier to corrosion accelerating

species such as water or electrolyte?*2.

Such interfaces are key to coating system performance in the aerospace, automobile
and construction industries.!”! The structural evolution of this important interface is usually
inferred using the study of samples exposed using one of two exposure protocols: outdoor
exposure or accelerated weathering.??*> Even the “accelerated weathering” protocol

typically involves weeks or months of exposure because the techniques used to detect
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changes associated with degradation are not highly spatially resolving and may be indirect
as regards inferring interfacial structure. For example, Electrochemical Impedance
Spectroscopy (EIS) measurements can complement visual inspection studies that use very
long time corrosion investigations, but the modeling of the impedance data is not
straightforwardly connected to physical interface structure. Usually the modeling involves
postulating circuit elements of various sorts, the morphological significance of which is
not intuitive.!!78232 A key for advancing the development of high performance, durable
coatings that reduce corrosion rates is developing a nanoscale understanding of electrolyte

movement to the interface and disruption of the interface by the electrolyte.

Incident Beam Scattered Beams

I
Epoxy coatingI — (= =
I ~

Al,O,

Al

2D-Detector

Silico

Sio,

Figure 5.1 Schematic of the “rocking curve” off-specular scattering experiment to study
the buried interface between an epoxy coating and aluminum substrate: spatial relationship

between the sample and detector.
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Our efforts to quantitatively describe the buried interface build on pioneering X-ray
and neutron reflectivity (NR) studies by Vogt et al.®® of water diffusion through polymeric
coatings at the nanoscale and NR studies by Schaefer et al.'¢ of NaCl aqueous solution
penetration into an organic (silane) coating. Vogt et al.’° revealed that the interfacial
accumulation of water can be effectively controlled by modifying AlLOs with

1 196

alkylphosphonic acids and alkylchlorosilanes. The work of Schaefer et al."”® addressed how

epoxy-silane coating chemistry!®®

impacts the salt exclusion and water uptake in the
coating. The innovation in the work described below is to bring off-specular scattering to
bear on a similar system to gain information on the interface in-plane structure. This is
accomplished by using a geometry in which the angle of the incident beam relative to the
surface is different than the angle of the scattered beam. In principle, off-specular
measurements can be done with either X-rays or neutrons in a variety of “off-specular”

geometries. Here the vastly stronger brilliance of a synchrotron X-ray beam is essential to

obtaining data rapidly and with high resolution.

An analytical model for scattering by rough surfaces which regards the surface as
composed of randomly disposed mirror-like facets was proposed and evaluated by
Torrance et al.'é in the 1960s. The theoretical description of the scattering of X-ray/neutron
scattering from rough surfaces was treated at length in the late 1980s by Sinha et al.!” and
that opened the way for several experimental studies in the 1990s. Schwarz et al.!®
characterized the off-specular scattering of the water-vapor interface in 1990. In 1996
Sinha et al.!??* did time-resolved, in situ off-specular scattering measurements to study the

electrochemical pitting of Cu surfaces immersed in electrolyte. Miiller-Buschbaum et

108



al.2!22 in 1998 showed with “detector scan” off-specular measurements, first qualitatively?!,
then quantitatively??, that supported spun-cast polymer films had surface morphologies that
were conformal with the polymer/substrate interface, thus implicitly probing both
interfaces. With heating the conformality was lost, implying that thermal fluctuations
changed the air/coating interface while the interface with the substrate likely remained
unchanged within the resolution of the experiment, though this was not explicitly addressed.
At the same time Tolan et al.'?’ found evidence for capillary waves at the air/polymer
interfaces of droplets from dewetted polymer films. In 2006, Singh et al.®* used off-
specular neutron scattering to describe the morphologies from two interfaces associated
with a corroded Ni film, the top interface with air, and a buried interface between a less
dense layer adjacent to air and the unperturbed Ni layer underneath. To the best of our
knowledge, quantification of the evolution of the nanoscale 3-D interfacial morphology
between a metal substrate and an organic coating on top of it has not been reported. No
other techniques are available to interrogate this buried interface at these length scales. In
this chapter, simultaneous analyses of X-ray off-specular scattering measurements and
atomic force microscopy (AFM) images show that this buried interface is roughened on
the scale of tens of nanometers with water exposure of the coating and that the details of

this roughening differ with the type of crosslinker used in the coating.

The coatings we considered were epoxy coatings, which provide exceptional adhesion
to metal substrates, and good resistance to water/electrolyte. They are representative of the
most widely used primers in the coating industry.!!71-178 X.ray “rocking curves”

measurements were performed for epoxy coatings on aluminum as prepared, and after
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exposure to salt solution. The schematic of the experimental setup is in Figure 5.1. An
incident beam with a small angle with regard to the surface is reflected or scattered in
various directions. When the angle between the scattered beam and the surface is not the
same as the incident angle, the scattering is “off-specular”. With this approach, quantitative
information about the morphology at the substrate/coating interface and its change with
exposure of the coating to electrolyte is obtained by fitting the rocking curve data corrected
for the beam footprint using a model of the substrate surface morphology. The manner in
which change of the epoxy chemistry impacts water diffusion in the epoxy layer and
disruption of the coating/aluminum interface was studied using two epoxy films made with
crosslinkers differing in their spacings between the amino groups in the crosslinker. How
the effect of electrolyte exposure changed with the type of anion was also explored. The
nanoscale morphological change specifically at the buried interface was determined by
combining the analyses of the off-specular scattering and the AFM data. This novel
approach complements the wide use of EIS, and provides a means of investigating

phenomena that occur rapidly very early in the corrosion process.

5.2 Experimental Section

Epoxy coatings provide exceptional adhesion to metal substrates, and good resistance
to water and electrolyte. They are the most widely used primers in the coating industry.!!7!-
178 In my study, a EPON SU-8 epoxy crosslinked with EPIKURE 6870-W-53 was used as

a representative coating sample.
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Silicon wafers (3 inch diameter, | mm thick, El-Cat Inc.) were cleaned using piranha
solution (H202:H2SO4 = 3:7 by volume) at 100 °C for 30 minutes. (Warning: Piranha
solution presents an explosion danger and should be handled with extreme care; it is a
strong oxidant and reacts violently with organic materials. All work should be performed
in a fume hood. Wear proper protective equipment.) Then a 40 nm thick layer of aluminum
(Al) was deposited using thermal evaporation at the rate of 1 A/s. Thermal evaporation
provides controllability and uniformity over a relatively wide area on the substrate. A
mixture for spin-coating was created from two solutions: a 4 wt % solution of
tetracthoxysilane (TEOS, Sigma-Aldrich Inc.) in methanol and a methyl isobutyl ketone
(MIBK, Sigma-Aldrich Inc.) solution of EPON SU-8 epoxy (Momentive Performance
Materials Inc.) with epoxide equivalent weight (EEW) of 195-230 (g/eq) and curing agent
EPIKURE 6870-W-53 (Hexion Inc.), or isophorone diamine (IPDA, Sigma-Aldrich Inc.)
at stoichiometric ratios, », of [NH]/[Epoxide] = 0.5. The TEOS solution was mixed with
the epoxy resin solution at a weight ratio of TEOS:epoxy of 2:98. Films spun cast on Al
layers from the hybrid coating precursor solution were dried and cured at 150 °C in vacuum

(at 30 mm Hg, dry ice trap) for two hours.

Detailed information regarding the AFM characterization and scattering
measurements including reflectivity and off-specular scattering are included in the results

and discussion section.
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5.3 Results and Discussion
5.3.1 Behavior with water vs. that with electrolyte

Changes in the coating/metal interface differed depending on whether the coating was
exposed to water or to electrolyte. AFM tapping mode images from uncoated Al layers as-
prepared, exposed to water for 20 min, to 1 wt % or 3.5 wt % NaCl aqueous solution for
20 min, and to 3.5 wt % NaCl aqueous solution for 40 min are shown in Figures. 5.2(a)
and D.1. Surface roughness values inferred from the images are summarized in Table 5.1.
The roughness of aluminum surface exposed to water is larger than that of dry aluminum.
For aluminum exposed to electrolyte the surface roughness increases with an increase in
electrolyte concentration or exposure time. The surface roughness of the epoxy coating on
aluminum increases somewhat, but far less, in absolute terms than does the roughness of
the aluminum upon exposure to water or salt solution, as shown in Table 5.2 and in the

images in Figures 5.2(c) and D.2.

While the AFM images provide direct information on the changes in the surface,

power spectral density (PSD) spectra?34-238

calculated from these images are also very
helpful as they are analogous to the scattering curves obtained from X-ray measurements.
As illustrated in Figure 5.2(a, b) and Table 5.1, the roughness of the aluminum surface
deduced from AFM imaging changed from 1.52 +0.04 nm to 3.80 + 0.12 nm with exposure
to a NaCl aqueous solution, and the intensity in the PSD increased. The PSD intensity
increased for all values of g, indicating that upon exposure the roughening of the aluminum

surface features occurred at all length scales probed. For the epoxy surface shown in Figure

5.2(c) and described in Table 5.2, the roughness variation was small even after 24 h
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exposure. The shapes of the PSDs in Figure 5.2(d) are similar, consistent with the similarity
of scattering features in the “rocking curve” off-specular data sets measured with the

scattering geometry of Figure 5.3.

Table 5.1 Al surface roughness characterized by tapping mode AFM

Al samples Rms roughness (nm)?
As-prepared, dry 1.52 +£0.04
20 min exposure to H2O 1.64 + 0.04
20 min exposure to 1 wt % NaCl(aq) 1.76 £0.04
20 min exposure to 3.5 wt % NaCl(aq) 3.13+£0.06
40 min exposure to 3.5 wt % NaCl(aq) 3.80+£0.12

2 Error at 96% confidence reflects variation among images from three locations.

Table 5.2 Roughness values of epoxy coatings from tapping mode AFM

Epoxy sample type Rms roughness (nm)?
As-prepared, dry 0.39 +0.02
12 h exposure to 3.5 wt % NaCl(aq) 0.60 £0.04
24 h exposure to 3.5 wt % NaCl(aq) 0.59 £0.06

2 Error at 96% confidence reflects variation among images from three locations.
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Figure 5.2 (a) Tapping mode AFM images (20 um x 20 um) of aluminum surface
morphology as-prepared, and after exposure to H2O or 3.5 wt % NaCl aqueous solution.
(b) Power spectral density (PSD) derived from the AFM images of aluminum surfaces as-
prepared and after exposure. (¢) Tapping mode AFM images (20 um x 20 um) of epoxy
coatings on aluminum as-prepared, and after 24-hour exposure to 3.5 wt % NaCl aqueous
solution. (d) PSD derived from the AFM images of epoxy surfaces as-prepared and after

cxposure.
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Rocking curves were measured at the Advanced Photon Source (APS) beamline 33-
BM-C?*° using the experimental setup shown in Figure 5.3(a). An incident beam with a
small angle with regard to the surface is reflected or scattered in various directions. When
the angle between the scattered beam and the surface is the same as the incident angle, the
reflected radiation is referred to as “specular” (Figure 5.3(b)); otherwise, it is called “off-
specular” (Figure 5.3(c)). The incident angle is above the epoxy critical angle, so the
incident X-rays can penetrate to the organic coating/metal oxide interface. Such an off-
specular scattering measurement provides information from both the organic coating
surface and the coating/metal oxide interface. For the rocking curve scattering experiments
the detector position is fixed, while the sample is rocked about the specular reflection

condition.
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Figure 5.3 Schematics of the “rocking curve” off-specular scattering experiment to study
the buried interface between an epoxy coating and aluminum substrate: (a) spatial
relationship between the sample and detector, and the relationships among the incident and

exit wave vectors and scattering vector for (b) the specular condition and (c) an off-specular
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As illustrated in Figure 5.3(c), the scattering angle 26 is the sum of the angle of
incidence, #;, and the angle of detection with respect to the sample surface, #,. For a
reflectivity experiment, as in Figure 5.3(b), 6; = 6., and the scattering vector, ¢, is
perpendicular to the surface. Only information about the structure along the direction of
the surface normal can be derived.?**?*! The reflectivity curve is interpreted by assuming
a sample model structure consisting of various layers and varying the parameters of those
layers in the model until a simulated reflectivity curve calculated from the model structure
matches the measured curve. The model used reflects a lateral averaging of the thin film
structure in the in-plane direction. In contrast, an off-specular scattering measurement
(Figure 5.3(c)), involves also a scattering vector component parallel to the surface with
magnitude gx = |g|sin(a) and a being the rocking angle. Therefore the rocking curve scan,
measured by varying a, probes details of the interface morphology in the in-plane

direction?*?.
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Figure 5.4 (a) X-ray scattering data for epoxy-coated (with crosslinker IPDA) aluminum:
raw rocking curve data for as-prepared sample, and after 12-hour and 24-hour room

temperature exposure to a 3.5 wt % NaCl solution measured at 20 of 1.460°, 1.947°, and

2.434°.
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Figure 5.4 (b) X-ray scattering data for epoxy-coated (with crosslinker IPDA) aluminum:
rocking curve intensities at 20 = 1.460° for the sample dry (x1), after 12-hour (x1) and 24-
hour (x1.5) exposure to a 3.5 wt % NaCl solution corrected for the beam footprint, as a
function of in-plane scattering vector, compared with fits using the self-affine rough

surface model.
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Figure 5.4 (c) X-ray scattering data for epoxy-coated (with crosslinker IPDA) aluminum:
reflectivity curves and scattering length density (SLD) profiles for samples dry, and after

24-hour exposure to NaCl solution (offset by factor 10).
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The off-specular scattering data measured at 26 of 1.460°, 1.947°, and 2.424° can be
interpreted to provide a picture of how the interface between aluminum (oxide) and coating
change with exposure. Measurements at the smallest scattering angle (1.460°) were
characterized by the largest intensities. Measurements at the largest scattering angle
(2.434°) explore a wider range of in-plane scattering vector and therefore may be more
sensitive to subtler features of the structure even though the intensities are lower and thus
of statistically inferior quality. For each scattering angle, the sample was measured in three
states: as-prepared, after 12-hour exposure to 3.5 wt % NaCl aqueous solution, and after
24-hour exposure. For the data for 260=1.460° in Figure 5.4(a), there is a clear difference
between the data from the sample when dry and the data after exposure to NaCl aqueous
solution. Since we know from AFM measurements that the epoxy-air interface morphology
has not changed, this must be due to change occurring at the interface underneath the epoxy
resulting from NaCl solution penetrating through the thin epoxy film. From the data for
20=1.947°, one sees not only the obvious difference between the data from the dry sample
and data from the sample after exposure, but also can recognize subtle differences between
the scattering curves for the two different exposure times. Data for all three scattering
angles are compared in a single plot to make clearer the differences in shape and intensities
as scattering angle is varied. Each of the rocking curves in Figure 5.4(a) has three peaks.
The peak with highest intensity is due to specular reflection (a = 26/2). The other two are
Yoneda peaks!”-?*!. The Yoneda peak on the right side has lower intensity due to the higher
incident angle. The Yoneda peak results from resonance enhancement of the scattering

from the surface roughness that occurs when either the scattered beam or incident beam
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has an angle with regard to the surface is equivalent to a critical angle. Under this condition
there is an evanescent wave at the interface which enhances the scattering intensity. In the
region between the Yoneda peak and the specular peak of the curve, the intensity is higher
after the longer exposure. Data for the highest scattering angle (2.434°) show trends

consistent with those at scattering angles of 1.460° and 1.947°, as seen in Figure 5.4(a).

Quantitative information about the morphology at the substrate/coating interface and
its change with exposure of the coating to electrolyte is obtained by fitting rocking curve
data corrected for the beam footprint using a model of the substrate surface (Figure 5.4(b)).
Sinha et al.!” have described the scattering from a self-affine rough surface that can be

characterized with a correlation function C(X,Y) = o?exp[-(R/&)*"], where X and Y are the

in-plane dimensions and R = VX2 + Y2. The roughness, o, represents the root mean
squared roughness. ¢ is a correlation length in the plane of the surface, and 4, the “Hurst
parameter”, illustrates the texture or jaggedness of the surface, with / approaching zero
corresponding to jagged surfaces and 4 approaching 1 corresponding to surfaces with more
gradually varying height. Examples of fits of this model to data for the dry coating, after
12-hour room temperature exposure to 3.5 wt % NaCl solution and after 24-hour exposure
are in Figure 5.4(b). With exposure the log-log plot of the data shows a more pronounced
change in slope with increasing gx and the model parameters used to fit the data,

summarized in Table 5.3, show consistent trends. With exposure the interface becomes

more rough (o increases), the correlation length drops, and the texture becomes somewhat

more jagged.
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Figure 5.4(c) shows the specular reflectivity for the coating with crosslinker IPDA
dry and after 24-hour exposure to 3.5 wt % NaCl solution. Roughness values derived from
fitting the specular reflectivity curves for the samples as-prepared, and after 12-hour and
24-hour temperature exposure to a 3.5 wt % NaCl solution were used in fitting of the off-
specular data.?** The rocking-curve measurements probe a correlated roughness laterally
in the form of height-height correlation function within the coherence length of X-ray. The
reflectivity measures a laterally averaged roughness in the footprint.?**?* The two
techniques provide complementary, but overlapping information. Using the roughnesses
independently measured from the reflectivity measurements, which benefit from probing
length scales perpendicular to the interface that are much smaller than probed in the rocking
curves, improved the reliability of the determinations of the Hurst parameter and

correlation length from fits to the rocking curve measurements.

Figure 5.5 shows how the interface roughness and correlation length change with
duration of exposure to water or electrolyte for just the surface of the aluminum with its
native oxide and for the aluminum/epoxy coating (with crosslinker IPDA) interface. The
absolute values of these quantities are not readily compared because for the uncoated
aluminum samples they have been measured using AFM, while for the buried interface e.g.
the epoxy-coated aluminum the roughness has been measured with X-ray reflectivity and
the correlation length with off-specular scattering. Since the ranges of ¢ probed with the
AFM and scattering measurements were not identical they cannot be expected, in general,
to produce identical values of roughness and correlation length for a given interface.

Nonetheless, rates of change in these quantities can be readily compared. For purposes of
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describing the characteristics of these curves, and in particular the initial rates of change,
we have fit the data with the empirical functional form ¢ = a-b/exp(c-f). Several
observations about the behavior may be made. First, the roughness starts higher and
increases far more rapidly with exposure to electrolyte for the aluminum than it does for
the epoxy-coated aluminum, as it should, since the coating provides protection. The initial
rates of increase in rms roughness are 4 A/h for Al in water, 48 A/h for Al in electrolyte,
and 0.6 A/h for epoxy-coated Al in electrolyte. So, interface roughness increases 12x more
rapidly with exposure to electrolyte than with exposure to water. Certainly it is known in
the literature that corrosion progresses much more rapidly in electrolyte than in
water!9%-200.215 byt the results here suggest that even the earlier stage of corrosion, which
is disruption of the interface, also occurs more rapidly with the electrolyte. For the
parameter of correlation length we also see large differences between the coated and
uncoated Al in the rate of change. The correlation length decreases at an initial rate of about
82%/h for the unprotected Al in electrolyte vs. 4%/h for the epoxy-coated Al. The initial
values of the correlation length agree well for the two aluminum samples dry, but the initial
value for the epoxy coated aluminum is higher. The reason for the difference in correlation

lengths between the epoxy coating and Al is not clear.
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Figure 5.5 (a) Root mean square (rms) roughness (from tapping mode AFM images) of
aluminum surface as-prepared, and after exposure to HO or 3.5 wt % NaCl aqueous
solution with curves fit to the data using the phenomenological form in the text, and rms
roughness (from X-ray reflectivity) of aluminum/epoxy coating interface as-prepared and

after exposure to 3.5 wt % NaCl aqueous solution with empirical formula fitting.
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Figure 5.5 (b) Correlation length from PSD of tapping mode AFM images of aluminum
surface as-prepared, and after exposure to 3.5 wt % NaCl aqueous solution with empirical
formula fitting, and correlation length from “rocking curve” off-specular scattering fitting
of aluminum/epoxy coating interface as-prepared, and after exposure to 3.5 wt % aqueous

solution with empirical formula fitting.

126



Table 5.3 Parameters for the self-affine model providing best fits

Electrolyte exposure Crosslinker used
Samples
(crosslinker IPDA) (12 h exposure)
Parameters
Dry 12h 24 h IPDA 6870-W-53
Correlation length (nm) | 20248 43+4 2643 43+4 9445

Hurst parameter 0.44+0.02 | 0.26+0.01 | 0.22+0.01 | 0.26+0.01 | 0.38+0.02

Roughness (nm) 1.20+0.02 | 1.92+0.03 | 2.80+0.06 | 1.89+0.03 | 1.94+0.03

5.3.2 Change with crosslinker chemical structures

The manner in which change in epoxy chemistry impacts water diffusion in the epoxy
layer and disruption of the coating/aluminum interface was studied using films of EPON
SU-8 epoxy crosslinked with EPIKURE 6870-W-53 or isophorone diamine (IPDA). Both
EPIKURE 6870-W-53 and IPDA are diamine crosslinkers, differing in their detailed
chemical structures. Variation in hydrophobicity and the spacing between amino groups in
the crosslinker should affect the capability of the crosslinked coating to resist water and
electrolyte diffusion and subsequent corrosion. Different corrosion rates should result in
the different interface morphologies for a given exposure time. Changes in interfacial
morphology are reflected in the rocking curve data. Results from crosslinked samples
exposed to 3.5 wt % NaCl solution for 12 hours are shown in Figure 5.6. The similarities
and differences between the data sets for the two types of crosslinkers are consistent for

the three values of scattering angle. First, we note that the intensities in Figure 5.6(a) at the
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specular condition and in the Yoneda peak region differ little with crosslinker. Secondly,
the off-specular intensity near the Yoneda peak for the sample crosslinked with IPDA is
higher than that for the sample crosslinked with EPIKURE 6870-W-53. Finally, the off-
specular intensity near the specular peak is lower for the IPDA crosslinked epoxy than for

the EPIKURE 6870-W-53 crosslinked material.

Figures 5.6(b) and D.3 show plots of intensities vs. in-plane scattering vector
component gx on log-log scales. Detailed analysis of these curves is complicated by the
fact that the observed X-ray scattering comes from both the epoxy-substrate interface and
the epoxy-air interface. However, here we may make some qualitative inferences, using
the fact that the AFM images of the dry epoxy surfaces show no significant differences
with crosslinker used and no change with exposure to water and drying again. This suggests
that the differences in the rocking curves between samples and between before and after
exposure depend significantly on the character of the interface between the epoxy and the
substrate. The portions of the rocking curves for g« < 1310 A"! reflect simply the profile
of the specular beam and are of no further interest here. For both samples, just above the
specular peak there is a region of small negative slope, and at still larger values of ¢x a
power-law region with a larger negative slope. The transition in slope suggests the presence
of some length characteristic of the surface morphology. Broadly speaking this shape of
the rocking curve could be consistent with models used for describing surface fluctuations
from a liquid surface that has been vitrified!!® or for a self-affine randomly rough
surface!”!16, As this characteristic length becomes larger, this transition or change of slope

will move to lower value of gx. Thus the structure of the epoxy-substrate interface appears
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to reflect a somewhat larger characteristic length for the sample crosslinked with
EPIKURE 6870-W-53 than for the sample crosslinked with IPDA. From the self-affine
model simulation at a scattering angle of 260=1.947°, as shown in Figure 5.6(b) and two
rightmost columns of Table 5.3, the correlation length of the sample crosslinked with
EPIKURE 6870-W-53 is about twice as that for the epoxy crosslinked with [PDA. We
conjecture this maybe because the spacing between the two intramolecular amino groups
in the EPIKURE 6870-W-53 crosslinked epoxy is larger than that in the IPDA crosslinked
epoxy, which results in different rigidities and possibilities for water or electrolyte

diffusion.
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Figure 5.6 Rocking curve data after 12 h of exposure to 3.5 wt % NaCl solution for samples
made from EPON SU-8 crosslinked with EPIKURE 6870-W-53 or isophorone diamine

(IPDA) measured at scattering angles of 1.460°, 1.947°, and 2.434°.
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5.3.3 Effect of salts in aqueous solution

It would be very helpful if X-ray scattering measurements were able to also provide
information about how the effects of electrolyte exposure change with the identity of the
anion. Therefore, measurements were made with Nal as well as with NaCl. The X-ray
contrast between the epoxy and the electrolyte solution is slightly higher for Nal, but for
the solution concentrations of interest here the difference may be neglected in making
inferences about the morphology of the sample from the scattering data. Figure 5.7
compares the rocking curves from a sample exposed for 12 h to 3.5 wt % NaCl or Nal
aqueous solution with that from a sample exposed to H>O. The curves for the different salts
overlap very substantially, indicating that NaCl and Nal solutions have similar effects on
water diffusion to the interface and disruption of the interface morphology. Disruption of
the interface morphology occurs about 12 times more rapidly with exposure to either
electrolyte solutions than with exposure to water. Others have shown corrosion of Al
proceeds more rapidly in the presence of electrolyte than that in the presence of water

21101’16199’200’21 5'
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Figure 5.7 Rocking curve data for samples 12-hour exposure to 3.5 wt % NaCl aqueous

solution, and Nal aqueous solution at scattering angles of (a) 1.460°; (b) 1.947°; and (c)

2.434°.

5.4 Conclusions

We have presented a way in which changes in the morphology of a buried interface
caused by water or electrolyte disruption can be captured, even in the very early stages of
a process typically studied over much longer times. By combining AFM imaging of the
accessible surface with off-specular X-ray scattering measurements we can obtain
parameters describing the buried interface morphology using a self-affine random
roughness model. Analysis of the scattering curves reveals that when such a structure is

exposed to water or electrolyte outside the coating the interface is disrupted. The in-plane
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correlation of the interface structure is reduced and the “jaggedness” of the interface
increases along with the root mean squared roughness. The development of the interface
morphology with exposure to NaCl is different for epoxies made using different
crosslinkers. The crosslinker with larger spacing between amino groups within the
molecule yields an epoxy/substrate interface for which the in-plane correlation is higher
and the jaggedness less pronounced (larger /) for a given exposure. How this change in
crosslinker yields the change in interface morphology development is still to be determined,
since the hydrophobicity of the two crosslinkers differs as well and both hydrophobicity
and crosslink spacing could be playing roles in the disruption of the interface by water or
electrolyte. Over the early exposure times probed here the interface development is the

same for NaCl and Nal electrolytes.

Combining AFM with off-specular scattering provides access to information
specifically about the interface morphology that complements the information provided by
the widely used EIS technique. EIS can see changes in performance with coating chemistry
variation, but cannot readily link these changes to morphology. Because off-specular
scattering measurements probe length scales much smaller than those characteristics of
conventional analyses of outdoor exposure and accelerated weathering tests, the off-
specular scattering measurement also provides a means of investigating phenomena that

occur rapidly, very early in the corrosion process.

134



CHAPTER VI
SURFACE DYNAMICS MODIFICATION OF SUBSTRATE ADSORBED

POLYMER MELT FILMS WITH GRAPHENE

The surface fluctuations of substrate adsorbed polystyrene (PS) thin films are
substantially altered when the substrate is changed from silicon to graphene. For 8R, thick
entangled linear PS films, the surface dynamics can be illustrated using hydrodynamic
continuum theory (HCT) which assumes the thin film viscosity is equivalent to the bulk
viscosity throughout its entire depth. For 131000 g/mol linear PS, when the thickness of
the film is less than 4Ry, it shows confinement effects and surface dynamics are suppressed.
The surface dynamics of 8R, PS on graphene was slowed down more than two orders of
magnitude compared with that on hydrogen-passivated silicon (H-Si). The thickness of the
strongly adsorbed layer on graphene substrate (8.2 nm) is more than twice that on H-Si (3.4
nm), which is because of the difference in the substrate surface energy. The structure of
graphene, which is a monolayer of sp? carbon atoms in an aromatic hexagonal lattice, has
a great impact on the interaction with the thin film and the substrate, which dictates the
thickness of the strongly adsorbed layer and further affects various properties of supported

polymer melt films through long-range perturbations.
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6.1 Introduction

The surface fluctuations of entangled melt films is a significant scientific and
technological problem with application in the areas such as wetting, adhesion*®*’, and
tribology. Thermally stimulated fluctuations depend on the mobility of the entangled
chains not only at the surface but also at larger depth in the film?**. The results of
investigations of surface fluctuations using simulations®?47 and experimental efforts with

24,248-251

using X-ray reflectivity, off-specular scattering and X-ray photon correlation

2435 are often summarized or discussed by focusing on the behavior seen in a

spectroscopy
plot of normalized relaxation time, 7/, as a function of the dimensionless in-plane
scattering vector, gk, because a hydrodynamics continuum theory (HCT) by Jéckle*¢
predicts a universal behavior in such a plot?>-%37, That is, when data for films with different

thicknesses, #, for a given temperature much higher than the bulk glass transition

temperature (7gpuik) are plotted together the curves should overlap.

Nevertheless, when the thickness of a film of linear entangled PS melt is less than 4Ry,
a confinement effect manifests itself and the surface fluctuations are slower than predicted

250 show the

by the HCT theory. For example static off-specular X-ray scattering data
surface fluctuations for films of 90000 g/mol linear PS are suppressed (or slowed). The
authors of that study suggested this was because of strong van der Waals interactions with
the Si substrate. Dynamics measurements with XPCS later showed that when the thickness
of an entangled melt film of somewhat larger M, 123000 g/mol, decreased to about 4R,

the universal behavior was lost; for such a film with thickness comparable to 1R,, no

fluctuations were observed?. This confinement was attributed to the physisorption of PS
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segments to the substrate, and inclusion of an elasticity modulus in the HCT was vital in
order to represent the variation in relaxation time with scattering vector®. The group of
Foster and coworkers has studied melt films of custom synthesized polystyrenes of
different topologies?® such as linear, star-branched, end-branched star, cyclic, and tadpole
and illustrated the influence of molecular architectures on the thickness, 4, at which

252

confinement effects appear?*?. The differences in value of 4" for different architectures

have been attributed to the variations in thickness with chain architecture of the strongly

adsorbed layer which forms at the substrate upon annealing of the melt film?>3

. That group
also demonstrated that the substrate surface chemistry can have a remarkable effect on the
strongly adsorbed layer thickness and thus alter the surface fluctuations®. They did that by
modifying substrate surface chemistry of a silicon wafer by coating it with a very thin (4
nm) plasma polymerized maleic anhydride (ppMA) coating, quantifying the surface
fluctuations, and evidencing a change in the strongly adsorbed layer thickness using an
approach proposed by Guiselin®!. In 1992 he proposed one could investigate the formation
and structure of a layer of irreversibly, strongly adsorbed molecules at the melt/substrate
interface by rinsing away chains not so strongly adsorbed. Koga et al.>!, Fujii et al.?>* and
Napolitano et al.2%>?3¢ have all used this approach to study various attributes of such
strongly adsorbed layers. It has been shown that the strongly adsorbed layer at the substrate
interface is influenced by the surface energy of the substrate, and changes in this layer
cause changes at larger depth in the film or at its surface through long-range perturbations.

We would anticipate that changing or tailoring the behavior of the strongly adsorbed layer

is not only a matter of adjusting the surface energy of the substrate, but could involve more
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specific characteristics of that substrate surface, such as opportunities for epitaxy
arrangement of polymer segments on the substrate or opportunities for particular
interactions between functionality on the polymer and functionality in the substrate surface.
Here we show that modification of the substrate surface with a 2-D material, graphene,
offers extraordinary opportunities to tune the surface fluctuations of thin films or the
interactions of the chains in that film with the substrate. Such tailoring of melt dynamics
near a solid substrate could have application, for example, in designing highly effective

corrosion protection systems for high value applications.

Graphene, a monolayer of sp? carbon atoms in an aromatic hexagonal lattice, is a
perfect two-dimensional crystalline material. Because of its exceptional properties such as
impermeability, thermodynamic stability, transparency and flexibility, there has been
massive interest in it since its discovery®*%>. Intensive efforts have been made in the
fabrication of large pieces of graphene of high quality®¢, both for academic and industrial
purposes. The potential application of graphene in the areas of composites, membranes,
energy, coatings, biomedical drug delivery, sensors and electronics is the driving rationale
in a wide variety of graphene-based research topics®’. The perfect two-dimensional of
graphene has a great impact on a thin film adsorbed to it; thus, a key issue in graphene-
based scientific and technological research is the understanding of their interactions at this
interface between graphene and the adsorbed thin film. Simulations by Rissanou et al.*?
showed the effect of the graphene layer numbers on the dynamical properties of a graphene
sheet supported PS film. Tsige et al.** demonstrated the most significant difference in

relaxation time between PS on graphite (a close cousin of graphene) and a-quartz occurs
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within 3 nm from the substrate. No experimental investigations have been reported for the
graphene-polymer interfacial interaction, most probably because this is a “buried” interface,
and not easily probed. This problem can be met, however, using XPCS>® to probe the
surface fluctuations at a thin melt film surface a short distance from this interface and using
the Guiselin®' approach to provide an artifact, the structure of which is intimately linked
with that of strongly adsorbed layer present at the melt/solid interface at the temperature of
interest. Both methods provide information pertinent to the dynamics of polymer chain

segments at the interface between graphene and the polymer thin film adsorbed to it.

6.2 Experimental Materials and Methods
6.2.1 Graphene growth on copper (Cu) foil

A copper (Cu) foil (Sigma-Aldrich 349178, thickness 0.25 mm, 99.98% trace metals
basis) was immersed in a solution of 1 mol/L (NH4)2S20s (1.14 g (NH4)2S20s, 50 mL H>0)
for 10 minutes, and washed with dilute HCI solution (HCI:H,O = 1:10 by volume),
ultrasonically washed with spectroscopic grade acetone, reagent grade ethanol, and dried
with high-purity (99.999%) nitrogen (N2). After this cleaning process, it was placed into
the quartz tube of a homemade chemical vapor deposition (CVD) system including a tube
furnace (Lindberg/Blue Model TF55030A), gas flow control system, and a roughing
vacuum pump. Keeping the Cu foil in the cold zone, the furnace was heated to 1040°C
under a flow of argon (Ar) and hydrogen (H>) at a pressure of 524 mTorr, and at flow rates
of 100 and 60 sccm (standard cubic centimeters per minute), respectively. The Cu foil was

moved into the hot zone and was annealed for 20 minutes. Then a flow of methane (CHs4)
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was started at a rate of 6 sccm for 7 minutes, under a pressure of 537 mTorr. The methane
gas flow was stopped after the reaction. The Cu foil was moved to the cold zone using the
magnetic rod, and was cooled down to room temperature under the original flow rates of

Ar/H» mixture.

6.2.2 Graphene transfer to silicon wafer

The graphene that formed on the Cu surface was transferred to a silicon wafer (E1-Cat
Inc. 0.7 mm x 16 mm % 20 mm) that had been cleaned using piranha solution (H202:H>SO4
= 3:7 by volume) at 100 °C for 30 min and treated with dilute hydrofluoric acid (HF) to
etch away the native oxide. (Warning: Piranha solution presents an explosion danger and
should be handled with extreme care; it is a strong oxidant and reacts violently with
organic materials. All work should be performed in a fume hood. Wear proper protective
equipment.) A thermal release (TR) tape (Nitto Americas Inc., CA) was applied to the
graphene-coated Cu foil with caution, and 6.25 N/cm? compression force was applied for
10 minutes. The graphene on the opposite side of the Cu foil was removed by contact with
oxygen plasma for 5 minutes. The Cu foil was removed from the graphene layer by etching
in (NH4)2S203 aqueous solution (1 mol/L) for 12 hours, rinsing with deionized (DI) water
ten times, and blowing dry with high-purity N». The graphene side of the graphene-TR tape
assembly was adhered to the HF-treated silicon wafer at room temperature using a
compression force of 12.5 N/cm? for 10 minutes. Finally, the TR tape was released from
the graphene by heating the wafer for a few seconds on a hot plate at 110°C, leaving the

graphene layer on the silicon wafer. The contaminants on the transferred graphene surface
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were removed by annealing the Graphene/Si with a gas flow of Ar and Hz (200 and 60

sccm, respectively) at 400°C for 4 hours.

6.2.3 Graphene characterization

Raman spectroscopy was done with a 532 nm laser Horiba LabRam HR Micro Raman
Spectrometer using a 50% objective, 400 um pinhole, and 100 pum slit size. The spectra
were collected from 10 spots and averaged minimize the impact of local variations. An
optical image corresponding to the Raman spectrum was obtained with the Olympus BX41
camera on the Raman spectrometer. The optical image and the Raman spectrum are shown

in Figure 6.1, and discussed in the next section.
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Figure 6.1 (a) Reflection mode optical microscopy image of transferred graphene surface
on silicon wafer. Spots are dust particles on the sample surface. (b) Raman spectrum of the
transferred graphene surface on silicon. The large intensity ratios for the /c/Ip and Lo/l

indicate a graphene sheet with low density of defects.
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6.2.4 Polystyrene thin film preparation

Linear PS (M,, = 131000 g/mol, PDI = 1.05, synthesized from living anionic
polymerization) was obtained from Polymer Source Inc., and was used as received.
Toluene (99.5%, for spectroscopy ACS) was purchased from Acros Organics Inc. Two
concentrations of PS solutions were made: 0.75 wt % (PS 0.0401g, toluene 5.3110g), and
1.5 wt % (PS 0.0800g, toluene 5.2541g). Films of linear PS were spun-cast from their
toluene solutions at a rate of 2000 rpm onto two types of substrates: piranha-cleaned, HF-
treated silicon wafers and silicon substrates covered with a single layer of graphene. All
spun cast films were annealed at 150°C in high vacuum (ca. 1 x 107 Pa) for 12 h before

XPCS measurements.

6.2.5 X-ray photon correlation spectroscopy (XPCS) and X-ray reflectivity (XR)

XPCS were measured at beamline 8-ID-I at the APS, Argonne National Laboratory,
using a reflection geometry and analyzed using a procedure described elsewhere!?”-198, A
partially coherent monochromatic X-ray beam (E =7.35 keV, 20 x 20 um?) was used, with
the incident angle (6=0.14°) below the PS critical angle (0.16°). The X-ray beam
penetration in the film was limited to 9 nm in depth so scattering from the interface between
the film and the substrate can be neglected, and scattering from density fluctuations within
the film neglected due to the dominating contrast at the vacuum/melt interface. The
intensity was recorded using a two-dimensional CCD camera located 4027 nm downstream

107

of the sample'®’. Full frame mode was used to capture the off-specular scattering meaning

the entire detector surface was used for every frame. The g| range was 10 A1 to 107 A"l
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The range of relaxation times accessible with the setup was from 107! to 103 seconds. The
X-ray beam intensity was about 5 x 10° photons/second, with coherence lengths of 140 pm
and 7 um in the vertical and horizontal directions, respectively. Each XPCS measurement

was started after 20 minutes of thermal equilibration.

The fluctuations in the coherent speckle pattern from the thermally stimulated surface
fluctuations of the polymer film. The dynamics of these surface fluctuation are captured by

the normalized intensity-intensity autocorrelation function (g2),

~ _ {I(quenI(qyt’+t))
92 (qut) = =0 (6.1)

where I(qy, t') is the scattering intensity at ¢ at time t, and the angular brackets denote
ensemble averages for the delay time, 7. A single-exponential decay function, g, = 1 +
B exp (— 2t/1), was used in fitting the g» data consistent with those data resulting from
overdamped capillary waves'®®, with B being the coherent contrast and t being the
relaxation time for equilibrium surface height fluctuations. None of the correlation
discussed here displayed a “stretched” exponential shape. XR was performed before and
after every XPCS measurement to acquire the thickness of the film and also to provide
secondary evidence for X-ray beam radiation damage. Primarily, comparisons between
correlation functions derived from the first and second halves of the frames in a run were

made in order to exclude frames showing evidence of beam damage.
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6.2.6 Strongly adsorbed layer measurement with X-ray reflectivity (XR)

After XPCS measurements, the linear PS films were rinsed with toluene (Acros
Organics Inc., 99.5%, for spectroscopy ACS) by immersing them in toluene for 10 minutes
and blow drying with high-purity N> and then repeating this procedure four times before
drying the film in a high vacuum (ca. 1 x 10”7 Pa) at room temperature overnight. XR was
measured using a Rigaku SmartLab X-ray Diffractometer with a sealed tube source (40 kV,
44 mA, 4 =1.54 A) and parallel beam optic. A layered model was used in the fitting of the
XR data, to obtain values of film thickness, density and interface roughness. The scattering

length density profiles for the cases discussed here are shown in section 6.3.

6.2.7 Nanoindentation measurement

The hardness and elastic modulus of the silicon wafer and various samples of PS on
silicon or PS on supported graphene were estimated by analyzing of the load-displacement
curves garnered with a standardized loading and unloading process with a Hysitron premier
nanoindentation system!!-133, A Berkovich diamond tip was used and the unloading curve
analysis provided using the approach coded in the TriboScan software provided with the

instrument.
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6.3 Results and Discussion
6.3.1 Raman Spectroscopy

As introduced in section 3.2.4, Raman spectroscopy is used to evaluate the quality

135,136 ;

and the number of layers of graphene in a sample. In Figure 6.1, the intensity ratio of

the G peak to the D peak is very large, indicating a large grain size, low defect density?®’.
The 2D peak intensity is slightly more than twice that of the G peak and the FWHM of the

2D peak is ca. 26 cm™!, indicating the transferred sample is a monolayer of graphene!46-2%8,

6.3.2 X-ray Photon Correlation Spectroscopy (XPCS)

The behavior of PS surface fluctuations are different for the film supported on
graphene than for the film on silicon is immediately evident from the raw XPCS data. Three
kinds of samples were measured. The samples are designated using a name that contains
first the thickness specified as a multiple of R,, then the abbreviation for the polymer and
then the material contacting the melt (Graphene or Si). Sample thicknesses of 8R, (ca. 80
nm) and 3R, (ca. 30 nm) were studied so that the designations for the three samples are
“8R, PS/Graphene”, “3R; PS/Graphene”, and “3R, PS/Si”. With an incident angle §=0.14°,
the penetration depth into polystyrene is limited to 9 nm and the scattering from the
fluctuations of the film surface is much stronger than the scattering due to density
fluctuations internal to the film. Thus the XPCS data capture only the surface fluctuation
dynamics. A typical 2-D false color plot of the scattering intensity in the detector plane is
shown in the upper left corner of Figure 6.2(a) where the two axes correspond to the two

real space directions perpendicular to the sample surface (right to left) and perpendicular
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to the scattering plane (top to bottom); the axes are notated with pixel numbers. This
scattering pattern is also referred to as a speckle pattern. Each time the speckle pattern is
captured, the resulting data set, corresponding to a specific delay time since the beginning
of the measurement is referred to as a “frame”. One XPCS data is composed of frames
from 1 to N. A comparison of a plot resulting from an average of the intensities in each
pixel over the first N/2 frames with a plot resulting from an average in each pixel over the
second N/2 frames provides a quick qualitative indication of the degree to which the
surface has fluctuated over the time scale of the experiment. Consider such a pixel by pixel
average along the line shown in two false color intensity plots on the right side of Figure
6.2. Since the scattering measured here is coherent scattering, when the intensity measured
in a given pixel over the first half of the run differs outside the statistical uncertainty from
the intensity measured in that pixel over the second half of the run one may infer that some
real space feature of the surface relaxed over the time the elapsed from the middle of the
first half to the middle of the second half of the run. For a given set of experimental
condition, if few pixels show statistically significant changes in intensity the surface is not
moving on that time scale. In Figure 6.3(a) the plots of averaged intensity in each pixel
from the first 160 frames, i.¢. first 336 seconds and the second 160 frames, i.e. second 336
seconds of an experiments. This is for the sample on graphene that is 8R, thick at 170°C.
For some pixels the intensities from the average of the first half and average of the second
half are quite similar. For other pixels the two averages differ significantly. Thus, the
surface is relaxing on the time scale of 336 seconds. In Figure 6.3(b) is shown such a

comparison for the 3R, thick sample on graphene at a much higher temperature of 220°C.
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Despite the sample being at a temperature 50°C higher, the average intensities for the two
different sets of frames are the same within the counting uncertainty for nearly all the pixels.

Thus the surface of this thinner film is not fluctuating on this time scale.

According to the HCT theory introduced in section 3.1.3, a given temperature and a
given polymer but with different thickness values, 7/ and g4 should collapse onto a single
universal curve. A deviation from this universal curve will be an evidence of the existence
of confinement effects. The surface tensions and bulk viscosities of 131000 g/mol linear

PS at different temperatures shown in Table 6.1 are derived from literature data®>2%,
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Figure 6.2 Upper left: An example speckle pattern from the CCD detector. Low left:
schematic of the process of averaging intensity patterns from the first half of a run and the
second half of a run. Right side: Examples of the averaged intensity patterns for a region
of interest on the detector (shown in red box) from the first and second half of a run. Both
averages still have the character of “speckle patterns”. That is, jJumps in intensity between
neighboring pixels make the pixels very evident, meaning the sample is not moving on the
time scale over which the averaging was done. Lines mark the pixels for which intensities

are plotted in Figure 6.3 (a) and (b).
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Figure 6.3 Plot of intensity in each pixel along the line shown in Figure 6.2 for the first 336
seconds (open symbols, blue) and second 336 seconds (closed symbols, red) of a run for
(a) 8R; PS/Graphene at 170°C and (b) 3R, PS/Graphene at 220°C. On the time scale of 672

seconds the 8R, sample changes some, but the 3R, sample surface has not relaxed
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Table 6.1 Surface tensions and bulk viscosities of 131k linear PS at various temperatures.

Temp (°C) Viinear” (MN/m) Noulk (Pa s)

150 31.30 3.4 x 10°
160 30.62 9.7 X 10°
170 29.94 3.1 x 105
180 29.26 1.2 x 10°

2Reprinted with permission from ACS Macro Letters 2017,
6, 915-919. Copyright (2017) American Chemical Society.

® The uncertainty of the surface tension is about +5%.

The fitting of the autocorrelation functions was done with the XPCS Analysis
Program 3.0 (Copyright 2008) by Zhang Jiang and Michael Sprung. Using one fixed mask
for all the analysis allowed for the incorporation of data reflecting always the same length
scales of motion, resulting in more consistent comparisons among different measurements.
Fitting of the g» data in equation (6.1) with the single-exponential decay function, g, =
14 B exp (—2t/7), yielded the normalized relaxation time, 7/4, as a function of the
dimensionless in-plane scattering vector, g;h. Plots of these results for the 8R,
PS/Graphene and 3R, PS/Si samples are shown in Figure 6.4. Consider first the 3R, PS/Si
sample data for 170°C. The normalized relaxation time decreases as dimensionless
scattering vector increases with a power-law dependence of about -3.8, which is what one

expects for overdamped surface fluctuations. When the thickness of the PS is the same,
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3R, but the substrate is changed from Si to graphene, the speckle patterns do not change
at all over the measurement times used, even for temperatures as high as 220°C. That is,
on the length scales and time scales probed the surface for the 3R, PS/Graphene appears
solid like. The corresponding g» functions are horizontal lines with values above the
baseline and it is not possible to define a value for the relaxation time beyond defining a
lower bound. If the relaxation time had been less than 336 seconds for at least some values
of g, we should have been able to see at least the first part of the relaxation in the g function.
Since we cannot, we can say that the value of 7 for the 3R, PS/Graphene even at 220°C lies
above 336 seconds for all values of g|| studied here. This result is captured in Figure 6.4 by
showing a dotted line at a high value of 7 for 3R, PS/Graphene at 220°C. In order to be able
to quantify measurable relaxations a thicker sample of 8R, PS on graphene was measured.
At 170°C, the surface fluctuations are measurable for this 8R, film. However, even though
the sample on graphene is much thicker than the 3R, PS film on Si, it fluctuates much more
slowly than does the 3R, PS on Si. The fluctuations of the film on graphene appear to be
about three orders of magnitude slower than the fluctuations of the film on Si. This is a
dramatic difference, which is because of the attractive PS/Graphene interactions that are
much stronger than those between PS and Si. This leads to a more profound slowing down
of the PS chains next to graphene and the formation of a thicker strongly adsorbed layer on

graphene.
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Figure 6.4 ©h vs. q/h at 170°C, 180°C, 190°C for 3R, PS thin films on silicon and 8R; PS
thin film on graphene. The dashed curve for 3R, PS/Graphene 220°C indicates that the
relaxation for that sample is outside the measurable range, even at 220°C. The dashed
curves shown with the data correspond to fits with the HCT and a two layer model in which
the bottom layer is considered immobile on the probed time scales and the top layer has an
effective thickness much less than the total layer thickness and a viscosity equal to the

experimentally measured bulk viscosity.
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Evidence of the structure of the strongly adsorbed film that was in place in the melt at
the temperature of the XPCS measurement was obtained using XR and ellipsometry. The
XR curves for the strongly adsorbed layers are shown in Figure 6.5. This was done first by
rinsing with good solvent a room temperature sample that had been measured with XPCS
following the protocol of Koga et al.?> The layer that is left on the substrate after the rinsing
and drying is a collapsed version of the strongly adsorbed layer that was present in the
melt?$°. That is, in the melt state at temperature there would have been “loops” and “tails”
and portions of chains from the adsorbed layer that extended up into the melt adjacent to
the adsorbed layer. These parts of chains could still be extending away from the densest
part of the layer when the rinsed sample is still in solvent, but upon the last removal from
solvent, these sections of chains that had been extended out collapse onto the rest of the
adsorbed layer, since air is a poor solvent for the chains. The SLD profiles according to the
best fits of the XR curves for the strongly adsorbed layers are shown in Figure 6.5. Nominal
thicknesses of these collapsed versions of the strongly adsorbed layers on silicon and
graphene were calculated as the distance between the middle of the interface with air to the
middle of the interface with the substrate. Those thicknesses were 3.4 = 0.1 nm and 8.2 +
0.2 nm, respectively, as measured by XR. This value of thickness on the silicon substrate
is consistent with our earlier work®? and with results from Koga et al.>3 Further details of
the differences between the structures of the adsorbed layers on the two substrates can be
gleaned from the SLD profiles. The SLD profile for the strongly adsorbed layer on Si after
rinsing appears to describe a PS layer that has an SLD value in its densest part (the plateau)

that is 9.7 x 10 A2, which is about 9% larger than the bulk SLD value of 8.9 x 10° A2,
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Then there is an interface with the air that appears either rough (with rms roughness of
about 8 A) or to correspond to a gradual transition from this heightened density next to the
substrate to low density next to air. The SLD profile for the layer adsorbed to graphene
showing a densest part with SLD of 11.0 x 10 A2, which is 24% larger than the bulk SLD,
and a transition in SLD from PS layer to air that is about 4.5 times broader than that on for
the Si substrate. Again, from XR data alone it is not possible to say is this breadth is due
to diffuseness, or roughness, or both. Schematics of the strongly adsorbed layers are in
Figure 6.6. The strongly adsorbed layer thickness on silicon is comparable to what has been

reported in the literature?*7-2>4261-263

, given similar molecular weight, temperature, and
annealing time. For the purposes of modeling the dynamic behavior (74 vs. ¢4 behavior)
it proves to be sufficient to neglect the gradient in structure that most likely exists in the
melt film and just estimate the dynamic character of the melt film as reflecting model of

two layers, one highly viscous layer at the substrate and a second with bulk viscosity on

the surface. The 170°C data from the 3R, PS/Si, 8R, PS/Si and the 8R, PS/Graphene

sample collapse on a universal curve using a two-layer model with a 75 nm (ca. 7R) highly
viscous layer on graphene and a 14 nm (ca. 1.5R,) on silicon, as shown in Figure 6.7. This
is additional evidence that indicates a strong interaction between the graphene layer and

that of the film adsorbed to it.

These experimental results may be compared with the results of molecular dynamics
(MD) simulations of concentrated chains obtained by Prof. Mesfin Tsige in a separate

264

study“**. These were performed with the optimized potential for liquid simulations-all-

atom (OPLS-AA) force field and equilibrating for an integration time step of 1 fs. The
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position of each atom was recorded every 2 ps during heating and every 10 ps during
cooling. Snapshots of selected chains of PS 60-mer near a hydroxylated a-quartz and
graphite (5 layers of graphene) surface are shown in Appendix E. For the PS chains next
to the hydroxylated a-quartz, “loops” are formed, and the phenyl rings on the chain are
dominantly pointing toward the substrate. For the PS chains next to graphite, most chains
have one end, and many repeat units adjacent to that chain end, lying on the substrate to
maximize contact, and the rest of the chain is in the melt away from the surface. In the case
shown in the appendix about 20 sequential repeat units are on the substrate surface. The
phenyl rings are pointing away from the substrate and the -CH> groups are pointing toward

the substrate due to quadrupole interactions.

It has been shown in earlier work from our group®? that a silicon substrate surface can
also be modified so that the strongly adsorbed layer thickness on that substrate is much less
than that in silicon. Zhou et al. considered a coating of 3R, PS on a silicon wafer covered
with a 5 nm thick plasma polymerized maleic anhydride (ppMA) film. They could explain
the XPCS data for that sample using a two layer model in which the highly viscous layer
was only 15 nm (1.5Ry) thick, and no layer at all was found by XR on the substrate after
rinsing. Although the two-layer model with a highly viscous layer is an approximation, it
is sufficient to illustrate clearly that the influence on the film hydrodynamics for PS on a
substrate extends over a distance much bigger than the strongly adsorbed layer thickness

left after rinsing for graphene, silicon, and the plasma polymerized MA coating.
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Figure 6.5 X-ray reflectivity (XR) curves with the nonlinear least square regression using
a multilayer structural model and (inset) the scattering length density (SLD) profiles
according to the best fits for the strongly adsorbed layers on Si and on graphene after

rinsing.
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Figure 6.6 Cartoon for strongly adsorbed PS on silicon and graphene substrate.
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Figure 6.7 ©7h vs. g/h at 170°C for PS thin films on silicon and graphene assuming effective
thicknesses reflecting reductions from the actual thicknesses by the amounts shown in the

legend.

6.3.3 Nanoindentation

In the previous section a large change in the surface fluctuation behavior of PS melt
films was seen as a result of interposing a single monolayer of graphene between the silicon
substrate and the PS melt. Is it possible that the PS-graphene interactions could likewise
have a large effect on the behavior of the PS film once it has cooled through its glass
transition temperature and become a glass? Although precise inferences about the effect of

the underlying graphene on the PS glassy film are challenging to draw from
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nanoindentation measurements, a small study is highly suggestive that the effects are

substantial.

The force-displacement curves for the silicon wafer, 3R, PS/Si, 3R, PS/Graphene, 8R,
PS/Si, and 8R, PS/Graphene are compared in Figure 6.8. Values of apparent elastic
modulus and hardness of each sample derived from fitting of the unloading curves ignoring
the complication of the sample being a thin film on a much harder substrate are summarized
in Table 6.2. The values found experimentally for modulus and hardness for the Si alone
is in reasonable agreement with values in the literature?®®>. The hardness and elastic
modulus values of bulk PS are from the literature?®® are quote for comparison, while the
rest of the apparent elastic modulus and hardness values in Table 6.2 are experimentally
determined averages over three locations spaced 200 um apart. The maximum vertical
displacement in each nanoindentation measurement was 10 nm; nonetheless the apparent
hardness and elastic modulus values were influenced by the substrate at a much larger
depth because deformation of the film at a given depth invokes processes deeper in the
sample. For both 3R, and 8R, PS films, the apparent elastic modulus and hardness values
for PS on graphene were substantially larger than those on silicon. We conjecture this is
because of the stronger interactions between the PS and the graphene. For PS films on the
same type of substrate, when the thickness decreased from 8R; to 3R, the values of
apparent hardness and elastic modulus increased, since the substrate effect became
important. For hardness the apparent value on graphene was about 10 times larger than that
on Si for both thicknesses. For modulus the similarity of the apparent modulus values for

3R, and 8R, films on graphene was puzzling, since the modulus values on Si dropped by
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about a factor of 2 in going from a thickness of 3R, to a thickness of 8R,. This difference
should be studied further. However, the first results of nanoindentation measurements
suggest a picture consistent with those from XPCS and characterization of the morphology
of the strongly adsorbed layer, providing additional evidence of stronger interaction

between the PS and graphene than between PS and Si.

Table 6.2 Elastic modulus and hardness values of different samples

Sample Name Elastic Modulus (GPa) Hardness (GPa)
PS bulk 2.6 £0.1 0.09 + 0.02
Silicon 202.2 £ 5.8 205+1.2

3Rg PS/Si 51.7+ 5.0 1.1 £0.2
3Rg PS/Graphene 188.2 + 6.9 11.8 £ 0.6

8Rg PS/Si 27.6 + 0.4 0.44 + 0.05
8Rg PS/Graphene 188.8 + 2.4 4.7 +0.2
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Figure 6.8 Force-displacement curves for the silicon wafer, 3R, PS/Si, 3R, PS/Graphene,

8R; PS/Si, and 8R; PS/Graphene. The maximum displacement is 10 nm.

6.4 Conclusion

It has been proposed that in the area of corrosion, higher atom density in the protective
coating near the metal surface could provide better corrosion protection***. As a
monolayer of sp? carbon atoms sitting in a hexagonal lattice, graphene shows a range of

84,267,268

special properties , including apparent benefits in the development of corrosion

3840 in coatings. Therefore, XPCS, investigation of surface fluctuations on films

protection
next to graphene should help us better understand the role of graphene in corrosion

protection as well as graphene’s role in other applications in areas involving wetting and

adhesion*®*’ of thin films on this extraordinary material, In addition, such studies ma
ry Yy
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contribute in the decades-long debate on the 7, in polymer films and its change®>>3, with

536485 since it seems that the 7, behavior could

film thickness®>*%%, and with polymer type
also very well, in the case of supported films, depend upon modification of the interactions
with the substrate, which seem to be quite substantial with graphene.

The XPCS measurements show that the 8R, PS/Graphene surface fluctuations are

three orders of magnitude slower than those of 8R, PS/Si. The 170°C data from the 3R,

PS/Si, 8R; PS/Si and the 8R, PS/Graphene sample collapse on a universal curve using a

two-layer model with a highly viscous layer of 75 nm (ca. 7R;) thick on graphene and a 14
nm (ca. 1.5R,) thick layer on silicon. The strongly adsorbed layer on graphene left after the
rinsing and drying procedure was 2.4 times thicker than that on silicon. All the results here
suggest a strong interaction between a monolayer graphene as the substrate and the
adsorbed film. Such interaction could perturb the behavior of the melt over a distance from
substrate significantly greater than the strongly adsorbed layer thickness. Graphene is one
of the most widely used materials in various fields especially electronics, sensors,
supercapacitors, superconductors and coatings®**%>. The investigation of the effect of this
fascinating monolayer, graphene, on the sufficiently thin films will help in developing a
systematic understanding of the effects of substrate chemistry on confinement and surface

fluctuations.
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CHAPTER VII

CONCLUSION

The objective of the work involved in this dissertation was to understand the water or
electrolyte diffusion, organic coating/metal substrate interface disruption, and surface
fluctuations of polymer melt films on graphene. It shows an effort to understand corrosion,
which is important both scientifically and technologically. The investigation on the
nanometer length scale helps to establish an understanding of the corrosion mechanism,
which makes it probable to reduce the time-consuming macroscopic empirical organic
coating performance evaluations such as outdoor exposure and accelerated weathering. The
surface fluctuation study of adsorbed PS films on graphene or silicon substrate addresses
important interfacial properties such as wetting, adhesion***’, and tribology. The
information garnered from XPCS measurements, which probe behavior dictated by
viscosity will also provide a complementary perspective to help with the ongoing debate
on the correlation between glass transition temperature (7g) (which is related to segmental
dynamics) and its change®>?, with film thickness**-%3, and with polymer type>*¢463, since
it seems that the 7, behavior could also very well, in the case of supported films, depend
upon modification of the interactions with the substrate. This modification seems to be

quite substantial with graphene. The study of surfaces and interfaces on such small length

163



scale is challenging since the behavior observed can be altered by surface or interface layers

of only a few Angstroms thickness.

Water/electrolyte diffusion in organic films of tens of nanometers thickness were
distinguished in terms of the direction of diffusion: vertical penetration or lateral diffusion.
The lateral rate of diffusion of water or electrolyte probed by XR/NR was orders of
magnitude larger than the diffusion rate in bulk epoxy, and the rate of penetration of water
or electrolyte films of small thickness characterized by EIS was orders of magnitude
smaller than the diffusion rate in bulk epoxy. Such a large difference between the rates in
the directions parallel or perpendicular to the plane of the coating is consistent with the
empirical observation that a scratched coating on metallic substrate makes the metal
corrode much faster. Consistency in results from XR, NR and EIS showed that the diffusion
rate of electrolyte is lower than that of water (H2O/D20O), and the higher the salt
concentration, the lower the rate of diffusion. The probing of diffusion over this short
length scale (nm) and short times (hours) is a key for advancing the understanding of water
and electrolyte diffusion in organic coatings, which is considered as a first step in the study
of metallic substrate corrosion. Reflectivity complements the wide use of EIS, and provides
a means of quantitatively investigating phenomena that occur rapidly in the very early

corrosion process.

Next, the scattering from a self-affine surface was compared to the experimental data
in the analysis of the “rocking curve” off-specular scattering data. The morphology at the
substrate/coating interface and its change with exposure of the coating to electrolyte was

described statistically. The fitting of the off-specular data gave the jaggedness and
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correlation length of the interface. With exposure the interface becomes more rough, less
correlated, and more jagged. The characteristic length scale at which the morphology of an
interface between an epoxy corrosion prevention coating and a metal surface is roughened
by exposure of the coating to water differs for the two crosslinkers. The properties of the
crosslinker affect the capability of the crosslinked coating to resist water or electrolyte
diffusion and subsequent corrosion. The larger spacing between the two intramolecular
amino groups in the crosslinked epoxy results in different rigidities and possibilities for
water or electrolyte diffusion. The involvement of off-specular scattering and AFM in the
investigation of the differences in nanoscale morphological variation at a buried interface
due to the corrosion process caused by variations in coating chemistry is a novel approach
that complements the widely used technique of EIS, which can see changes in performance

with coating chemistry variation, but cannot readily link these changes to morphology.

In the last part of this dissertation, XPCS measurements show that the 8Rg
PS/Graphene surface fluctuations are three orders of magnitude slower than those of 8R,

PS/Si. The 170°C data from the 3R, PS/Si, 8R, PS/Si and the 8R, PS/Graphene sample

collapse on a universal curve using a two-layer model with a highly viscous layer of 75 nm
(ca. 7R,) thick on graphene and a 14 nm (ca. 1.5R,) thick layer on silicon. The strongly
adsorbed layer on graphene left after the rinsing and drying procedure is 2.4 times thicker
than that on silicon. All the results here suggest a strong interaction between a monolayer
graphene as the substrate and the adsorbed film. Such interaction could perturb the
behavior of the melt over a distance from the substrate significantly greater than the

thickness of the strongly adsorbed layer. Graphene is one of the most widely used materials
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in various fields especially electronics, sensors, supercapacitors, superconductors and
coatings®*%3. The investigation of the effect of this fascinating monolayer, graphene, on
thin films will help in developing a systematic understanding of the effects of substrate

chemistry on confinement and surface fluctuations.

In summary, scattering methods using X-rays and neutrons provide nanoscale
resolution in the investigation of water or electrolyte diffusion, organic coating/metal
substrate interface disruption, and surface dynamics of polymer melt films on graphene.
Such efforts to understand corrosion at short length and time scales help to establish an
understanding of the mechanism of corrosion, facilitate the coating performance evaluation,

and benefit a number of interfacial applications, including wetting and adhesion.
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APPENDIX A

MATLAB CODE FOR ROCKING CURVE FITTING FROM JIANG ZHANG

% --- simulate rocking curves
% capillary wave + bending rigidity
clear all;

global logFlag

%% some constants
% some constant

kb =1.3806503¢-23; % Boltzmann constant (SI unit)
planck = 6.626068E-34 ; % Planck constant

sol =299792458; % Speed of light

ec =1.60217646E-19; % Elementary charge

re =2.8179¢-15; % Thomson constant (m)

euler =0.5772; % Euler constant

%% setup

xenergy = 12; % x-ray energy (keV)
lambda = double(planck*sol/(xenergy*1000.0*ec)*1e10); % wavelength (A)

k  =2%*pi/lambda; % wave vector

%% load data

s=xlsread('File Name.xlsx");  %data file
roil = s(:,66);

roi2 = s(:,42);

10 = s(:,65);

qx = s(,1);
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theta = s(:,5);
qz = mean(s(:,3),'omit');
twotheta = mean(s(:,4),' omit');

roil2 =roil-roi2;
I = (roil-roi2)./10;

sigma_roil2 = sqrt(roil+roi2);
sigma_I = sqrt( (sigma_roil2./r0i12).”2 + (sqrt(10)./10 ).~2 ) .* I,

gxthetal = [gx,theta,],sigma I];
gxthetal(I<=0,:) = [];

figure
errorbar(theta,l,sigma I,'0-");
set(gca,'yscale','log");

%% geometric correction for rocking scan

Ls = 4%*32; % sample length mm
Lb=0.1; % beam size mm;
footprint_angle = asind(Lb/Ls);

f = sind(footprint_angle)./sind(qxthetal(:,2));

f(theta<footprint angle) = 1;

gxthetal corr = gxthetal;
qxthetal corr(:,3:4) = gxthetal(:,3:4)./repmat(f,1,2);

figure

hold on;

plot(gxthetal corr(:,1),qxthetal corr(:,3),'0-');
plot(-gxthetal corr(:,1),qxthetal corr(:,3),'s-");
set(gca,'yscale','log")

set(gca,'xscale','log")

%% choose side for fitting
sL = gxthetal corr;
sL(:,1) = -sL(:,1);
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sL(sL(:,1)<=0,:) =[];
sL = flipud(sL);

sR = gxthetal corr;
sR(sR(:,1)<=0,:) = [I;

figure

hold on; box on;
plot(sL(:,1),sL(:,3));
plot(sR(:,1),sR(:,3));

set(gca,'yscale','log")
set(gca,'xscale','log")

sFit = sL; % sR right side; sL left side

%% sample properties

rho al =2.7, % mass density of al substrate

rho al203  =3.95; % mass density of al203 film

al203 =refrac('Al203',xenergy,rho_al203);

al =refrac('Al',xenergy,rho_al);

n =1 - al.dispersion + li*al.absorption;

res_gx =2.5e-5; % gx resolution : A”*-1

zeta = 2e3; % effective self affine correlation length (A)
h =0.7; % self affine Hurst parameter
r0 =14, % molecular distance

sigma film  =7.8237170549775; % film roughness

10 =.02;

%% initialize fitting
% define fit range
fRange = 1:size(sFit,1);
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qx = sFit(:,1);
Intens = sFit(:,3);

% --- calculate incident and exit angle
alpha = sFit(:,2);
beta = twotheta-alpha;

% --- calculate transimittion coefficents

Ti2 = abs(2*sind(alpha)./( sind(alpha) + sqrt( n*2-cosd(alpha).*2) ))."2;
Tf2 = abs(2*sind(beta) ./( sind(beta) + sqrt( n"2-cosd(beta).”2) ))."2;
Ti2Tf2 = Ti2. *Tf2;

% --- Fresnel reflection critical angle
qc = 2*k*sqrt(2*real(1-n));

% -- simulation

gx_sim = logspace(-6,-2.5,200)';

alpha sim = asind(qx_sim/qz) + twotheta/2;

beta_sim = twotheta - alpha_sim;

Ti2_sim = abs(2*sind(alpha_sim)./( sind(alpha_sim) + sqrt( n"*2-
cosd(alpha_sim).*2)))."2;

Tf2 sim = abs(2*sind(beta_sim) ./( sind(beta_sim) + sqrt( n"2-

cosd(beta_sim).*2) ))."2;

Ti2Tf2 sim =Ti2 sim.*Tf2 sim;

I sim =diff selfaffine(qx_sim,qzk,res gx,zeta,h,r0,sigma_film,Ti2Tf2 sim,qc,l0); %
evaluate function

figure

errorbar(gx,Intens,sFit(:,4),'0'); %,'markersize',;markersize);
hold on;

plot(gx_sim,I_sim);

set(gca,'yscale','log")

set(gca,'xscale','log")

Y%return
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%% --- fitting routine

logFlag = 0;
if logFlag ==
Ifit = log10(Intens(fRange));
else
Ifit = Intens;
end

% initialize fitting parameters

X =[res qx zeta h r0 sigma film 10 1;

1b =[le-7 1 0 1 1 eps 1; % eps is a small
number

ub =[le-4 Inf 1 20 Inf 100000 ]; % Inf is infinite
fitFlag =[1 1 1 0 1 1 1;

x1 = x(find(fitFlag==1));
x2 = x(find(fitFlag==0));
Ib1 = Ib(find(fitFlag==1));
ubl = ub(find(fitFlag==1));
options = optimset (...
'Display’,'Iter,...

"TolX',1e-6,...

'"TolFun',1e-6,...

'MaxFunEvals',5000,...

'MaxlIter',3000);
[fittedX1,resnorm,residual,exitflag,output,~,jacobian] =
Isqcurvefit(@rocking_selfaffine fit,x1,qx(fRange),Ifit,lb1,ubl,options,x2,fitFlag,qz k,Ti2
Tf2(fRange),qc);

% --- error estimation
s2=resnorm/(length(residual) - 3);
[Q,R]=gr(jacobian,0);
Rinv=inv(R);
sigmaest=(Rinv*Rinv')*s2;
stderrors=sqrt(diag(sigmaest));
[fittedX1',full(stderrors)]

exitflag
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%% --- smooth and plot curves
% plot raw data

% plot raw data

markersize = 6;

linewidth = 2;

hFig = figure(...
"position’,[100,20,500,6001....
'PaperPosition',[0.25,0.25,8.25,10.75]);
subplot(7,1,1:5);
hold on;
errorbar(qgx,Intens,sFit(:,4),'0','markersize',markersize);

% plot fitting curve
x=zeros(1,length(fitFlag));
x(find(fitFlag==1)) = fittedX1;
x(find(fitFlag==0)) = x2;

res gx =x(1);

zeta =x(2);

h =xQ);

0 =x(4);
sigma_film = x(5);
10 =x(6);

Im = diff selfaffine(qx,qzk,res_qgx,zeta,h,r0,sigma_film,Ti2Tf2,qc,I0); % evaluate
function

residual = (Intens-Im);

plot(gx,Im,'linewidth',linewidth);

set(gca,'yscale','log','xscale','log');

set(gca,'yminortick','on',’xminortick’,'on');

ylabel('Diffuse Intensity (a.u.)");

xlabel('q x (A™M{-1})");

box on; grid on;

% plot residual

subplot(7,1,6:7);

plot(gx,residual,'o-',' markersize',markersize);
ylabel('Residual');

196



xlabel('q_x (A™{-1})");
box on; grid on;
set(gca,'xscale','log");

return

%% assemble result
fresult = [sFit, Im];
save File Name.dat fresult -ASCII -Tabs
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Heat Flow (W/g)

APPENDIX B

DIFFERENTIAL SCANNING CALORIMETRY (DSC) FOR POLYSTYRENE

Sample: 130kLPS DSC File: E:\Feipeng DSC\130kLPS.001
Size: 5.8800 mg Operator: feipeng
Method: Frankie's PEX-A method Run Date: 23-Aug-2018 15:38
Instrument: DSC Q2000 V24.11 Build 124
0.06 -
100.23°C
101.71°C(1)
102.97°C
-0.09 T T T T T T : : : : : ;

65 85 105 125

Exo Up Temperature (°C) Universal V4.5A TA Instruments
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APPENDIX C

EQUIVALENT ELECTRICAL CIRCUIT FITTING OF THE NYQUIST PLOT
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Figure C.1 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of as-prepared

SU-8 epoxy crosslinked with IPDA.
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Figure C.2 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of SU-8 epoxy

crosslinked with IPDA after 1 hour exposure to H>O or 3.5 wt % NaCl aqueous solution.

200



1.14M- ;
-t X_Center = §95.266kOhm Best Fitted .
¥Y_Center = -32.74kOhm I .
1M~} Radiud = 694.024kOhm Circular Fitted [~
_ Anglei= -2.704deg Trace
900k : | b
300k~ i Signal I:I
I
700k - i
E  600k- '
o I
£ 500k- i
N 400k- i’
[ ]
00k : NaCl (aq)
200k} ¢
4 i
100k-§ i
-50k- i i ; . . i i
200k 400k 600k 800k 1M 1.2M
Zre [Ohm]
550.5k =
“EX_Center = 283.?9k0§1m BestFitted [~ .
_EY_Center = -4.35TkOhm | i
I00k¥ Radius = 282.145kOhkn Circular Fitted [~ |
_f Angle = -0.885de !
450k g g : Trace IZI
A00k- i Signal |:|
1
350k- i
E 300k- ..-;.
(]
T 250k~ e H20
i ® !
T 200k- s i
1
150k 4 i
100k 4 :
- 1
50k- i
1
-20k-F :

I I I I I |
] 100k 200k 300k ANk 500k B0k
Zre [Ohm]

Figure C.3 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of SU-8 epoxy

crosslinked with IPDA after 2 hour exposure to H>O or 3.5 wt % NaCl aqueous solution.
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Figure C.4 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of SU-8 epoxy

crosslinked with IPDA after 3 hour exposure to H>O or 3.5 wt % NaCl aqueous solution.
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Figure C.5 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of SU-8 epoxy

crosslinked with IPDA after 4 hour exposure to H>O or 3.5 wt % NaCl aqueous solution.
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Figure C.6 Equivalent electrical circuit (EEC) fitting of the Nyquist plot of SU-8 epoxy

crosslinked with IPDA after 5 hour exposure to H>O or 3.5 wt % NaCl aqueous solution.
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APPENDIX D

TAPPING MODE AFM IMAGES AND ROCKING CURVE FITTING

8.0 nm

-8.0 nm

0.0 | Height Sensor  20.0 pml

Figure D.1 Tapping mode AFM images (20 pm X 20 um) of Al surface morphology after

20 min exposure to 1 wt % NaCl aqueous solution.
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0.0 Height Sensor  20.0 ym

Figure D.2 Tapping mode AFM images (20 um X 20 um) of epoxy coating on aluminum

after 12-hour exposure to 3.5 wt % NaCl aqueous solution.
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Figure D.3 Self-affine model fitting of rocking curve data for samples from EPON SU-8

crosslinked with (a) isophorone diamine (IPDA) and (b) EPIKURE 6870-W-53 measured

at scattering angle of 1.460°.
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APPENDIX E

PS CHAIN CONFORMATION ON QUARTZ/GRAPHITE SUBSTRATE

Figure E.1 Space filling model for polystyrene (PS) chains forming loops on hydroxylated

a-quartz. Selected few chains in a 13 nm polymer film adsorbed on the substrate are shown

for clarity. Simulation provided by Mesfin Tsige.
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Figure E.2 Stick model for PS chains on hydroxylated a-quartz in which phenyl rings are

dominantly pointing towards the substrate. A single selected chain in a 13 nm polymer film
adsorbed on the substrate is shown for clarity; different coloring is used for clarity.

Simulation provided by Mesfin Tsige.
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Figure E.3 Space filling model for polystyrene (PS) chains forming loops on graphite.
Selected few chains in a 13 nm polymer film adsorbed on the substrate are shown for clarity.

Simulation provided by Mesfin Tsige.
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Figure E.4 Stick model for PS chains on graphite in which -CH> groups are pointing toward

the substrate. A single selected chain in a 13 nm polymer film adsorbed on the substrate is
shown for clarity; different coloring is used for clarity. Simulation provided by Mesfin

Tsige.
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