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Vapor grown carbon nanofibers (VGCNFs) are a class of carbon fibers that are
produced by catalytic dehydrogenation of a hydrocarbon at high temperatures. Depending
on the method of synthesis and the post-treatment processes, the diameter of the
VGCNFs is normally in the 10-300 nm range. The small size, light weight, high aspect
ratio, and unique physical, thermal, mechanical, and electrical properties of VGCNF
make it an ideal reinforcing filler in organic coatings and polymer matrix
nanocomposites.

The main objective of the current investigation was to study the corrosion
protection offered by the incorporation of VGCNFs into a commercial alkyd paint matrix
applied to the surface of mild steel coupons. The corrosion protection was investigated by
immersing samples in 3% NaCl solution. The samples were studied by electrochemical

impedance spectroscopy (EIS) along with other measurements, including electrochemical



(open circuit potential, cyclic voltammetry), chemical (salt spray test), electrical
conductivity, and surface analysis techniques.

The study involved the investigation of the effect of the weight percent (wt %) of
the VGCNF as well as the coating film thickness on the corrosion protection performance
of the coated steel samples when exposed to the corrosive electrolyte. By way of contrast,
the EIS behavior of steel coupons coated with a paint coating incorporating different
weight percents of powdered silicon carbide (SiC) particles was also studied.

The electrical conductivity measurements showed that the incorporation of the
VGCNFs or SiC microparticles in the alkyd paint formulation significantly enhances the
electrical conductivity properties imparted by the coating. The nanoindentation
measurements showed that the incorporation of VGCNF in the paint matrix improves the
hardness up to 3%. On the other hand, increasing the SiC content improves the hardness
of the paint matrix at all levels tested. The chemical and electrochemical measurements
showed that VGCNF- and SiC-reinforced coatings are more stable than pure paint
coatings.

Overall, the incorporation of a small amount of VGCNFs or SiC microparticles
leads to significant improvements in the barrier properties of the paint matrix. Based on
their anticorrosive properties, the three coatings systems are ranked as follows: VGCNF-

reinforced coatings > SiC-reinforced coatings > pure paint coatings.
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CHAPTER 1

INTRODUCTION

1.1 Importance of Corrosion and Corrosion Control

Corrosion is defined as the involuntary deterioration and destruction of a
substance (usually metal, alloy, or a mineral building material) or its properties as a result
of its chemical or electrochemical interaction with its corrosive environment.' Corrosion
is a very serious problem and is responsible for enormous economic losses all over the
world.*® It has a serious impact on all society on a daily basis, causing dangerous and
expensive degradation and damage to everything including household appliances;
automobiles; buildings; bridges; nuclear power and solar energy production and
distribution systems; drinking water and sewage systems; underground oil pipeline
systems; aircraft industry; pulp and paper industry; fertilizer plants; air pollution control
systems; decorative platings; offshore and marine equipment; dairy and food industry;

1,4,7
and much more.” ™

Economic losses due to corrosion are quite high and are divided into
direct losses, and indirect losses.® Direct losses due to corrosion include the costs of
replacing, repainting, or modifying corroded parts or equipment while indirect losses
include losses due to shutdown of plants and companies during maintenance periods.

Although direct losses can be roughly estimated, indirect losses due to corrosion are

difficult to estimate.>>



According to a report by the National Bureau of Standards (NBS), the estimated
economic cost of direct and indirect corrosion in the United States (U.S.) in 1985 alone
was $167 billion.*® A more recent study conducted in 1995 by NACE International
(Figure 1.1) estimated the direct economic losses due to metallic corrosion in the U.S. to
be $276 billion per year (about 3.1% of the U.S. Gross National Product (GNP))."° For
other industrialized countries such as Canada, United Kingdom, Japan, and Australia, the
cost of corrosion was estimated to be 3.0-5.0% of the GNP.>* - %12 These figures, when
put into monetary terms, will lead to staggering amount of money which reflects the
tremendous economic loss due to corrosion. Moreover, this huge cost is substantially
escalating due to the fast growing industrialization, high energy costs, worldwide
shortage of construction materials, and huge infrastructures required in polluted and
corrosive environments especially in vital fields such as the oil production and refinery,
and automotive industries.

The surveys on the causes of corrosion damages and failure have shown that over
40% of the damages and failures are due to improper selection of the metal or alloy,
ineffective design measures, and non-use of efficient and durable protective coatings.
Although corrosion is inevitable and cannot be completely eliminated, corrosion
scientists and engineers believe that most of the causes of corrosion failure can be
avoided and the cost of corrosion can be substantially reduced by the following: (i) use of
optimum corrosion management practices, and (ii) use of proper corrosion prevention and

protection techniques. Optimum management practices include: better understanding of
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Figure 1.1 The annual corrosion cost per analyzed sector in the USA in 2001. The
total corrosion cost was estimated to be $276 billion/year. (Adapted from
Ref. No. 10)



the corrosion mechanisms; proper design and selection of materials for specific

application; and good maintenance of equipment.

13,14

Corrosion protection techniques include cathodic protection; anodic

15,16

protection; chemical modification of the corrosive environment (e.g., increasing the

17-21

electrolyte pH or adding corrosion inhibitors and passivators); use of microorganisms

22-25

(e.g., bacteria); use of pure or modified organic, inorganic, and metallic coating

systems;”*° and the use of organic-inorganic hybrid materials." **"° Accordingly, most
of the current research in the field of corrosion is directed toward the synthesis of
corrosion resistant alloys as well as composite materials; synthesis of new chemical
compounds that behave as better inhibitors or passivators better than the current
inhibitors; and the development and testing of new, nontoxic, environmentally friendly,

and better corrosion resistant paints.***

1.2 Corrosion of Iron and Carbon Steel Alloys

Iron and steel alloys are the most common and extensively used category of
metallic materials worldwide. This is mainly due to their low manufacture cost. In
addition, these materials offer a wide range of mechanical properties.*”>* Another
advantage of steel alloys is that they can be produced to meet a wide range of
applications through the control of the concentration of alloying elements."> >
Accordingly, iron and steel alloys have been the major materials for the construction of
structural features such as ships and offshore structures, bridges, buildings, oil and gas

pipelines, railroad equipment, automobiles, and aircrafts.” >
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Mild steels or low-carbon steels are iron alloys containing 0.10 to 0.25% carbon
content.”® These alloys are the cheapest steels, have high strength, high hardness, superior
formability, and are considered the most important engineering alloys.”® Mild steels
represent more than 90% of the total amount of steel shipped in the United States.® >*

As a result of the economic importance of iron and steel alloys, it is not
surprisingly that most of the corrosion losses are due to the corrosion of these alloys.”
Corrosion usually starts naturally at any defective, damaged, or bare area on the surface
of a metal or alloy. Anodic oxidation reactions start at these sites. Thus, at an anodic site
on the surface of iron or carbon steel exposed to natural atmosphere, the following anodic

reaction takes place:">*>*8

Fe = Fe*' +2¢ (1.1)
This reaction is very rapid in most media. Thus, when iron or steel corrodes, the rate of
corrosion is controlled by the much slower cathodic (reduction) reaction.

In the absence of oxygen, the hydrogen ion (H") reduction reaction is the main

cathodic reaction in most of the corrosion reactions:
2H +2¢ = H, (1.2)

The accumulation of H, at the cathode would slow the process due to the
depletion of H" at the cathode. However, the presence of oxygen (either from the
atmosphere or dissolved in water) in aerobic corrosive media acts as a cathodic

depolarizer and usually accelerates the reduction of H"

2H' + %60, + 2¢” = H,0 (1.3)
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Also,

H,0 = H +OH (1.4)
Adding equations 1.1, 1.3, and 1.4 gives:

Fe + 20, + H,O = Fe(OH), (1.5)
Ferrous hydroxide is further oxidized to a hydrated ferric oxide as:

Fe(OH), + O, = 2Fe,03°H,0 + 2H,0 (1.6)

For long term exposure of iron to natural atmosphere, the final corrosion product is ferric

oxyhydride (orange-red to brownish-red in color) according to the following equation:
4Fe + 30, + 2H,0 = 4FeOOH (1.7)

Fe,03°H,0, and FeOOH constitute the main corrosion products (also referred to
as rust) of iron and steel alloys and their formation means failure of the metal or the alloy.
However, Equations 1.5 through 1.7 show that both water and dissolved oxygen (called

the corrodents) is necessary for the corrosion of iron and mild steel alloys.”

1.3 Corrosion Protection by Organic Coatings

Several methods and techniques have been used to prevent or inhibit corrosion of
metals and alloys. Among these methods are the following: selection of the proper metal
or alloy for a particular corrosive service; changing the environment; control of the pH of
the corrosive medium; use of proper inhibitors; modifying the designs of systems; use of

. . . - . 15,19,60-73
cathodic or anodic protection; and use of barrier coatings.'> '***”
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Paints, varnishes, lacquers, resins, glass coatings (e.g., vitreous enamels, glass
linings, porcelain enamels), noble and sacrificial metal coatings, phosphate coatings, and
other coatings have become among the most common, cost-effective methods to provide
good corrosion protection against corrosive species and improve the durability as well as
lifetime of metals and engineering alloys.*”*® ™ They are currently used in several
industries including the aircraft, automotive, military equipment, and food and beverage
packaging industries.” "® As shown in Table 1.1, coatings are generally classified into
four different groups, namely organic, inorganic, chemical conversion, and metallic
coatings.”* 77"

Coatings are applied either on the internal or external surfaces of metals and
alloys to introduce a barrier to ionic transport and electrical conduction through the
substrate surface. When applied to the internal surfaces of metals (e.g., when used as
interior linings for food and beverage cans), the coatings provide corrosion protection for
the substrate and flavor protection for the contents. On the other hand, when applied to
external surfaces, coatings protect the substrate and improve its durability against
atmospheric corrosion.”*

If a thick and perfect barrier layer of paint or a coating is applied to a metal or
alloy surface exposed to a corrosive environment, then neither water nor oxygen can
reach the substrate surface and hence corrosion will be prevented. The performance and
service life (durability) of any coating system depends mainly on the coating thickness,
its physical and chemical properties, the surface characteristics of the metal substrate, the

surface pretreatment, and the nature of the surrounding atmosphere.®* *


https://atmosphere.62
https://corrosion.34
https://coatings.74
https://industries.75
https://alloys.40

Table 1.1 Classes of coatings.*

Organic Inorganic Chemical Conversion
Coatings Coatings Coatings Metallic Coatings
Phenolics Glass Molybdate Electroplating
Acrylics Silicates Chromate Vacuum vapor deposition
Urethanes Ceramics Anodizing Galvanizing
Polyvinyls Phosphating Diffusion
Coal tars
Epoxy
Alkyds
Polyethylene

*Modified from Ref. No. 74.



Among the four classes of coatings, organic coatings have gained an increased
interest in several industries over the past two decades especially for use as protective
coatings for a wide range of metals and engineering alloys in many industries including
the automotive, aircraft, domestic products and food packaging, marine, crude oil,
building trade, and wastewater treatment industries.” "% 777 #18 This is mainly
because organic coatings are corrosion resistant and easy to apply to various surfaces at a
reasonable cost.>* > *” Organic coatings are typically highly resistant to ionic as well as
water penetration, thus inhibiting the diffusion of ions and water to and from the substrate
surface. Accordingly, the use of organic coatings to reduce the rate of corrosion of metals
and engineering alloys has increased tremendously during the last decade. For example,
in 1986, it was estimated that the U.S. spends $2 billion per year on organic coatings,
while in 2002, according to the Current Industrial report-Paint and Coating
Manufacturing, the value of shipments of paint and allied coating products in the U.S.
was $17.5 billion which increased to $19.9 billion in 2005.>* "

In addition to their use with metals and alloys, organic coatings have also been
applied to other substrate materials such as woods, plastics, composites, and ceramics. In
addition, the use of organic coatings is not limited to the corrosion protection of the
substrate, but they have also been applied for other purposes such as decorative or

93-95

aesthetic appearance,’** packaging, and electronic as well as other functional

applications.”® *%*®

The basic constituents of any organic coating are binder, pigments, additives and

fillers, and solvent. In addition, organic coating formula may contain corrosion inhibitors
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to enhance the corrosion protection of the metal substrate.”** All of these components
act together to provide good adhesion to the substrate surface, hinder the permeation of
water and electrolytes, and increase the mechanical and electrical resistance of the
coating, thus providing corrosion protection to the substrate against wear, abrasion, and
corrosion attack by corrosive chemicals and/or atmospheric conditions for the longest
possible time. A detailed discussion about the properties and functions of the components
of organic coatings is beyond the scope of this dissertation. However, for further
information, several specific references are available.'®'%

Unfortunately, all paints and organic coatings are porous and permeable to
oxygen and water to some degree and through-thickness microvoids and defects in the
coatings cannot be avoided even for thick coatings.” Moreover, even if they are free of
defects when new, organic coatings tend to become damaged during shipment or during
the service life. Accordingly, pure paints and coatings are not perfect barriers against
corrosion and eventually fail either through existing pinholes, craters, and other defects or
sites of damage. Corrosion of coated metals starts by diffusion of corrodents through
these defects followed by loss of adhesion then attack of the metal. For this reason, it is
highly desirable to find other methods to improve the corrosion protection of the organic
coatings. For this purpose, several methods have been investigated including:'*” '%

(1) Incorporation of nano-sized or platelet-shaped barrier pigments (e.g., platy talcs,
mica, glass flakes, micaceous iron oxides such as Fe,Os3, leafed or regular Al, graphite,

carbon black, TiO; nanoparticles, steel nanoparticles, Pb dust, Ca ferrite, Zn

nanoparticles, SiC nanoparticles, and other metal flake pigments) into the organic coating

10
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to reduce the permeability of the coating.'®'** When mixed with the organic coatings,
these pigments, after curing, tend to overlap and form several layers, thus creating longer
and indirect pathways for the corrodents (water, oxygen, electrolytes) to go through
before reaching the metal surface (Figure 1.2), thus reducing the rate of metal corrosion,
and hence improving the barrier properties of the metal substrate.”” '**'** When
dispersed in a polymer matrix as fillers or accessory ingredients, these pigments not only
improve the barrier properties of the host matrix, but also improve the coating’s
mechanical strength, rheological property, and light resistance.''% 1212

Surveying the literature shows that the properties of the host matrix depends on
the weight percent of the added conductive filler.'® *° The literature data also shows that
there is a threshold weight percent for the filler, above which the properties (e.g., the
electrical conductivity) of the host matrix deteriorate. This threshold value depends on
both the type of the conductive filler and the polymeric composite in which the filler is
dispersed."*® For example, the threshold value is about 7.5% for epoxy resins containing
Fe'* and 20-40% for epoxy resins reinforced with Ag, Sn, Pb, Cu, or ALBL 132 The
threshold value is 5-6% for Cu particles in polyvinyl chloride'’ and Ni in polyethylene'**
while it is 1% and 8% for CB in polyvinyl alcohol,''® and Araldite D,"’ respectively. The
threshold value is 37% for Ag particles in Bakelite powder."*®
(i1))  Incorporation of sacrificial cathodically protective pigments into the
coatings.”””'*" Usually these pigments contain zinc metal which acts as a sacrificial
anode where it (Zn) dissolves in preference to the metal (e.g., iron) thus protecting the

metal surface.

11
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Figure 1.2 Effect of barrier pigments on the path of the corrodents (H,O, O,, and
aggressive ions) on the barrier and passivation properties of an organic
coating. (Modified from Ref. No. 59).
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(iii)  Use of organic corrosion inhibitors.'*'"'*> A wide range of organic compounds
have been investigated for use as corrosion inhibitors including aromatics, amines,
organic acids, nitrogen- and sulfur-containing compounds, and many other heterocyclic
compounds.'*® When incorporated in the coatings, these inhibitors reduce the corrosion
process by forming a passivating layer that either passivates the anodic or cathodic sites
on the metal surface. These inhibitors can also show their protective action through the
formation of a barrier layer that covers the entire metal surface. In either case, the
incorporation of inhibitors into the coatings improves the corrosion resistance of the
coating and prevents the corrodents from reaching the metal surface.

(iv)  Addition of anticorrosive pigments into the coatings.'*>'*"'** This is the most
commonly used method for improving the corrosion protection of organic coatings.
These pigments show their protective action through their reaction with absorbed water in
the coating and releasing inhibitive ions that penetrate the coating and reach the metal
surface to passivate it with an inorganic layer.*> '>* This family of inhibitive pigments is
divided into oxidizing (e.g., chromates) and non-oxidizing (e.g., phosphates and
molybdates) pigments. Non-oxidizing pigments require the presence of oxygen to show
their inhibitive action while oxidizing ones do not. Although chromate and lead based
pigments are the best corrosive resistant pigments; recently, there has been an interest for
the replacement of these toxic pigments with low-toxic pigments such as phosphate,
borate, and phosphosilicate pigments. However, although these pigments are less toxic,
they show a much lower corrosion protection performance as compared with that of lead

and chromate based pigments.
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Currently, research is on going for the evaluation of new additive candidates that
can be incorporated into the formulation of a coating to improve the corrosion resistance
of the coating."* '*° In addition to offering excellent corrosion protection, these
candidate additives should be inexpensive and environmentally friendly. They should
also be able to be incorporated in a wide range of organic coatings, and improve the
mechanical as well as the chemical properties of the pure coatings.

In the present study, and for the first time, the electrochemical impedance
spectroscopy (EIS) technique was used to evaluate the corrosion behavior of mild steel
samples coated with a layer of a commercial paint containing a known weight percent (wt
%) of VGCNF. With its unique physical, electrical, and mechanical properties (vide
infra), it anticipated that VGCNF would improve the barrier properties of the pure alkyd
paint coatings. For comparison, the study also included the EIS behavior of steel samples
coated with the paint containing a known weight of SiC powder. The EIS experiments
were conducted in aqueous solutions of 3% NaCl in water at room temperature. This
solution was chosen as the immersion electrolyte because it imitates an industrial
atmospheric environment.'*®

The aim of the present work was to evaluate the effect of incorporation of
VGCNEF in the commercial paint matrix on the protective properties of the coatings
applied to the surface of the mild steel. The barrier properties of both pure and VGCNF-
incorporated coatings have been investigated using the EIS technique along with other
electrochemical measurements such as cyclic voltammetry (CV) and open circuit

potential (OCP) measurements. In addition, the investigation involved accelerated

14



corrosion studies (salt spray test), electrical conductivity measurements, surface analysis
measurements (e.g., SEM, optical profilometery) and mechanical measurements

(nanoindentation).

1.4 Mechanism of Protection by Organic Coatings

Many researchers have investigated the mechanism of the corrosion protection
provided by organic or inorganic coatings applied to the surfaces of metals or alloys."””
14 It is now well known that the degradation of a coated metal occurs along the
metal/coating interface and usually starts as a localized corrosion at the defects in the
coating which provide contact between the metal and the corrosive electrolyte.*® '® Thus,
for a coated metal or alloy to corrode, the following five elements are required: (i) an
anodic site on the metal surface (e.g., a defect in the coating) for the anodic dissolution to
occur, (i1) a cathodic site, (iii) an electrolyte (e.g., water), (iv) oxygen or another
reducible species, and (v) an electrolytic path between the cathode and anode.

The corrosion process occurring for a metallic substrate beneath a coating is
similar to that occurring for a bare uncoated substrate. However, for a coated substrate,
the following steps are involved in the corrosion process before the deterioration of the
metal substrate occurs: (i) diffusion of corrodents (oxygen, water, ions) through the
coating, (i1) development of an aqueous layer at the coating/substrate interface, (iii)
initiation of the anodic and cathodic reaction on the substrate surface, and (iv) damage of

the bonds at the substrate/coating interface.”
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Accordingly, the role of a good protective coating is to reduce the rate of the
corrosion of the metallic substrate through limiting or eliminating the effect of any of the
above mentioned elements or steps. Organic coatings offer protection through the
following mechanisms:

(1) Providing a thick protective barrier against the transport of aggressive
substances, water, oxygen, and soluble salts.

(11) Creating a highly resistive electrolytic path between the anode and the
cathode.

(1i1)  Providing a sacrificial anode for the dissolution reaction

(iv)  Providing a passive layer with soluble pigments

1.5  Diffusion Phenomena in Organic Coatings
As mentioned earlier, the atmospheric corrosion of a coated metal or alloy starts
at the defects in the coating in the presence of both water and oxygen.’">*>% " In

addition, the presence of soluble salts and aggressive ions, such as chloride ions,

significantly accelerate the rate of corrosion.

1.5.1 Oxygen Diffusion
In aerated neutral solutions, the oxygen reduction is usually the cathodic reaction

in a corrosion reaction:

140, + Hy0 + 2¢” = 20H (1.8)
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The above cathodic reaction occurs at the metal surface. Therefore, oxygen permeation
through the coating is a must for the initiation and propagation of corrosion at the metal
surface underneath the coating.'®

Several authors have determined the oxygen permeability in different organic
coatings and paint films including epoxy resins, alkyd, and rubber films. The studies
showed that the oxygen permeability through these organic coatings is in the range of
1.0 x 10®-4.0 x 10° L/cm?/d.'’ It has been determined that although the oxygen
transport is a crucial step in the corrosion of the metal beneath the coating, this step is not

the rate-determining step in the corrosion reaction of a coated system.'"- 6716

Moreover,
studies showed that the amount of oxygen necessary for steel corrosion to occur at a rate
of 70 mg Fe/cm?/year is 30 mg/cm?/yr which is much less than the amount of oxygen that

can diffuse through the organic coating.'”’ A review on the oxygen transport through

organic coatings is available.®

1.5.2 Water Diffusion

As mentioned earlier, the main electrochemical corrosion reaction is the cathodic
reduction of oxygen (as shown in Equation1.5), in the presence of water, along with the
localized anodic dissolution of the metal substrate.™ ’* ¥ 171
Water permeation through organic coatings occurs mainly due to the strong

adsorption forces between the water molecules and the paint. The studies on the diffusion

of water through organic coatings have shown that the average amount of water that can
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diffuse through an organic coating with a reasonable thickness is always greater than the
amount of water necessary for corrosion to occur.

Similar to the oxygen diffusion, the amounts of water necessary for steel
corrosion to occur at a rate of 70 mg Fe/cm?/yr was estimated to be 11 mg/cm?/yr.'”® The
studies also showed that water diffusion is not the rate-determining step in the corrosion
process of coated metals and alloys.

Recent studies on the corrosion behavior of coated steel have shown that the
degree of protection against corrosion is not only controlled by the barrier and
passivation properties of the coating film but also by other factors such as the electrical
conductivity of the coating as well as the strength of the adhesion forces between the
coating and the substrate.*” 7% In this regard, when exposed to corrodents, coatings
with poor adhesion would grow blisters on the metal surface faster and hence deteriorate

at a higher rate than coatings with good adhesion.*! > > 181- 182

1.6 Testing the Stability of Organic Coatings

The stability and durability of organic coatings are evaluated using two general
methods, namely (i) short-term (also known as accelerated) measurements and (ii) long-
term measurements.
(1) Short-term (accelerated) measurements are usually used to compare the corrosion
resistance of different paint/metal systems and decide which system would provide the
longest time durability and best corrosion protection. These accelerated tests depend on

the application of specific stresses (such as high temperature, UV light, high corrosive
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salt concentration, and high humidity, either individually or using a combination of them)
at levels higher than those encountered under normal atmospheric conditions to produce
aging or failure of the paint/metal system at a shorter time than under normal conditions
but without changing the degradation mechanisms.® '** As shown in Equation 1.5, both
dissolved oxygen and water (or any electrolyte) are necessary for the degradation of any
paint coating and the corrosion of a metal or alloy. The drastic and unusual conditions
used in accelerated tests, such as high temperature, enhance the transport of the
corrodents through the coating film and hence accelerates the corrosion reactions.'*
Because of the lack of sufficient direct correlation between natural degradation and the
weathering device, accelerated tests are currently used only in quality control to compare
the anti-corrosive properties of different coating systems.'®> ' In other cases, the results
of these tests are used to give a rough prediction about the long-term stability of the
system under investigation.'®’"'®

(i1))  Long-term measurements allow for a comprehensive evaluation of the overall
corrosion behavior of any given system. In addition, these tests allow for the
determination of the corrosion kinetics (e.g., measurement of the corrosion rate) of the
test samples at different time intervals. In long-term measurements, the system under
investigation is kept under normal atmospheric conditions and the corrosion behavior of
the system is monitored over time using DC and/or AC electrochemical techniques. As
the name implies, the time frame for the conclusion of these test measurements ranges

190-1
from few months to several years. 90-193
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Among the electrochemical techniques used for studying the corrosion behavior,
EIS and the salt spray test are the most frequently used techniques for the evaluation of
behavior of organic coatings in aggressive media.'”**°! In addition to these two main
approaches, other techniques are also used as complementary techniques for the

characterization of organic coatings as well as coated metals and alloys such as

202-205

electrochemical noise measurements (ENM); scanning electron microscopy

(SEM);*%*212 X _ray techniques (e.g., X-ray diffraction, X-ray photoelectron spectroscopy,

.213-219

energy dispersive X-ray); polarization and cyclic voltammetry;'® #2% 2!

222-225 226-228

ellipsometry; and the scanning probe microscopy (SPM) techniques such as

229-232

the scanning Kelvin probe (SKP), the scanning vibrating electrode technique

(SVET),**** the atomic force microscope (AFM),>* #*"?* scanning tunneling

243,244

microscope (STM), and the scanning electrochemical microscope

(SECM) 226, 245-248

1.7  Electrochemical Impedance Spectroscopy (EIS)

EIS is a widely used technique in a large number of research areas including

37,249-254

corrosion studies and corrosion control by coatings and/or inhibitors; monitoring

. . . . . 255-2
of microbiologically influenced corrosion;*>>®

study of the kinetics and elucidation of transport phenomena in electrochemical

261-269

. . . . o 2
systems; evaluation of the mechanism and efficiency of inhibitors;*’° measurements

271-275

in batteries and fuel cell-related systems; electrochemical characterization of

276,277

ultramicroelectrodes; and monitoring the properties of conducting and ionic
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polymers.”’*?** Moreover, the EIS technique can also be used for measurements in harsh
and low conductivity media.”*** The EIS experiment offers a wealth of electrochemical
information that can be interpreted and modeled as an equivalent electrical circuit (vide
infra), 37 199 251, 290-292
In addition to its chemistry applications, impedance spectroscopy has become a

293,294 semiconductors and

multi-discipline science that has been applied in biology,
electronics,”> %’ biomedical sensors,zgs’ % biomaterials,>* drug research,3 01-304 and
biotechnology and tissue engineering. > **>"7 Several proceedings, symposia, books,
book chapters, and review articles provide evidence of the different successful
applications of EIS.*" 2308315

The use of EIS in the evaluation of the properties of polymer coated metals and
alloys and their changes during exposure to corrosive environments has been the topic of
a large number of investigations during the last two decades.* *'®** In this regard, the
technique has been extensively used for the electrochemical evaluation of anti-corrosive
properties and the early detection of the degradation of paints as well as organic coatings
on metals and alloys under different conditions including both normal atmospheric

177,286, 2 21-324 .
37, 177, 286, 287, 321324 The resylts of an EIS experiment

conditions and in aggressive media.
for a coated substrate in a corrosive medium provide useful information about the system
under investigation such as corrosion stability, presence of defects, reactivity of the

interface, and adhesion and barrier properties to water. Having this information greatly

helps in determining the approximate lifetime of an in-service system.
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The EIS technique involves the measurement of the impedance (Z) of an
electrochemical system (e.g., a three electrode electrochemical cell) as a function of
frequency (f) of an applied perturbation in an alternating current (AC) circuit. The
perturbation signal is a small AC potential (E£) on the order of 5-10 mV (peak-to-peak) in
the form of sine waves over a frequency range of several decades. The resulting AC
current (/) and the phase shift (6) of the output signal are measured. Z is determined from
Ohm’s law:

Z=E/l (1.9)
which can be calculated over a wide frequency range.

Z is a complex value (planar vector quantity) that differs from the resistance (R) in
that it takes phase differences into account (See Figure 1.3). Zz,., or simply Z, is
expressed at each f'value by its resistive or real (Z,) component and reactive or imaginary
(Zim) component.

In rectangular coordinates:

Z, =Z' = |Zrowl| cos 6 (1.10a)

Zim=2" = |Z1oal| sin 0 (1.10b)

0= tan (Z,wZ,) (1.11)
Z= Zrow = Zy + jZim = R —X; X = 1/0C; w=27f, j=A-1 (1.12)

The modulus of the impedance |Z] is:
2| =N (Z7 + Zin?) (1.13)
where:

R = resistance, X = reactance, C = capacitance, o = the applied angular frequency
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Figure 1.3 The impedance (]Z]) plotted as a planar vector in terms of real (Z') and
imaginary (Z") components using rectangular and polar coordinates.
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The impedance spectra are usually expressed in one of two formats, namely Bode
plots and Nyquist plots. Examples for both plot formats are given for the Randles cell
(shown in Figure 1.4.a). This cell is one of the simplest and most common cell models.
As shown in Figure 1.4.a, the equivalent circuit of the Randles cell includes a solution
resistance (Rg) (also known as the uncompensated resistance between the reference and
working electrodes), a double layer capacitance (Cy), and a polarization resistance (R,)
(also known as the charge transfer resistance).

(1) A Bode plot shows the variation of the phase angle () and the logarithm of the
total (absolute or modulus) impedance Z (log |Z]) vs. log fat each fvalue. As shown in
Figure 1.4.b, the Bode plot can provide values of R, and Rq. Cy can also be calculated
from the Bode plot by extrapolation of the middle line to log |Z| = 0. At this log |Z] value,
|Z| = 1/C4. Moreover, the minima and maxima of@ and their positions on the Bode plot
are indicators of system characteristics.”’

(11) A Nyquist plot (also known as a Cole-Cole plot or a complex plan plot) shows the
variation of the imaginary component of the impedance (Z;,,) (ordinate) vs. the real
component (Z,) (abscissa) at each excitation frequency (Figure 1.5). As shown in Figure
1.3, the overall impedance can be represented as a vector of length |Z] with @1is the angle
between this vector and the x axis. In the Nyquist plot shown in Figure 1.5, at very high
frequency (on the left side of the plot), Z;, vanishes, leaving only Rg. At very low
frequency, Z;,, again disappears, leaving a sum of Rq and R,.. Thus the value of R, can be
calculated by subtraction of the impedance value measured at very high frequency from

the impedance value measured at very low frequency. It should be mentioned that the
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Figure 1.4 Equivalent circuit (a) and Bode plot (b) for a simple electrochemical cell
(Randles cell). R = Ohmic (solution) resistance; R, = polarization (charge
transfer) resistance; and Cq, = the electrode double layer capacitance.
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Figure 1.5 Nyquist plot for the electrochemical system shown in Figure 1.4.a.
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value of R, calculated from the Nyquist plot has been used to determine the rate of
corrosion where R, is inversely proportional to the rate of corrosion (see Equation 3.1 in

Chapter 3).%%

1.8  Advantages and Limitations of EIS

As mentioned previously, impedance spectroscopy has become a very popular
and convenient analytical tool in a wide range of fields. This popularity is reflected in the
increased number of research articles, monograms, reviews, and books annually
published. When compared to other techniques used for the assessment of the properties
and performance of coated metals and alloys, EIS has several advantages including the
following: (1) it is an in situ nondestructive technique that provides direct and accurate
information about the system under investigation; (i1) it provides a simple and easy to
handle setup with the possibility of automation; (iii) it provides a wealth of kinetic and
mechanistic information that can be easily used to characterize metals, alloys, and
coatings as well as calculate several electrical, chemical, and electrochemical parameters
such as corrosion rates, dielectric properties, electrode capacitance, kinetic parameters of
reactions (e.g., reaction rate constants, transfer coefficients, diffusion coefficients, etc.) in
both aqueous and solid state electrochemistry; (iv) it imposes only infinitesimally small
perturbation on the system under investigation with respect to the steady state. This
characteristic is one of the great advantages of the EIS over other electrochemical

techniques such as cyclic voltammetry; and (v) it can easily and accurately predict the
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performance, the lifetime, and/or the behavior of a wide range of systems including fuel
cells, chemical sensors, and biological systems.'’" 272 282 291,309, 319, 329-335

However, such as the case with any other technique, EIS has also some
limitations. The EIS data are always explained using a modeling program that uses
electrical components to build an equivalent circuit to fit a given electrochemical system.
Macdonald mentioned two main limitations for the EIS technique.”* **° The first one is
the difficulty to interpret and possible misinterpretation of the EIS spectra if a wrong
equivalent circuit or circuit elements are selected, especially for unknown systems.
Another source of error is that for some electrochemical systems, the use of ideal
equivalent circuit elements does not result in good fitting for the observed EIS data.”** In
addition to these two limitations, the EIS results and calculations depend on the area of
the system under investigation, thus the EIS measurements require an accurate control of
the area of the system. However, with the constant efforts of the experienced
electrochemists and corrosion engineers, these limitations can be controlled. For

example, the inclusion of distributed impedance elements such as the constant-phase

elements (CPEs) in the modeled equivalent circuits greatly improves the fitting process.

1.9  Equivalent Circuit Modeling and EIS Data Modeling

As mentioned above, one of the great advantages of the EIS technique is that the
experimental data can be interpreted, even for complex electrochemical systems, using
theoretical equivalent electrical circuits (models). An equivalent electrical circuit is a

combination of typical electrical components such as resistors and capacitors along with
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some other electrochemical elements such as Warburg diffusion elements (Z,) and CPEs;
arranged in logical series and parallel combinations. Numerous theoretical equivalent
circuit models have been developed to interpret the experimental data for several
chemical as well as electrochemical systems.>’>*
An acceptable model should satisfy both of the following two conditions:*”
(1) All elements in the model should have a real physical meaning with respect to
the characteristics of the electrochemical system under investigation.
(11) The model has to be as simple as possible and must generate modeled spectra
that fit to or correlate with the experimental data with minimal error.

Currently, all commercially available EIS measurement instruments are equipped
with software packages that allow the user to either build a model or use sample models
from a library for EIS data fitting and analysis.***>**

Figure 1.6 shows the general and most commonly used equivalent electrical
circuits to fit the experimental EIS data for the degradation of polymer-coated substrates
in corrosive environments (metal/organic coating/electrolyte system).2*’ 1% 32%: 343345
According to the models shown in Figure 1.5, the Nyquist plot could show two semi-
circles, corresponding to two time constants, one due to the bare metal (R, x Cy) and
another one due to the organic coating (R, x C.) where R, and C. represent the resistance
and capacitance of the polymer film, respectively. Normally, the semi-circle due to the

organic film appears in the Nyquist plot in the high frequency (HF) range while the semi-

circle due to the corrosion process appears in the low to medium frequency (LF-MF)
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Figure 1.6 Schematic drawings for the general equivalent electrical circuits for a
polymer-coated metal. Ro = Ohmic (solution) resistance; Cy = the
electrode double layer capacitance; C. = coating capacitance; R, = coating
pore resistance; R, = polarization (charge transfer) resistance, and Z,, =
Warburg diffusional impedance.
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range. At very low frequency range, the Warburg impedance (W) appears as a diffusion
tail in the Nyquist plot,>>* 333 346:347

In addition to the models shown in Figure 1.5, several other equivalent circuits
have also been suggested.****>* In some of these novel circuits,’*® both R, and R, are
connected in series instead of the usual hierarchical connection shown in Figure 1.5. In
other proposed circuits CFEs replaced C. and C,; because of the depressed
semi-circle.?” *>* 3> In addition, some other circuits include other supplementary

elements such as inductive elements.*>">*°

1.10 Applications of EIS to Study Stability of Organic Coatings

EIS has been widely used for the evaluation of the anti-corrosive performance of
both organic and inorganic coatings and paints applied to a wide range of metals and
alloys such as iron, zinc, aluminum, copper, magnesium, titanium, platinum, mild steel,
brass, and bronze sculptures,'** 201220 233, 319,329, 357366 £1Q s 5 very sensitive technique
that can provide highly accurate data that relates to the quality of the coating and also
predict any possible damage that may occur for the coating before the damage is visible.
Moreover, the use of EIS for the characterization of coated metals and alloys in corrosive
electrolytes not only measure the deterioration of the coating film, but also measures the
corrosion rate of the substrate under the coating film as well.*®!-3¢7-36%
Three factors contribute to the total electrochemical impedance (Z7,.;) of a

metal/coating system; namely (1) the solution resistance (R), (2) the coating resistance

(R.) and capacitance (C.), and (3) the charge transfer or polarization resistance (R, or R,)
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and the double layer capacitance (C ) of the bare metal substrate. For a coated substrate
exposed to a corrosive medium, as the exposure time increases, the defects in the coating
increase in number and size, thus allowing dissolved oxygen, water, and other corrosive
electrolytes (e.g., CI, SO4” ions) to diffuse through the coating to the metal surface.
These interactions lead to changes in the above mentioned variables and hence a change
in Z7. Thus, one of the characteristics of a good protective coating is that it delays the

diffusion process for the longest possible time.

1.11  Vapor Grown Carbon Nanofiber (VGCNF)

Carbon has several allotropies including high structure carbon black (CB), pitch-
based and polyacrylonitrile-based carbon fibers (CFs), vapor grown carbon nanofibers
(VGCNFs), and the relatively new and intriguing carbon nanotubes (CNTs) such as
single-wall nanotubes (SWNTs) and multi-walled nanotubes (MWNTs).***372

VGCNFs are a class of carbon fibers that are produced by catalytic
dehydrogenation of a hydrocarbon (e.g., methane, ethane, propane, ethylene, acetylene,
benzene, naphthalene, etc.) or carbon monoxide in the gas phase at high temperatures
(around 950-1500 °C) in presence of small catalytic particles of a transition metal (e.g.,
iron, cobalt, nickel, gold) or metal alloy (e.g., Fe-Ni, Ni-Cu) under reducing conditions in
a flow system.””>** Recently, these fibers were produced by microwave pyrolysis
chemical vapor deposition without any catalyst.*®' Depending on the synthesis method
and post-treatment technique, these fibers may be of several microns to several

centimeters in length but only 10-300 nm in diameter.?’* 3#2-3%
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VGCNEFs differ from the other types of carbon fiber not only in their method of
production, but also in their physical as well as mechanical properties.® VGCNFs are
high aspect ratio (Ilength/width) nanofibers that exhibit excellent thermal conductivity and
the lowest electrical resistivity among all types of carbon fibers.?’" 371375377, 383390
Moreover, although inferior to CNTs, VGCNFs have good mechanical properties that are
comparable to those of conventional CFs.***'% In addition, due to their small size and
their production from natural gas or coal as feedstock, VGCNFs have the advantage of
low cost and high availability.

The small size, light weight, high aspect ratio, and unique physical, thermal,
mechanical, and electrical properties of VGCNFs make them an ideal reinforcing filler in
polymer matrix nanocomposites to enhance the mechanical properties of the pure
polymeric material in high performance applications, especially in the automotive,
battery, sensors, catalysis, aircraft, electronics, and sports industries.?’" 39% 396-404
According to the literature, the addition of VGCNFs to polymer matrix composites (both
thermoplastics and thermoset), aluminum matrix composites, and concrete improves both
the mechanical and physical properties of the composite such as the tensile properties
(e.g., flexural strength, tensile strength, tensile modulus, flexural toughness, free-thaw

durability, and shear bond strength), thermal conductivity, and electrical conductivity.**

394, 396, 405-413

Another important application of VGCNFs is their use as conductive material in
electromagnetic interference (EMI) shielding for radio frequency sources and electronics,

and electrostatic discharge (ESD) protection.’®> *'**!° In this regard, several polymer
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matrices reinforced with VGCNFs have been investigated for use as materials for EMI
shielding. Among these materials are VGCNF-reinforced liquid crystal polymer (LCP)
composites,*'® polyesterpolyol shape memory polymer (SMP) composites,*'” and
VGCNF-reinforced polyethylene composites.*™

In addition to their use as reinforcing agents, VGCNFs are also used as adsorbents
and conductive fillers.*'***° More recently, they have been also used in batteries (e.g.,
alkaline batteries, lithium-ion batteries, lithium polymer batteries) as electrocatalyst

supports in the production of electrodes and separators.®”> **1*4%°

1.12  Aims and Scope of the Current Dissertation

Over the past few decades, considerable progress has been made in the
development of fast, cost- and energy-efficient, and easy to implement methods for the
protection of metals and alloys. Among these methods is the incorporation of additives in
organic paint matrices to improve the corrosion properties of these coatings for high
performance systems. Currently, research in coating technology is focused on finding
efficient, anticorrosive, environmentally acceptable additives that are neither as toxic nor
carcinogenic as the chromate-based additives nor generate high amounts of sludge as in
the phosphatation process. Another requirement in these new additives is that they should

produce similar or better protection than the currently-used additives.

426,427 428-430

Conductive additives such as zinc dust, silver powders, copper
431 . 432 .. . 4
powders,! iron powder,*? cationic agents (e.g., quaternary ammonium salts),”> and

carbon black™**’ have been used to improve the mechanical, electrical, and/or thermal
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properties of insulating and/or conducting polymers, paints, adhesives, and coatings for
several applications.****

As mentioned above, the thermal, electrical, and mechanical properties of
VGCNFs make them good candidates as additives to improve the mechanical properties

of thermoset and thermoplastic composites as well as epoxy resins and paints applied to

391,394, 398, 406, 410, 413, 443-449 .
metals. Accordingly,

the main goal of the present research was
to study the effect of added VGCNFs on the corrosion protection of mild steel samples
spin-coated with commercial alkyd paints reinforced with VGCNF. To the best of our
knowledge, there is no single report on the evaluation of VGCNFs as an additive to alkyd
paints for the corrosion protection of any metal or alloy.

Therefore, this research involved the use of the EIS technique to evaluate the
corrosion protection behavior of the VGCNF-reinforced coatings, as compared to the
behavior of the pure coatings, in corrosive medium of 3% NaCl aqueous solution. By
way of contrast, the EIS behavior of steel coupons coated with paint coating containing
powdered silicon carbide (SiC) microparticles with different weight percent was also
studied. SiC was selected based on its electrical (semi-conductive) properties (see
Chapter 4). In the current investigation, the EIS measurements involved studying the
effect of the paint thickness, the percent of the VGCNF, and immersion time on the rate
of corrosion of the coatings. The study also involved the surface characterization of the
samples using optical microscopy; scanning electron microscopy and energy dispersive
X-ray spectroscopy (SEM/EDS); atomic force microscopy (AFM), nanoindentation

measurements, and two- and three-dimensional optical profilometry. In addition, the
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study involved an accelerated corrosion (salt spray) test to compare the anticorrosion
stabilities of pure paint, VGCNF/alkyd paint, and SiC/alkyd paint coatings.

In this dissertation, Chapter 1 presents an overview of the current research
relevant to the present study, including a short discussion on the importance of the
corrosion studies and corrosion control; followed by a brief discussion on iron and steel
alloys with special emphasis on economic and strategic importance as well as
applications of mild steel. This section concludes with the mechanism of atmospheric
corrosion of iron and steel. Chapter 1 also briefly covers the importance of organic
coatings and their applications for corrosion protection and/or decoration of metals and
alloys. In addition, Chapter 1 also provides a short survey on the EIS technique, its
importance, advantages, and limitations. Finally, a brief discussion about the advantages
of VGCNFs and their industrial applications especially as fillers in composites is given.

Chapter 2 is devoted to the characterization of the dry alkyd paint coatings with
different weight percent of VGCNF and film thicknesses. Accordingly, this chapter
focuses on the study of the electrical and mechanical properties of these coatings
deposited on steel as well as poly(methyl methacrylate) substrates. In addition, some
surface analysis measurements such as optical profilometry, scanning electron
microscopy (SEM), and atomic force microscopy (AFM) have been performed.

Chapter 3 is devoted to the investigation of the EIS behavior of a coating layer
composed of a commercial alkyd paint containing VGCNFs of different weight percent
and applied to the surface of mild steel coupons using the spin-coating technique. In

addition to studying the effect of the VGCNF wt %, the investigation also includes
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studying the effect of the coating thickness on the corrosion protective properties of the
paint coating. EIS measurements were performed at the open circuit potential (OCP) of
the system in a quiescent aerated 3% NaCl aqueous solution at ambient temperature. In
addition to the EIS measurements, the investigation also included OCP and cyclic
voltammetry (CV) measurements. The chapter ends with some conclusions regarding the
effect of the incorporation of VGCNF on the corrosion protection properties of the paint
and the most corrosion resistant VGCNF-alkyd paint mixture.

Chapter 4 deals with the EIS behavior of SiC-containing alkyd paint coated mild
steel samples in 3% NaCl solution under the same conditions used in Chapter 3. In
Chapter 4, a brief introduction on the importance of SiC and its applications is given.
Then, the OCP and the EIS data are presented and compared. The chapter also includes a
comparison between the EIS behavior of alkyd paint films containing SiC particles vs.
the behavior of alkyd paint containing VGCNF of the same thickness and weight percent
both applied to the surface of mild steel samples.

In Chapter 5, the salt spray test is used to evaluate and compare the stability and
corrosion resistance of VGCNF-reinforced alkyd paint coatings vs. those of SiC-
reinforced alkyd paint coatings, both applied to mild steel coupons. The chapter starts
with a brief introduction on the importance, merits, and applications of the salt spray test
as a desirable accelerated corrosion test. The discussion is followed by a short section on
the experimental setup used to perform the salt spray test based on the specifications
given in the ASTM B117 protocol. The results of the test are then given in the form of

digital photos, tables, and graphs showing the gradual change in the morphology of the
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paint film layer, the extent of degradation, and the time elapsed before the coating films
failed and the corrosion products were visual. The chapter ends with some conclusions
based on the results of the test.

Chapter 6 provides a proposed mechanism for the corrosion protection offered as
a result of the incorporation of VGCNFs or SiC in the alkyd paint matrix. The chapter
also draws some conclusions and suggests research goals that should be carried out in the
future to produce VGCNF-reinforced coatings with uniform distribution of the nanofibers

in the paint matrix, thus improving the performance of the coating in aggressive media.
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CHAPTER 2
ELECTRICAL AND MECHANICAL PROPERTIES OF VGCNF-REINFORCED

ALKYD PAINT-COATED MILD STEEL SAMPLES

2.1 Introduction

As mentioned in Chapter 1, steel alloys have the widest application range among
all engineering alloys. The applications of steel alloys range from domestic and
household appliances to construction, automotive, marine and offshore equipment, power
and energy components, and agricultural equipment. Accordingly, the corrosion of steel
structures, especially mild steel ones, is of great economical importance and has a huge
impact on several industries. Thus, the last century has witnessed enormous efforts
towards the development of more efficient and environmentally compliant methods for
the corrosion protection of mild steel structures. In this regard, the most common
techniques used to reduce the rate of corrosion are anodic protection, cathodic protection,
and organic coatings.'>

Organic coatings are effective for providing reliable long-term protection to a
wide range of substrate materials and structures against corrosion not only for domestic
applications, but also for a wide range of industrial applications in all possible

. 3.6 . . . .
environments.”” Thus, along with the increased use of construction materials such as

plastics, composites, ceramics, metals, and engineering alloys, the last two decades have
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witnessed an increased interest in the investigation and quantification of the stability,

corrosion protection properties, and lifetime of organic coatings applied to these

materials.” "

The efficiency of an organic coating in protecting a metal substrate against
corrosion depends on several factors including the properties of the coating (e.g., its
thickness, permeability, electrical, thermal, mechanical, and barrier properties), the
adhesion properties of the coating with the substrate, the composition of the coating (e.g.,
presence of sacrificial pigments), the nature of the substrate surface pretreatment, the
coating application method, and the environmental conditions (degree of aggressiveness
of the environment).'* '3

The last few years have witnessed an increased interest in the development and
investigation of novel additives to improve the corrosion protection properties of pure
paints and coatings applied to metals and alloys.'® These additives should also be
environmentally acceptable and abide by legislative limitations. Among these novel

17-19 - .20, 21

.. . . . . . 22.23
additives are anticorrosive pigments; inhibitors; modified clays;™

electrically

16,24, 25

conductive polymers (CPs); and carbon as well as metallic powders such as carbon

33-35 36-40 -

26-30 - 31 32 :
black, aluminum powder,” copper powder,”™ silver powder, zinc dust, iron

powder,*! cationic agents (e.g., quaternary ammonium salts),”* gold nanoparticles,**
and mixtures of metals (e.g., Ni, Cu, Fe).46

The use of CPs as corrosion-resistant coating systems to replace the
environmentally harmful chromate-based coatings is of current interest. In addition to

their conductivity, CPs exhibit redox activities with typical potentials positive of iron and

aluminum.*”>* Accordingly, a large number of studies have been reported on the use of

68


https://aluminum.47
https://alloys.16
https://environment).14

CP coatings for corrosion protection of metal and alloy substrates.*”>*

The advantages of
such organic coatings include good adhesion to the metallic surface, good electrical
conductivity, ease of deposition, low toxicity, and good corrosion protection. Among
these CPs, polypyrrol (PPy),”>’ polyaniline (PANT),*>*® and polythiophene (PTh)* ">
were the most widely used materials in these studies.

The use of carbon materials (such as carbon black, short carbon fiber, graphite) as
conductive fillers in organic coatings and composites is gaining more interest especially
for applications that require lightweight construction materials. Although carbon
materials are less conductive relative to metal powders, carbon materials are more
attractive as conductive pigments mainly because they are light and inexpensive.
Moreover, carbon materials are also effective as shielding coatings and have good
physical and mechanical properties.”

Among the carbon materials that are currently investigated as additives in organic
coatings and composite materials are VGCNFs, SWNTs, and MWNTs. VGCNFs are
unique as they are considered the bridge between the large conventional carbon fibers
and the smaller SWNTs and MWNTs." Compared to the nanotubes (NTs), VGCNFs
have the advantages of low price, availability, and excellent electrical properties.””
Moreover, the thermal and mechanical properties of VGCNFs are similar to those of the
NTs.” % Thus, VGCNFs are a cheap alternative to NTs. These unique properties make
VGCNFs good filler candidates to improve the properties of polymer composites
especially those used in industries such as aircraft, automotive, batteries, and

85-93

electronics. Moreover, VGCNFs are currently used to replace the heavy metallic

materials as fillers in polymer composites, especially for applications that require light
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structural materials.”* In addition, the incorporation of VGCNF was found to improve the

95-97

thermal and electrical conductivities of metal matrix composites™™ ' as well as several

polymer-based composites including: high-density polyethylene (HDPE),”® silicon

100-105

oxycarbide ceramic composites,”” polypropylene (PP), epoxy-based

106-108 90, 109, 110

composites, phenol-formaldehyde and other phenolic resins,

2 holy(vinyl alcohol) (PVA),'" liquid crystal

polycarbonate,''" polyacrylonitrile (PAN),
polymer (LCP) composites;''* vinyl ester composites,''® polyether;''® and polystyrene.'”
Alkyd resin-based coatings are a group of environmentally friendly paints that

"8 Until the 1960s, they were mainly used by the

were introduced in the 1930s.
automotive and appliance industries.''” These paints are very resistant to normal wear
and tear and provide chemically tough and weather resistant coatings at relatively low
cost, 119120

The increased interest in VGCNF-reinforced composites in several industries
along with the low cost, light weight, high aspect ratio, availability, and unique properties
of the VGCNFs motivated this research group to use the EIS technique to evaluate the
effect of the incorporation of VGCNFs in a commercial alkyd paint matrix on the
protective properties of the paint when applied to mild steel samples immersed in air-
saturated 3% NaCl solution. The hypothesis was that, due to its excellent electrical and
mechanical properties, VGCNF would behave similar to CPs, and hence the presence of
the VGCNF in the paint matrix would improve the mechanical as well as the corrosion
protection properties of the matrix. If the proposed hypothesis turns out to be true, then

VGCNF-reinforced polymer coatings should be better and have a wider application range

than CPs-reinforced ones. This is mainly because, even with the current advances in CPs
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technology, some of the CPs have seen limited applications due to high cost of
production, complex preparation process, poor processability and solubility, difficult

syntheses, and loss of conductivity when exposed to corrosive atmospheres.” '*' I

n
addition, some of the CPs (e.g., polypyrrole) tend to have poor mechanical properties and
require modification of the polymer structure which usually results in a decreased
conductivity.*” On the other hand, VGCNFs are relatively cheap, have a range of
dimensions, structure, thermal, mechanical, and electrical properties depending on the
method of production and post-treatment.”" '*

The work presented in this chapter focuses on studying the mechanical and
electrical properties of dry alkyd paint coatings, with different VGCNF weight percent
and paint thicknesses, applied to the surface of either mild steel or poly(methyl

methacrylate) substrates. In addition, the study involved surface analysis measurements

such as AFM, SEM, and optical profilometry measurements.

2.2 Experimental

2.2.1 Chemicals and Reagents

VGCNF (PR-19-HT, Pyrograph III'") material was ~ 120-200 nm in diameter, 30-
100 um in length, and had 21 m*/g total surface area. The VGCNF material was donated
by Applied Sciences, Inc. (Cedarville, OH). Silicon carbide whiskers (1.5 pm in
diameter, 18 um in length, density = 3.217 g/cm’) were obtained from Alfa Aesar (Ward

Hill, MA). A commercial oil-based paint (Gloss White 7792, Rust-Oleum, Vernon Hills,
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IL) was purchased locally. Commercial poly(methyl methacrylate) (PMMA) (4.5 mm

thick Plexiglas) sheets were also purchased locally.

2.2.2 Electrodes and Instrumentation

The steel samples were flat coupons in a square shape of ~ 8 cm x 8 cm, cut from
1.51 mm thick mild steel sheets. After cutting, the coupons were first polished through
wet grinding with successive grades of 80 to 1000 grit SiC sandpaper. No further
polishing was done to maintain a good surface roughness. The coupons were, then,
cleaned using a commercial degreaser (Greased Lightning, A&M Cleaning Products,
Inc., Clemson, SC) to remove any grease and polishing debris. The coupons were then
rinsed with tap water, deionized water, and acetone. The coupons were allowed to dry in
a dust-free environment.

The PMMA samples were also cut in a square shape of ~ 8 cm x 8 cm from 4.5
mm thick sheets. The coupons were, then, rinsed with tap water, deionized water, and
ethanol. The coupons were then allowed to dry in a dust-free environment.

After being dried, the steel and PMMA substrates were coated with pure and
VGCNF-reinforced alkyd paint films using the spin coating method (vide infra). The
coated substrates were then allowed to dry before being cut to suitable dimensions as
needed for the different experiments.

Adhesion is the most crucial factor in determining the long-term performance,

s - - . 123,124
durability, and the corrosion resistance of any coating. “™

Mechanical adhesion of any
coating depends on the metal surface roughness. Thus, roughening the substrate surface

(e.g., by sanding) increases the number of pores, scratches, and pits on the surface of the
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bare sample. This increases the bonding between the coating and the alloy and hence the

adhesion of the coating.'"

2.2.3 Spin Coating of the Samples

Mixing the VGCNFs with the composite material is the most crucial variable that
determines the mechanical properties of the VGCNF-reinforced organic matrix
composite.”” Accordingly, in the current study, the VGCNF was first mixed thoroughly
with the paint. The mixture was then stirred using a magnetic stirrer for at least 12 h ata
high stirring rate (in rpm), depending on the wt % of the VGCNF, in a closed bottle, to
ensure that the fibers are well-dispersed in the paint. For samples containing high wt %
(3% or higher) of VGCNF, the viscosity of the paint/VGCNF mixture was very high. To
lower the viscosity for these mixtures, a few milliliters of acetone was added. The
VGCNF-incorporated paint mixtures were then applied to the mild steel coupons using a
spin coater (Model WS-400-6NPP-Lite, Laurell Technologies Corporation, North Wales,
PA). The spin-coating conditions were varied depending on the viscosity of the mixture
to give the most homogeneous coating with a constant and uniform film thickness all
over the substrate surface. The coated samples were prepared in identical sets of 2-4

samples.

2.2.4 Drying the Coating
The spin-coated mild steel coupons were allowed to dry at room temperature (25
°C) in a dust-free place for at least 7 d. The process of drying is an important step and has

to be done before any measurements occur. During the drying period, several physical
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and/or chemical changes occur such as solvent evaporation, oxidation, crosslinking,

polymerization, and curing.'*

2.2.5 Coating Thickness Measurements
The thicknesses of the dry coatings were measured by two different methods, (i)
using a digital micrometer (caliper), and (ii) using an optical profiling system. Both

methods were used to determine the coating thickness for the data presented in this work.

2.2.5.1 Using a Digital Micrometer (Caliper)

In this method, a flake of the coating was carefully freed from the surface of the
coated mild steel sample (using a blade) and its thickness was measured directly using an
electronic digital caliper with 0.1 um accuracy (Model 14-648-17, Control Company,
Friendswood, TX). The reported thickness data are the average of 4-5 flakes freed from
different areas on the substrate surface. Alternatively, the thickness of the bare substrate
was measured, and then the total thickness of the coated mild steel substrate was
measured. This method has the advantage of being non-destructive as it does not require
the removal of the coating. The coating thickness is the difference between the two

measurements.

2.2.5.2 Using an Optical Profiling System
This method was used to measure the thickness of some random coated samples
to check for the validity of the thickness data measured using the caliper. In addition to

the coating thickness measurements, the optical profilometry measurements provide an
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estimate of the average surface roughness of the coating. In this case, the thickness as
well as the surface roughness of the paint coatings on the mild steel samples was
determined using an optical profiling system (WYKO NT 1100, Veeco Metrology Group,
Tucson, AZ). Both film thickness and surface roughness were determined using the
vertical scanning interferometry (VSI) mode with 20x and 50x objectives, respectively.
In this method, a blade is used to carefully remove a flake of the coating from the surface
of the coated mild steel sample. Then, a laser beam is used to scan the region between the

coated and non-coated regions on the surface of the steel sample.

2.2.6 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) Measurements

The surface morphology and composition (elemental analysis) of the coatings
without and with VGCNFs was studied by SEM micrographs using a field emission
scanning electron microscope (FE-SEM, Model JSM-6500F, JEOL, Inc., Peabody, MA).
For these studies, the paint-coated mild steel coupons were coated with a 20 nm thick
Au/Pd layer deposited by sputtering (using a Model E5100 Polaron SEM coating system,
Polaron Instruments, Inc., Hatfield, PA) for 15 s using a low voltage and current of 2.4
kV, and 20 mA, respectively. For SEM imaging, the samples were examined under low
acceleration voltage conditions (5 kV). The energy dispersive X-ray spectroscopy (EDS)
measurements were performed using an Oxford Instruments detector (Model EDS 7558
INCAx-sight, Oxford Instruments, Oxfordshire, U.K.), attached to the SEM. These
measurements were carried out to detect and image the presence of the VGCNFs at the

mild steel/paint coating interface. In addition, the EDS technique is a very useful
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technique for the determination of elemental composition and hence the identification of

inorganic pigments and fillers in any paint matrix.

2.2.7 Atomic Force Microscopy (AFM) Measurements

AFM micrographs for the paint coatings without and with VGCNF were recorded
at ambient temperature using a Topometrix Explorer AFM (from Thermomicroscopes,
now Veeco, Santa Barbara, CA) in the contact/noncontact mode. For these studies, 5 mm

square samples were cut from the paint-coated steel panels.

2.2.8 Microhardness and Nanoindentation Measurements

The mechanical properties of any coating applied to the surface of a metal are of
great importance in determining the stability as well as the service life of the coating film.
In the current investigation, the mechanical properties of the coatings were measured
using an Ultra-Micro Indentation System (UMIS). This system works by making a
controlled indentation with its diamond indenter tip. With indenter displacement
continuously monitored, the system measures important mechanical properties such as
substrate hardness, Young’s modulus, and fracture behavior. Depth-sensing
microhardness tests were performed using a Hysitron multi-range probe nanoindentation
system (Hysitron, Inc., Minneapolis, MN). A Berkovich diamond indenter was used for
all indenters. The nanoindentation tests were carried out in load control mode. For all
samples, a variable loading amplitude scheme was achieved over a square shaped grid of
25 imprints interspaced by 50 um. The maximum load for the first imprint was 100 uN,

and this load was increased by 10% imprint up to the last one. The loading scheme
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followed a loading rate of 10 uN/s, a dwelling time of 5 s and an unloading rate of 10
uN/s for all samples.

The alkyd paint-coated steel samples were cut using an automatic precision cut-
off machine (Model Minitom, Strikers, Westlake, OH). The specimens were then
vertically potted in a non-conducting epoxy resin in rubber septa approximately 30 mm in
diameter and 15 mm tall. The specimens were then allowed to cure at room temperature
overnight. After curing, the paint-steel interface (edge) surface was exposed by wet
grinding with successive grades of SiC particle sizes up to 0.5 um on cloth using a
grinding-polishing wheel (Metaserv, Buehler, Lake Bluff, IL). Between polishing steps

and after final polishing, the specimens were sonicated in deionized water.

2.2.9 Electrical Conductivity Measurements

The electrical conductivity of the pure paint and VGCNF/paint coatings was
measured using two different methods. In the first method, a high-impedance digital
electrometer (Model 6512, Keithley Instruments, Inc., Cleveland, OH) was used to
measure the conductivity of the paint coatings applied to the surface of mild steel
coupons. In the second method, the electrical resistivity (p) of the coatings applied to the
surface of electrically insulating PMMA coupons was measured using the van der Pauw
technique. The van der Pauw technique is a four-point probe technique that is based on
calculating p of a given sample using four isolated contacts on the boundary of a flat,
arbitrary shaped sample.'*® The technique involves the application of a DC current
between two terminals (using a Model 220 Keithley current source) and the measurement

of the resulting DC voltage between the other two terminals (using a Model 6512
77



Keithley multimeter). The technique gives the average of two computed resistivity
values. In order to use the van der Pauw method, the sample thickness must be known
and must be less than the width and length of the sample. In addition, the sample surface

126

has to be flat without any isolated holes. ©> More details about the method are given in

the results and discussion section.

2.3 Results and Discussion

2.3.1 Preliminary Dry Paint Film Characterization

In this section, the results of the initial properties of the paint coatings, without
and with VGCNFs, are presented. Properties such as physical appearance and
morphology, film thickness, surface hardness, surface roughness, film homogeneity and
integration, for both pure and VGCNF-reinforced paint coatings, were characterized with

the optical microscopy, SEM, optical profilometry, and nanoindentation measurements.

2.3.1.1 Physical Appearance

Figure 2.1 shows digital photos recorded for pure as well as VGCNF-containing
paint films before immersion in any solution. As shown in the figure, the pure film is
white while the VGCNF-containing films are slightly gray with the color becoming
darker as the VGCNF % increases in the film. The texture of the pure paint film, as
determined by touch, is smooth while VGCNF-containing paint films are less smooth. It
is also visually evident from Figure 2.1 that as the VGCNF content increases in the film,

the film becomes rougher.
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Figure 2.1 Digital photos showing the physical appearance of the (a) pure, (b)
1% VGCNF-reinforced, and (c) 3% VGCNF-reinforced paint
coatings before immersion in NaCl solutions.
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2.3.1.2 SEM Measurements

Alkyd paint-coated mild steel samples without and with VGCNFs were examined
both visually and by SEM and EDS. The SEM and EDS images were recorded with
Au/Pd coated samples. Examination of the SEM micrographs (Figures 2.2 through 2.7)
for both pure as well as VGCNF-incorporated paint samples (before immersion) indicates
that the coating films are relatively flat. The VGCNFs are very obvious in the figures as
cylindrical strands (e.g., Figures 2.3, 2.4, and 2.6). The hollow nature of the VGCNFs can
also be seen in the SEMs (e.g., Figure 2.4.b). The diameter measurements of different
VGCNFs in the paint coating (Figure 2.4.b) show that the fibers have diameters in the
range of 80-200 nm in accordance with the diameters provided by the vendor (Applied
Sciences, Inc.).

In addition, SEM micrographs (Figures 2.3 through 2.5) showed that the low
VGCNF-loaded paint coatings are more homogeneous in the distribution of the VGCNFs
in the paint matrix than paint matrices containing 5% VGCNFs. Figure 2.6 shows the
SEM micrographs for 5% VGCNF-incorporated paint samples. As shown in the figure,
the fibers are not uniformly distributed throughout the paint matrix. Instead, some areas
of the surface showed higher fiber concentration nests or clumps while other regions
showed lower fiber concentration. These results are in agreement with those reported by
Pittman et al. and others'?” '**

The EDS measurements were conducted for the elemental analysis of the
VGCNF-loaded alkyd paint coatings. An example of an EDS spectrum for a 5%
VGCNF-incorporated sample is shown in Figure 2.7.b. As depicted in the figure, in
addition to carbon, the alkyd paint contains Ti metal (usually in the form of TiO;) as one
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Figure 2.2  Scanning electron micrographs of a pure alkyd paint coating at different
magnifications.
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Figure 2.3  Scanning electron micrographs of a 0.5 wt % VGCNF-incorporated alkyd
paint coating at different magnifications.
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Figure 2.4  Scanning electron micrographs of a 1 wt % VGCNF-incorporated alkyd
paint coating at different magnifications.
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Figure 2.5 Scanning electron micrographs of a 3 wt % VGCNF-incorporated alkyd
paint coating at different magnifications.
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Figure 2.6  Scanning electron micrographs of a 5 wt % VGCNF-incorporated
commercial alkyd paint at different magnifications.
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Figure 2.6  Continued.
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Figure 2.7 (a) SEM and (b) EDS spectra for a 5% VGCNF-incorporated alkyd paint
coating applied to the surface of a mild steel sample.
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of the paint additives or pigments. The peaks in Figure 2.7.b also indicate that Ti is
present in a high concentration. It should be mentioned that, the peaks of sputtered Pd

and Au metals were omitted to clarify the EDS spectrum.

2.3.2 Optical Profilometry and Atomic Force Microscopy (AFM) Measurements

Among the factors that affect the performance and service life of any organic
coating are the paint thickness and its uniformity. The more uniform and even the coating
is, the better its performance.

Optical profilometry is a rapid, non-destructive, non-contact, and highly accurate
optical surface analysis technique to obtain 2- and 3-dimensional topographies of
surfaces. In addition, the technique does not require any special sample preparation.'?'*
The technique uses a scanning laser beam to measure the amount of light reflected from
the surface of substrate."*" '*” The amount of light reflected at any point from a surface
depends on the depth of the material in that point. Accordingly, scanning the edge region
between two surfaces with different thicknesses would provide an estimate of the height
difference.

Optical profilometry was used to measure the thickness as well as the surface
roughness of the paint coating films with and without VGCNF. The profilometer
measures the coating film thickness as the difference in height (depth) between a bare
substrate region and a paint-coated region. Accordingly, for thickness measurements, the
paint film was removed from a small area of the steel surface to expose the bare substrate
surface and the border between the coated and the bare areas is scanned using the
profilometer. The thickness of a coating is measured as the difference in height (depth)
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between the two plateaus for the bare and coated regions. Figure 2.8 shows the 2- and
3-D profilers for a mild steel sample coated with a film of the paint without any VGCNF.
The values of the thickness measured using the profilometer are close to those measured
using the caliper.

The surface roughness images (Figure 2.9) show that the higher the wt % of the
VGCNF content, the higher the surface roughness. As shown in Figure 2.9, a film
containing 1% VGCNF (Figure 2.9.a) is less rough than a film containing 5% VGCNF
(Figure 2.9.b). These results are in agreement with the visual as well as the digital photos.

Figures 2.10 through 2.12 show some AFM height images recorded for the paint
coatings with and without VGCNF before immersion in the electrolyte. The results
revealed non-uniformities in the structures of the coatings along with some characteristic
features of polishing lines for polished samples. Some hillocks are also randomly
distributed in the paint film. The hillocks are very obvious especially for paint samples
containing higher (5 wt %) VGCNEF content. These hillocks are believed to be a result of
the uneven distribution of the VGCNF in the coating matrix during the spin coating step.
These hillocks are also obvious in the SEM micrographs. Although these features are
obvious in both AFM as well as SEM images, the EIS data for the coating samples with
high VGCNF content showed that these hillocks have no effect on the corrosion

protection performance of the coatings.

2.3.3 Surface Hardness Measurements
Several factors contribute to a perfect corrosion protection attainable by any

coating on the surface of a metal or alloy. Among those factors are the adhesion
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Figure 2.8 Two- (a) and three- (b) dimensional optical profilers for a mild steel sample
coated with an 80 um thick layer of a pure commercial alkyd paint sample
applied to the surface of a mild steel coupon. Profiler (a) shows that the
actual coating thickness is 82 um.
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Figure 2.9 Two-dimensional optical profilers showing the surface roughness of a
VGCNF-incorporated commercial alkyd paint coating applied to the surface
of mild steel substrates. (a) 1 wt % loading of VGCNF and (b) 5 wt %
loading of VGCNEF.

91



(@)

(b)

20 pm

43.94 pm

-49.08 pm

10 pm

Opm
Opm 10 pm 20 pum

13.06 um

36.98 pm

-21.86 pm

6.53 pm

Opm
0pm 6.53 pm 13.06 pm

Figure 2.10 AFM height images for two different areas on mild steel panels coated with

a pure commercial alkyd paint film.
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Figure 2.11 AFM height images for mild steel panels coated with a commercial alkyd

paint film containing 0.5 wt % VGCNF. Image (b) was collected after the
sample was polished with alumina slurry.
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Figure 2.12  AFM height images for two different areas on a mild steel panel coated
with a commercial alkyd paint film containing 5 wt % VGCNF.
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138195 No matter how excellent the other

properties between the metal and the coating.
properties of a coating are, it would be only useful if it shows acceptable adhesion
properties. The adhesion is a matter of both the interface and the mechanical properties of
the coat itself.

The coating hardness is another important factor that affects the corrosion
protection properties and hence the service life of a coating. The hardness of a material is

146-148

defined as its resistance to localized deformation. Hardness is a measure of the

ability of a substrate to resist permanent deformation when an increasing load is applied

149

toit. "~ A material can deform as a result of cutting, scratching, abrasion, or

indentation.'*®

The greater the hardness of a material, the better is its resistance to
deformation, and hence the higher its strength.

In the current study, the hardness properties between the steel substrate and the
alkyd paint, with and without VGCNFs, were investigated through the use of a Hysitron-
type nanoindentation system to measure the change in the Vickers microhardness vs.
maximum applied load. Nanoindentation hardness measurements are useful in ranking
coatings on rigid substrates for their resistance to mechanical deformation.'® !

Nanoindentation is a depth-sensing testing in the submicrometer range. The
technique offers a unique method for in situ probing the interphase properties of both
bulk solids and thin films (e.g., thin metal films, polymers, and organic

- 150, 152-157
coatings).

This technique is currently well recognized as a high-resolution
surface analysis method to probe the mechanical properties of thin films and solid

materials in a wide range of fields including biology; human dental structures and
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medical implants; polymers and polymer composites; organic coatings; microelectronics;
microelectromechanical systems (MEMS); and ceramics."" '>%'%

In nanoindentation tests, a nanosized probe tip is controllably pressed on the
material surface and then retracted at a constant rate, thus providing direct quantification
of the mechanical properties of the indented material on the nanoscale,'** 1% 3% 166. 167
The result of these tests are commonly provided as a force-displacement curve that
encompasses the local mechanical properties of the indented material. Thorough reviews
on the use of the nanoindentation technique for studying the mechanical behavior of
polymers and organic coatings are available,'" 138162 168173

Figure 2.13 demonstrates the typical loading scheme followed in all of the
indentation experiments for VGCNF-reinforced as well as SiC-reinforced alkyd paint
coatings applied to the surface of mild steel coupons. In this scheme, the maximum
indent load was 50 mN, the holding period was 15 s, and both the loading and unloading
rates were 15 mN/s. For each panel, twenty five replications of the nanoindentation
experiments were performed repeatedly with the same loading sequence, rate, and hold
period but with different maximum load. The maximum load was varied from one
imprint to another in an effort to characterize the creep properties.

The hardness as a function of the displacement of the indenter was measured from
the loading/unloading of the indenter. Figure 2.14 shows a typical load-penetration depth
curve of a nanoindentation test of a VGCNF-reinforced alkyd paint coating applied to the
surface of mild steel panels. As shown from the loading/unloading portions in the figure,
during the early stage of loading, the indentation depth is very small and the paint film

follows the Hertzian contact theory and hence shows elastic deformation
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Figure 2.13 Typical load-time curve for a nanoindentation experiment for a mild steel
panel coated with a 5% VGCNF-incorporated alkyd paint film (40 pm
thick).

97



6.0E+04 -

5.0E+04 -

4.0E+04 -

3.0E+04 -

2.0E+04 -

Load, P (uN)

1.0E+04 -

0.0E+00 -

Loading

Holding
(creep)

Unloading

-1.0E+04

-2.0E+03 0.0E+00 2.0E+03 4.0E+03

8.0E+03 1.0E+04 1.2E+04

Penetration depth, 2 (nm)

Figure 2.14 Typical load-penetration depth curve for a nanoindentation experiment for a
mild steel panel coated with a 5% VGCNF-incorporated alkyd paint film (40

um thick).

98



(vielding)."™*'7® As

the applied load increases, the indentation depth also increases, and
the deformation behavior deviates from the Hertzian behavior. Accordingly, at the late
stage of loading, the paint film shows an elastoplastic deformation. On the other hand, the
unloading step shows an elastic yielding in accordance with the Hertzian theory.'” """

Figure 2.15 shows the variation of the coating hardness (in Vickers) vs. the
maximum load (P, for alkyd paint coatings containing 0, 1, 3, and 5 wt % VGCNF,
respectively. It can be seen from the figure that, at constant paint thickness, increasing the
VGCNEF content improves the hardness of the alkyd paint matrix up to 3% and then it
decreases the hardness for VGCNF content above 3%. This behavior is common in the
literature.'™ An explanation of this decrease in the hardness at high VGCNF wt % is that
at VGCNF content higher than 3%, the fibers agglomerate in the coating. This
agglomeration impairs the properties of the coating film and promotes damage and higher
deformation upon loading,. and hence decreases the coating hardness.

Surveying the literature shows that, when a metallic filler is added to an organic
coating or a composite material, the properties of the host matrix depends on the weight

46,180 The literature data also shows that there is a threshold

percent of the added filler.
weight percent for the filler, above which the properties (e.g., the electrical conductivity)
of the host matrix deteriorate. This threshold value depends on both the type of the
conductive filler and the polymeric composite in which the filler is dispersed.'*® For
example, the threshold value is about 7.5% for epoxy resins containing Fe'® and 20-40%
for epoxy resins reinforced with Ag, Sn, Pb, Cu, or AL 132 The threshold value is 5-6%

183

for Cu particles in polyvinyl chloride' and Ni in polyethylene'® while it is 1% and 8%
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Figure 2.15 Variation of the indentation hardness (Vickers) vs. the maximum load (P.y)

for VGCNF-reinforced alkyd paint coatings with different VGCNF wt %.

B = pure paint, A = paint + 1% VGCNF, & = paint + 3% VGCNF, and e =
paint + 5% VGCNF. All samples have a thickness of ~ 40 pm.
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for CB in polyvinyl alcohol,”” and Araldite D,'® respectively. The threshold value is 37%
for Ag particles in Bakelite powder.'®

For comparison, the hardness behavior of alkyd paint coatings containing SiC
whiskers (1.5 um in diameter, 18 pum in length, density = 3.217 g/cm®) applied to the
surface of mild steel coupons has been studied under the same conditions used for
VGCNF-reinforced samples. Figure 2.16 depicts the variation of the hardness vs. the
maximum load for alkyd paint coatings containing 0, 5, and 10 wt % SiC. As shown in
the figure, in contrast to the behavior of the VGCNF, increasing the SiC content improves
the hardness of the alkyd paint matrix at all levels tested. These results are in agreement
with those reported by others.'®” However, it can be seen that the hardness obtained with
10 wt % SiC is almost the same as the hardness obtained with 3 wt % VGCNF. This
indicates that VGCNF is more effective in improving the hardness than SiC.

Viscoelasticity is another mechanical property of polymers, paint coatings, and
polymer-based composites.'** ! The viscoelastic behavior of polymers depends on the
properties of the polymeric material (e.g., polymer structure, length of the polymeric

192-194 .
9219 Based on its

chain, average molecular weight, density, etc) and processing history.
properties, a polymeric material could show some non-linear recoverable strain with an
extent of residual strain.'”>"®” The way to understand this behavior is to perform creep
tests under constant load for a range of loads.'™ '** '*® Naturally, the loads should not
surpass the limit where the indentation depth approaches the maximum thickness of the
paint.

As shown in Figures 2.13 and 2.14, when the maximum load (P,,) is reached,

this load is kept constant for a short period of time. During that constant-load period, the
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Figure 2.16 Variation of the indentation hardness (Vickers) vs. the maximum load (P.y)
for SiC-reinforced alkyd paint coatings with different SiC wt %. B = pure

paint, A = paint + 5% SiC, and & = paint + 10% SiC. All samples have a
thickness of ~ 40 um.
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paint film continues to deform. This type of deformation at constant load is called
“creep”. The creep rate is defined as the rate of deformation of a solid material or a
polymer film under the influence of a constant stress. The creep rate of any material
depends on several factors including the microstructure properties of the material, the
temperature, the magnitude of the load, and the exposure time. The creep behavior of an
organic coating applied to the surface of a metal or alloy is one of the important
parameters that strongly influence the working reliability of the coating.'**=%*

Figures 2.17 and 2.18 display examples for the variation of the creep rate vs.
maximum load (P,,,) obtained for a 5 wt % VGCNF- and a 1 wt % SiC-reinforced alkyd
paint coatings. As shown in both figures, the creep rate decreases with increasing load,
which is atypical behavior but also common in the literature.*”” However, this behavior is
consistent with variation in hardening with increasing VGCNF or SiC content in the paint
matrix. The overall range of creep rate values is much lower for SiC than for VGCNF.
This could be explained by the higher aspect ratio and smaller diameter of the VGCNFs
compared to the SiC whiskers. Having a smaller diameter, the VGCNF fiber would offer
a smaller resistance to the flow of the paint. Also, having a high aspect ratio, the
resistance of the VGCNF would be more directional so the flow could be a lot easier in

one direction, in contrast to the SiC whiskers that will show minimal rotation for

alignment with the deformation flow direction.

2.3.4 Electrical Conductivity Measurements
According to the literature, the incorporation of carbon fiber (e.g.,
polyacrylonitrile (PAN) carbon fiber, VGCNF, and CNTs) in thermoplastic polymer
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Figure 2.17 Variation of the creep rate (R.) with maximum load for mild steel panels

coated with a 5% VGCNF-incorporated commercial paint film (40 um
thick).
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Figure 2.18  Variation of the creep rate (R.) with maximum load for mild steel panels
coated with a 1% SiC-incorporated commercial paint film (40 pum thick).
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composites such as polyethylene, PVC, polyetheretherketone (PEEK), polypropylene,
and polyethersulfone (PES) composites enhances the electrical conductivity of the

75:102.205-213 e data reported in the

polymer matrix by up to 11 orders of magnitude.
literature shows that when a conductive filler is added to a non-conducting matrix, the
conductivity increases abruptly at a critical loading (known as the percolation threshold)
of the conductive filler.”'**'* At the filler concentration equal to the percolation
threshold, the conductive filler forms a three-dimensional conductive network inside the
insulating polymer (paint) matrix. Increasing the concentration of conductive filler added
to an insulating polymer (composite) matrix above the percolation threshold has little
effect on the conductivity of the polymer matrix.** '

Because of the strong adhesion of the VGCNF/paint coating to the mild steel
surface, it was not possible to remove the paint film from the substrate surface to measure
its conductivity and the measurements were performed on the as-deposited coatings
applied to the mild steel substrates using a voltmeter. In this experiment, the resistivity
was measured with probes ~ 1 cm apart on the surface of the coating. Accordingly, the
measured conductivity values were expected to be inaccurate and higher than those
values for freestanding VGCNF/paint films due to the effect of the underlying conductive
substrate surface. Nevertheless, the measured conductivity values are useful for the
qualitative ranking of different organic coatings.”'” As shown in Table 2.1, the higher the
VGCNF wt % in the paint matrix, the higher the conductivity of the paint film.

To avoid the errors in the measured conductivity values due to the underlying

conductive substrate, the VGCNF/paint coatings were also deposited, via spin coating, on
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Table 2.1

Conductivity measurements for a commercial alkyd paint containing
different VGCNF weight percent (wt %) and film thickness applied to the
surface of mild steel panels.

wt % of Coating Conductance Resistivity Conductivity
VGCNF Thickness (Lm) (nS) (p, Q.cm) (o, Q1 .em™)
1 30 11.1 270 3.7x 107
3 50 27.0 185 54 %107
20 26.3 76 1.3 x 107
30 323 93 1.1 x 107
s 55 44.8 123 8.1x10°
80 58.8 136 73 %107
90 71.4 126 7.9 x 107
150 76.9 195 5.1x10°
10 30 3330.0 0.9 1.1
100 10000.0 1.0 1.0
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the insulating PMMA sheets. The conductivity (resistivity) values of these samples were
determined using the van der Pauw technique.

The van der Pauw method, a version of the four-point probe technique, is a
method commonly used to measure the electrical resistivity (sheet resistivity, p) for
conducting as well as semiconducting samples that are flat, homogeneous in thickness, do
not contain holes, and have arbitrary shapes.?'® This method has many applications
including the semiconductor industry, the determination of the electrical characteristics of
foils, ceramics, and superconductors.?' %%

The van der Pauw method involves the use of two pairs of isolated leads for the
measurement of the sheet resistivity of any sample. One pair of leads is used to force a
constant electric current (/) through the sample while the second pair is used to measure
the voltage drop (V). The method requires the use of a current source as well as a
sensitive voltmeter.”'®

Figure 2.19 is a diagram of the van der Pauw set-up for resistivity measurements.
As shown in the figure, for accurate measurements, the contacts should be small and
placed on the boundary of the sample. A total of eight measurements are made around the
sample as shown in Figure 2.19. The average resistivity (p4y¢) is determined by

combining the readings of all measurements as follows:

Two values of sheet resistivity, p4 and pg, are computed as follows:

ﬂ L +V,-V-r)
t
pA 1n2fAs 4]

2.1)

ay Vs +Vs=Vi=V))
In2”"%" 4]

0, (2.2)
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Figure 2.19 Schematic drawing of the van der Pauw resistivity measurement
connections.
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Where: p, and pp are resistivities in ohm-cm;
t; is the sample thickness in cm;
V; through Vg represent the voltages measured by the voltmeter;
1 is the current forced through the sample in amperes;
f1 and fp are geometrical factors based on sample symmetry. For samples having
perfect symmetry, fy=/fp=1

The average resistivity (p4vc) is determined as follows:

Pat Pp

Pave >

(2.3)

Table 2.2 shows the variation of the resistivity of VGCNF/alkyd paint coatings
with the wt % of VGCNF and film thickness. The results indicate that the electrical
resistivity of the VGCNF/paint coating decreases with increasing the VGCNF loading.
These results are in agreement with the literature results.’> 17 11 117227

The data shown in Table 2.2 also clearly indicate that there is a remarkable
continuous decrease in the electrical resistivity of the alkyd paint matrix with increasing
the filler loading above the percolation threshold. As depicted in the table, coating
samples containing 10% VGCNF showed a slightly big difference in the resistivity values
for samples with 200 and 230 um thicknesses. It is expected that both films would have
the same resistivity. However, this difference could be attributed to the heterogeneity in
the distribution of the VGCNF and the film thickness for the 10% VGCNF-reinforced

coating. As mentioned above, the van der Pauw method requires that the sample be flat,

homogeneous, and free of voids and holes.
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Table 2.2

Resistivity measurements for commercial alkyd paint coatings containing
different weight percents of VGCNF and different film thicknesses
applied to the surface of a PMMA substrate.

wt % of Coating  Number of Average Average Conductivity
VGCNF  Thickness Trials Resistivity (o, Q".em™)
(um) ™) (p, Q.cm)
3 50 2 33.8 2.96 x 107
5 100 3 18.2+0.877 5.50 x 107
10 200 1 0.862 2.67 x 107!
10 230 1 3.74 1.16
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According to the literature, the decrease in the resistivity of the VGCNF/paint
composite is mainly due to either tunneling or direct contact between the filler
particles.zzg’ 2 Conduction through tunneling is the dominant mechanism when the filler

20 To determine the exact mechanism,

particles are less than 10 nm apart from each other.
the current-voltage (/-V) relationship for the composite is examined. A linear /-V
relationship (Ohm’s law) indicates that the composite conductivity is mainly due to direct
contact of particles. On the other hand, for composites having a power law /-V relation,
the tunneling mechanism is the dominant mechanism.?** !

Figures 2.20 and 2.21 show examples of the /-V relationship for alkyd paint films
containing different VGCNF loadings, namely 3 and 5 wt %, respectively with the same
thickness (~ 50 um). These figures were obtained by applying a constant voltage to the
coating film and recording the corresponding current using the four-point probe
technique. The voltage was then varied and a new current value was recorded. Examining
the two figures indicates that the there is a linear /-V relationship for the VGCNF-
reinforced alkyd paint coatings indicating that the conductivity is due to direct contact of

the VGCNF particles in the paint matrix. It can also be noticed from the slopes of the two

graphs that the average resistance R (R = 10%/slope Q) of the paint containing 5%

VGCNF (Figure 2.21) is ~ 700 € while the value for the coating containing 3% is

~ 1000 Q. These results indicate that the higher the VGCNF content, the smaller the

average resistance of the coating which is consistent with the data presented in Table 2.2.
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Figure 2.20 Current (/)-voltage (V) relationship, recorded using the four-point probe
technique, for a 3 wt % VGCNF-incorporated commercial alkyd paint film
(50 um thick) applied to the surface of a PMMA substrate.
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Figure 2.21 Current (/)-voltage (V) relationship, recorded using the four-point probe
technique, for a 5 wt % VGCNF-incorporated commercial alkyd paint film
(55 um thick) applied to the surface of a PMMA substrate.
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2.4  Conclusions

In this chapter, the surface, mechanical, and electrical properties of commercial
alkyd paint coatings containing different loadings of VGCNF and applied to the surface
of steel and poly(methyl methacrylate) substrates were investigated. In addition, the
investigation involved optical as well as visual inspections. The results showed that the
incorporation of the VGCNF in the alkyd paint formulation significantly enhances the
electrical conductivity properties imparted by the coating. On the other hand, the
nanoindentation measurements showed that the incorporation of VGCNF in the paint
matrix improves the hardness up to 3 wt % and then it deteriorates the hardness for

VGCNEF content higher than 3%.
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CHAPTER 3

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) OF VGCNF-
REINFORCED ALKYD PAINT-COATED MILD STEEL

SAMPLES IN 3% NaCl

3.1 Introduction

As mentioned in Chapter 1, several classical DC and AC electrochemical analysis
methods are used to monitor and evaluate the corrosion protection abilities of polymer
coatings on corrodible metals and their degradation during exposure to corrosive
environments." ? These methods include potentiodynamic polarization measurements,’ *
chronopotentiometry,> ® chronoamperometry,> ® cyclic voltammetry,”* and EIS.>"

Among all of these methods, EIS is the most predominant and least perturbing
technique. In addition, DC methods are not preferred for such studies due to the high
resistance of the polymer coating."*" In this regard, EIS has been extensively used to
study polymer-coated metals in different natural as well as artificial corrosive
environments to evaluate water uptake, predict the lifetime of corrosion protection,
estimate corrosion rates, identify corrosion mechanisms, evaluate the effects of
mechanical deformation on the behavior of the coating, compare the performance of
different coatings, and develop equivalent circuit models for the performance of different

1 12, 14, 15, 20-
coating/metal systems.” 1> 14 152030
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As mentioned in Chapter 2, the unique properties of VGCNF motivated this
research group to investigate the effect of incorporating the VGCNF into a commercial
alkyd paint on the insulation (corrosion protection) properties of the coating materials
when applied to the surface of mild steel panels. As shown in Chapter 2, the
reinforcement of the alkyd paint with VGCNF improved both the electrical and
mechanical properties of the paint matrix. However, for a complete investigation of the
stability, service lifetime, and behavior of the coating film in corrosive media, some
electrochemical measurements, such as EIS measurements, are required.

The work presented in this chapter focuses on the use of electrochemical
techniques to study the effect of increasing the VGCNF loading and the coating thickness
on the protective behavior of alkyd paint coatings on mild steel substrates in 3% NaCl
solutions. The investigation included the use of the OCP, cyclic voltammetry (CV), and
EIS electrochemical techniques. Based on the EIS measurements, different

electrochemical parameters were calculated and correlated to the stability of coating films

3.2 Experimental

3.2.1 Chemicals and Reagents

Sodium chloride, potassium ferricyanide, and acetone were purchased from Fisher
Scientific (Pittsburgh, PA). Hexaammineruthenium(III) chloride was purchased from
Aldrich Chemicals (Milwaukee, WI). All chemicals used in this work were of reagent
grade and were used as received from the manufacturer. All solutions were prepared as

needed using 18 MQ-cm ultra-pure water (Milli-Q, Millipore Corp., Bedford, MA).
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All other materials, chemicals, reagents, and substrates used in the preparation of

the paint coatings are as mentioned in Chapter 2.

3.2.2 Electrodes and Instrumentation

Square-shaped steel and PMMA coupons (~ 8 cm x 8 cm x 1.51 mm) were cut,
cleaned, and coated with pure and VGCNF-reinforced alkyd paint films with different
thicknesses and VGCNF wt % as mentioned in Chapter 2. The steel-coated coupons were
used for the EIS measurements whereas the PMMA-coated coupons were used for cyclic
voltammetry measurements.

An undivided, three-electrode electrochemical cell was obtained by gluing a
cylindrical poly(vinyl chloride) (PVC) pipe (~ 4 cm in both diameter and height) to the
surface of a coated mild steel coupon using a clear silicone sealant (80242 Clear Silicone
Sealant, Loctite, Rocky Hill, CT). Then, the volume inside the PVC pipe was filled with
the test solution (3% NaCl). The electrode area inside the PVC pipe was 7.1 cm®. All
measurements were done in air saturated stagnant solution. Unless otherwise stated, all
potentials were measured and referred to a saturated calomel reference electrode (SCE =
+241 mV vs. SHE). A 1 mm diameter Pt wire (Goodfellow, Cambridge Science Park,

U.K.) served as the auxiliary electrode.

3.2.3 Coating Preparation and Thickness Measurements
VGCNF-reinforced alkyd paint-coated mild steel samples with different coating

thicknesses and VGCNF wt % have been prepared using the spin coating method under
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the same conditions as mentioned in Chapter 2. The thicknesses of the dry coatings were

measured using the same methods mentioned in Chapter 2.

3.2.4 Cyclic Voltammetry (CV) Measurements

To study the cyclic voltammetric behavior of the VGCNF-incorporated paint
coatings, the paint was spun deposited on insulating PMMA sheets (8 cm x 8 cm) to
avoid the interference of the mild steel substrate in the measurements. The PMMA sheets
were spin-coated using the same conditions used for coating the mild steel samples. The
coated PMMA sheets were then allowed to dry at room temperature in a dust-free place
for at least 7 d and then cut into strips (8 cm x 1 cm) to be used as the working electrode
for the CV experiments. The cyclic voltammograms (CVs) were collected either in 2.0
mM Ru(NH;3)¢Cls in 3% NacCl solution or in 2 mM K;3Fe(CN)g in 3% NaCl solution at 10
mV/s sweep rate. The CV measurements were conducted with an electrochemical
interface (Model SI 1287, Solartron, Hampshire, UK) in a three-electrode cell. A
saturated calomel electrode (SCE) and a Pt wire were used as reference and counter
electrodes, respectively. To study the effect of immersion time on the voltammetric
behavior of coatings, the CVs were collected at different immersion times in the

Ru(NH3)¢Cl3-NaCl solution.

3.2.5 Electrochemical Impedance Spectroscopy (EIS) Measurements
The corrosion protection properties of the coated steel coupons were evaluated by
EIS. The experimental setup for the EIS is shown in Figure 3.1. The measurements were

performed at the open circuit potential (OCP) of the coated steel coupons with a three-
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Figure 3.1 Schematic drawing of the EIS experimental setup.
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electrode cell in which the steel sample is the working electrode, the platinum wire as the
counter electrode, and the SCE as the reference electrode. The impedance spectra were
recorded in the 0.01 Hz to 100 kHz frequency range using a frequency response analyzer
(Model SI 1250, Solartron) connected to an electrochemical interface (Model SI 1287,
Solartron). EIS measurements were performed using ZPlot impedance software (Scribner
Associates Inc., Southern Pines, NC). The measurements were carried out using a
sinusoidal AC voltage of 10 mV as the amplitude inside a Faraday cage in order to
minimize external interferences. The impedance spectra were then analyzed in terms of
equivalent electrical circuits and fitting models using ZView impedance software
(Scribner Associates Inc.). All experiments were carried out at room temperature of

(23 + 2) °C in quiescent naturally aerated 3% (by weight) NaCl aqueous solutions,
simulating the aggressive marine environment. The electrolyte solution was changed
periodically with a freshly prepared solution. EIS measurements were conducted until
significant changes in the impedance behavior or physical changes on the coating and/or
the substrate surface were visually observed. Measurements up to 5 years (1880 d) of

immersion were recorded for some samples.

3.3  Results and Discussions

The rate of corrosion of any coated material (e.g., metal, alloy, composite)
depends on several factors including the coat nature, composition, and thickness; the
activity of the bare material; and the composition and aggressiveness of the environment

(solution composition), relative humidity, and temperature.”’ 31-33
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In this section, the results of the electrochemical measurements in 3% NaCl

solutions are presented.

3.3.1 Cyclic Voltammetry (CV) Measurements

The CV measurements for the VGCNF/alkyd paint/PMMA electrodes containing
different VGCNF loadings were performed in air-saturated Ru(NH3)Cl3-3% NaCl or
K;3Fe(CN)g-3% NaCl solutions at a scan rate of 10 mV/s. Voltammograms recorded for
the pure paint coatings and paint coatings containing 0.5 or 1% VGCNF in these redox
systems showed no measureable currents indicating redox inactivity.

Figure 3.2 shows the voltammograms for the reduction of Ru(NH;)sCl; at the
surface of alkyd paint samples loaded with 3, 5, and 10 wt % VGCNF, respectively. As
depicted in the figure, a reduction peak centered at ~ 0.7-0.8 (vs. SCE) starts to appear,
increases in size, and shifts to a more anodic potential as the VGCNF loading increases.
Moreover, the shape of the CV for the paint coating containing 10% VGCNF indicates a
more reversible process with both cathodic and anodic peaks centered at
~-0.03 and -0.02 V, respectively.

As shown in Chapter 2, the electrical resistance of the VGCNF-reinforced
coatings depend on the wt % of the VGCNF. The lower the VGCNF wt %, the higher the
resistance of the coating film. When the coating is a part of an electrochemical cell,
electrical resistance of the film is part of the Ohmic resistance, R, (also known as the
solution resistance or uncompensated resistance). The main effect of R on an
electrochemical experiment is that the potential imposed on an electrode/solution

34,35

interface is less than that supplied by the potentiostat. In a CV experiment, the effects
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Figure 3.2  Cyclic voltammetry profiles, recorded at 10 mV/s, for VGCNF-incorporated
alkyd paint films spun-coated on poly(methyl methacrylate) (PMMA)
immersed in unstirred aerated 2 mM Ru(NH3)sCl3-3% NaCl solution.
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of R on the shape of the CV of an electroactive film include (i) enlarged peak width, and
(ii) increased peak-to-peak potential, thus suggesting a non-reversible behavior.**>*

The CV behavior of VGCNF-reinforced coatings shown in Figure 3.2 is mainly
due to Ohmic potential drop in the coating film. The distortion in the shape of the
voltammograms in Figure 3.2 is very common in the literature for conventional (normal
size) electodes.”” **** As shown in Figure 3.2, the reverse peaks are small because it
takes a long time to get back to the oxidation potential. In addition, this behavior could
also be due to the VGCNFs in the film acting as an array of microelectrodes.

These results shown in Figure 3.2 are supported by following the effect of aging
on the CV behavior of paint coatings containing 3, 5, and 10% VGCNF in Ru(NH3)sCl;
(Figure 3.3 through 3.5). As shown in Figure 3.3, for 3% VGCNF-loaded paint samples,
for all immersion times, the shape of the CVs is the same with no reversible peaks. For
paint coatings containing 5% VGCNF (Figure 3.4), as the immersion time increases, the
peaks become less distinct and the peak currents (both anodic and cathodic) decrease. In
addition, the cathodic peak potential gets slightly more negative. On the other hand, for
paint coatings containing 10% (Figure 3.5), the voltammograms approach the shape of a
CV for a reversible system.**’ As shown in Figure 3.5, the behavior of the 10%
VGCNF-loaded paint matrix is similar to that of the 5% VGCNF-loaded paint sample.
However, it is clear in Figure 3.4 that the cathodic and anodic peaks are well distinct and
none of them diminishes with time.

Figure 3.6 shows the CVs for the reduction of K3Fe(CN)g in 3% NaCl at the
surface of VGCNF-incorporated alkyd paint spun-coated on PMMA substrates. The

results indicate that paint samples containing less than 10% VGCNF show
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Figure 3.3  Effect of immersion time on the cyclic voltammetry behavior of 3 wt %

VGCNF-incorporated alkyd paint films spun-coated on poly(methyl
methacrylate) immersed in unstirred aerated 2 mM Ru(NH3)Cl3-3% NaCl

solution. Scan rate is 10 mV/s.
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Figure 3.4 Effect of immersion time on the cyclic voltammetry behavior of 5 wt %
VGCNF-incorporated alkyd paint films spun-coated on poly(methyl

methacrylate) (PMMA) immersed in unstirred aerated 2 mM Ru(NHj3)¢Cls-
3% NaCl solution. Scan rate is 10 mV/s.
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Figure 3.5 Effect of immersion time on the cyclic voltammetry behavior of 10 wt %
VGCNF-incorporated alkyd paint films spun-coated on poly(methyl
methacrylate) immersed in unstirred aerated 2 mM Ru(NH3)Cl3-3% NaCl

solution. Scan rate is 10 mV/s.
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Figure 3.6  Cyclic voltammetry profiles, recorded at 10 mV/s, for VGCNF-incorporated

alkyd paint films spun-coated on poly(methyl methacrylate) (PMMA)
immersed in unstirred aerated 2 mM K;Fe(CN)s-3% NaCl solution.
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voltammograms similar to those of irreversible electrodes with a small cathodic peak.
However, for paint samples containing 10% VGCNF, the CV shows a behavior close to
that of a quasi-reversible electrode with a cathodic and anodic peak centered at 0.0, and
0.4 V (vs. SCE), respectively. These results are consistent with the CV behavior of the
same electrodes in Ru(NH3)¢Cl; shown in Figure 3.2. Accordingly, all of the CV
measurements indicate that the incorporation of the VGCNF in the paint matrix increases
the conductivity of the matrix and as the wt % of the VGCNF increases, the conductivity
of the paint film increases. The VGCNF/paint/PMMA electrode behaves as a quasi-

reversible electrode system (peak separation > 59 mV).

3.3.2 Open Circuit Potential (OCP) Measurements

The OCP is the spontaneous potential assumed by any electrode immersed in an
electrolyte. An OCP measurement is considered the simplest and cheapest
electrochemical method to monitor the corrosion of metals and alloys in a corrosive
electrolyte.”® The OCP is a non-invasive test that involves following the change in the
electrode potential vs. a reference electrode for a certain period of time. This test provides
complementary information to the EIS results.

In this study, the OCP behavior of the coated mild steel panels was followed over
a period of up to 5 years (1880 d) in naturally aerated 3% NaCl aqueous solutions.
Because of the large number of samples studied, it is not convenient to reproduce graphs
for the effect of the immersion time on the OCP for all of the measured samples. Instead,
some typical examples for the variation of the OCP with immersion time at various
VGCNEF loadings and film thickness will be given.
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As shown in Figures 3.7 through 3.12, for all of the given coating samples, the
starting values of the OCP were positive values (about +0.3 to +0.2 V vs. SCE).”' The
steady-state potential (Ej,) of the bare mild steel in the same electrolyte solution is about
-0.6 V (vs. SCE).>* Accordingly, it is clear that the application of the coating, with or
without VGCNEF, shifts the initial OCP of the bare substrate to a more positive value
indicating the protective characters of the coatings. As shown in the figures, as the
immersion time increased, the OCP of the coated substrates shifted toward more negative
values before it reached the E, value of the bare steel alloy. The decrease in the OCP
with time indicates that the chloride ions from the electrolyte penetrate through the
coating pores causing a continuous degradation of the film coating. E, is reached when
the coating film completely degrades and the corrosion of the bare substrate occurs.

Figures 3.7 through 3.9 show the variation of the OCP with time for mild steel
coupons coated with different thicknesses of paint containing 0, 1, and 5 wt % VGCNF,
respectively. On the other hand, Figures 3.10 through 3.12 show the variation of the OCP
with immersion time for coating samples having the same thickness (30, 40, and 50 pum)
but with different wt % (0, 1, 5, and 10%) of the VGCNF.

The results show that the worst OCP behavior was observed for the pure paint
coatings with a thickness of 30 um (Figure 3.7) where E; was achieved in a very short
period of time (~ 25 d) indicating that the electrolyte easily penetrated the coating film
and hence caused rapid damage of the coating film. The results also show that the thicker
the coating the longer the time needed to achieve the E, (see Figures 3.7 through 3.9)
Moreover, the incorporation of the VGCNF into the paint matrix extends the time needed

to achieve the E value and hence improves the corrosion protection properties of the
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Figure 3.7 Long term OCP-immersion time curves for mild steel panels coated with
pure commercial alkyd paint in 3% NaCl solution. ¢ =30 um, B =50 pm,
A =70 um, and e = 150 um.
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Figure 3.8 Long term OCP-immersion time curves for mild steel panels coated with a

commercial alkyd paint film containing 1 wt % VGCNF in 3% NaCl
solution. ¢ =20 um, A =30 um, and B =40 pum.
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Figure 3.9 Long term OCP-immersion time curves for mild steel panels coated with a
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Figure 3.10 Long term OCP-immersion time curves for mild steel panels coated with a
commercial alkyd paint film (30 pum in thickness) with different VGCNF

content (wt % loading) in 3% NaCl solution. ® = pure paint, B = paint +
1% VGCNEF, and A = paint + 5% VGCNF.
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pure coating. In addition, Figures 3.10 through 3.12 also show that the higher the wt % of
the VGCNEF, the longer the time needed to reach Ej, and hence the better the corrosion
protection offered by the coating film. Furthermore, the data depicted in Figures 3.10 and
3.12 show that the best behavior was associated with the paint coatings having 10%
VGCNF where the OCP was the highest (~ +200 mV vs. SCE) among all of the coating
samples assayed. Moreover, Figure 3.12 depicts that after almost 600 d (~ 20 months),
the OCP of steel panels coated with a 50 um thick coating containing 10% VGCNF was
still almost +200 mV.

Table 3.1 and Figure 3.13 show the time to coating failure or end of testing (in d)
based on the OCP measurements and visual observations for some of the studied coatings
with different thicknesses and VGCNF loadings. It should be mentioned that, all coating
films that showed no failure at the end of testing had variable OCP values that were more
positive than the E;; value. Moreover, among these coatings, the very thick ones and the
ones with the higher VGCNF wt % showed the most positive OCP values at the end of
testing. Based on the results depicted in Figures 3.7 through 3.13 and Table 3.1, it can be
concluded that the 50 um thick paint coating containing 10% VGCNF is the most passive

and hence the slowest to reach £,,.

3.3.3 Electrochemical Impedance Spectroscopy (EIS) Measurements

As mentioned in Chapter 1, the main role of the EIS in the electrochemical
characterization of organic coatings is to collect information about the coating system and
its barrier properties and also determine the onset and progression of the corrosion

processes on the metal substrate underneath the coating.” In the current investigation, the
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Table 3.1  Time to coating failure or end of testing based on open circuit potential
(OCP) measurements for pure and VGCNF-reinforced alkyd paint coatings
with different thicknesses and VGCNF loadings.

Coating Specification Film Thickness Time to Coating Failure or
(nm) End of Testing (d)
30 33
50 202
Pure paint
70 1814*
150 1882%*
95 1751%*
Paint + 0.5 % VGCNF 150 1848%
180 1804*
20 25
Paint + 1% VGCNF 30 98
40 340
20 124
Paint + 5% VGCNF 30 181
40 842%*
Paint + 10% VGCNF 50 1734*

*Testing ended with no failure.
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EIS behavior of the alkyd paint-coated mild steel coupons, with and without VGCNF,
was followed by recording the Bode and Nyquist plots in 3% NaCl aqueous solution for
an exposure period of up to 27 months. To avoid any significant changes in the possible
equilibria established at the coating/electrolyte solution interface, the EIS spectra were
recorded at the OCP of the substrates. The experimental EIS spectra shown in these
figures were modeled to theoretical equivalent electrical circuits using the ZView
software.

Figure 3.14 shows the general equivalent circuit proposed for the breakdown of
the corrosion protection provided by a polymer coating applied to the surface of a
metallic substrate.”* Depending on the characteristics of the metal and/or the coating, few

55-60
4.

changes have been reported for the general circuit shown in Figure 3.1 Kendig and

Mansfeld have used the model shown in Figure 3.14 to analyze impedance spectra
obtained for steel and Al alloys coated with polybutadiene.'* >* °!- 2

Corrosion of substrates under coatings usually takes place in stages.” The shapes
of the Bode and Nyquist plots for a polymer-coated metal or alloy depend on the state of
the paint coating.”” ®%> At the early stage of exposure of the polymer coating to a
corrosive solution, the polymer film is in good contact with the substrate surface and
protects the surface from being attacked by the aggressive ions. Accordingly, the
impedance spectra only characterize the insulating properties of the coating. Thus, the
coating resistance (R.) is extremely high while the coating capacitance (C.) is very low.
At this stage, perfectly protective and intact coatings show a straight line with a slope of
-1 in the Bode plot and a capacitive arc in the Nyquist plot (Figure 3.15.a) indicating that

the coating has excellent barrier properties and behaves as a pure capacitor.
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Figure 3.14 Schematic drawing for the general equivalent electrical circuit for a
polymer-coated metal. R = Ohmic (solution) resistance; C; = the electrode
double layer capacitance; C, = coating capacitance; R. = coating pore
resistance; and R, = polarization (charge transfer) resistance.

155



12|

10°
1

-80

-40

0® 10% 10" 10° 10" 10° 10° 10* 10° 10°

Frequency (Hz)

10*

108 L

-40

N

T T VT T V11 W NTT SR MUY 1= AR iy

10?

10" 10° 10’ 10? 10° 10 10°
Frequency (Hz)

VAL

"

-3000

-2000 -~

-1000 -~

-6000

-5000 -~

-4000 -~

-3000 -

-2000

-1000

High f Low f

1000 2000 3000

7

High f Low f

1000

! !
2000 3000 4000 5000 6000

VA

7000

Figure 3.15 Different Bode and Nyquist plots for a paint-coated metal at different states
of degradation. (a) An intact undamaged coating with absorbed water, (b) a
coating that is developing a low coating resistance, (c) a coating that has
suffered major damage, and a (d) a damage coating with a diffusion-
controlled degradation process.

156



(©)

ejay)

,/
407 et il 4l T
10 10" 10° 10’ 10% 10% 10* 10°
Frequency (Hz)
10° -100
10°
E —--75
10 1
_ f E
@ =
| 1Y
10° i
r —--25
10
101 TR RO T R VU WHTTT N SR RT T B W T M WU VTTT IR TTTT R 0
10* 10° 10% 10" 10° 10" 102 10° 10* 10°

Frequency (Hz)

Figure 3.15 Continued.

-10000

-7500 -

N -5000

High f

-2500 -

Low f

0 !
0 2500 5000

ZV

7500

-50000

10000

-40000

-30000

High f

-20000

-10000

Low f

0 | | | |
0 10000 20000 30000 40000

7'

157

50000



As the immersion time increases, water and other electrolytes diffuse through the
coating and the impedance from the Bode plot decreases due to the water and electrolyte
absorption and creation of electrolytic paths to the metal surface. In that case, R, is much
lower than its value when the coating was initially immersed in the electrolyte. The
coating resistance results in a frequency-independent plateau at low frequencies in the
Bode plot. On the other hand, the arc in the Nyquist plot becomes a semi-circle (Figure
3.15.b). The x-intercept at high frequency (to the left) is the uncompensated resistance
(Ro) and the x-intercept at low frequencies is the sum of the uncompensated and
polarization resistances (Ro+ R),). At this stage, there is no significant corrosion of the
metal substrate.

At a later stage of exposure to the electrolyte, the electrolyte reaches the
metal/paint interface and a larger area of the metal substrate is exposed to the electrolyte
and corrosion is initiated at the substrate surface. As the exposed substrate area increases,
the polarization resistance (R,) decreases and double layer capacitance (Cy) increases. In
this case, faradaic processes occur and the Bode plot becomes more complex and shows
two breaks or two “time constants”. The Nyquist plot displays two semi-circles
corresponding to the two time constants.(Figure 3.15.c) The smaller semi-circle at high
frequency (to the left) is due to the coating capacitance while the bigger semi-circle at
lower frequency (to the right) is due to the double layer capacitance. For some coatings,
as the exposure time increases, the degradation process becomes diffusion-controlled.
The Nyquist plot shows a semi-circle in the higher frequency region with a straight line
angled at 45° to the real axis in the lower frequency region (Figure 3.15.d). The straight

line in the Nyquist plot is an indicator of a diffusion-controlled process.
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At a very late stage of exposure to the electrolyte, the coating is severely damaged
and most of the metal substrate is exposed to the electrolyte and the measured impedance
is dominated by the general corrosion of the substrate. The shape of the Bode plot looks
like the one shown in Figures 3.15.c and 3.15.d but with much lower total |Z] values at the
low frequencies. The value of |Z| measured in this stage could be 5-6 orders of magnitude
less than the value recorded at the initial immersion time. In this final stage of coating
damage, the two semi-circles in the Nyquist plot are more defined than earlier in the
degradation process.

As shown above, the EIS spectra for organic coatings applied to the surface of
metallic substrates are usually characterized by two frequency domains (i.e. two parts or
time constants). The high-frequency (HF) domain corresponds to the organic coating
while the low-frequency (LF) one is related to the reactions occurring at the metal
substrate surface due to the diffusion of the electrolyte through the pores and defects in

the coating.®

The resistance values extracted from the HF part (either in the Bode or
Nyquist plots) correspond to the corrosion resistance of the organic coating. Accordingly,
those resistance values have been used to follow the degradation of different organic
coatings applied to metals with time in corrosive media.®”*

Representative impedance spectra (both Bode and Nyquist plots) obtained for
mild steel samples covered with alkyd paint coatings with and without VGCNF are
shown in Figures 3.16 through 3.27. Figures 3.16.a through 3.20 present the Bode plots
obtained for mild steel samples coated with pure alkyd paint. Examining these plots
shows that longer immersion times produce smaller |Z] values (e.g., Figures 3.16.a and

3.17.a). In addition, the thinner the coating, the higher the rate of the drop in the
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Figure 3.16 Bode (a) and Nyquist (b) plots for mild steel panels coated with a pure

commercial alkyd paint film (30 pum thick) at different immersion times in
3% NaCl solution.

160



-100000

— 5d
-75000 — — 8d
—{— 19d
—— 31d
L 36d

Z"

-50000

-25000

0f 1 | 1 | 1 | 1
0 25000 50000 75000 100000
Z'
(b)

Figure 3.16 Continued.

161



102 107! 10° 10" 102 10° 104 10°

Frequency (Hz)
-100
-75
8 L
g -50
— L
-25 O O
0 5
0 crvnl o ol vl il ....””"” LLLLL
102 10"  10° 10" 10* 10° 10 10°
Frequency (Hz)
(a)

Figure 3.17 Bode (a) and Nyquist (b) plots for mild steel panels coated with a pure

commercial alkyd paint film (40-50 um thick) at different immersion times
in 3% NaCl solution.
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Figure 3.18 Bode plots for mild steel panels coated with pure commercial alkyd paint
film (70 pum thick) at different immersion times in 3% NaCl solution.
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Figure 3.19 Bode plots for mild steel panels coated with pure commercial alkyd paint
film (with different thicknesses) after 200 d of immersion in 3% NaCl
solution. The coating thickness is shown in the legend.
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impedance is, and hence the faster the rate of degradation of the film (e.g., Figures 3.16.a
and 3.17.a).

As shown in Figure 3.16.a for a 30 um thick pure paint film, in the first 19 days of
immersion, the Bode plot shows a short frequency-independent plateau at low
frequencies with an initial |Z| value in the 10* to 10° Q range. This plateau is associated

with inherent film quality.”*"?

This plateau is also is an indication of water and
electrolyte absorption in the coating and the initiation of corrosion. For immersion times
longer than 19 days, the initial |Z| values are less than 10* Q and the plateau disappears
indicating a higher rate electrolyte absorption, higher rate of corrosion, and hence a
higher rate of damage of the paint film. On the other hand, the Nyquist plots in Figure
3.16.b show a capacitive semi-circle in the higher frequency region and a diffusion tail in
the lower frequency region in agreement with the literature.”” As shown in the figure, the
capacitive semi-circle progressively decreases as the immersion time increases indicating
degradation of the paint coating and the diffusion tail starts at a higher frequency
indicating a higher rate of electrolyte diffusion through the paint film.

For a 40-50 um thick pure paint film (Figure 3.17), the Bode plot (Figure 3.17.a)
shows that the initial |Z| value is in the 10° to 1050 range and the low-frequency plateau
stays for a period of 177 d before it disappears. On the other hand, the Nyquist plots
(Figure 3.17.b) show only a capacitive arc with no diffusion tail for up to 177 d. These
results indicate that a thick pure paint film is more stable than a thin film.

For a 70 um thick paint film (Figure 3.18), the Bode plots show that the initial |Z]

value higher than 1.0 x 10° Q even after 1814 d (~ 5 yr) of constant immersion in 3 %

NaCl solution. In addition, the low-frequency plateau is very evident in the Bode plot
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after this long period of immersion indicating better barrier properties for the film.
Moreover, as depicted in Figures 3.19 and 3.20, the |Z] values for the 150 um thick
coatings are the highest among all of the studied coating thicknesses indicating the high
stability of these coatings.

As shown in Figure 3.19 and 3.20, thicker coatings are characterized by very high
|Z| values in the LF part of the Bode plot which lead to low current and high noise in the
low-frequency range of the measurement. This noise, as well as data scatter, is very
common in the literature especially in the early period of immersion in the corrosive
electrolyte.” " 7> MacDonald attributed this noise to the difficulty that the frequency
response analyzer (FRA) is having in defining the sinusoidal variation in the current due
to the impedance being very high at low frequency.’® According to the literature, thick,
high quality coatings are characterized by very high resistance (R.) and very low
capacitance (C,) indicating high corrosion resistance.”” ’® The very high resistance results
in very small currents, especially at low frequencies where resistive elements in the
system under investigation dominate.”

The Bode and Nyquist plots for VGCNF-reinforced coatings are shown in Figures
3.21 through 3.27. These plots collectively show that the incorporation of the VGCNF in
the alkyd paint matrix increases the |Z] values and lowers its rate of decrease with
immersion time indicating better corrosion protection properties relative to the
unmodified paint matrix. The data also reveals that the higher the VGCNF content, the
higher and more stable the |Z| values over a long period of immersion in the corrosive

electrolyte.

168


https://dominate.79
https://resistance.77
https://frequency.76
https://electrolyte.72

Z|
[y
<

10°
102 107 10° 10! 10? 10° 10* 10°

Frequency (Hz)

theta

=30 [ TR T] R N N AR T1 B S A A A AT | N N M B N A 71 B S AN W W R TT1 N |||||| L
107 10" 10 10" 10> 10° 10° 10°
Frequency (Hz)
(a)

29d
209d
298d
428 d
735d
978 d
1154 d
1345d
1655d
1808 d
1848 d

Figure 3.21 Bode (a) and Nyquist (b) plots for mild steel panels coated with 0.5 wt %

VGCNF-incorporated commercial alkyd paint film (150 pum thick) at
different immersion times in 3% NaCl solution.
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Figure 3.22 Bode (a) and Nyquist (b) plots for mild steel panels coated with 1 wt %
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different immersion times in 3% NaCl solution.
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Figure 3.23 Bode (a) and Nyquist (b) plots for mild steel panels coated with 1 wt %
VGCNF-incorporated commercial alkyd paint films (40-50 pm thick) at
different immersion times in 3% NaCl solution.
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Figure 3.24 Bode (a) and Nyquist (b) plots for mild steel panels coated with 5 wt %
VGCNF-incorporated commercial alkyd paint films (40-50 pm thick) at
different immersion times in 3% NaCl solution.
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Figure 3.25 Bode (a) and Nyquist (b) plots for mild steel panels coated with VGCNF-
incorporated commercial alkyd paint film (20 um thick) after 4 d of
immersion in 3% NaCl solution. The VGCNF loading is shown in the
legend.
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Figure 3.26 Bode (a) and Nyquist (b) plots for mild steel panels coated with VGCNF-
incorporated commercial alkyd paint films (30 um thick) after 11 d of
immersion in 3% NaCl solution. The VGCNF loading is shown in the
legend.
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Figure 3.27 Bode (a) and Nyquist (b) plots for mild steel panels coated with VGCNF-
incorporated commercial alkyd paint film (40-50 pm thick) after 840 d of
immersion in 3% NaCl solution. The VGCNF loading is shown in the
legend.
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Figure 3.21 shows the Bode and Nyquist plots for a 150 um thick paint film
containing 0.5% VGCNF. As shown in Figure 3.21.a, the initial |Z| values are almost the
same as the values for a pure paint film with the same thickness (Figures 3.19 and 3.20).
However, for an immersion period of 1848 d (over 5 yr), the Bode plots for a 0.5%
VGCNF-incorporated paint matrix show the characteristic straight line for a perfectly
insulating and intact polymer film. In addition, the Nyquist plot (Figure 3.21.b) shows a
capacitive arc that slightly increases with increasing the immersion time.

Figure 3.22 depicts the Bode and Nyquist plots for a 30 um thick alkyd paint film
containing 1% VGCNF. As shown in Figure 3.22.a, in the first 10 d of immersion in the
electrolyte, the initial |Z| values is close to 1.0 x 10° Q. This low |Z| value is normal for
thin paint films. The Bode plots also show no frequency-independent plateau and the rate
of decrease in the |Z] values increases with increase in immersion time. On the other
hand, the Nyquist plot (Figure 3.22.b) shows a capacitive semi-circle in the higher
frequency region and a diffusion tail in the lower frequency region. As shown in the
figure, as the immersion time increases, the semi-circle progressively decreases and the
diffusion tail starts at a higher frequency indicating a higher rate of electrolyte diffusion
through the paint film and degradation of the coating.

Figure 3.23 shows the Bode and Nyquist plots for a 40-50 um thick alkyd paint
film containing 1% VGCNEF. It is obvious from the Bode plot (Figure 3.23.a) that the
initial |Z] values are one order of magnitude higher than the corresponding values in
Figure 3.22.a indicating that a 40-50 pwm thick paint coating is more stable than a 30 um
one. Moreover, the Bode plots in Figure 3.23.a show that the frequency-independent

plateau gradually disappears as the immersion time increases. The behavior is confirmed
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in the Nyquist plots. As shown in Figure 3.23.b, in the first few days of immersion in the
electrolyte, the Nyquist plot shows a capacitive line indicating a perfectly insulating
coating film. At a later stage of immersion, the capacitive line becomes a capacitive semi-
circle in the HF region followed by a diffusion tail. With further increase in the
immersion time, semi-circle decreases and the diffusion tail starts at a higher frequency
indicating the electrolyte diffusion and damage of the coating.

Figures 3.24 through 2.27 show that the higher the VGCNF content, the higher
the initial |Z] values and hence the more stable the coating is. Furthermore, for alkyd paint
samples containing 10% VGCNF with a thickness in the 40-50 um range, the Nyquist
plots show only a capacitive loop even after 840 d of immersion indicating the stability of

the coating (Figure 3.27.b).

3.3.4 Equivalent Electrical Circuits and Data Fitting

As mentioned in Chapter 1, one of the great advantages of the EIS measurements
is the ability to model the experimental EIS data, even for complex electrochemical
systems, using pure theoretical equivalent electrical circuits that represent the physical

-82 . . .
8052 The equivalent circuits can also

process occurring in the system under investigation.
support or rule out mechanistic models and enable the calculation of the corrosion
parameters for the system being studied.** In this regard, an acceptable model is one
that is as simple as possible and generates model spectra that correlates very well with the

experimental EIS data with minimal error. In addition, all elements of the model should

have physical meaning.*®
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In the current investigation, the experimental EIS spectra were fit to theoretical
equivalent electrical circuits using the ZView software. The fitting process usually starts
with selecting a suitable model based on similar previous research work published in the
literature and/or using one of the simple models provided by the software that is close to
the experimental data presented in the research under investigation. The model is then
tested and modified, as necessary, to meet the criteria for an acceptable model as
mentioned above. Once a model is selected, the next step will be to run the fitting
program which requires the input of initial values for all parameters related to the
electrochemical system under investigation. As shown in Tables 3.2 through 3.4, some of
these parameters are fixed while the rest are variable. The fixed parameters (e.g., Ry, R),)
are initially estimated from the experimental Bode and Nyquist plots. The fitting program
is then run where the algorithm makes changes in several or all of the parameter values
and evaluates the resulting fit. If the change improves the fit, the new parameter value is
accepted. If the change worsens the fit, the old parameter value is retained. The process is
then repeated with another parameter until a good fitting spectrum is obtained or all of
the trials are exhausted.®” As mentioned above, the best model curve is one that is almost
superimposed on the experimental one and shows the minimum uncertainty (% error) in
the calculated parameters. One of the parameters that are used as a measure for the
“goodness of fit” is the chi-squared parameter (y°). The smaller the value of 3%, the better
the goodness of fit is. In addition, according to Boukamp, the value of %* should decrease
by tenfold if a new circuit element is introduced into the model. If the value does not
decrease, then the element should be eliminated and either another element is introduced

or a different circuit model is tried.®’
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Figures 3.28 through 3.30 and Tables 3.2 through 3.4 show the fitting spectra and
data, including the percent error for the elements in the models, along with the
experimental EIS spectra for a mild steel sample coated with a layer of a 30 pum thick
pure alkyd paint film. The selection of a wrong model and/or the estimated values for the
fixed parameters always gives poor fitting results either in the form of fitting spectra that
are non-superimposed on the experimental ones or high percent errors in the fitting data.
The modeled data presented in Figures 3.28 through 3.30 and Tables 3.2 through 3.4
were generated using the same model (Figure 3.31.a) but with different initial values for
the fixed parameters. For example, Figure 3.28 and Table 3.2 show the fitted spectra and
data for a poor modeling obtained for a mild steel sample coated with a 30 um thick pure
paint film after 3 d of immersion in NaCl solution. As shown in Figure 3.28, the fitted
spectra are not superimposable on the experimental ones. In addition, Table 3.2 shows
that the % error is as high as 9.7 x 10" and the y? is also high (0.18). The data presented
in Figure 3.29 and Table 3.3 show still poor but better fitting data than that presented in
Figure 3.28 and Table 3.2. As shown in Figure 3.29, the deviation between the modeled
spectrum and the data spectrum is smaller than in Figure 3.28. Also, the uncertainties in
the fitting parameters (Table 3.3) are still high (as high as 3.9 x 10%) but better than those
shown in Table 3.2. Moreover, the % value (0.019) is better than the value shown in
Table 3.2. On the other hand, Figure 3.30 and Table 3.4, show the best fit among the
three given examples. It is evident from Figure 3.30 that the modeled spectrum is more
superimposed on the experimental ones than the other two. In addition, Table 3.4 clearly
indicates that the maximum uncertainty in the fitting data is less than 6% and the x* value

is as low as 0.0011. These results indicate that the suggested circuit model shown in
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Figure 3.28 Experimental and a very poor fitting; (a) Bode, and (b) Nyquist plots for a
pure alkyd paint coating film (30 um thick) applied to the surface of a mild
steel coupon after 3 d of immersion in aqueous 3% NacCl solution.
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Table 3.2

aqueous 3% NaCl solution.

Data for a very poor fitting model for a pure alkyd paint coating film (30 um
thick) applied to the surface of a mild steel coupon after 3 d of immersion in

Element Freedom Value Error Error %
R, Fixed (X) 32.27 N/A N/A
Ce-T Free (+) 130x10%  3.95x10° 3033
C.-P Fixed (X) 1 N/A N/A
R. Free (+) 477%x10°  738x10°  1.55x10°
DEI Fixed (X) 2-CPE #1
DEI-R Fixed (X) 5.74E5 N/A N/A
DEI-T Free (+) 9.01 x 107 136x107 15.14
DE1-P Free (+) 449 x 10" 176 x10%  3.92
DE1-U Free (+) 1.35x 10 1.30x 10"  9.70 x 10"
Chi-Squared 0.182
Weighted sum 24.253
of squares
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Figure 3.29 Experimental and poor fitting; (a) Bode, and (b) Nyquist plots for a pure
alkyd paint coating film (30 um thick) applied to the surface of a mild steel
coupon after 3 d of immersion in aqueous 3% NaCl solution.
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Table 3.3

Data for a poor fitting model for a pure alkyd paint coating film (30 pm

thick) applied to the surface of a mild steel coupon after 3 d of immersion in
aqueous 3% NaCl solution.

Element Freedom Value Error Error %
R, Fixed (X) 32.27 N/A N/A
Ce-T Free (+) 130x 10®°  4.40x 10" 3.379
C.-P Fixed (X) 1 N/A N/A
R. Free (+) 248 x 10*  966.02 3.90 x 10°
DEI Fixed (X) 2-CPE #1
DEI-R Fixed (X) 574x10°  N/A N/A
DEI-T Free (+) 9.01 x 107 298 x10°  3.306
DEI1-P Free (+) 449x 10" 7.06x10° 1573
DE1-U Free (+) 136 x10*  3.34x10°  24.843
Chi-Squared 0.019
Weighted sum 2.527
of squares
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Figure 3.30 Experimental and good fitting; (a) Bode, and (b) Nyquist plots for a pure
alkyd paint coating film (30 um thick) applied to the surface of a mild steel

coupon after 3 and 5 d of immersion in aqueous 3% NaCl solution.
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Table 3.4

Data for a good fitting model for a pure alkyd paint coating (30 um thick)

applied to the surface of a mild steel coupon after 3 and 5 d of immersion in
aqueous 3% NaCl solution.

Element Freedom Value Error Error %
R, Fixed (X) 32.27 N/A N/A
Ce-T Free (+) 116 x10%  3.47x10"° 2995
C.-P Fixed (X) 1 N/A N/A
R. Free (+) 623.10 59.869 9.608
DEI Fixed (X) 2-CPE #1
DEI-R Fixed (X) 574%x10° N/A N/A
DEI-T Free (+) 6.34x 107  587x10° 0926
DE1-P Free (+) 0.449 1.76 107 0.333
DE1-U Free (+) 135x10*  7.65x10° 5.684
Chi-Squared 0.001
Weighted sum 0.143
of squares
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Figure 3.31 The electrical equivalent circuits used to fit the experimental data for
(a) pure alkyd paint coatings, and (b) VGCNF-incorporated alkyd paint
coatings applied to the surface of mild steel coupons immersed in 3% NaCl
solution. R = Ohmic (solution) resistance, C = the electrode double layer
capacitance, C.= coating capacitance, R. = coating pore resistance,
R, = polarization (charge transfer) resistance, Z,, = Warburg diffusional
impedance, CPE = constant phase element, R,= carbon fiber resistance,
and Cy= carbon fiber capacitance.
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Figure 3.31.a meets the required criteria for a good model for the experimental data (vide
infra).

Figure 3.31 shows the equivalent electrical circuit models used to analyze the
behavior of the pure (Figure 3.31.a) as well as VGCNF-incorporated (Figure 3.31.b)
alkyd paint coatings applied to the surface of mild steel samples immersed in 3% NaCl
solution. The elements in these circuits are the Ohmic (solution) resistance (R ); the
electrode double layer capacitance (Cy); the coating capacitance (C,); the coating
resistance (R.); the polarization (charge transfer) resistance (R,); the Warburg diffusional
impedance (Z,,); the constant phase element (CPE); the carbon fiber resistance (Ry); and
the carbon fiber capacitance (Cy). The values of several system parameters were
calculated based on these two equivalent circuit models (vide infra).

Representative experimental EIS data along with the fitted curves for pure as well
as VGCNF-incorporated alkyd paint coatings are shown in Figures 3.32 through 3.34.
The fitted curves for pure paint coatings correspond to the equivalent circuit in Figure
3.31.a while the modeled spectra for VGCNF-incorporated paint coatings correspond to
the equivalent circuit in Figure 3.31.b. As depicted in the figures, the suggested fitting
models reproduce fitting spectra that are almost superimposed on the experimental
Spectra.

Plots of variation of the calculated values of system parameters such as the
impedance modulus (|Z]), the polarization resistance (R,), the double layer capacitance
(Ca), the coating resistance (R.), the coating capacitance (C.), the percent water uptake,
the delaminated area (4,), the VGCNF resistance (Ry), and the VGCNF capacitance (C))
with exposure time are presented in Figures 3.35 through 3.81.
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Figure 3.32 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
0.5 wt % VGCNF-incorporated commercial alkyd paint film (with different
film thickness) after 100 d of immersion in 3% NaCl solution.
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Figure 3.32 Continued.
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Figure 3.33 Bode (a) and Nyquist (b) plots for mild steel panels coated with 0.5 wt %
VGCNF-incorporated commercial alkyd paint films after 500 d of
immersion in 3% NaCl solution. The coating thickness is shown in the
legend.
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Figure 3.34 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
VGCNF-incorporated commercial alkyd paint films (20 pm thick) after 18 d
of immersion in 3% NaCl solution. The VGCNF loading is shown in the
legend.
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3.3.5 Total Impedance (|Z]) Measurements

Representative plots of |Z] vs. immersion time are shown in Figures 3.35 through
3.41 for both pure and VGCNF-incorporated paint coatings with different film
thicknesses. Traditionally, the impedance values in these plots are the measured |Z] values
at the minimum frequency. These |Z] values are usually the maximum impedance values
in the Bode plots. The data depicted in Figures 3.35 through 3.41 show the |Z] values
measured at 1.0 x 107 Hz. The data show high |Z| values for all coatings upon initial
immersion in the NaCl solution in the range of 10° to 10° Q which decrease with
immersion time due to the degradation of the coating film in the corrosive solution. These
results are consistent with those in the literature.”” ***°

Examining Figures 3.35 through 3.38 clearly shows that the thicker the coating
film, the higher the impedance is and hence the more protective the film is. These results
are also consistent with the literature.”® In addition, the results also show that for thick
paint coatings with or without VGCNF with a thickness of 95 pm or above, the coating
impedance is at least 10’ Q (Figures 3.35 and 3.36) over an immersion period of 800 d.
Moreover, a close look at Figures 3.41 shows that, at constant coating thickness, the
impedance data for paint coatings containing 5 and 10% VGCNF are almost the same and
stable for a long immersion period (600 d) indicating that there is a threshold VGCNF
mass percent above which the |Z]| value does not appreciably increase with increasing the

fiber loading.
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Figure 3.35 Variation of the absolute impedance (|Z]), measured at 1.0 x 107 Hz, with
immersion time for mild steel panels coated with a pure commercial alkyd

paint film and exposed to 3% NaCl solution. ¢ =30 um, B =50 um,
A =70 um, and @ = 150 um.
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Figure 3.36 Variation of the absolute impedance (|Z]), measured at 1.0 x 10 Hz, with
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3.3.6 Polarization Resistance (R,) Measurements

The polarization resistance (R,), also known as the charge transfer resistance (R.,),
is the resistance between the reference and working electrodes. R), is one of the important
parameters used in the characterization of any electrochemical system under corrosion. It
should be mentioned that R, is inversely proportional to the rate of corrosion and the rate
of corrosion is directly proportional to the corrosion current (i.,,). According to Stern
and Geary, corrosion currents (and hence corrosion rates) can be calculated from the
values of R, as:”""®

icorr = K/R), (3.1)
where K is a constant. R, is determined from the low frequency limit of the real part of
the Nyquist plot (vide supra).

Figures 3.42 through 3.47 show the variation of R, with immersion time for mild
steel coupons spin-coated with VGCNF-incorporated commercial alkyd paint with
different thicknesses and VGCNF loadings. As shown in the figures, for all of the tested
coatings, the initial R, values are high (in the range of 10° to 10" Q) and decrease with
immersion time. The relatively high initial R, values imply that the coatings are initially
largely intact and stable. However, as the immersion time increases, defects and pores in
the coating initiate and grow in number and size. The growth of these active sites is
accompanied by significant decrease in the R, of the system and hence an increase in the
corrosion rate. This interpretation is confirmed by the visual inspection of the specimens
at the end of the exposure period to the aggressive NaCl solution. The visual inspection
showed a roughened surface, with localized cracks, holes, and corrosion products on the

coating surface in addition to rust formation underneath the coating due to the loss of
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steel panels coated with a pure commercial alkyd paint film and exposed to

3% NaCl solution. ¢ =30 um, @ =50 um, A =70 um, and @ = 150 um.
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steel panels coated with a commercial alkyd paint film containing 0.5 wt %
VGCNF in 3% NacCl solution. ¢ =95 um, B = 150 um, and A = 180 um.
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adherence of the coating to the substrate. Additional confirmation of the coating failure
was provided by the measurement of the OCP at the end of the exposure time. The OCP
values were close to -600 mV (vs. SCE) as shown in the regular OCP measurements
(vide supra).

The data depicted in Figures 3.42 through 3.45 show that, for film coatings having
the same weight percent of VGCNEF, the thicker the coating film, the higher the initial R,
value and the slower the rate of decrease in R, with immersion time and hence the longer
the time needed for the coating film to breakdown. In addition, the data show that the
steepest decrease in R, and the fastest corrosion rate occurs for the pure coatings with
thin film thicknesses (< 50 um). This denotes a fast diffusion of the electrolyte into these
pure coatings and hence a fast degradation of the paint films.

For thick coating films containing high VGCNF content, the results shown in
Figures 3.43 through 3.47 indicate that there is an initial decrease in R, (in the first 10 d
of immersion) followed by a plateau for a long period of immersion, then followed by a
sudden decrease of R, indicating the film breakdown. Moreover, Figure 3.46 shows that
the incorporation of the VGCNF, even for samples with a coating thickness as small as
30 um, increases the lifetime of the coating film and consequently improves the
protection properties of the coating. The results shown in Figures 3.45 and 3.47 also
depict that after ~ 700 d of immersion in NaCl solution, thick paint coatings (> 40 pum)
containing 5 and 10% VGCNFs are still stable and protective with R, values almost

constant.
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3.3.7 Double-Layer Capacitance (C;) Measurements

The double-layer capacitance (Cy) at the electrolyte/metal substrate is another
factor that reflects the barrier properties of an organic coating. The values of Cy are taken
as a measure of the area over which the coating has disbonded.>® Figures 3.48 through
3.53 show the variation of C, with the immersion time for some coating systems with
different thicknesses and wt % of VGCNF. The increase in Cy with immersion time
indicates an increase of the disbonded area (wet area) over the mild steel surface under
the coating.52

As shown in Figures 3.48 through 3.53, for all of the tested coatings, the initial C
values are low (as low as 1.0 x 10"° F/em?) and increases with immersion time. The
relatively low initial Cy values imply that the coatings are initially largely bonded to the
substrate surface. However, as the immersion time increases the values of C, increase for
a short period of time, denoting the entry of the electrolyte into the paint coating. After
that initial period of increase, the value of Cy remain unchanged for the long exposure
time until the film finally fails and corrosion occurs at the steel substrate surface and the
value of Cy increases rapidly. It can also be noted that the thicker the coating film, the
lower the initial value of the Cy indicating a good protective film with greater corrosion
stability (see Figures 3.48 through 3.50). On the other hand, the data shows that during
the first few days (1-3 d) of immersion, coatings containing VGCNF show an increase in
the C values. However, after this initial period, the value of C, decreases to a stable
value and remains unchanged for a long period of immersion in the corrosive solution
(Figures 3.52 and 3.53). These results are also in good agreement with the R,

measurements (vide supra).
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Figure 3.48 Variation of the double layer capacitance (C,) with immersion time for mild

steel panels coated with a pure commercial alkyd paint film and exposed to
3% NaCl solution. =30 um, ® =50 um, A =70 um, and ® = 150 pm.
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Figure 3.49 Variation of the double layer capacitance (C,) with immersion time for mild

steel panels coated with a commercial alkyd paint film containing 0.5 wt %
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3.3.8 Coating Resistance (R;) Measurements
The estimated values of the coating resistance (R.) along with the coating
capacitance (C,) are generally considered the best measures for the stability of the

93,99

organic coatings. R. is also defined as the pore resistance of the coating resulting

from the penetration of the electrolyte. It is well known that a decrease in R, and increase
in C, during exposure to the corrosive medium imply degradation of the coating.'* '*

The variation of the R, with immersion time is shown in Figures 3.54 through
3.59 for pure and VGCNF-incorporated alkyd paint coatings applied to mild steel
substrates. The data show that, depending on the coating thickness and the VGCNF
weight percent, the initial R, values for all coatings are in the range of 10*to 10* Q. The
data also show that, for coatings having the same film thickness, the initial R, values for
the VGCNF-incorporated coatings samples are at least one order of magnitude higher
than the corresponding values for pure paint (e.g., compare Figures 3.54, 3.56, 3.57 and
3.58 for the 30 um thick coatings).

The data shown in Figures 3.54 through 3.59 depict that, for all coatings, R,
decreases in the first few days of exposure to NaCl solution, denoting the entry of the
electrolyte into the alkyd paint coating. This is the first step of electrolyte diffusion

: : 1 101
through an organic coating.'® '

After this initial period, the value of R, reaches a
plateau and remains almost constant over a long immersion time period before R,
significantly drops indicating a film breakdown and corrosion of the metallic substrate.
The length of the immersion time before film breakdown occurs is an indication of the

stability of the organic coating. The longer the immersion time before film breakdown,

the greater the corrosion protection properties of the coating film.
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Figure 3.54 Variation of the coating resistance (R.) with immersion time for mild steel

panels coated with a pure commercial alkyd paint film and exposed to 3%
NaCl solution. ¢ =30 pm, B =50 um, A =70 um, and ® = 150 um.
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Figure 3.55 Variation of the coating resistance (R.) with immersion time for mild steel
panels coated with a commercial alkyd paint film containing 0.5 wt %

VGCNF in 3% NaCl solution. B =95 pm, ¢ =150 um, and A = 180 um.
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As shown in Figure 3.54, for paint coatings containing no VGCNFs, the R, value for the
thin (30 pum thick) film sample is high at early immersion times and decreases
appreciably in a very short time. However, for the 50 um thick paint films, the value of
R. remained high up to ~ 200 d before the values started to decrease. On the other hand,
for thick pure (70 and 150 um thick) pure paint coatings, the value of R, remained high
for the whole study time (800 d). These results clearly indicate that the corrosion
protection ability of the pure paint coating increases as the paint film thickness increases.

Figure 3.58 depicts that the incorporation of the VGCNFs into the alkyd paint
matrix improves the corrosion protection properties of the film coating. Moreover, the
higher the wt % of the VGCNF, the longer the period in which the value of R, remains
high and hence the more stable and the better the anticorrosive properties of the coating
film.

Figure 3.59 shows a comparison between the behavior of two coatings having the
same thickness (45 um) but different VGCNF weight percent (5% and 10%). As shown
in the figure, the behavior of the two coatings is almost the same with the R, values for
the 10% VGCNF-containing coating slightly lower than those for the 5% VGCNF-
containing coatings. This result could be attributed to a threshold VGCNF weight
percent, above which the protection properties of the coating film do not appreciably
increase with increasing the VGCNEF loading (as shown with the mechanical properties in
Chapter 2). However, this R, behavior is identical to the previously studied system

parameters such as |Z| and R,

231



3.3.9 Coating Capacitance (C.) Measurements

The coating capacitance (C.) is generally used as a measure of the total amount of
water in the coating (i.e., C. is related to the percent water uptake), and, in theory, its
value is expected to increase with immersion time.'%*'* Figures 3.60 through 3.65
present the variation of C, with immersion time for both pure and VGCNF-incorporated
paint coatings. As shown in the figures, in the first few days of exposure to the
electrolyte, the value of C. increases with increased immersion time indicating the
absorption of water in the coatings until it reaches a plateau and remains almost
unchanged for a longer period of exposure to the corrosive environment. When the film
breakdown time is reached, the corrosive electrolyte reaches the substrate surface and
metallic corrosion occurs which is indicated by a sudden increase in C, coating.

The data shows that, for pure coatings (e.g., Figures 3.60 and 3.64); the rate of
initial increase in the value of C. is very fast especially for the thin film (30 um) coatings.
The results also show that the thicker the coating film, the more stable the film and the
longer the immersion time period in which the value of C, remains constant (e.g., Figure
3.60). These results are in good agreement with both the water uptake measurements
(vide supra) and the literature results.'*"'%*

The value of C, (in F) is given by:'®’

|
C. &g — 32
” (3.2)

c

where € is the relative dielectric constant of the coating, €° is the dielectric constant of the
vacuum (8.85 x 10™* F.cm™), 4 is the coating surface area in contact with the electrolyte

(cm?®) and d is the coating thickness (cm).

232



1.0E-04

]
1.0E-05 - = 30 um
¢ 50 pm
1.0E-06 -
A 70 pm
N’g 1.0E-07 - e 150 um
<
E ]
O 1.0E-08 7'
1.0E-09 .
224
w. * L 444 . o
10E-10 3 4 A4 4o A A A A A A A A A A Ar4 N
e 0 00 0 00 O ° 4 o e 0o 06 0 o0 © °
1.0E-11 : ‘ ‘ | | | | |
0 100 200 300 400 500 600 700 800

Immersion time (d)

Figure 3.60 Variation of the coating capacitance (C.) with immersion time for mild steel
panels coated with a pure commercial alkyd paint film and exposed to 3%
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Figure 3.63 Variation of the coating capacitance (C.) with immersion time for mild steel
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Figure 3.64 Variation of the coating capacitance (C,) with immersion time for mild steel
panels coated with a VGCNF-incorporated commercial alkyd paint film (30

um thick) and exposed to 3% NaCl solution. A = pure paint, ® = paint + 1%
VGCNF and ¢ = paint + 5% VGCNF.
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The absorption of water causes an increase in the dielectric constant of the coating
(e) with a corresponding increase in C, as indicated from Equation 3.2. The data in
Figures 3.64 and 3.65 also show that the increase in C. is lowest in the case of the 5%
VGCNF-incorporated paint system which also stays stable for the longest period of time
(~ 800 d) indicating that this system has the lowest rate of corrosion. On the other hand,
the increase in C, is highest for the pure paint coating systems (Figure 3.60) with film
thickness of 30 pum, indicating that the rate of corrosion is highest for the that system.

It can also be noted from Figure 3.65 that coating systems containing 10%
VGCNFs have higher capacitance values than coating systems containing 5% VGCNF.
This behavior is consistent with the R. measurements for the same coating systems which
imply a threshold VGCNF wt content. These results are also consistent with the VGCNF

resistance (R,) and capacitance (Cy) measurements (vide infra).

3.3.10 Water Uptake Measurements

Water uptake (also known as water penetration, water diffusion, and water
transport) into an anticorrosive coating applied to the surface of a metal or alloy is an
important parameter that affects both the barrier and the adhesion properties of the
coating to the substrate surface.'”® Water uptake is considered the primary factor that
controls the service life of any organic coating and the degradation of a polymer-coated
metal occurs after water penetrates the coating layer.'® The water uptake can be evaluated

: . . 14,15, 18, 102, 107-11
using several methods including EIS.'* ! 18- 102 107-113
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In the current investigation, the water uptake was studied by the EIS technique.
The percent water absorbed by the coating was calculated from the coating capacitance
values using the Brasher-Kingsbury equation:'®

% Water uptake = 100[log(C./C,)/1og(80)] (3.3)
where C, is the coating capacitance, C, is the coating capacitance of the dry coating
(determined at immersion time, t, = 0), and 80 is the dielectric constant of water.”> 114

Figures 3.66 through 3.71 display the variation of the percent water uptake with
film thickness, and % VGCNF incorporated in the coating, respectively, for paint-coated
mild steel coupons immersed in 3% NaCl solution. The results show that as the exposure
time increases, the water uptake increases and hence the film coating resistance decreases
until the film is totally destroyed where the electrolyte reaches the substrate surface and
corrosion products are formed. The data show that the increase in water uptake starts
gradually for all of the tested panels followed by a rapid increase that corresponds to the
complete loss of adhesion and onset of blistering in the coating films.

The data depicted in Figures 3.66 and 3.67 show that the highest and steepest
increase in the water uptake values occurs for the pure coatings denoting a fast diffusion
of water into these coatings. As shown in Figure 3.66, the thicker the coating film, the
less water absorbed, the slower the permeability of the electrolyte, and hence the longer
the time needed for the coating breakdown. Moreover, for samples with high wt % of
VGCNEF (e.g., Figures 3.67 through 3.71), the water uptake reaches a plateau after the
initial increase. Although, in some cases, the plateau for the paint coating containing
higher VGCNF content is higher than with less or no VGCNFs, the results depict that the

higher the VGCNF wt %, the longer the immersion time elapsed before the coating film
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Figure 3.66 Variation of % water uptake with immersion time for mild steel panels
coated with a pure commercial alkyd paint film and exposed to 3% NaCl

solution. ¢ =30 um, @ =50 um, A =70 um, and ® = 150 pum.
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Figure 3.67 Variation of % water uptake with immersion time for mild steel panels
coated with a commercial alkyd paint film containing 0.5 wt % VGCNF and

exposed to 3% NaCl solution. ¢ =95 um, ® =150 um, and A = 180 um.
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Figure 3.68 Variation of % water uptake with immersion time for mild steel panels

coated with a commercial alkyd paint film containing 1 wt % VGCNF and
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Figure 3.69 Variation of % water uptake with immersion time for mild steel panels
coated with a commercial alkyd paint film containing 5 wt % VGCNF and

exposed to 3% NaCl solution. ¢ =20 um, ® =30 um, and A =40 pm.
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Figure 3.70 Variation of % water uptake with immersion time for mild steel panels
coated with a VGCNF-incorporated commercial alkyd paint film (30 um

thick) in 3% NaCl solution. ¢ = pure paint, ® = paint + 1% VGCNF, and
A =paint + 5% VGCNF.
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breakdown occurs. These results are also consistent with the previous results such as |Z],

Rc, Cc, and Ca’l-

3.3.11 Delaminated Area (4,) Measurements

The delaminated area (4,) is the electrochemically active area under the coating.
Delamination of a coated metal substrate immersed in an electrolyte solution occurs as a
result of the diffusion of water, along with oxygen and ions in the electrolyte solution,
through the polymer coating until it finally gets in direct contact with the bare metal
substrate where the electrochemical corrosion reactions take place at the bare
metal/electrolyte interface. Accordingly, delamination leads to loss of the adhesion and
protective properties of the coating.'"” If a part of the coating is removed (e.g., by
scratches), ions will have direct access to the bare metal substrate and corrosion will

occur immediately.''%*!

Due to all of these processes, delamination will occur and, in
theory, 4, 1s expected to increase with immersion time.

Four different methods, based on the EIS measurements, have been proposed in
the literature to calculate 44.'** ' According to Haruyama et al., 4, is determined using
the following equation:'**

Aa=Re°/Rt = Ca/Ca® (3.4)
where R, and C, are the charge-transfer resistance and the double-layer capacitance for
the polymer-coated substrate, respectively while R.,° and Cy° are the charge-transfer
resistance, and the double-layer capacitance of the uncoated metal, respectively. The

superscript (°) denotes the area-specific values for the charge-transfer resistance (Q.cm?)

and the double layer capacitance (F/cm?). All of the parameters in Equation 3.4 are
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obtained from the EIS measurements along with the dielectric constant. In the current
investigation, the values of R.,° and C° for the bare mild steel samples immersed in 3%
NaCl solution are 186.5 (Q.cm?) and 3.875 x 10~ (F/cm?), respectively.

The percent of the delaminated area (%A,) is calculated using the following
equation:

%A4= (A4 /electrode area) x 100 (3.5)

Figures 3.72 through 3.77 present the variation of %A, with immersion time for
both pure and VGCNF-incorporated paint coatings. As shown in the figures, the value of
%A sincreases with increased immersion time indicating the absorption of water in the
coatings. In the case of the pure coatings (Figures 3.72 and 3.76), the increase in the
value of %4, is very fast especially for the thin film (30 um) coatings. These results are
in agreement with the fact that thin coating films can be easily penetrated by small

125-128
molecules such as water and oxygen molecules.

The results in Figure 3.72 also
show that for thick coatings (70 um and up), %A, stabilizes at a constant value after a
few days. As shown in the figure, the thicker the coating film, the more stable the film
and longer the immersion time period in which the value of A, remains constant.

For VGCNF-reinforced paint coatings (Figures 3.73 through 2.75), it can be
noticed that thick coatings are characterized by a longer immersion time period in which
%A remains unchanged. In addition, the data in Figure 3.76 shows that the higher the
VGCNEF content in the coating, the smaller the value of %A, and the longer the
immersion period in which %A, remains constant indicating a more stable polymer film.

These results are in accordance with both the water uptake measurements (vide supra)

and the literature results.'”’
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Figure 3.72 Variation of the percent delaminated area (%4A4,) with immersion time for
mild steel panels coated with a pure commercial alkyd paint film and

exposed to 3% NaCl solution. ¢ =30 um, B =50 um, A =70 um, and
e =150 um.
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Figure 3.73 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a commercial alkyd paint film containing 0.5

wt % VGCNF and exposed to 3% NaCl solution. ¢ =95 um, A = 150 um,
and e = 180 um.
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Figure 3.74 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a commercial alkyd paint film containing 1 wt

% VGCNF and exposed to 3% NaCl solution. ¢ =20 um, ® =30 um, and
A =40 pm.
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Figure 3.75 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a commercial alkyd paint film containing 5 wt

% VGCNF and exposed to 3% NaCl solution. ¢ =20 um, ® =30 um, and

A =40 pm.
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Figure 3.76 Variation of the percent delaminated area (%4A4,) with immersion time for
mild steel panels coated with a VGCNF-incorporated commercial alkyd
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paint film (30 um thick) and exposed to 3% NaCl solution. ¢ = pure paint,

B =paint + 1% VGCNF, and A = paint + 5% VGCNF.
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Figure 3.77 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a VGCNF-incorporated commercial alkyd

paint film (45 pum thick) and exposed to 3% NaCl solution. = paint + 5%

VGCNEF, and A = paint + 10% VGCNF.
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3.3.12 Carbon Nanofiber Resistance (R;)

The carbon fiber resistance (Ry) and capacitance (C;) are two parameters added to
the equivalent circuit shown in Figure 3.31.b to account for the behavior of the VGCNFs
in the alkyd paint coating. Figures 3.78 and 3.79 show the variation of Rywith immersion
time for alkyd paint coatings having different thicknesses (Figure 3.78) and VGCNF
loadings (Figure 3.79). It can be noticed that the initial Ry values are generally small and
in the range of 100 — 1000 Q depending on the coating thickness and VGCNF content. .
The data presented in Figures 3.78 and 3.79 show that, after an initial fluctuation during
the early stages of immersion in the NaCl solution, the value of Rsremains more or less
constant throughout the lifetime of the coating film until the film is completely destroyed.
In addition, Figure 3.78 shows that as the paint film thickness increases, the value of R,
becomes stable for a longer period of immersion time, indicating good barrier properties
for the thicker coating.

Examining Figure 3.79 clearly shows that a paint coating containing 5% VGCNF
is less resistive (more conductive) than a coating having 1% VGCNEF. This result is
consistent with the nature of VGCNF as a conductive material. The result is also
consistent with the electrical conductivity measurements presented in Chapter 2 as well

. 130-134
as the literature, >3

3.3.13 Carbon Nanofiber Capacitance (C))
The capacitance of the VGCNFs is the second parameter added to the equivalent
circuit shown in Figures 3.31.b. As shown with R, and C. for the coating, a decrease in

the value of Rrand an increase in the value of Crduring exposure to the NaCl solution
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Figure 3.78 Variation of the VGCNF resistance (R;) with immersion time for mild steel
panels coated with a commercial alkyd paint film containing 5 wt % of

VGCNF in 3% NacCl solution. ¢ =20 um, B =30 um, and A =40 pm.
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imply degradation of the coating film. Figures 3.80 and 3.81 show the variation of Cy
with immersion time for paint coatings containing VGCNFs with different thicknesses
(Figure 3.80) and loadings (Figure 3.81). As shown in Figure 3.80, after a short initial
period of immersion in which the fiber capacitance is not stable, the fiber capacitance Cr
becomes more or less constant for a period of time before it increases indicating the
degradation of the paint film. The longer the time elapsed before degradation occurs, the
better the barrier properties of the coating film. Figure 3.80 shows that for thin coatings
(20 um), Crincreased in a short time. On the other hand, for thick coatings (40 pm), Cy
remained constant for more than 600 d of immersion in the corrosive medium indicating
the good barrier properties of the thick coating.

Figure 3.81 shows the effect of the VGCNF wt % on the value of Cr. As shown in
the figure, alkyd paint coating containing 5% VGCNFs have higher capacitance and more
stable than coatings containing 1% VGCNFs. These results are also consistent with the Ry
measurements shown above.

3.3.14 The Role of VGCNEF in the Corrosion Protection Mechanism of the Paint
Coatings

Conducting polymers (CPs) (e.g., polyaniline, poly(o-methoxyaniline), poly(o-
ethoxyaniline), polypyrrole, poly(3-methylthoiphene), poly(aromatic amines)) protect the
surface of metal and alloy substrates through stabilizing the substrate potential in the
passive region.'”>"** Several research papers have been reported on the use of CPs for

. . . . 140-14 148-1
corrosion protection of different metal and alloys such as iron,"**"*’ copper,'*¥'°

156-158 1 166-172
9

. . 159-164 1 . . 173-1 .
zinc, aluminum,*1%* brass,'® stainless stee and mild steel.'*1”° Depending

258



C; (F/em®)

1.0E+00

1.0E-01 -
¢ 20 pm

1.0E-02 - =30 pm
A 40 pm

1.0E-03 -

1.0E-04 - 32

10E-05 - AYth " e A

K- b A A
AN A A4 A Ay AA Aa M
1.0E-06
A
100E‘07 T T T T T T T 1
0 100 200 300 400 500 600 700

Immersion time (d)

Figure 3.80 Variation of the VGCNF capacitance (Cy) with immersion time for mild

steel panels coated with a commercial alkyd paint film containing 5 wt % of

VGCNEF in 3% NaCl solution. ¢ =20 um, B =30 um, and A =40 um.
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Figure 3.81  Variation of the VGCNF capacitance (Cy) with immersion time for mild
steel panels coated with a VGCNF-incorporated commercial alkyd paint
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VGCNEF, and A = paint + 5% VGCNF.
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on the level of their conductivity, CPs are generally classified as semiconductor
materials. Apart from their electrical properties, CPs have other advantages over
inorganic semiconductors. Among these advantages, and perhaps the most important one,
is the ability of the CPs to change their molecular structures and properties in a reaction
depending on the reaction conditions and environment.'*® Another advantage is the
relatively low density of CPs as compared to inorganic semiconductors.

The last decade has witnessed several papers on the protection mechanism
promoted by conducted polymers applied to metals surfaces. For example, the protection
mechanism of polyaniline applied to the surface of iron and steel substrates has been

180-189

studied by several authors. The studies showed that polyaniline has both barrier and

electrochemical protection effects.'™!

The electrochemical protection is caused by the
formation of a passive layer on the substrate surface and the positive shift in the corrosion
potential of the metal substrate due to the redox properties of polyaniline.'”

As shown above, the mechanical, electrical, and electrochemical measurements
have indicated that the incorporation of the conductive VGCNFs into the alkyd paint has
improved the corrosive protective properties of the pure paint matrix applied to the
surface of the mild steel samples. These results indicate that VGCNF acts as an excellent
conductive filler as mentioned in the literature."> '*

According to Pittman et al., the incorporation of VGCNF into the matrix of an
insulating polymer (paint or organic coating) the fibers disperse more or less uniformly in
the polymer matrix and form different bridge-like conductive networks in the polymer

132,134, 191

matrix which renders the matrix electrically conductive. This observation was
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again confirmed in the current study through the electrical conductivity measurements
presented herein.

To the best of my knowledge, there is no single paper on the electrochemical
behavior of VGCNF-incorporated alkyd paint coatings. The OCP measurements showed
that the incorporation of the VGCNF in the paint matrix increases the immersion time
period elapsed (service life) before the OCP drops to the corrosion potential (E;;) of the
bare steel substrate. These observations indicate an increase in the anticorrosion
properties of the paint coating upon addition of VGCNFs. Based on the results presented
in this chapter; it is believed that VGCNF has a barrier protection effect (e.g., Figures 3.8
through 3.13 and Table 3.1). More details on the corrosion protection mechanism offered
by the incorporation of VGCNFs or SiC microparticles in the paint matrix are given in

Chapter 6.

3.4  Conclusions

In this chapter, the EIS behavior of mild steel coupons coated with a commercial
alkyd paint containing different loadings of VGCNF in 3% NaCl solution was
investigated. The samples studied include pure paint and VGCNF-loaded paint with 0.5,
1, 3,5, and 10 wt % VGCNF. In addition to the EIS, the study involved OCP, and CV
measurements. The results showed that the incorporation of the VGCNF in the alkyd
paint formulation significantly enhances the anticorrosive properties imparted by the
coating. These results are in agreement with the proposed hypothesis that VGCNF would
behave similar to conductive polymers. Furthermore, the results also showed that the

highest barrier properties and the lowest corrosion rates were obtained for the paint
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coatings containing 5 wt % VGCNF. Coatings with higher VGCNF (e.g., 10%) did not

show any appreciable improvement in the protection properties of the coating film.
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CHAPTER 4

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) OF SiC-REINFORCED

ALKYD PAINT-COATED MILD STEEL SAMPLES IN 3% NaCl

4.1 Introduction

Silicon carbide (SiC) is a wide-bandgap semiconductor material that has many
applications in the semiconductor electronics industry.'”” The first use of SiC was as an
abrasive for metallurgical applications.® The properties of SiC include good optical
properties, high voltage switching characteristics, excellent physical and chemical
stability, low thermal-expansion coefficient, excellent high-temperature properties, and
high thermal-shock resistance.”'* All of these characteristics made SiC an ideal candidate
for a wide range of applications including advanced energy systems, > '* high
temperature, high power, and high frequency microelectronic devices,'” * high power

23-27

. . 21.22 . . .
microwave devices,” ” °~ microelectromechanical systems (MEMS), optoelectronic

devices (e.g., light emitting diodes (LEDs), optical detectors, and lightweight

28-31 32-35

mirrors)” ', and the transportation industry.
SiC fibers and particles (in the micron and sub-micron range) are currently used
as a reinforcing material in several ceramic microstructures, metal matrix composites

(MMCs), and composite-based alloy coatings (e.g., such as Ni, Co, Mg, Al, and Ni-W-Co

matrices).’** Incorporation of SiC particles in MMCs improves the physical,
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mechanical, and machinability properties of the composites and leads to superior
properties such as high corrosion resistance especially in highly oxidizing and aggressive
environments, good radiation stability, high-temperature fracture and creep, and
improved friction and wear resistance.*’!

As mentioned in Chapters 1 and 3, EIS is a very useful, rapid, non-invasive,
convenient, and relatively cheap technique for corrosion studies including rapid
estimation of corrosion rates, assessment of corrosion inhibitors, and evaluation of
organic and inorganic coatings.”> Surveying the literature showed that there are only a
few reports on the electrochemical behavior of SiC-reinforced MMCs (e.g., Mg- and Al-
based composites), and metal-based coatings (e.g., Cr-, and Ni-based coatings).***’
However, to the best of our knowledge, there are no reported studies on the
electrochemical behavior of SiC-reinforced alkyd paint coatings.

In the current investigation, the EIS technique, along with OCP measurements,
has been used to evaluate the corrosion protection performance of SiC-reinforced
commercial alkyd paint films, with different thicknesses and SiC content, applied to the
surface of mild steel coupons immersed in 3% NaCl solution. The primary objective of
this study was to assess and compare the effect of incorporation of SiC in the alkyd paint

matrix with the effect of the incorporation of VGCNF in the same paint material on the

insulating properties of the paint coatings.
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4.2 Experimental

4.2.1 Chemicals and Reagents

Silicon carbide whiskers (1.5 um in diameter, 18 um in length, density = 3.217
g/em’) were obtained from Alfa Aesar (Ward Hill, MA). All other chemicals, reagents,
and materials, including the commercial alkyd paint, used in the preparation of the
SiC/paint-coated mild steel samples are as mentioned in Chapters 2 and 3.

All chemicals used in this work were of reagent grade and were used as received
from the manufacturer. All solutions were prepared as needed using 18 MQ-cm ultra-

pure water (Milli-Q, Millipore Corp., Bedford, MA).

4.2.2 Electrodes and Instrumentation
The spin-coating procedure used to deposit the SiC-reinforced coating films on
mild steel substrates is as mentioned in Chapter 2. The setup for EIS measurements is

also similar to that described in Chapter 3.

4.3 Results and Discussions

4.3.1 Open Circuit Potential (OCP) Measurements

In this study, the OCP behavior of mild steel panels coated with alkyd paint films
containing different weight content of SiC and having different thicknesses was followed
over a period of up to 350 d in naturally aerated 3% NaCl aqueous solutions.
Representative data are presented in Figures 4.1 through 4.5 for paint coatings containing

1 and 5 wt % SiC with film thicknesses in the 20 to 50 um range.
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Figure 4.1 Long term OCP-immersion time curves for mild steel panels coated with a

commercial alkyd paint film containing 1 wt % SiC in 3% NaCl solution.

¢ =20 um, ® =40 um, and A =50 pum.
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commercial alkyd paint film containing 5 wt % SiC in 3% NacCl solution.
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Figure 4.3 Long term OCP-immersion time curves for mild steel panels coated with a
commercial alkyd paint film (20 pm in thickness) with different SiC

loadings in 3% NaCl solution. ® = paint + 1% SiC, and B = paint + 5%
SiC.
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Figure 4.4 Long term OCP-immersion time curves for mild steel panels coated with a
commercial alkyd paint film (40 um in thickness) with different SiC

loadings in 3% NaCl solution. ¢ = paint + 1% SiC, and B = paint + 5%
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As shown in Figures 4.1 through 4.5, the initial OCP values were positive values (about
+0.43 to +0.23 V vs. SCE). As mentioned in Chapter 3, the steady-state potential (Es) of
the bare mild steel in the same electrolyte solution is about -0.60 V (vs. SCE).®® These
results indicate that the application of the SiC-incorporated coating shifts the initial OCP
of the bare substrate to a more positive value indicating the protective characters of the
coatings. As shown in the figures, as the immersion time increased, the OCP of the
coated substrates shifted toward more negative values before it reached the Ej, value of
the bare steel alloy. As depicted in Figure 4.1 and 4.2, the thicker the film coating, the
longer the immersion period before the onset of the substrate corrosion (when Ej; is
achieved and the corrosion products are clearly seen in the electrochemical cell). Figures
4.3 through 4.5 show that coatings containing 5 wt % SiC are more stable and require a
longer time to reach E than coatings containing 1 wt % SiC indicating better corrosion
protection offered by the former coatings. For example, Figure 4.3 shows that for 20 pm
thick coatings, the 5% SiC-incorporated film failed after 40 d while the 1% SiC-
incorporated film failed after 12 d. These results are similar to those found with VGCNF-
reinforced coatings presented in Chapter 3.

Table 4.1 and Figure 4.6 summarize the time to coating failure or end of testing
(in d) for some of the studied samples based on the OCP measurements and visual
observations for some of the studied coatings with different thicknesses and SiC loadings.
For comparison, the results for pure coatings are also presented in the Table 4.1 and
Figure 4.6. The data presented in Table 4.1 and Figure 4.6 also shows that a 50 um thick
coating containing 10 wt % SiC failed after 36 d of immersion in the electrolyte solution.

This behavior can be attributed to variation in the coating thickness and the
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Table 4.1  Time to coating failure or end of testing based on open circuit potential
(OCP) measurements for pure and SiC-reinforced alkyd paint coatings with
different thicknesses and SiC loadings.

Film Thickness Time to Coating Failure or

Coating Specification (nm) End of Testing (d)
30 33
50 202
Pure paint
70 1814*
150 1882%*
20 12
Paint + 1 % SiC 40 165
50 129%*
20 40
30 181
Paint + 5% SiC
40 326%
50 319*
Paint + 10% SiC 50 36

*Testing ended with no failure.
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Figure 4.6  Time to coating failure or end of testing based on open circuit potential
(OCP) measurements for pure and SiC-reinforced alkyd paint coatings with
different thicknesses and SiC loadings. *Testing ended with no failure.
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inhomogeneous distribution of the SiC particles in the coating film due to the higher
viscosity of the SiC-paint matrix. As a result of the coating inhomogeneity, several voids
and defects readily formed and the sample failed earlier than other coatings with the same

thickness but less SiC content.

4.3.2 Electrochemical Impedance Spectroscopy (EIS) Measurements

Figure 4.7 through 4.22 show representative impedance spectra (both Bode and
Nyquist plots) obtained for mild steel samples covered with alkyd paint coatings
containing 1 and 5 SiC wt % with different coating thicknesses. The dotted lines in the
spectra represent the modeled data. The Bode plots in Figures 4.7 through 4.13 show that
the low frequency (LF) |Z| value is in the range of 10* to 10’ Q depending on the coating
thickness, the SiC wt %, and the immersion time. Furthermore, the figures also show that,
for paint coatings having the same thickness, the longer the immersion time, the smaller
the LF |Z] value is, indicating a higher rate of electrolyte absorption, higher rate of
corrosion, and hence a higher rate of damage of the paint film.

The Bode plot in Figure 4.7 shows that, for thin coatings (20-30 um) containing
1 wt % SiC, as the immersion time increases, the short frequency-independent plateau at
LF gets shorter indicating a faster rate of degradation. On the other hand, as shown in
Figures 4.8 through 4.13, for thick coatings (> 30 um) and coatings containing 5 wt %
SiC, the plateau remains almost constant for a very long period of immersion in the
electrolyte (as long as 326 d for the 40 um thick coating shown in Figure 4.12) reflecting

good corrosion protection for the coating film.
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Figure 4.7 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with

1 wt % SiC-incorporated commercial alkyd paint film (20-30 um thick) at
different immersion times in 3% NaCl solution.
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Figure 4.8 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
1 wt % SiC-incorporated commercial alkyd paint film (30-40 um thick) at
different immersion times in 3% NaCl solution.
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Figure 4.9 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
1 wt % SiC-incorporated commercial alkyd paint film (40-50 um thick) at
different immersion times in 3% NaCl solution.
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Figure 4.10 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (20 pm thick) at
different immersion times in 3% NaCl solution.
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Figure 4.11 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (30 pm thick) at
different immersion times in 3% NaCl solution.

296



-500000

-400000

-300000

N I

-200000

-100000

Figure 4.11 Continued.

—— 2d

O 22 d

- 96 d

—— 161d

—— 181d

e Wlodeled data

200000

(b)

297

300000

400000



10’

—{— 2d
106 O 96 d
1 10 5 8 0 0 e o e e e e e e 2— 310d
E 5 0 0 o glj"]! —— 326d
PEECECCEEEEEEEEeaanm) 0
10° aaaaanusaenaau,““::n,l!l Modeled data

A&ﬁﬁﬁﬁ&ﬁ‘ Y\ ‘A&_‘ecaaa!'!!

- 4 Ot
107 O00080eE0000000006000000000800000 : ARG T
0 ””””°°”“‘“»§§%*§?\5§»°a:‘lnz
3 peeti hagan
Y
10 00&3&\3
102 vl vl e v vl vl
102 10" 10 10" 10* 10° 10 10°
Frequency (Hz)
-100

0 ‘W“' oot Covd
102 10? 10° 10! 10° 10° 10* 10°

Frequency (Hz)

()

Figure 4.12 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (40 pm thick) at
different immersion times in 3% NaCl solution.
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Figure 4.13 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (50 pm thick) at
different immersion times in 3% NaCl solution.
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On the other hand, in the first day of immersion in the electrolyte, the Nyquist plots in
Figures 4.7 through 4.13 show either a capacitive semi-circle or a capacitive arc in the
higher frequency region indicating an insulated substrate. The shape of the plot then
changes to a capacitive semi-circle in the HF region followed by a diffusion tail in the LF
region in agreement with the literature.”” As shown in the Figures, the capacitive semi-
circle progressively decreases as the immersion time increases indicating degradation of
the paint coating and the diffusion tail starts at a higher frequency indicating a higher rate
of electrolyte diffusion through the paint film.

Figures 4.14 through 4.17 show the effect of the film thickness on the behavior of
the paint coatings in the corrosive electrolyte solution. As depicted in the figures, at any
immersion time, compared to thin coatings, thicker coatings have higher |Z] values at
1 x 10™ Hz in the Bode plot and larger capacitive semi-circles in the Nyquist plots
indicating the better insulation properties of the latter coatings.

Figures 4.18 through 4.22 show the effect of the SiC content on the behavior of
the alkyd paint coating. The results depicted in Figures 4.18, 4.21, and 4.22 show that,
within the first 100 d of immersion, the performance of the coatings containing 1 wt %
SiC is better than that of the coatings containing 5 wt % SiC as reflected from the |Z]
values at 1 x 102 Hz in the Bode plots. However, for immersion times longer than 100 d
(Figures 4.19 and 4.20), the 5 wt % SiC-reinforced coatings showed better stability with
higher and more stable |Z| values at 1 x 107 Hz and larger capacitive semi-circles in the

Bode and Nyquist plots, respectively.
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Figure 4.14 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
1 wt % SiC-incorporated commercial alkyd paint film (with different film
thicknesses) after 6 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.15 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
1 wt % SiC-incorporated commercial alkyd paint film (with different film
thicknesses) after 100 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.15 Continued.
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Figure 4.16 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (with different film
thicknesses) after 20 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.16 Continued.
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Figure 4.17 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
5 wt % SiC-incorporated commercial alkyd paint film (with different film
thicknesses) after 180 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.17 Continued.
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Figure 4.18 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with

SiC-incorporated commercial alkyd paint film (20 um thick) with different
SiC loadings after 10 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.19 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
SiC-incorporated commercial alkyd paint film (40 um thick) with different
SiC loadings after 100 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.19 Continued.
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Figure 4.20 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with

SiC-incorporated commercial alkyd paint film (40 um thick) with different
SiC loadings after 160 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.20 Continued.
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Figure 4.21 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with
SiC-incorporated commercial alkyd paint film (50 um thick) with different
SiC loadings after 30 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.22 Bode (a) and Nyquist (b) plots with fittings for mild steel panels coated with

SiC-incorporated commercial alkyd paint film (50 um thick) with different
SiC loadings after 90 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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4.3.3 Equivalent Electrical Circuits and Data Fitting

Figure 4.23 shows the equivalent electrical circuit model used to analyze the
behavior of the SiC-incorporated alkyd paint coatings applied to the surface of mild steel
samples immersed in 3% NaCl solution. The elements in that circuit are the Ohmic
(solution) resistance (R ); the electrode double layer capacitance (Cy); the coating
capacitance (C,); the coating resistance (R.); the polarization (charge transfer) resistance
(Ry); the Warburg diffusional impedance (Z,); and the constant phase element (CPE).
The values of system parameters were calculated based on this equivalent circuit model
(vide infra).

As depicted in Figures 4.7 through 4.22, the suggested fitting model (Figure 4.23)
reproduced fitting spectra that are almost superimposed on the experimental spectra for
all of the systems studied.

Plots of variation of the calculated values of system parameters such as the
impedance modulus (|Z]), the polarization resistance (R,), the double layer capacitance
(Ca), the coating resistance (R.), the coating capacitance (C.), the percent water uptake,
and the delaminated area (A4,) with exposure time are presented in Figures 4.24 through

4.51.

4.3.4 Total Impedance (|Z]) Measurements

Figures 4.24 through 4.27 show the variation of |Z| values measured at 1.0 x 10
Hz with immersion time for SiC-reinforced alkyd coatings with different film
thicknesses. The data show high |Z] values for all coatings upon initial immersion in the

NaCl solution in the range of 10* to 107 Q which decrease with immersion time due to
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Figure 4.23 The electrical equivalent circuits used to fit the experimental data for SiC-
incorporated alkyd paint coatings applied to the surface of mild steel
coupons immersed in 3% NaCl solution. R = Ohmic (solution) resistance,
Ca = the electrode double layer capacitance, C. = coating capacitance,
R.= coating pore resistance, R, = polarization (charge transfer) resistance,
Z,, = Warburg diffusional impedance, and CPE = constant phase element.
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Figure 4.24 Variation of the absolute impedance (|Z]), measured at 1.0 x 107 Hz, with
immersion time for mild steel panels coated with a commercial alkyd paint
film containing 1 wt % SiC and exposed to 3% NaCl solution. ¢ =20 um,

B =40 um, and A =50 um.
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Figure 4.25 Variation of the absolute impedance (|Z]), measured at 1.0 x 107 Hz, with
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Figure 4.26 Variation of the absolute impedance (|Z]), measured at 1.0 x 10 Hz, with
immersion time for mild steel panels coated with a SiC-incorporated
commercial alkyd paint film (40 um thick) and exposed to 3% NaCl

solution. ¢ = paint + 1% SiC, and A = paint + 5% SiC.
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Figure 4.27 Variation of the absolute impedance (|Z]), measured at 1.0 x 107 Hz, with
immersion time for mild steel panels coated with a SiC-incorporated
commercial alkyd paint film (50 pm thick) and exposed to 3% NaCl

solution. ¢ = paint + 1% SiC, and A = paint + 5% SiC.
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the degradation of the coating film in the corrosive solution. These results are consistent
with those in the literature.”*>* 77

As shown in Figures 4.24 through 4.27, thin coatings are less stable and fail much
earlier than thick ones. In addition, as mentioned above, paint containing 1 wt % SiC
have higher initial impedance values than 5 wt % SiC (Figures 4.26 and 4.27). However,
as shown in the figures, the rate of drop in the impedance in the coatings containing 1%
SiC is much faster than that in the coatings containing 5 % SiC. Thus, as shown in

Figures 4.26 and 4.27, after ~ 170 d, the 5% SiC-containing coatings appear more

protective (with stable and higher |Z] values) than coatings containing 1% SiC.

4.3.5 Polarization Resistance (R,) Measurements
The polarization resistance (R,) is one of the parameters used to determine the

rate of corrosion of any electrochemical system. R, is inversely proportional to the
corrosion rate and its value is determined from the LF limit of the real part in the Nyquist
plot.777

Figures 4.28 through 4.31 show the variation of R, with immersion time for mild
steel coupons spin-coated with SiC-incorporated commercial alkyd paint with different
thicknesses and SiC loadings. As shown in the figures, for all of the tested coatings,
depending on the film thickness and composition, the initial R, values are in the range of
10* to 10*Q and decrease with immersion time. The relatively high initial R, values

imply that the coatings are initially largely intact and stable. However, as the immersion

time increases, defects and pores in the coating initiate and grow in number and size. The
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Figure 4.28 Variation of the polarization resistance (R,) with immersion time for mild
steel panels coated with a commercial alkyd paint film containing 1 wt %

SiC in 3% NaCl solution. ¢ =20 um, B =40 um, and A =50 um.
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Figure 4.29 Variation of the polarization resistance (R,) with immersion time for mild
steel panels coated with a commercial alkyd paint film containing 5 wt %
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growth of these active sites is accompanied by significant decrease in the R, of the
system and hence an increase in the corrosion rate.

The data depicted in Figures 4.28 and 4.29 show that, for film coatings having the
same SiC wt %, the thicker the coating film, the higher the initial R, value and the slower
the rate of decrease in R, with immersion time and hence the longer the time needed for
the coating film to breakdown. In addition, the data show that the steepest decrease in R,
and the fastest corrosion rate occurs for thin coatings (20 um). This indicates a fast
diffusion of the electrolyte through thin coatings and hence a fast degradation of the paint
films.

For thick coating films (30-50 pm) and coatings containing 5 wt % SiC, the
results shown in Figures 4.28 through 4.31 show an initial decrease in R, followed by a
plateau for a long period of immersion, then followed by a sudden decrease of R,
indicating the film breakdown. The results also show that the thicker the coating, the
longer the plateau region.

For coatings having the same film thickness (Figures 4.30 and 4.31), the initial R,
values for coatings containing 5 wt % SiC are at least one order of magnitude less than
the corresponding values for coatings containing 1 wt % SiC. However, after an initial
period of ~ 100 d of immersion, the R, values for the former coatings remain almost
unchanged at values than those of the latter coatings indicating a better stability for the

coatings containing 5 wt % SiC.
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4.3.6 Double-Layer Capacitance (Cy;) Measurements

Figures 4.32 through 4.35 display the variation of Cy with the immersion time for
some coating systems with different thicknesses and SiC wt %. An increase in the Cy
with immersion time indicates an increase of the detached area on the substrate surface
under the coating.”® As shown in the figures, depending on the paint film composition
and thickness, the initial C, values are low (as low as 7.0 x 10 F/cmz) and increase with
immersion time. The relatively low initial C, values imply that the coatings are initially
largely bonded to the substrate surface. However, as the immersion time increases the
value of Cy increase for a short period of time, denoting the entry of the electrolyte into
the paint coating. After that initial period of increase, the value of C, remain unchanged
for the long exposure time until the film finally fails and corrosion occurs at the steel
substrate surface and the value of Cy increases rapidly.

As shown in Figures 4.32 and 4.33, for coatings having the same SiC content, the
thicker the coating film, the lower the initial value of the C indicating a good protective
film with greater corrosion stability. On the other hand, Figures 4.34 and 4.35 show that
the paint coating containing 5 wt % SiC has a higher initial Cy value than a coating
containing 1 wt % SiC with the same film thickness. Nevertheless, it can be noticed that
after ~ 50 d of immersion, the value of C, for the former coating decreases to a stable
value and remains unchanged for a long period of immersion in the corrosive solution
while the latter coating fails earlier. These results are also in good agreement with the R,

measurements (vide supra).
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Figure 4.32 Variation of the double layer capacitance (C,) with immersion time for mild
steel panels coated with a commercial alkyd paint film containing 1 wt %

SiC in 3% NaCl solution. ¢ =20 pm, ® =40 um, and A =50 pm.
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Figure 4.33 Variation of the double layer capacitance (C) with immersion time for mild
steel panels coated with a commercial alkyd paint film containing 5 wt %

SiC in 3% NaCl solution. ¢ =20 um, B =30 um, A =40 um, and
e =50 um.
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Figure 4.34 Variation of the double layer capacitance (Cy) with immersion time for mild
steel panels coated with a Si-incorporated commercial alkyd paint film (40

um thick) and exposed to 3% NaCl solution. ¢ = paint + 1% SiC, and
B = paint + 5% SiC.
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Figure 4.35 Variation of the double layer capacitance (C,) with immersion time for mild
steel panels coated with a Si-incorporated commercial alkyd paint film (50
um thick) and exposed to 3% NaCl solution. ¢ = paint + 1% SiC, and

B = paint + 5% SiC.
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4.3.7 Coating Resistance (R;) Measurements
As mentioned in Chapter 3, the coating resistance (R.) along with the coating
capacitance (C,) are considered the best measures for the stability of any organic coatings

73,78

applied to the surface of a metal substrate. For a coated substrate exposed to an

aqueous solution of a corrosive electrolyte, a decrease in R, and increase in C, imply
degradation of the coating.”®

The variation of the R, with immersion time is shown in Figures 4.36 through
4.39 for SiC-incorporated alkyd paint coatings applied to mild steel substrates with
different coating thicknesses and SiC loadings. The data show that, depending on the
coating thickness and the SiC wt %, the initial R, values for all coatings are in the range
of 10%to 107 Q. As shown in the figures, the value of R, which decreases in the first few
days of exposure to NaCl solution, denoting the entry of the electrolyte into the alkyd
paint coating. After this initial period, the value of R, reaches a plateau and remains
almost constant over a long immersion time period before R, significantly drops
indicating a film breakdown and corrosion of the metallic substrate. The length of the
immersion time before film breakdown occurs is an indication of the stability of the
coating. The longer the immersion time before film breakdown, the greater the insulation
protection properties of the coating film. In addition, as shown in Figures 4.36 and 4.37,
for coatings having the same SiC loading, the thicker the coating, the higher the initial R,
value.

For coatings having the same film thickness (Figures 4.38 and 4.39), the initial R,

values for coatings containing 5 wt % SiC are at least one order of magnitude less than

the corresponding values for coatings containing 1 wt % SiC. However, after an initial
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Figure 4.36 Variation of the coating resistance (R.) with immersion time for mild steel
panels coated with a commercial alkyd paint film containing 1 wt % SiC in

3% NaCl solution. B =20 um, ¢ =40 um, and A =50 um.
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panels coated with a commercial alkyd paint film containing 5 wt % SiC in

3% NaCl solution. B =20 um, ¢ =30 um, A =40 um, and ® =50 um.
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Figure 4.38 Variation of the coating resistance (R.) with immersion time for mild steel
panels coated with a SiC-incorporated commercial alkyd paint film (40 um

thick) and exposed to 3% NaCl solution. ¢ = paint + 1% SiC, and

paint + 5% SiC.
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Figure 4.39 Variation of the coating resistance (R.) with immersion time for mild steel
panels coated with a SiC-incorporated commercial alkyd paint film (50 um

thick) and exposed to 3% NaCl solution. ¢ = paint + 1% SiC, and
B = paint + 5% SiC.
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period of 50-100 d of immersion, the R, values for the former coatings remain almost
unchanged at values higher than those of the latter coatings. It is also notable from
Figures 4.38 and 4.39 that the plateau region for the 5 wt % SiC-reinforced coatings is
longer than that for the 1 wt % coatings indicating a better stability for the former

coating. These results are consistent with the R, and Cy results (vide supra).

4.3.8 Coating Capacitance (C.) Measurements

As mentioned before, the value of the coating capacitance (C,) reflects the total
amount of water in the coating and its value is expected to increase with immersion
time.*'™ Figures 4.40 through 4.43 display the variation of C, with immersion time for
SiC-reinforced paint coatings applied to the surface of mild steel samples with different
film thicknesses and SiC loadings. As shown in the figures, depending on the paint film
composition and thickness, the initial C, values are low (as low as 5.0 x 10” F/cm?) and
increase with immersion time. As with the Cy, the relatively low initial C, values imply
that the coatings are initially largely bonded to the substrate surface. However, as the
immersion time increases the value of C,. increase for a short period of time, denoting the
entry of the electrolyte into the paint coating. After that initial period of increase, the
value of C, remain unchanged for the long exposure time until the film finally fails and
corrosion occurs at the steel substrate surface and the value of C. increases rapidly.

As shown in Figures 4.40 and 4.41, for coatings having the same SiC content, the
thicker the coating film, the lower the initial value of the C, indicating a good protective
film with greater corrosion stability. On the other hand, Figures 4.42 and 4.43 show that

the paint coating containing 5 wt % SiC has a slightly higher initial C, value than a
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Figure 4.40 Variation of the coating capacitance (C.) with immersion time for mild steel
panels coated with a commercial alkyd paint film containing 1 wt % SiC in

3% NaCl solution. ® =20 um, ® =40 um, and A =50 um.
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Figure 4.41 Variation of the coating capacitance (C.) with immersion time for mild steel
panels coated with a commercial alkyd paint film containing 5 wt % SiC in

3% NaCl solution. B =20 um, ¢ =30 um, A =40 um, and ® =50 um.
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Figure 4.42 Variation of the coating capacitance (C.) with immersion time for mild steel
panels coated with a Si-incorporated commercial alkyd paint film (40 pm

thick) and exposed to 3% NaCl solution. ¢ = paint + 1% SiC, and B = paint
+ 5% SiC.
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Figure 4.43 Variation of the coating capacitance (C.) with immersion time for mild steel
panels coated with a Si-incorporated commercial alkyd paint film (50 pm
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coating containing 1 wt % SiC with the same film thickness. However, it can be noticed
that after ~ 100 d of immersion, the value of C, for the former coating decreases to a
stable value and remains unchanged for a long period of immersion in the corrosive
solution while the latter coating fails earlier. These results are also consistent with the R,

Cq and R, results (vide supra).

4.3.9 Water Uptake Measurements

As mentioned in Chapter 3, water uptake is considered the primary factor that
governs the service life of any coating. Degradation of a coating is accompanied by an
increase in the percent water uptake and decrease in the coating resistance.** Percent
water uptake values were calculated from the coating capacitance (C,) using Equation 3.3
(Chapter 3).

Figures 4.44 through 4.47 show the variation of the percent water uptake with
immersion time for SiC-containing alkyd paint samples, with different thicknesses and
SiC loadings, applied to the surface of mild steel substrates. The results show that the
initial percent water uptake for all studied samples is less than 10%. As the exposure time
increases, the percent water uptake increases until the coating film is totally destroyed
where the electrolyte reaches the substrate surface and corrosion products are formed. As
shown in Figures 4.44 through 4.47, the increase in water uptake starts gradually for all
of the tested panels followed by a rapid increase that corresponds to the complete loss of
adhesion and onset of blistering in the coating films.

The data depicted in Figures 4.44 and 4.45 show that the thicker the coating film,

the lesser percent of water absorbed, the slower the permeability of the electrolyte, and
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Figure 4.44 Variation of % water uptake with immersion time for mild steel panels
coated with a commercial alkyd paint film containing 1 wt % SiC and

exposed to 3% NaCl solution. ¢ =20 um, @ =40 um, and A =50 pum.
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Figure 4.46 Variation of % water uptake with immersion time for mild steel panels
coated with a SiC-incorporated commercial alkyd paint film (40 um thick)

in 3% NaCl solution. ® = paint + 1% SiC, and B = paint + 5% SiC.
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Figure 4.47 Variation of % water uptake with immersion time for mild steel panels
coated with a SiC-incorporated commercial alkyd paint film (50 um thick)

in 3% NaCl solution. ® = paint + 1% SiC, and B = paint + 5% SiC.
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hence the longer the time needed for the coating breakdown. Moreover, Figures 4.46 and
4.47 show that, for film coatings of the same thickness, the immersion time elapsed
before the coating film breakdown occurs is longer for coatings containing 5 wt % SiC

than that for coatings containing 1 wt % SiC.

4.3.10 Delaminated Area (4,) Measurements

As mentioned before, delamination in coatings is the detachment of the coating
film from a substrate surface due to the diffusion of water, ions, and dissolved oxygen
through the coating when the coated substrate is exposed to aqueous solutions.*
Delamination leads to loss of the adhesion and protective properties of the coating. The
electrochemically active area beneath the coating is known as the area of delamination or
delaminated area (44)."*™ In the current investigation, %4, values for all samples
investigated were determined using Equation 3.4 and 3.5 (Chapter 3).

Figures 4.48 through 4.51 present the variation of %A, with immersion time for
SiC-incorporated paint coatings. As shown in the figures, the value of %4, increases with
increased immersion time indicating the absorption of water in the coatings. As shown in
Figures 4.48 and 4.49, for very thin coatings (20 um), the increase in the value of %A, is
very fast and the coatings failed in < 40 d. On the other hand, for thick coatings (= 40
um), after an initial increase, %4, remains more or less constant for a period of time
followed by a rapid increase that corresponds to the complete loss of adhesion and onset
of blistering in the coating films. The longer the period in which the value of %4,

remains unchanged, the more stable the coating is. Accordingly, the data depicted in
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Figure 4.48 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a commercial alkyd paint film containing 1 wt

% VGCNF and exposed to 3% NaCl solution. ¢ =20 um, ® =40 um, and
A =50 pm.
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Figure 4.49 Variation of the percent delaminated area (%4,) with immersion time for
mild steel panels coated with a commercial alkyd paint film containing 5 wt
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Figure 4.50 Variation of the percent delaminated area (%4A4,) with immersion time for
mild steel panels coated with a SiC-incorporated commercial alkyd paint

film (40 pum thick) and exposed to 3% NaCl solution. ® = paint + 1% SiC,
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Figures 4.50 and 4.51 show that paint coatings containing 5 wt % SiC are more stable and
have longer service lives than coatings containing 1 wt % SiC. These results are in

accordance with the water uptake measurements (vide supra).

4.3.11 SiC Microparticles vs. VGCNFs

The main goal of the investigation in this chapter was to compare the effect of the
SiC particles with that of VGCNF on the corrosion protection properties of the alkyd
paint applied to the surface of mild steel substrates. Accordingly, the EIS behavior of
alkyd paint coatings having the same thickness and wt % of either SiC or VGCNF was
compared.

Figures 4.52 through 4.55 show a comparison between the EIS behavior (Bode
and Nyquist plots) for mild steel samples coated with SiC- and VGCNF-reinforced paint
coatings with the same coating thickness and loadings immersed in 3% NaCl solution.
The Bode plots in Figures 4.52 through 4.55 show that paint coatings containing VGCNF
have higher and stable LF |Z] values than the corresponding coatings containing SiC. On
the other hand, the Nyquist plots in Figures 4.52 through 4.55 show, for both SiC- and
VGCNF-reinforced coatings, a capacitive semi-circle in the HF region and a diffusion tail
in the LF region. As shown in the figures, the semi-circles for paint coatings containing
VGCNF are much bigger than those for paint coatings containing SiC. The behavior
shown in Figures 4.52 through 4.55, for at all immersion times, indicate that VGCNF-
incorporated paint coatings are more stable and have better corrosion protection

performance than SiC-incorporated coatings.
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Figure 4.52 Bode (a) and Nyquist (b) plots for mild steel panels coated with 1 wt %
VGCNF- and 1 wt % SiC-incorporated commercial alkyd paint film (20 pm
thick) after 10 d of immersion in 3% NaCl solution. The coating
specification is shown in the legend.
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Figure 4.52 Continued.
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Figure 4.53 Bode (a) and Nyquist (b) plots for mild steel panels coated with 5 wt %
VGCNF- and 5 wt % SiC-incorporated commercial alkyd paint film (20 um
thick) after 25 d of immersion in 3% NaCl solution. The coating
specification is shown in the legend.
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Figure 4.54 Bode (a) and Nyquist (b) plots for mild steel panels coated with 1 wt %
VGCNF- and 1 wt % SiC-incorporated commercial alkyd paint film (50 pm
thick) after 129 d of immersion in 3% NaCl solution. The coating
specification is shown in the legend.
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Figure 4.54 Continued.
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Figure 4.55 Bode (a) and Nyquist (b) plots for mild steel panels coated with 5 wt % SiC-
, and 5 wt % VGCNF-incorporated commercial alkyd paint film (30 pm
thick) after 50 d of immersion in 3% NaCl solution. The coating
specification is shown in the legend.
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In order to rank the coatings based on their anticorrosive properties, the OCP as well as
the EIS behavior of 50 um thick paint coatings containing 5 wt % of either SiC or
VGCNEF is compared with the behavior of pure paint having the same thickness is shown
in Figures 4.56 through 4.62. Figure 4.56 shows the variation of the OCP with immersion
time for the three coatings systems. As shown in the figure, the initial OCP for the pure
paint coating is the most positive among the three coatings. However, it is clear that,
among the three coating systems, the rate of decrease in the OCP is the highest and the
steady-state potential (Es;) of the bare steel alloy is reached in the shortest time for the
pure paint coating (failed after 200 d) indicating poor anticorrosive properties for the pure
coating. On the other hand, after 650 d of immersion, the OCP of VGCNF-incorporated
coating is still positive (~ +0.1 V), thus reflecting the higher stability of the coating. It is
also evident that the SiC-incorporated coating is more stable than the pure paint but less
stable than the VGCNF-incorporated coating.

The Bode plots in Figures 4.57 and 4.58 show that paint coatings containing
VGCNEF have the highest initial LF |Z] values among the three coatings. In addition, the
Nyquist plots in the figures show that the capacitive semi-circles for VGCNF-
incorporated coatings are the largest in size among the three coatings indicating the
higher stability of the VGCNF-reinforced coatings.

Figures 4.59 through 4.62 show the variation of some of the corrosion parameters
(2], Ry, R, and 4,4, respectively) for the three coating systems with immersion time for
the three coatings. As shown in these figures, the VGCNF-incorporated coating shows

the longest period of stable performance while immersed in the corrosive electrolyte. In
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Figure 4.56 Long term OCP-immersion time curves for mild steel panels coated with
pure, 5 wt % SiC-, and 5 wt % VGCNF-incorporated commercial alkyd

paint film (50 um thick) and exposed to 3% NaCl solution. ¢ = pure paint,

B = paint + SiC, and A = paint + VGCNF.
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Figure 4.57 Bode (a) and Nyquist (b) plots for mild steel panels coated with pure, 5 wt
% SiC-, and 5 wt % VGCNF-incorporated commercial alkyd paint film (30
um thick) after 30 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.58 Bode (a) and Nyquist (b) plots for mild steel panels coated with pure, 5 wt
% SiC-, and 5 wt % VGCNF-incorporated commercial alkyd paint film (50
um thick) after 200 d of immersion in 3% NaCl solution. The coatings
specifications are shown in the legend.
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Figure 4.59 Variation of the absolute impedance (|Z]), measured at 1.0 x 10 Hz, with
immersion time for mild steel panels coated with pure, 5 wt % SiC-, and
5 wt % VGCNF-incorporated commercial alkyd paint film (50 um thick)

and exposed to 3% NaCl solution. & = pure paint, B = paint + SiC, and
A = paint + VGCNF.
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Figure 4.60 Variation of the polarization resistance (R,) with immersion time for mild
steel panels coated with pure, 5 wt % SiC-, and 5 wt % VGCNF-
incorporated commercial alkyd paint film (50 um thick) and exposed to 3%

NaCl solution. ¢ = pure paint, B = paint + SiC, and A = paint + VGCNF.
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Figure 4.61 Variation of the coating resistance (R.) with immersion time for mild steel

panels coated with pure, 5 wt % SiC-, and 5 wt % VGCNF-incorporated
commercial alkyd paint film (50 pum thick) and exposed to 3% NaCl

solution. ¢ = pure paint, @ = paint + SiC, and A = paint + VGCNF.
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Figure 4.62  Variation of the percent delaminated area (%A,) with immersion time for
mild steel panels coated with pure, 5 wt % SiC-, and 5 wt % VGCNF-
incorporated commercial alkyd paint film (50 pm thick) and exposed to

3% NaCl solution. & = pure paint, @ = paint + SiC, and A = paint +
VGCNEF.
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conclusion, Figures 4.52 through 4.62 collectively show that the incorporation of SiC or
VGCNEF improves the insulating properties of the pure paint. In addition, it is evident that
VGCNEF is a better additive and produces superior corrosion protection properties and

hence lower corrosion rates relative to the SiC particles.

4.4 Conclusions

In this chapter, the OCP and the EIS behavior of mild steel coupons coated with a
commercial alkyd paint containing 1 and 5 wt % of SiC with different film thicknesses in
3% NaCl solution was investigated. The results showed that the incorporation of the SiC
in the alkyd paint matrix enhances the anticorrosive properties imparted by the coating.
However, compared to VGCNF-reinforced coatings with the same loading and thickness,
the results showed that SiC-incorporated coatings are inferior with lower barrier

properties and higher corrosion rates.
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CHAPTER 5

ACCELERATED CORROSION (SALT-FOG) TESTING OF VGCNF- AND SiC-
REINFORCED ALKYD PAINT-COATED MILD STEEL

PANNELS IN 5% NaCl

5.1 Introduction

Protective coatings applied to the surfaces of metals and alloys are expected to last
for up to two decades in service. To evaluate the corrosion protection of any coating
applied to a metal or alloy three general ways are used. These are outdoor (real life) tests;
indoor tests in presence of water or water vapor by immersion or humidification; and the
use of accelerated corrosion tests. Each of these different methods has its own advantages
and limitations.'

The current demand in corrosion studies, especially for industrial manufacturers
and coatings designers, is towards the use of accelerated, but reliable, test methods to
evaluate the stability and predict the expected life of a protective coating in a short period
of time.> Among the accelerated atmospheric corrosion tests used are the salt spray tests
which are based on the ASTM B117 test (hot 5% NaCl spray).’

The salt spray tests are generally run at high temperature. A test that runs at a high
temperature will greatly increase the rate of diffusion of the electrolyte into the coating,

reducing the barrier properties of the coating, and hence accelerating the degradation of
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the coating film.*® The salt spray tests, have been in use for almost a century now, were
originally designed to test the stability and degree of degradation of different inhibitive
pigments, organic and inorganic protective coatings on metals and alloys.” Soon after
that, the salt spray tests became widely used for the evaluation of the corrosion resistance
of bare metals and alloys especially in marine service or on exposed shore
locations.> ' !!

The ASTM B117 test offers simple and easy to apply standard protocols for the
preparation, exposure, and evaluation of the results. However, this test has been criticized
because it does not simulate real conditions (its results show poor correlation to the

10, 12-14

results of real-world testing for certain metals and alloys). Moreover, the test

results are not consistent among different equipment.'® 12,13 Accordingly, some

researchers consider the salt spray test an arbitrary performance test.'” '

However,
despite all of these limitations, the salt spray test is very popular and is favored by several
automotive and aircraft manufacturers and several other finishing industries that use the
test as the standard end-item test for screening and ranking candidate coating systems on

16-18

many metals and alloys. The test sorts out bad coatings and accepts good ones for

. 19,20
further evaluation. ™

Moreover, sometimes, the results of the salt spray test are used as
the only criterion to evaluate the performance of protective coating systems. Furthermore,
certain materials are sometimes designed based solely on the results of the salt spray test
without paying attention to the real-world performance of the product.”!

In the current investigation, the ASTM B117 protocol was used to compare the
anticorrosion stabilities of pure paint, VGCNF/alkyd paint, and SiC/alkyd paint coatings

applied to mild steel panels with different thicknesses and wt % of VGCNF and SiC.
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5.2 Experimental

5.2.1 Chemicals and Reagents
Sodium chloride, hydrochloric acid, and sodium hydroxide were purchased from
Fisher Scientific (Pittsburgh, PA). All solutions were prepared as needed using 18 MQ-

cm ultra-pure water (Milli-Q, Millipore Corp., Bedford, MA).

5.2.2 Electrodes and Instrumentation

The accelerated corrosion test was performed according to the specifications
given in the ASTM B117 protocol.” The test was performed in a warm (35 °C) 5% NaCl
solution in a Q-FOG Cyclic Corrosion Tester (Model CCT 600 , Q-Panel Lab Products,
Cleveland, OH) (Figure 5.1). The salt spray test was conducted using square-shaped mild
steel panels (8 cm x 8§ cm % 1.5 mm) coated with either a pure alkyd paint film or a paint
film containing fixed weight percents of either VGCNF or SiC. To avoid the corrosion of
the back sides of the panels due to the spray, these sides were also coated with thick
layers of paint. In addition, to minimize the corrosion of the samples due to the edge
effects, the samples edges were covered with a commercial electrical tape.*” As
illustrated in Figure 5.2, the samples were then mounted on the hanging holders of the
test rack in the spray chamber at a 30° angle to the horizontal, such that the coated
surfaces face the source of corrosive electrolyte (NaCl solution). The coated panels were
arranged on the test rack such that drip from neighboring panels did not contaminate any

of them.
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Figure 5.1 Q-Fog cyclic corrosion tester used in the current study.
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(b)

Figure 5.2 Digital photos showing the arrangement of a set of coated steel coupons in
the salt spray cabinet (a) before the test, and (b) at the end of the test.
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The electrolyte (5% NaCl) was added to the tester reservoir and the pH was
adjusted to pH 7.2 before starting the experiment. The pH of the electrolyte solution
changes during the process of fog generation, heating, and collection. Accordingly, the
pH must be adjusted on daily basis using super-saturated solution of NaOH and/or
concentrated HCI. The pH was adjusted using a pH meter (Checker pH tester, Model HI
98103, Hanna Instruments, Woonsocket, RI). The test was run at a spray flow rate of 0.5
L/h for 720 h (30 d). The level of the electrolyte in the tester reservoir was adjusted on
daily basis using a freshly prepared 5% NaCl solution adjusted to pH 7.2.

The uniformity of fog dispersion (fallout) throughout the chamber should be
verified before and throughout the test period. For this purpose, a fog collection kit made
up of two graduated measuring cylinders and two funnels were used to collect electrolyte
samples during the spraying. The cylinders were placed in the tester cabinet such that one
of them is ~ 15 cm from the tester nozzle and the other at the furthest possible distance
from the jet. According to the ASTM B117, the collection rate should be between 1.0 and
2.0 mm of solution per hour (averaged over not less than 16 hours) per 80 cm? of area.
Other practices that contribute to reproducible results have been followed as mentioned in

the literature.”> %

5.2.3 Visual Assessments

Before being placed in the corrosion cabinet, the coated mild steel panels were
assessed both visually and using a digital camera. During the cyclic test, the coupons
were periodically removed from the cabinet and the extent of degradation (rusting) and

blistering were also assessed both visually and using the digital camera for corrosion and
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delamination/blistering on daily basis until the panels failed. Figure 5.2 shows digital
photos for the arrangement of the tested samples in the salt spray cabinet before (Figure

5.2.a) and after (Figure 5.2.b) the test.

5.3  Results and Discussions

The salt spray test was performed twice with duplicate samples in each run. The
investigated coating samples had different thicknesses and wt % of either VGCNF or SiC
nanoparticles. The results obtained from the two tests are photographically and
graphically represented in Figures 5.3 through 5.10. The average results are also
summarized in Table 5.1.

All the coatings studied were white to gray in color and therefore it was possible
to observe the corrosion products on the surface with naked eye. The results of both runs
indicate a very good reproducibility and offer an excellent indication of the anti-corrosive
properties offered by all of the alkyd paint coating systems under investigation.

As displayed in Figures 5.3 through 5.9, all the coating systems failed after
different time intervals of salt fog exposure depending on the coating thickness, the type
of reinforcing material, and its weight percent. As the exposure time increases, the water
uptake increases and the coating film starts to swell and detach from the steel surface.
Accordingly, with increased exposure time, adhesion loss increases with increased

25,26

permeation of electrolytes through the coating to the metal surface. It is also apparent

in all of the figures that the corrosion products start to appear as red-black (iron oxides)
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(a) Before exposure (b) After 96 h

Figure 5.3

(c) After 120 h (d) After 168 h

Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a pure commercial alkyd paint film (film

thickness is ~ 20 pm).
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M. 2)

(a) Before exposure (b) After 336 h

| Z
(c) After 384 h (d) After 480 h

Figure 5.4 Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 1 wt
% VGCNEF (film thickness is ~ 40-50 pm).
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,J'g

(a) Before exposure (b) After 576 h

(c) After 600 h (d) After 648 h

Figure 5.5 Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 3 wt

% VGCNF (film thickness is ~ 40-50 pum).
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(a) Before exposure (b) After 192 h

Figure 5.6

(c) After 216 h (d) After 264 h

Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 1 wt

% SiC (film thickness is ~ 30 pm).
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(a) Before exposure (b) After 96 h

Figure 5.7

(c) After 240 h (d) After 312 h

Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 1 wt

% SiC (film thickness is ~ 40-50 um).
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(a) Before exposure (b) After 264 h

Figure 5.8

(c) After 372 h

Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 5 wt

% SiC (film thickness is ~ 40-50 pm).
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(a) Before exposure (b) After 144 h

Figure 5.9

(c) After 216 h (d) After 240 h

Digital photos, recorded at different time intervals of salt fog exposure, for
mild steel panels coated with a commercial alkyd paint film containing 10

wt % SiC (film thickness is ~ 40-50 pm).
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Table 5.1  Specifications of the coating systems assessed for anti-corrosive protection
using the salt spray method.

Average time elapsed

Coating specifications Film thickness (um) before corrosion onset (h)
20 120
Pure paint
40-50 168
40-50 384
Paint + 1% VGCNF 60 480
70 720%*
20-30 264
Paint + 3% VGCNF
40-50 576
30 204
Paint + 1% SiC
40-50 240
30 168
Paint + 3% SiC
40-50 468
30 228
Paint + 5% SiC
40-50 372
30 120
Paint + 10% SiC
40-50 216

*Testing ended with no failure.
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Figure 5.10
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or red (iron hydroxide) tiny spots before they spread to cover the whole surface with red
iron hydroxide (rust).

The results depicted in Figure 5.10 indicate that the anti-corrosive properties of
the VGCNF-reinforced and SiC-reinforced coating systems are far better than those of
the unmodified coating of the same film thickness. In addition, the results also show that
the thicker the coating, the longer the time elapsed before corrosion onset. It is also clear
from Figure 5.10 that the VGCNF-modified coatings are the best corrosion resistant
systems and were last to fail. The data also indicate the higher the wt % of the VGCNF,
the longer the time elapsed before the onset of corrosion. However, for SiC-incorporated
coatings, the data presented in Figure 5.10 indicate that systems with SiC loadings higher
than 3% show a shorter lifetime and hence worse anti-corrosive protection properties.

Looking at the results depicted in Table 5.1 and Figures 5.3 through 5.10 vs. the
EIS results for the same paint coating systems presented in Chapters 3 and 4, one can

notice that the salt spray test correlates very well with the EIS results.

5.4  Conclusions

Despite its limitations, the salt spray test provided an excellent qualitative
evaluation of the corrosion resistance of the pure, VGCNF-reinforced, and SiC-reinforced
alkyd paint coatings applied to the surface of mild steel specimens. The results of the
accelerated corrosion tests showed that all coating systems with and without VGCNF or
SiC provide efficient corrosion protection for the mild steel substrate. In addition, the
incorporation of VGCNF and SiC in the paint matrix greatly enhanced the corrosion

protection properties and hence increased the lifetime of the coating systems relative to
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the unmodified (pure) systems. The results also showed that the VGCNF-modified
coatings have better stabilities and longer lifetimes in comparison to the SiC-modified
coatings. Moreover, the results presented in this chapter are in agreement with the EIS

results presented in Chapters 3 and 4.
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CHAPTER 6

CONCLUSIONS

6.1 Summary of This Work

In the preceding chapters, the corrosion-protection of commercial alkyd paint
coatings with different film thicknesses either in the pure state or containing a known
amount of vapor grown carbon nanofibers (VGCNFs) or silicon carbide (SiC) particles
applied to the surface of mild steel substrates in aqueous 3% NaCl solution were
investigated with several electrochemical and surface analysis techniques. The paint
coatings, containing different weight percents of VGCNF or SiC, were applied to the
mild steel coupons using the spin-coating techniques. Open circuit potential (OCP),
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), accelerated
corrosion test (salt spray test), optical profilometry, atomic force microscopy (AFM),
microhardness and nanoindentation, scanning electron microscopy (SEM), and electrical
conductivity measurements were performed.

Chapter 1 provides an overview of the importance of the corrosion and corrosion
control studies as well as the economic importance of iron and steel alloys. It also
provides a brief discussion on the importance of organic coatings as materials for the
protection of metals and alloys against atmospheric corrosion. In addition, it presents a
short discussion on the EIS technique, its importance, merits, and its applications

especially in the field of corrosion. Moreover, the chapter provides a brief discussion on
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the corrosion protection mechanism offered by organic coatings. The chapter also
includes a section devoted to VGCNFs; their physical, electrical, and mechanical
properties; and their applications especially as a reinforcing material in polymer matrix
composites. The chapter ends with a section on the aims and scope of the current research
project.

Chapter 2 was devoted to studying the mechanical and electrical properties of dry
alkyd coatings with different thicknesses and VGCNF weight percent. The coatings were
deposited on mild steel and poly(methyl methacrylate) (PMMA) substrates. In addition,
the chapter involved some surface analysis measurements such as optical profilometry,
SEM, and AFM measurements. The electrical conductivity measurements showed that
the incorporation of the VGCNF in the alkyd paint matrix improves the electrical
conductivity of the pure paint. On the other hand, the nanoindentation measurements
showed that the incorporation of VGCNF in the paint matrix improves the hardness up to
3 wt % and then its hardness deteriorates for VGCNF content higher than 3%.

In Chapter 3, the EIS, along with other electrochemical techniques, such as OCP
and CV measurements, were used to investigate the effect of VGCNF incorporation in an
alkyd paint film applied to the surface of mild steel substrates on the corrosion protection
properties of the coating film when exposed to 3% NaCl solutions. The experimental EIS
data were fitted to electrical equivalent circuits. Several electrochemical parameters such
as the impedance modulus (|Z]), the polarization resistance (R,), the double layer
capacitance (Cy), the coating resistance (R.), the coating capacitance (C.), the percent
water uptake, the delaminated area (44), the VGCNF resistance (R)), and the VGCNF
capacitance (Cy) were calculated for paint coatings with different thicknesses and
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VGCNF loadings in the 0-10 wt % range. The results were then graphed vs. the
immersion time in 3% NaCl solution. VGCNF-reinforced alkyd paint coatings provided
excellent barrier and corrosion properties in comparison to unmodified paint coatings.
The chapter ends by discussing the role of the VGCNF, as a conductive material, in the
corrosion protection mechanism of the alkyd paint coatings.

In Chapter 4, the EIS behavior of SiC-incorporated alkyd paint coated mild steel
samples in 3% NaCl solution under the same conditions used in Chapter 3 was
investigated. The main objective of the work presented in this chapter was to compare the
corrosion protection properties of SiC-reinforced coatings with those of VGCNF-
reinforced coatings of the same thickness. After a brief introduction on the importance of
SiC and its applications, the EIS results are presented. This work showed that the
incorporation of the SiC particles in the paint matrix does improve the corrosion
protection properties. The chapter ends with a section comparing the effect of SiC and
VGCNEF incorporation in the alkyd paint matrix on the barrier properties (corrosion
protection) properties of the pure paint matrix. The barrier properties of SiC-reinforced
coatings are superior to those of pure paint coatings but inferior to the barrier properties
of VGCNF-reinforced coatings.

In Chapter 5, accelerated salt fog tests were used to evaluate and compare the
stability and corrosion resistance of unmodified, VGCNF-reinforced, and SiC-reinforced
alkyd paint coatings, applied to mild steel coupons. The goal of this study is to rank the
three coating systems in order of their anticorrosive properties. The chapter starts with a
brief introduction on the importance, merits, and applications of the salt spray test as a

desirable accelerated corrosion test. The discussion is followed by a short section on the
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experimental setup used to perform the salt spray test based on the guidelines given in the
ASTM B117 protocol. Digital photos, tables, and graphs showed the gradual change in
the morphology of the paint film layer, the extent of degradation, and the time elapsed
before the coating films failed and the corrosion products were visual. The stability,
barrier properties, and service life, had the following order; VGCNF-reinforced coatings
> SiC-reinforced coatings > pure (unmodified) paint coatings.

Overall, the incorporation of a small amount (0.5-5 wt %) of VGCNF leads to
significant improvements in the corrosion resistance, barrier properties, and mechanical
properties of the paint matrix. In addition, the higher the VGCNF loading, up to 5 wt %,
the better the corrosion protection properties of the coating become and hence the longer
its lifetime. Moreover, the measurements showed that VGCNF is better at improving the
barrier properties of commercial alkyd paint coatings applied to the surface of mild steel

coupons than SiC particles.

6.2  The Mechanism of Protection

Incorporating VGCNFs or SiC particles into the paint matrix improved the barrier
(anticorrosion) and electrical properties of the unmodified alkyd paint matrix. In this
section, the role of the additives (VGCNF and SiC) in improving the properties of the
host paint is discussed.

Paints and organic coatings are the most commonly used materials for the
corrosion protection of a wide range of metals and engineering alloys in many
industries.™ These materials not only inhibit the transport of corrodents (water, oxygen,

and ions) to the metallic substrate, but also decrease electrical transport between anodic
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and cathodic sites on the metal substrate.” '° However, as mentioned in Chapter 1, pure
paints and coatings are not perfect barriers against corrosion because these materials are
porous. They contain microvoids, defects; and are permeable to oxygen and water to
some degree.'' ™" Accordingly, one of the current trends in the fields of organic coatings
and composites is the incorporation of nano-sized pigments to block the microvoids and
defect sites, thus reducing the permeability of the coating to the corrodents (oxygen,
water, and ions). This includes conductive or nonconductive particles such as platy talcs,
mica, glass flakes, micaceous iron oxides such as Fe,Os, leafed or regular Al, graphite,
carbon black, TiO; nanoparticles, steel nanoparticles, Pb dust, Ca ferrite, Zn

1330 Dispersion of

nanoparticles, SiC nanoparticles, and other metal flake pigments.
pigments with platelet-shaped particles in a paint matrix can reduce the permeability rates
for corrodents as much as five fold when the pigment particles are aligned parallel to the
coating surface.”®?’ Since the corrodents cannot pass through the pigment particles, the
presence of aligned particles can reduce the diffusion rates of the corrodents through the
paint coating matrix.® Bentz and Nguyen have devised a simulation model for the effect
of several variables (including pigmentation parameters such as pigment particle
geometry, pigment volume concentration, and pigment absorption characteristics) on the
diffusion of environmental species through coatings reinforced with pigments.®' This
model showed that, regardless of the conductivity of the particles, well dispersed,
lamellar pigment particles at concentrations near, but below, the percolation limit (see
below) give the best barrier performance.

Dispersing a conductive material into a nonconductive matrix can render the

6, 16, 32-39

matrix conductive. The properties of the host matrix depends on several
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parameters including the particle size, shape, morphology, orientation in the paint matrix,
and the weight percent of the added conductive filler.***** A threshold weight percent
for the filler exists (known as the percolation limit or threshold), above which the
properties (e.g., the electrical conductivity) of the host matrix deteriorate.*” This
threshold value depends on both the type of the conductive filler and the polymeric
composite in which the filler is dispersed.** For example, the threshold value is about
7.5% for epoxy resins containing Fe** and 20-40% for epoxy resins reinforced with Ag,
Sn, Pb, Cu, or Al.>>*° The threshold value is 5-6% for Cu particles in polyvinyl
chloride®” and Ni in polyethylene38 while it is 1% and 8% for carbon black (CB) in
polyvinyl alcohol,'® and Araldite D,* respectively. The threshold value is 37% for Ag
particles in Bakelite powder*” while the value for VGCNFs in vinyl ester composites is 2-
3%.%

Carbon blacks (CBs) are a family of small size colloidal spheres (typically 13-100
nm in diameter) of hexagonal planar structures of elemental carbon that are produced by
the incomplete combustion or thermal decomposition of gaseous or liquid

46-48

hydrocarbons. The spheres further fuse together to form aggregates (with a normal

size in the 200-1000 nm).***° CB aggregates are produced in a variety of particle size

>1-32 They are electrically conductive materials

and shape, porosity, and surface chemistry.
with conductivity in the range of 0.1 to 10> S/cm at room temperature.” Insulating
polymers and polymer composites filled with CBs at the percolation threshold become

358 When incorporated in a polymer matrix, CBs tend to fill the pores in the

conductive.
polymer matrix and form a conductive network with short distances between the

particles. This conductive network allows the transfer of electrons among the particles
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59-62

throughout the whole polymer matrix. Therefore, the dispersion of the CB particles

enhances the electrical conductivity of the host matrix.'® ®*° According to El-Tantaway

et al‘,58

the dispersion of 7% CB (the percolation threshold) into an epoxy, fills the free
volume in the epoxy matrix, thus reducing the gap between the polymeric chains in the

epoxy. Therefore, the electrical conductivity of the epoxy matrix is increased from 3.4 x
107 (Q".cm™) for an epoxy composite containing 4 wt % CB to 3.4 x 10 (Q'.cm™) for

an epoxy composite containing 7 wt % CB. In addition, the presence of CB particles
improves the stiffness as well as the thermal stability of the polymer matrix. Accordingly,
CBs are widely used as reinforcing fillers, conductive fillers, UV light stabilizers, and
pigments for a range of applications including packagings for electronic components and
electrical cables, electrical heaters, electrical screening materials, inks, plastics, rubbers,
and paints, 5 56 63 66-80

Zhang et al. studied the effect of CB nanoparticle-modified polyvinyl alcohol
lacquer coatings on the corrosion behavior of steel in 3.5% NaCl solution.'® The
incorporation of the CB nanoparticles in the lacquer matrix up to 1 wt % greatly
decreases the rate of corrosion of steel. The authors suggested that the CB nanoparticles
improve the corrosion protection properties of the pure lacquer matrix through filling the
pores in the matrix.

Sujith and Unnikrishnan® studied the barrier properties of composites based on
natural rubber, ethylene vinyl acetate and three different types of CBs having different
particle sizes in a solvent mixture of crude oil products (petrol, kerosene and diesel). The

authors showed that the smaller the size of the CB particles, the lower the rate of

diffusion of the solvent (crude oil products) through the composite. The authors attributed
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the decrease in the diffusion rate to the degree of CB reinforcement. According to the
literature, maximum reinforcement is attained if the filler particles are of comparable size
(either the same or smaller than) the polymer chain end-to end distance.* The extent of
filler reinforcement depends on both the size and surface area of the filler. In general,
small filler particles with large surface area usually provide maximum reinforcement and
rigidity to the polymer coating or composite material.*! Accordingly, pigment fillers with
large sizes are usually less efficient than pigments with small sizes in extending the
diffusion path taken by the corrodents to reach the coating/metal substrate interface.
Therefore, composites reinforced with the smallest CB particles are expected to have the
longest and indirect pathways, maximum reinforcement, highest rigidity, and hence the
lowest rate of solvent diffusion. On the other hand, for composites containing large size
CB particles, the corrodents encounter shorter diffusion paths. Accordingly, these
composites are expected to be less compact, have lower filler density, and hence have
higher rates of solvent diffusion.

Rwei et al. investigated the effect of dispersing CB aggregates into various
polymeric materials (including polydimethylsiloxane (PDMS), silicon rubber, and epoxy)

on the electrical conductivity of the host matrix.™. The electrical conductivity of the paint
matrix increases from 10” to 10 Q'.cm™ when less than 3% CB aggregates were

dispersed into the PDMS matrix. The authors attributed this enhancement in the
conductivity to the formation of a CB “aggregate-network” structure when CB particles
are dispersed in the PDMS matrix.

Praveen et al. studied the addition of CNTs to zinc coatings showing that the

incorporation of CNTs into a zinc composite coating increases the corrosion resistance of
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the zinc coating.”® The authors suggested that the CNTs fill the active sites (microvoids)
in the zinc composite coating and hence provide a physical barrier to the corrosive
medium.

VGCNFs are smaller in size and have larger aspect ratio than CB. Accordingly,
many studies have shown that VGCNFs can form conductive (percolation) networks

while maintaining the intrinsic properties of the host polymer matrix.**®

In this regard, a
study conducted by Pittman et al.** showed that the incorporation of VGCNFs along with
CB in a polystyrene matrix improves the conductivity of the composite at low VGCNF
loading because their aspect ratio allows percolation path at low wt % values. This
countered by their tendency to partially nest and entangle in the composite matrix.

Choi et al.* investigated the influence of the incorporation of VGCNFs on the
electrical and mechanical properties of a polycarbonate composite matrix. Incorporating
VGCNFs decreased the electrical resistivity of the composite. The authors attributed this
decrease in electrical resistivity to a good VGCNF network. In a comprehensive study on
the development of VGCNF-reinforced polymer composites for electrostatic discharge

(ESD) materials and structural composites, Lozano et al 36 87.89

investigated the effect of
addition of VGCNFs on the properties of polypropylene (PP) matrix. The ESD
measurements showed the formation of highly dispersed VGCNF networks which led to
a percolation threshold at 9-18 wt % in the PP matrix. In another investigation, Li and
Luo” studied the mechanical properties of CNF-reinforced carbon/carbon composites.
The authors showed that a CNF loading up to 5 wt % enhances the mechanical properties

(e.g., flexure strength and modulus). The authors attributed this improvement in

mechanical properties to the formation of a CNF network or web in the composite matrix
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which results in an improvement in the interfacial adhesion between the CNFs and the
host matrix. According to the authors, the CNFs act as a bridge in the pores in the host
matrix and make it difficult for cracks to initiate or form in the matrix.”

Conducting polymers (CPs) such as polyaniline (PANI), polypyrrole (PPy),
polythiophene, and their derivatives are widely used for corrosion protection of many
metals and engineering alloys.>” 1T Other application areas for CPs include chemical
sensors, bioimplants, electronic and optical materials, energy storage and solar cells,
memory devices, electrocatalysis, rechargeable batteries, and actuators.''®'%*

The availability of m electrons in CPs enables them to be good corrosion
inhibitors. CPs have switchable properties because they can exist in various
interchangeable stable oxidation states.'® '*>'?” They are usually applied to metallic

92,93,95, 128-133

surfaces either alone as film forming corrosion inhibitors or as additives in a

protective coating matrix.’'- % 13413

When applied to metallic surfaces, CPs promote corrosion protection in different
ways depending on the nature of the substrate. For example, when applied to metals
sensitive to passivation, such as iron and steel alloys, CPs shift the corrosion potential of
the metallic substrate to more noble values where the corrosion rate is lower."*”"'* In this
case, the metal substrate is protected by a passivation mechanism provided by the redox
properties of the CP. In this regard, Lee et al. investigated the corrosion protection
properties of mild steel coated with a layer of PANL'** The authors reported that PANI
acts as a redox mediator where it passivates the metal at the metal/polymer interface and

reoxidizes itself by dissolved oxygen at the polymer/solution interface. Other researchers

also reported that metal passivation occurs through the formation of iron oxide (y-Fe,;Os
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92, 135, 138, 145
and Fe;04) surface layers.”™ °> ™

Moreover, Kinlen et al. reported the formation of
an insoluble Fe-PANI complex at the metal surface when iron was coated with a PANI
film. The complex catalytically reduces oxygen and hence lowers the rate of Fe

142,146 Bor these CP/steel systems, the presence of microscopic voids or

corrosion.
imperfections in the coating matrix does not have appreciable effect on the stability of the
coating system because the CP has the capacity to provide the charge necessary to allow
self healing for the metal surface through the reoxidation of the metal in the defected
areas.'*! For these systems, the degree of corrosion protection afforded by the CP
depends on the structure and electronic properties of the CP, the coating thickness, and
the nature of the corrosion medium.'?” ¥ 714 On the other hand, for metals such as
zinc, CPs can only protect the metallic surface by a barrier effect that isolates the metal
substrate from the corrosive medium by the formation of an adherent oxide layer.

Among the currently used CPs, PANI and its derivatives are the most widely used

30, 94, 99, 105, 129, 134, 137, 150-161

for corrosion protection of metals and alloys. For example,

Wessling reported that copper, mild steel, and stainless steel passivate when they are

dipped in solutions of doped PANI.'®*

For mild steel, passivation occurs through the
formation of a dense layer of y-iron oxide beneath the PANI coating (at the PANI/steel
interface). The authors also showed that PANI is reduced from the emeraldine salt to
leucoemeraldine at the polymer/solution interface. The oxidation half reaction is the
formation of passive oxide on the steel substrate. Within 24 h, leucoemeraldine was
reoxidized back to emeraldine by oxygen in air.'®* Purging oxygen into the system can

accelerate the latter oxidation reaction. However, the latter oxidation step is responsible

for the catalytic action of PANI because it results in the regeneration of the oxidizing
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power of PANL'" It is worth mentioning here that, for any CP to provide a stable
passivating layer on a steel substrate, the CP should have high oxidizing power to oxidize
iron directly to Fe’" and not Fe*" (which will result in the dissolution of the substrate."!

The hypothesis of the current investigation, mentioned in Chapter 2, was that,
when mixed with the paint matrix, VGCNF would show an inhibiting (blocking) effect to
the corrosion reaction of the coated substrate in a way similar to that afforded by CPs.
However, compared to CPs, all carbon materials including CBs, VGCNFs, and CNTs
cannot switch between different redox states to any extent when the corrosion conditions
are changed. Moreover, there is no study that reported the formation of a passive oxide
layer at the polymer/substrate interface for organic coatings reinforced with CB,

VGCNFs, or CNTs. Accordingly, the proposed hypothesis was incorrect.

6.3 The Proposed Corrosion Protection Mechanism

Chapter 1 noted that iron and steel alloys corrode when oxygen and water are in
direct contact with the metallic surface. When applied to the surface of a metallic
substrate, paints and organic coatings retard corrosion by acting as a barrier to prevent
oxygen and water from reaching the substrate surface. However, organic coatings are not
perfect corrosion barriers and have a limited service life. They are permeable to water,

. 6,163
oxygen, and ions to some extent.”

In practice, an organic coating exposed to
atmospheric conditions is saturated with water at least half its service life.'** ' When a
coated metal is exposed to a neutral electrolyte (e.g., NaCl solution), water and oxygen

diffuse to the metal surface through the weak real (microscopic) points in the coating

(such as pores, voids, inhomogeneities, cracks, defects, scratches, and areas of poor
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adhesion) and/or virtual pores in regions of low crosslinking and therefore high transport
in the coating matrix.'°*'®” Corrosion usually starts at or near these weak points in the
coating film. This results in swelling of the coating due to water uptake, formation of
blisters, the onset of underfilm corrosion, delamination (loss of adhesion), and ultimately

complete disbondment and degradation of the coating film,5 '63-16>- 168169

The presence of
an electrolyte (e.g., NaCl) also increases the solubility of water in coatings and hence
accelerates the rate of coating degradation and substrate corrosion.’

When a coated metal is immersed in an aqueous solution, water permeation, and
to a lesser extent oxygen permeation, through the organic coating occurs via diffusion

13 In addition to diffusion, there are at least two

mainly due to the concentration gradient.
more driving forces for water permeation, namely (i) capillary forces in the coating due
to presence of residual solvent molecules, entrapped air bubbles during coating
application, and poor coating curing, and (ii) osmosis due to the presence of impurities.'**
Water diffusion causes swelling of the coating. Eventually, water molecules will reach
the coating/substrate interface and interfere with the adhesion between the coating and
metal surface. At the end, adhesion is lost and an electrochemical double layer is
established at the metal surface and corrosion initiation occurs at the metallic
substrate.'**!7°

Leidheiser and Funke'”! proposed two different mechanisms for loss of adhesion,
and hence coating film damage and degradation: (i) chemical disbondement due to
chemical reactions between water molecules and the different polymer-metal bonds, and

(i1) mechanical or hydrodynamic disbondement due to accumulation of water molecules

in local sites of bad adhesion in the coating and build up of osmotic pressures (due to the
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presence of inhomogeneities in the metal surface, soluble salts as impurities at the metal
surface, and/or the accumulation of corrosion products such as Fe*" and OH ions). As a
result of these reactions, blisters form and expand, exposing more of the bare metal
substrate.'”> " Thus, delamination of the organic coating takes place which results in the
disbondment of the coating film and hence corrosion of the bare metallic substrate.’
Based on the above discussion along with the Section 6.2, we strongly believe
that, when added to the alkyd paint matrix, the nano-sized VGCNFs fill in the polymer
matrix including the voids, pores, and imperfections in the matrix and form a network-
like structure in the host paint matrix that reduces the porosity of the coating film and act
as a barrier for water, oxygen, and ions in solution (the corrodents). Since the corrodents
cannot pass through the VGCNFs in the paint matrix, the presence of the VGCNFs can
reduce the rate of diffusion through a coating. Thus, the presence of VGCNFs blocks the
voids in the paint matrix and acts as a barrier or obstacle for the diffusion of corrodents,
thus, leading to an extended diffusive double layer and creating longer and indirect
pathways for the corrodents to go through before reaching the metal surface. As a result,

. 164, 174
the rate of corrosion of the metal decreases.

In addition, being a conductive material
in the form of a network-like structure, the VGCNFs enhance the electrical conductivity
of the paint matrix.'”> Moreover, increasing the VGCNF loading up to the percolation
limit increases the density of the nanofibers in the paint matrix and makes the coating
more impervious.'' Accordingly, the incorporation of VGCNF into the alkyd paint matrix
improves the barrier properties and reduces the permeability of the paint coating in a way
similar to that afforded by CB nanoparticles, CNTs, VGCNFs, platy talcs, mica, and glass

- : 16,25, 81, 83-87, 89, 90, 176, 177
flakes when added to paint and coating systems. >~ "> """ "2 75
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Adhesion of the coating to its substrate is considered one of the most crucial
factors that determine the stability and the service lifetime of any coating.'” In addition
to their rule as a blocking pigment, VGCNFs, with their unique size, aspect ratio, and
physical properties, can also act as a promoter for the adhesion forces between the
coating film and the metallic substrate. Accordingly, the presence of the VGCNFs in the
paint matrix would increase the time needed for the delamination and degradation of the
paint coating.

The above mechanism is supported by the electrical conductivity, electrochemical
(CV and EIS), and chemical (salt spray) measurements presented in Chapters 2, 3, and 5.
For example, the electrical conductivity measurements showed that the incorporation of
the VGCNFs enhances the electrical conductivity of the alkyd paint matrix. This increase
in the electrical conductivity is expected and can be explained as follows; the
incorporation of the VGCNFs in the paint matrix generates a network-like structure of the
nanofibers in the paint matrix. The presence of the conductive VGCNF network not only
blocks the defects in the paint matrix and hinders the diffusion of the corrodents through
the paint film, but also renders the paint matrix conductive. So, the increased conductivity
of the host paint matrix is a result of the dispersion of the VGCNFs in the coating matrix.
Moreover, both the electrochemical and electrical conductivity measurements showed
that VGCNFs provide better enhancement in both the corrosion protection and electrical
conductivity properties than SiC microparticles. This is normal and expected because the
nano-sized VGCNFs with their higher aspect ratio are smaller in size than the SiC
microparticles and according to the literature, the smaller the size of the pigment

particles, the better the reinforcement and barrier properties of the host coating.**
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Accordingly, dispersion of nano-sized particles in a coating matrix provides a longer and
more tortuous diffusion path for the corrodents to go through before reaching the metal
substrate. This leads to slower rates of corrosion for VGCNF-reinforced coatings than
those for SiC-reinforced coatings.®” On the other hand, VGCNFs are inherently more
conductive than SiC microparticles. Accordingly, it is expected that, for paint coatings
containing the same amount of either additives, VGCNFs-reinforced coating systems are
more electrically conductive that SiC-reinforced coating systems.

The OCP measurements showed that the incorporation of VGCNFs in the alkyd
paint matrix has a significant effect on the rate of decrease of the OCP with immersion
time. When dispersed in the paint matrix, VGCNFs hinder the permeability of the coating
to oxygen and water. Thus, the presence of VGCNFs in the paint matrix reduces the rate
of oxygen and water diffusion, and improves the adhesion properties of the paint film,
thus increases the service lifetime of the paint film. Accordingly, the OCP values for
VGCNF-reinforced coatings are expected to remain positive (noble) for a longer period
of immersion time compared to the OCP value for a pure paint coating film which
decreases and reaches the steady state potential (E) of the bare substrate in a short
period of immersion time.

The CV measurements also showed distinct redox peaks for Ru(NH;)sCl; and
K;3Fe(CN)g (the mediators) for paint coatings containing 3 or more wt % VGCNF. These
results are also expected. The pure paint matrix is insulating and hence the CVs are
expected to show redox peaks of the mediators. On the other hand, VGCNF is a
conductive material and hence the mediators can undergo redox reactions at their

surfaces. Thus, redox peaks are expected to appear for VGCNF-reinforced paint coatings.
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In addition, based on the proposed mechanism, increasing the VGCNF content in the
matrix increases the density of the conductive VGCNF network and hence assures
efficient transport of electrons in the redox reactions taking place when the
voltammograms are collected.'” Accordingly, the higher the VGCNF in the paint matrix,
the better and well distinct the peaks are in the voltammograms as shown in Chapter 3.

The EIS and salt spray measurements showed that alkyd paint coatings having
higher VGCNF content and very thick are much more stable (retard the onset of metal
corrosion and film blistering) than thin paint coatings with or without VGCNF. Thicker
films with higher VGCNFs wt % have higher nanofiber density and, as long as the
VGCNEF content is below the percolation limit, these coating are expected to increase the
time necessary for permeation of the corrodents through the coating thus delaying the
arrival of the corrodents at the coating/metal substrate interface.® For paint coatings with
VGCNEF above the percolation limit, barrier properties are low because more fibers make
the diffusion of the corrodents faster and also lowers the electrical resistivity of the
coating.

Figure 6.1 shows the variation of time to coating failure based on the salt fog and
OCP measurements with coating thickness for pure alkyd paint coatings applied to the
surface of mild steel samples in NaCl solutions. As mentioned in Chapter 5, the salt fog
test has been criticized because the experimental conditions as well as the test results

180-183
Due to these

show poor correlation to the real-world conditions and results.
limitations, the results of the accelerated salt fog test are usually used as a qualitative

estimate of the service lifetime of a coating. Thus, the results of the salt fog test can be

used as a qualitative prediction for the electrochemical measurements (such as the OCP
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Figure 6.1 Variation of time to coating failure based on salt fog and open circuit

potential (OCP) measurements with coating thickness for alkyd paint
coatings containing different wt % of either VGCNFs or SiC
microparticles applied to the surface of mild steel samples in NaCl

solutions. &, ® = pure paint, A, A =paint + 1% VGCNF, e, @ = paint +
1% SiC, and B, B = paint + 5% SiC.
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measurements) of the coatings under normal conditions but are not expected to have a
perfect correlation with the electrochemical measurements.

As shown in Figure 6.1, the straight lines for the OCP results are more or less
parallel to each other indicating a good correlation among the OCP results for the paint
coatings with and without VGCNFs or SiC. On the other hand, the correlation among the
salt results is not as good as it is for the OCP measurements. Nevertheless, it is obvious
from Figure 6.1 that for both OCP and salt fog measurements, there is a linear
relationship between the film thickness and the coating film time to fail. The thicker the
coating film, the longer the time needed for the metal to fail (corrode).

Table 6.1 shows the variation of the time to coating failure slope based on the salt
fog and open circuit potential (OCP) measurements presented in Figure 6.1. The results
in Table 6.1 show a good agreement between the salt fog and OCP measurements. For
both tests, the incorporation of 1% VGCNFs in the paint matrix increases the value of the
slope relative to its value for the pure paint coating. The slope values in Table 6.1 also
show that the dispersion of 5% SiC particles in the paint matrix also increases the value
of the slope. The values of these slopes can be taken as a measure for the stability of the
coating films. The larger the value of the slope is, the higher the stability, and hence the
longer the service lifetime, of the coating film. It is also clear from Table 6.1 that the
presence of 1% VGCNFs in the paint matrix increased the time required for the
degradation and failure of the coating film (i.e., increased the coating film stability) as
reflected by the higher slopes value for this coating system (12.88 h/um, and 15.78 d/um)
compared to the value of the slopes for the pure paint coating (2.40 h/um, and 8.45

d/um). Moreover, the results in Table 6.1 show that a paint coating containing 1%
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Table 6.1 Variation of time to coating failure slope based on salt fog and open
circuit potential (OCP) measurements for alkyd paint coatings containing
different wt % of either VGCNFs or SiC microparticles applied to the
surface of mild steel samples in NaCl solutions.

Salt Fog ocCp
Coating Specification (ISI}EEI?) R ((Sl}ﬁl:g) R
Pure paint 2.40 —* 8.45 —*
Paint + 1% VGCNF 12.88 0.88 15.75 0.91
Paint + 1% SiC 2.40 —* 7.65 —*
Paint + 5% SiC 9.60 —* 14.3 —*

*n = 2 for these curves
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VGCNFs is more stable and has a longer time to fail than a paint coating containing 5%
SiC microparticles. The increase in the value of the slope can be explained as follows: the
dispersion of the VGCNFs or the SiC particles fill the paint matrix, act as a barrier for the
diffusion of the corrodents, and hence delay the arrival of the corrodents to the metal
surface through enlarging the path taken by the corrodents. As a result of this delay, the
slope increases when VGCNFs or SiC particles are incorporated in the paint matrix
indicating good protective properties.

Tables 6.2 through 6.4 show the variation of some of the calculated corrosion
parameters (OCP, |Z|, R, Ca, R., and A,) for 30 um thick pure, 5% VGCNF- and 5%
SiC-reinforced alkyd paint coatings for selected time intervals of immersion in 3% NaCl.
For the complete set of results, Chapters 3 and 4 should be consulted. The data shown in

these figures support the proposed mechanism as explained below.

As discussed by Haruyama et al.'® and expanded by Mansfeld and Tsai'®> ', the
following relationships apply for a coated metal

R, R R (6.1)
A, AD

R pd (6.2)
A

D - 6.3
y (6.3)

R R

R, = —= (6.4)
A, AD

C, (e¢/d) C,4, C,AD (6.5)

C, C. (4 A4,) C A1-D) (6.6)
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Table 6.2 Variation of the open circuit potential (OCP) and total impedance (]Z])
with immersion time for pure, VGCNF-, and SiC-reinforced alkyd paint-
coated mild steel coupons (30 um thick) in 3% NaCl solution.

Pure paint Paint + 5% VGCNF Paint + 5% SiC
Immersion ocCP |Z] ocCP |Z] ocCP |Z]
time (d)  (V vs. SCE) kQ) (Vvs.SCE) (kQ) (Vvs.SCE) (kQ)

1 0.235 5560 0.127 462

3 0.084 550 0.099 379 0.261 296

5 0.005 113 0.073 333 0.160 94
8 -0.052 59 0.047 319

11 -0.074 56 0.032 290 0.069 51

19 -0.050 41 0.018 256 0.025 39

20 -0.078 41 0.017 254 0.021 37

24 -0.059 42 0.019 202 -0.015 35
29 -0.305 13 -0.018 185

33 -0.589 1 -0.010 196 -0.032 38

40 -0.001 192 -0.063 46

50 -0.002 163 -0.085 70
70 -0.014 329
80 0.070 504
90 0.068 508

96 0.046 558 -0.049 95
98 0.050 562

127 0.059 467 -0.058 62

159 -0.054 390 -0.089 52
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Table 6.3 Variation of the polarization resistance (R,) and double layer capacitance
(Ca) with immersion time for pure, VGCNF-, and SiC-reinforced alkyd
paint-coated mild steel coupons (30 pm thick) in 3% NaCl solution.

Pure paint Paint + 5% VGCNF Paint + 5% SiC
(30 pm thick) (30 pm thick) (30 pm thick)
Im.mersion R, Cu R, Cu R, Cu
tme (@ Q)  @F/emd) Q)  @F/em) (D) @F/cm?)

1 7300 0.01 94 0.55

3 574 0.09 101 0.56 126 4.70

5 814 0.17 82 0.55 44 13.70
8 24 0.33 84 0.52

11 10 0.62 94 0.57 26 28.90

19 5 1.59 106 0.69 22 39.30

20 5 221 121 0.71 21 39.90

24 5 3.56 111 0.79 21 46.90
29 0.1 54.10 111 0.76

33 413.00 115 0.54 22 50.40

40 119 0.50 27 60.30

50 106 0.45 45 77.60
70 245 0.41
80 478 0.33
90 450 0.35

96 418 0.36 50 1.30
98 475 0.35

127 354 0.41 58 2.24

159 387 0.53 50 2.76
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Table 6.4 Variation of the coating resistance (R.) and percent delaminated area
(%A,) with immersion time for pure, VGCNF-, and SiC-reinforced alkyd
paint-coated mild steel coupons (30 pm thick) in 3% NaCl solution.

Pure paint Paint + 5% VGCNF Paint + 5% SiC
(30 pm thick) (30 pm thick) (30 pm thick)
Im.mersion R. %A, R, %A, ):3 %A,
fime @ &) (kQ) (kQ)

1 6.27 0.019 87.9 0.101

3 1.22 0.016 70.6 0.102 103.0 0.604

5 1.11 0.031 80.2 0.100 40.7 2.521
8 0.97 0.059 74.9 0.095

11 1.17 0.114 89.2 0.105 24.3 5.295

19 0.88 0.293 68.9 0.126 20.3 7.197

20 0.94 0.406 72.2 0.130 19.4 7.310

24 0.85 0.653 55.2 0.145 19.2 8.563
29 0.07 9.915 48.6 1.383

33 0.02 75.634 56.3 0.099 21.0 9.239

40 51.7 0.091 25.1 11.042

50 39.0 0.083 40.0 14.225
70 75.5 0.075
80 943 0.065
90 87.4 0.066

96 121.0 0.065 37.8 0.239
98 125.0 0.067

127 105.0 0.075 28.2 0.410

159 85.8 0.097 243 0.506
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where R, is the coating resistance which is related to the paths of ionic conductivity in the
coating (Q2), Cy is the double layer at the coating/metal interface where corrosion occurs
(F), p 1s the coating resistivity (€2.cm), € is the relative dielectric constant of the coating,
€° is the dielectric constant of the vacuum (8.85 x 10 F.em™), D is the delaminated area
ratio, D = A4/A, Aqis the delaminated area (cm?), 4 is the total coating area (cm?), dis
coating thickness (cm), and R, R, C’, and C°, are area-normalized (specific)
resistances (Q.cm?) and capacitances (F.cm™), respectively.lgs'187 As the immersion time
increases, water, oxygen, and electrolyte entry into the epoxy increases, 4, increases and
hence the value of D increases and the resistivity (p) decreases.'®” '**

As shown in Table 6.2, the initial OCP for the three coating systems (pure paint,
VGCNF-containing and SiC-containing paint) were positive values (about +0.3 to +0.2 V
vs. SCE). The steady-state potential (Ey) of the bare mild steel in the same electrolyte
solution is about -0.6 V (vs. SCE)"*’ Accordingly, it is clear that the application of the
coating, with or without VGCNF or SiC, shifts the initial OCP of the bare substrate to a
more positive value indicating the protective characters of the coatings. As shown in
Table 6.2, as the immersion time increased, the OCP of the coated substrates shifted
toward more negative values before it reached the Ej, value of the bare steel alloy when
the coating fails. Table 6.2 also shows that after 33 d of immersion in the corrosive
medium, the pure paint coating totally degraded (OCP = -0.589 V) while the value for the
VGCNEF- and SiC-reinforced coatings having the same thickness are still far more
positive (-0.010, and -0.032 V, respectively) indicating the better stability and barrier
properties of the modified paint matrixes. These results could also be explained based on

the adhesion properties of the VGCNF- and SiC-modified paint coatings. In this regard,
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the improved adhesion properties of the modified coating delay the shift of the OCP to
more negative values. The OCP values show that after 159 d of immersion, the OCP of
VGCNF-reinforced coating (-0.054 V) is still more positive than the value for the SiC-
reinforced coating (-0.089 V), thus indicating better barrier properties for the former
coating. This result is expected and consistent with the literature where the smaller size
and larger aspect ratio VGCNFs have better barrier properties in blocking the voids and
defects in the paint matrix than the larger SiC microparticles.81

Table 6.2 also presents the variation of the total impedance (]Z]) with immersion
time for the three coating systems for the same period of time. As shown in Table 6.2, for
the three coating systems, the value of |Z] decreases with immersion time indicating that
coating degradation and loss of corrosion protection. This decrease of impedance with
time is primarily due to a decrease of the coating resistance (R.) as D increases and/or p
decreases (Equations 6.1 through 6.3). As shown in Table 6.2, the rate of drop of |Z] with
immersion time is higher for the pure paint system .After 33 d of immersion in the
corrosive solution; the |Z| value for the pure paint coating is at least two orders of
magnitude less than that of VGCNF- or SiC-containing coatings. This behavior can be
explained based on the suggested mechanism as follows; the presence of the VGCNFs or
the SiC particles in the alkyd paint matrix blocks the imperfections or weak points in the
paint matrix (such as pores, voids, inhomogeneities, cracks, defects, scratches, and areas
of poor adhesion) and act as barriers for the transport of the corrodents through the
coating film to the metal/coating interface, thus increasing the total impedance of the

paint film compared to the pure paint matrix."”

429


https://microparticles.81

The polarization resistance (R,) and the double layer capacitance (Cy) are two of
the important parameters used in the characterization of any electrochemical system
under corrosion. As shown in Chapter 3, R, is inversely proportional to the rate of
corrosion. Degradation of organic coatings in corrosive media is always accompanied by
a decrease in R, and an increase in Cy as the immersion time. As the immersion time
increases, the water uptake increases, 4,increases, and thus D increases. Accordingly, as
shown in Equation 6.4, the value of R, is expected to decrease with increasing immersion
time. Table 6.3 shows a continuous decrease in R, for the pure paint coating and the
coating failed in 29 d. On the other hand, for a paint coating containing either 5%
VGCNFs or SiC microparticles, the R, values showed some fluctuations (decrease,
followed by increase, and finally decrease) with immersion time. Although the increase
in R, is not expected, it is common in the literature and is attributed to various reasons
including the blockage of a pore or a defect in the coating by corrosion products.'" 12
Nevertheless, the data presented in Table 6.3 show that after ~159 d of immersion in the
corrosive electrolyte, the values of R, for a paint coating containing 5% SiC starts to
decrease and the paint failed after ~180 d of immersion (see Figure 4.29 in Chapter 4).
For the corresponding VGCNF-reinforced paint coating, the results in Chapter 3 (Figure
3.45) show that after 600 d of immersion, the value of R, is still very high indicating the
stability of the coating film. These results clearly indicate the improvement of the
corrosion protection properties of the paint matrix when VGCNFs or SiC microparticles
are dispersed in the paint matrix.

Table 6.3 also shows the variation of C for the three coating systems with time.

The values of C, are taken as a measure of the area over which the coating has
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disbonded.'”® The increase in C, with immersion time indicates an increase of the
disbonded area (wet area) over the substrate surface under the coating. As shown in
Equation 6.5, C is directly proportional to 4; which increases with immersion time. The
data presented in Table 6.3 indicate that the initial C values for the three coating
systems are low and increase with immersion time. The relatively low initial Cy values
imply that the coatings are initially largely bonded to the substrate surface. However, as
the immersion time increases the values of C increase for a short period of time,
denoting the entry of the electrolyte into the paint coating. After that initial period of
increase, the value of Cy remain unchanged for the long exposure time until the film
finally fails and corrosion occurs at the steel substrate surface and the value of Cy
increases rapidly. Table 6.3 shows that the C values for VGCNF- and SiC-reinforced
coating systems are lower and stable for longer periods of time than the pure coating
system. This also reflects the greater stability and improved barrier properties of the paint
matrix due to the dispersion of the VGCNFs or SiC microparticles in the paint matrix.
The R, and C, data presented in Table 6.3 along with Figures 3.45 (Chapter 3)
and 4.29 (Chapter 4) show another effect of the incorporation of VGCNFs on the
properties of the host paint matrix. The results show that the R, values for the VGCNF-
reinforced coating are higher than the corresponding values for SiC-reinforced coatings.
Similarly, the Cy values for the VGCNF-reinforced coating system are smaller than the
corresponding values for SiC-reinforced coating system. These results reflect the better
reinforcement effect of the VGCNFs. Also, the formation of an oxide coating, which
would occur only on the VGCNF-reinforced paint samples, would increase R, and

decrease Cy.
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The estimated values of the coating resistance (R.) along with the coating
capacitance (C,) are generally considered the best measures for the stability of the

194195 1t is well known that a decrease in R, and increase in C, during

organic coatings.
exposure to the corrosive medium imply degradation of the coating. Thus, the magnitude
of Rc at a given immersion time is an indicative of the degree of degradation of the
coating film by the ingress of the corrodents through the film.'*” 19619 As shown in
Equations 6.1 and 6.6, as the immersion time increases, the water uptake of the coating
increases, the values of € and D increase wile p decreases as conductive paths and defects
(blisters) develop in the coating.'%® 185 197-199:200 A ccordingly, as the immersion time
increases, R, decreases while C, increases. The data shown in Table 6.4 depict that, for
the three coating systems, R, slightly decreases in the first few days of exposure to NaCl
solution, denoting the entry of the electrolyte into the alkyd paint coating. This is the first
step of electrolyte diffusion through an organic coating.” '*2°! After this initial period,
the value of R, reaches a plateau and remains almost constant over a period of immersion
time before R, significantly drops indicating a film breakdown and corrosion of the
metallic substrate. The length of the immersion time before film breakdown occurs is an
indication of the stability of the organic coating. The longer the length of this plateau, the
greater the corrosion protection properties of the coating film. As shown in Table 6.4, for
the pure paint system, the length of the plateau is very short, the R, value decreased
appreciably in a very short time, and the paint film was damaged in 33 d indicating that
this coating system is the least stable and most susceptible to corrosion.'”” On the other
hand, for VGCNF- and SiC-reinforced coating systems, the plateau region is longer and

the R, values are higher than the corresponding values for the pure paint system. These
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results clearly indicate that the incorporation of the VGCNFs or the SiC microparticles
into the alkyd paint matrix improves the corrosion protection properties of the film
coating. In a very recent publication, Deflorian et al. showed the incorporation of TiO, +
CB in an epoxy/phenolic paint matrix increases the length of the plateau region in the R -
immersion time graphs for paint coatings as thin as 29.2 mm immersed in 0.35 wt %
NaCl solutions.” The authors attributed the improvement in the barrier properties of the
paint coating to the presence of the pigments (TiO, and CB). Table 6.4 also shows that
the length of the plateau region is bigger, with higher R, value, for VGCNF-reinforced
coating system than with the SiC-incorporated coating system. This indicates that
VGCNFs, with their smaller size and higher aspect ratio, have a better effect in
improving the barrier properties of the paint matrix than SiC microparticles.

The delaminated area (4,) is the electrochemically active area under the coating.
Delamination of a coated metal substrate immersed in an electrolyte solution occurs as a
result of the diffusion of water, oxygen and ions in the electrolyte solution, through the
polymer coating until it finally gets in direct contact with the bare metal substrate where
the electrochemical corrosion reactions take place at the bare metal/electrolyte interface.
Accordingly, delamination leads to loss of the adhesion and protective properties of the

coating 2%

Due to all of these processes, delamination will occur and, in theory, A4, is
expected to increase with immersion time. Table 6.4 presents the variation of 4, with
immersion time for the three coating systems. As shown in the table, the value of 4,
increases with increased immersion time indicating the absorption of water in the
coatings. The A4, data in Table 6.4 clearly show that the fastest increase in the value of 4,

occurs for the pure paint coating system. On the other hand, for VGCNF- and SiC-
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reinforced coating systems, 4, is more or less stable over a long period of immersion in
the corrosive medium indicating more stable coatings. Table 6.4 also shows that the A4
values for the VGCNF-reinforced coating system are lower than the corresponding values
for the SiC-reinforced coating system. This is also due to the difference in size and
surface area between the two fillers. These results are also in accordance with the
literature results.*”

Figures 6.2 and 6.3 show the effect of the VGCNF wt % on the values of the
VGCNEF resistance (Ry) and capacitance (Cy) in the coating film, respectively. It can be
see from both figures that R, decreases and Crincreases for the first few days of
immersion denoting the entry of water and NaCl into the coating film. This initial
behavior is also common in the literature for the variation R. and C. with immersion
time.*” Several reasons have been suggested for this initial behavior including the
following: changes in the dielectric properties of the coating due to water uptake, local
concentration of water in the coating film, and a decrease in the dielectric permittivity
due to the generation of internal stresses in the coating film.*" '’

Examining Figure 6.2 clearly shows that a paint coating containing 5% VGCNFs
is less resistive (more conductive) than a coating having 1% VGCNFs. As shown in the
figure, for a paint coating containing 1% VGCNFs, as the immersion time increases, the
water uptake in the coating film increases and the value of R fluctuates while the coating
film swells and blisters spread in the coating. When the film is completely degraded, the
value of Rydrops. On the other hand, for a paint coating containing 5% VGCNFs, after an
initial period of decrease in Rrand increase in Cy the values of the fiber resistance and

capacitance reach a plateau and remain almost unchanged over a long period of
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Figure 6.2 Variation of the VGCNEF resistance (Ry) with immersion time for mild
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immersion in the corrosive medium, indicating the maintenance of good barrier coating.
This result is consistent with the nature of VGCNF as a conductive material. The result is
also consistent with the electrical conductivity measurements presented in Chapter 2 as
well as the literature.* 7 206-208

Based on the above discussion, it can be clearly stated that, when added to the
alkyd paint matrix, VGCNFs act as barrier (inhibitive) pigment and improves the barrier
properties of the host matrix through blocking the defective sites and microvoids in the
paint matrix and creating longer paths for the corrodents to go through before they reach
the metal substrate surface.

The mechanism of corrosion protection offered by SiC-reinforced alkyd paint
coating is similar to that mentioned above for VGCNF-reinforced alkyd paint coatings.
The mechanism is also consistent with the proposed equivalent electrical circuit as well
as the electrical, mechanical, and electrochemical measurements. A comparison between
the behavior of SiC microparticles (1.5 pum in diameter) vs. VGCNFs (120 — 200 nm)
showed that, although the incorporation of SiC in the paint matrix improves the
properties of the paint matrix, the barrier properties of VGCNF-reinforced alkyd paint
coatings are better than those of the SiC-reinforced coatings. This can be attributed to the
size difference between the SiC microparticles and the VGCNFs. The larger size SiC
particles have a higher possibility to agglomerate than the VGCNFs. According to the
literature, the mechanical properties of the coating or composite containing SiC particles

. . . . . . . 209-211
become worse with increasing the reinforcing particle size.>”
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6.4  Future Work

Coating film homogeneity and integrity is an important parameter that affects the
chemical, physical, electrical, mechanical, and electrochemical properties, and hence the
service life of the coating.*®'"*2'2!7 Accordingly, a coating film with uniform
distribution of the incorporated particles throughout the matrix is required to enhance the
quality of the coating film.*'® As with any other nano-sized material, the small size of the
VGCNFs makes the formation of aggregates in the coating matrix practically
inevitable.®® #'*?*! Accordingly, one of the immediate goals to complete this
investigation is to seek different methods to mix the VGCNFs in the alkyd paint matrix to
produce a coating mixture with uniform dispersion of the VGCNFs without destroying
the integrity of the VGCNFs or reducing their aspect ratio.

As mentioned above, there is a threshold wt % for any added conductive filler
above which the barrier properties as well as the mechanical properties of the host
coating deteriorate. This threshold depends on both the type of the conductive filler and
the host matrix.** So, another future goal of this line of research is to determine the exact
threshold VGCNF and SiC wt % in the commercial alkyd paint used in this investigation.

As mentioned above, adhesion is one of the important parameters that greatly
determine the stability and lifetime of any organic coating.'” Accordingly, another
immediate goal for this study is to investigate the adhesion properties and the type of
bonding between the alkyd paint coatings, with and without VGCNF or SiC, and steel. In
this regard, mechanical tests such as cross-cut test, indentation debonding, tensile
methods, delamination tests, knife cutting methods, and peel tests will be performed and

178
compared.
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Another future goal to complete this study is to accelerate the degradation of the
paint coating through techniques, other than the salt spray, that are likely to occur when
the paint coatings are in use. Among these accelerated techniques are increasing the
temperature and/or changing the pH of the corrosive environment.””>*** Another
technique for accelerating the degradation of organic coatings is the formation of a
physical defect (e.g., a pinhole, pore, a scratch, discontinuity, a mechanical damage or
deformation) in the paint film, where corrosion would preferentially occur.**2*° This
study would be closer to the actual behavior of organic coatings applied to metallic
structures where defects in the coatings could be introduced either during production or
generated during the lifetime of the coating.

Another objective to complete this study is to apply the VGCNF-and SiC-
modified coatings to mild steel coupons exposed to different real-life (outdoor)
atmospheric conditions and follow the long-term corrosion behavior of these substrates.
In this regard, coated samples would be mounted in different local sites with different
degrees of weather conditions and aggressiveness (temperature, relative humidity, air
pollutants, etc) and the EIS measurements are conducted on regular bases for a long
period of exposure.”*’

As mentioned above, organic coatings are one of the most economic and effective
corrosion resistant materials that are extensively used for the protection and/or decoration
of a wide range of substrates including metals and engineering alloys in various
environments. According to the U.S. Department of Commerce Census Bureau, the total
amount of organic coating material sold in the United States in 1997 was 5.56 billion

231

liters, at a value of $16.56 billion.””" These figures are increasing annually. Accordingly,
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the search for newer inexpensive additives that can improve the barrier properties, and
hence the lifetime, of organic coatings will never stop.

Among the factors affecting the corrosion protection performance of any organic
coating is the nature (e.g., the electrical properties) of the additives as well as the
adhesion properties of the substrate-paint matrix. This makes VGCNF, with its unique
properties, an ideal candidate for incorporation in other paints applied to several metals
and substrates. Based on this discussion, one of the future goals of this work is to
compare the barrier properties as well as the electrical and mechanical properties of a
series of commercial paints containing VGCNF and applied to the same metallic
substrate.

Another future goal of this line of research is to modify the paint matrix with
other powdered materials (such as carbon black, Au, Pt, Al, and Zn powders) and
compare the effect of the incorporation of these materials on the corrosion performance
of the paint matrix, relative to the unmodified paint when applied on the surface of mild

steel samples immersed in 3% NaCl solutions.
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