THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF ENGINEERING SCIENCE AND MECHANICS

EVALUATION OF DIFFERENT ZINC RICH PRIMER COATINGS FOR ENHANCING THE
CORROSION RESISTANCE OF PIPELINE STEEL TO INTERNAL CORROSION

JINGYANG HE
FALL 2016

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Engineering Science
with honors in Engineering Science

Reviewed and approved* by the following:
Barbara A. Shaw
Professor of Engineering Science and Mechanics
Thesis Advisor
Judith A. Todd
P. B. Breneman Department Head Chair
Professor, Department of Engineering Science and Mechanics
Patrick Drew
Assistant Professor of Engineering Science and Mechanics
Honors Adviser
Elizabeth Sikora
Research Associate in Engineering Science and Mechanics
Thesis Advisor
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

This thesis investigates the properties of different coating systems to protect against
corrosion for the steel substrate under environments of oil and gas. The coating systems were
divided in two main parts according to compositions: the organic zinc and the inorganic zinc
system. For each system, steel panels coated with only primers and samples coated with primers,
intermediate coats and topcoats were tested. Electrochemical impedance spectroscopy (EIS) and
open circuit potential (OCP) tests were used to investigate the performance of the coatings. On
one side of each panel, a pinhole defect was introduced, and the tests were performed for 3
months. The two multilayer systems were then compared with TESLAN® 1101 ZN-CNT low
VOC epoxy primer along with topcoat. On the other side of the panels, the tests were run for 4
months to examine their performance with no defect. The solution used contained 2000 ppm of
chloride concentration with a pH value of 3.5, and was refreshed weekly. For panels coated with
primers only, the results showed that they all formed corrosion products, which protected the
steel substrate as barriers. For panels coated with the multilayer systems and no defect, the
electrolyte slowly penetrated into the coatings, but the coatings were still providing good
protection against corrosion. The multilayer systems all performed better than primers only in
terms of protecting steel, indicating the significance of topcoat. With pinholes, primers show
very similar properties, while multilayer coating systems show that the existence of pinholes
helped activate zinc as sacrificial metal. When comparing the multilayer systems with pinholes,
the results show that the existence of carbo nanotube did not significantly improve the
performance of coating. Among all the coating systems, inorganic zinc rich multilayer systems
had the best protection against corrosion.
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Chapter 1
Introduction
Corrosion of pipelines is one of the major issues concerning corrosion in the industry of
oil and gas. Many of the pipelines used to transfer gas and oil are underground or under the
ocean, which will allow corrosion to attack these pipelines from both inside and outside, since
both sides of the pipelines are exposed to the corrosive environments. The corrosion of pipelines
becomes a sincere issue when major failure occurs because it can lead to environmental
pollution, injuries, and even deaths. To prevent the corrosion failure from happening, a large
amount of money is spent on maintenance or corrosion prevention. According to a report from
2014, in 2013 the direct corrosion cost was about $2.5 trillion, which is about 3.1% of the U.S.
GDP. It has been estimated that the corrosion cost in the U.S. would be more than $1.1 trillion in
2016 [1]. In addition to the economic loss in the United States, the corrosion of pipelines is also
becoming a main issue for countries whose economy heavily relies on exporting oil and gas,
including Qatar, Saudi Arabia, and Iran. The main reason behind it is the low retrieval from the
oil well. It is possible that CO2 and O2 can enter the oil well through the fluids, and thus initiate
the corrosion. If corrosion occurs on the pipelines and leads to leakage of oil and natural gas,
there will be sincere environmental damage. As a result, it has become increasingly important to
study how corrosion takes place and, more significantly, how to prevent or slow down the
process of corrosion. Zinc was the first material to be used as sacrificial metal, and it does have
many advantages, including high electrical capacity, low density, and relatively low price.
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This thesis investigates the properties of different coating systems and their ability to
protect steel from corroding in a environment that simulates some of the constituents found
inside natural gas pipelines in the Persian Gulf.
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Chapter 2
Literature Review

Corrosion of Steel
Corrosion is the deterioration of a material due to chemical reactions with its
environment. For corrosion to occur, there must be a cathode, anode, electrolyte (an aqueous
solution), and electrical connection. The reaction that takes place at the anodic side is oxidation:
metals lose electrons and revert to their natural states. The reaction that takes place in the
cathodic side is reduction: an element in the electrolyte gains electrons and thus is reduced. This
element is usually hydrogen and depends on the pH of the solution if not open to air. The
reactions at anode and cathode are the half-cell reactions of the corrosion reactions. For steel in
seawater, the corrosion reactions are shown below:
Anodic reaction: Fe → Fe2+ + 2eCathodic reaction: O2 + 2H2O + 4e-→ 4OH2Fe + O2 + 2H2O → 2Fe2+ + 4OHWhen steel is in contact with seawater, there is a difference in electrochemical potential
on areas of steel, which causes electric currents to pass through steel and the electrolyte. The
electric currents are transferred through ions: the anodic surface of steel gives up electrons and
form ferrous irons (Fe2+). The positive Fe2+ then are attracted by the hydroxide ion (OH-)
produced by the reduction reaction on the cathode. Hydroxide, OH-, is formed by the
dissociation of water releasing H+ and OH-. When Fe2+ and OH- meet, they form Fe(OH)2. The
electrons released by iron flow to the cathode. The hydrogen ion may combine with these
electrons and form H2, which may leave the solution as gas or react with oxygen (O2) and form
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water (H2O). In addition to the reactions between steel and water, there may be other reactions
occurring at the same time. Examples include the formation of ferric ion from ferrous ion, and
formation of zinc ion from zinc coatings. The presence of chloride ions may also affect corrosion
rate. It can form ferrous chloride with ferrous ions, which then forms ferric oxide (Fe2O3) and
ferric chloride (FeCl3). These two chemicals are considered as strong oxidizing agents and thus
will increase the corrosion rate.

Protection against corrosion
The common methods used to prevent steel in seawater from corroding include applying
different protective coatings on the steel structures, using cathodic protection and combining
these techniques.
One of the methods used to prevent corrosion in this research was the application of
protective coatings on steel. They serve as physical barriers to keep steel from coming into
contact with the corrosive surroundings. The coatings can also act as sacrificial layers that
protect steel by undergoing oxidation faster than the steel substrate. This happens when there are
metals more active than steel. The data obtained are usually results from tests on panels and
mooring buoys. Though the performance of coating on panels and mooring buoys are considered
very similar to that on actual steel in seawater, it is not necessarily always the same. The coatings
that fail to protect the steel panels will not be considered to have the ability to protect actual steel
pipelines. The coatings that provide protection for the panels will be considered as good
candidates to protect steel pipelines from corroding. The types of coating used nowadays are
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often divided into metallic coatings and nonmetallic coatings. Nonmetallic coatings can be
further divided into inorganic nonmetallic coating and organic nonmetallic coating [1].

Sacrificial Layer
According to the concept of galvanic corrosion, the metal substrate can be protected from
corrosion by applying a sacrificial layer to the coating system. The sacrificial metal should be
more active such that it can corrode preferentially to protect the metal substrate. In other words,
the half-cell potential of the sacrificial metal should be negative enough to provide a good
performance of protection, and thus sacrifices itself to protect steel. Based on the galvanic series,
magnesium, zinc, aluminum and their alloys are often used as components in sacrificial layers
depending on the actual environment.
The sacrificial metal reacts with the oxygen, either from air or solution, and thus forms an
oxide film. Since metals are more stable as metal oxide in nature, this passive film can protect
the underneath layer from further corroding if no disturbance is present.
Since there must be an electric connection between the substrate and the sacrificed metal
for a galvanic couple to form, the sacrificial layer should be applied directly on the substrate that
needs to be protected.

Zinc and its alloys
In multilayer coating system, metallic coatings are often used as the sacrificial layer.
Zinc and its alloy are good candidates to use in sacrificial layer for steel—they provide a larger
potential difference than most metals do—there is a larger force driving towards the protection of
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the steel. When zinc and steel become a galvanic couple, zinc act as the anode. As a result, zinc
will corrode in preference so as to protect steel from corroding. Corrosion products of zinc will
then form and vary with the surroundings such as temperature, oxygen concentration, pH value,
and salinity. The oxides formed provide good enough protections for the steel underneath, unless
it is attacked either chemically or mechanically.
In a recent research done by Su et al, black steel pipes and galvanized steel pipes were
placed in quiescent tap water for 12 months [2]. The photographs of both kinds of pipes are
shown in Figure 2-1. Some brown streaks appeared on the black steel pipes, however, no
evidence of further corrosion was found under microscope. For galvanized steel pipes, only the
zinc coating on some regions was faded. Salt fog test was then done on both pipes to determine
their corrosion rates in accelerated environment [3]. Weight loss tests were taken during the 12-
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From Table 2-1, the corrosion rate of black steel pipes is several times higher than that of
galvanized steel pipes in the salt fog test. The results indicate that zinc serves as a sacrificial
layer to protect the steel substrate, which leads to a lower corrosion rate than black steel pipes.

Barrier layer
A barrier layer is often added to the multilayer coating system because local corrosion
and rupture of the inherent passive film often occur due to the aggressive and corrosive
surroundings. Though passive proactive film can provide some protection for the steel substrate,
it can be worn off easily by erosion. Another factor damaging the sacrificial layer is that the
passive film dissolves in the solution and thus exfoliates.
There are many factors that can cause the damage of the passive film. In a recent study,
Meng et al investigate the effect of temperature, sand loading and velocity on the erosioncorrosion performance of stainless steel. In the experiment, two kinds of stainless steel UNS
S32760 and UNS S31603 were exposed to 3.5% sodium chloride solution [4]. The detailed
magnitudes of the results are shown in Figure 2-2.
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Figure 2-2. Total weight loss of 2 samples under the eight conditions [4]

It is clear that as velocity, sand loading, and temperature increase, the synergy weight
loss increases as well. However, temperature has less influence on the results, compared to
velocity and sand loading.

Table 2-2. The contributions of the three parameters to the erosion-corrosion synergy [4]

UNS
S32760
UNS
S31603

Velocity
(%)

Sand
Loading
(%)

Temperature
(%)

Velocity
&
Sand
Loading
(%)

25.32

23.93

6.84

23.03

7.69

6.77

6.42

34.48

33.37

0.22

31.57

0.05

0.17

0.14

Velocity
&
Temperature
(%)

Sand
Loading &
Temperature
(%)

Velocity, Sand
Loading &
Temperature
(%)

Table 2-2 shows the contribution of the three parameters to the erosion-corrosion
synergy. The results show that velocity, sand loading and their combination have the greatest
contribution. Though velocity, sand loading and their interaction are the protuberant factors of
erosion-corrosion, the high weight loss occurs when there are high velocity and high sand
loading. Velocity and sand loading individually cannot affect the erosion-corrosion significantly
over the range of the parameters used in these tests; the surface is relatively rough and thus needs
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adequate kinetic to remove it from the substrate. As a result, it is reasonable to assume that a
sudden increase of synergy weight loss is mainly determined by the critical impact kinetic
energy.
Organic coatings are good candidates as barrier layers for they perform well against
corrosion, have high commercial availability and are easy to apply. In a recent study done by
Suleiman, an epoxy-amine hybrid coating system in which 1,2-epoxybutane (EB) was mixed
with 2-4 percent aminoethylaminopropyl- methylsiloxane dimethylsiloxane copolymer and 1,6diaminohexane was testified [5]. The above coating (EBAC) was then mixed with three different
corrosion inhibitors, MOLY (Moly- White® 101 ED-PLUSTM), ZAPP (Heucophos ZAPPTM)
and Cerium (IV) ammonium nitrate, yielding the coatings (EBAC-M), (EBAC-Z) and (EABCCe). These coatings were applied to carbon steel panels, which later immersed in 3.5% NaCl
solution. The electrochemical characterization of cured EBAC-, EBAC-M-, EABC-Z- and
EBAC-Ce-coated replicas could be used to determine the performance of polydimethylsiloxane
coatings against corrosion. The Bode plots of the coatings after 24 and 192-hour immersion are
shown in Figure 2-3. It is clear that all coatings, except EABC-Ce sample, still provided good
protection as barriers after 192 hours, because their low frequency impedance values were still
very high [5].
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Figure 2-3. Bode plots of the hybrid organic–inorganic-coated carbon steel samples after 24-hour and 192 hour
immersion in 3.5 percent NaCl solution [5]

From the above results, it can be concluded that the combination of 1,2-epoxybutane with
amino-fuctionalized polydimethylsiloxane coating provides the best performance among all the
coating systems. This conclusion is supported by the higher corrosion resistance values. It can
also prove that organic coatings are good candidates as barrier layers.
When applying barrier layer to protect the substrate, the adhesion is also a key factor that
affects the performance of the barrier layer. It is found by SungMo Park and MinYoung Shon
that adding multiwalled carbon nanotubes (MWCNTs) can increase the conductivity and
adhesion strength of the coating, and thus improve its protection against corrosion. [6] Another
study done by Khun et al also shows that increasing the MWCNT content could increase wear
resistance of the epoxy topcoat because the lubricating and rolling effects were improved, as well
as the load bearing capacity [7]. This conclusion is supported by the EIS results that the coating
pore resistance increased with the increase of MWCNT. The total impedance of the samples
increased because the porosity density decreases.

Previous Research within the Shaw Research Group
Previous research has been done to test the corrosion protection performance of the
coating systems in which zinc serves as the sacrificial layer in artificial seawater (ASTM D1141-52). The coatings were applied to steel and the replicas are immersed for two years. The
details of the replicas are shown in Table 2-3.
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Table 2-3. Detailed coating system compositions and configurations

Paint Sacrificial
Conversion
System Metallic Coatings/Paint Sealer
Code
Coating
Base Coats
B1
ZRP
-

Primer

Topcoat

Solventbased

Solvent-based
CARC
Water-based
CARC
Water-based
CARC

B2

ZRP

-

-

B3

ZRP

Zn phosphate

-

-

B4

ZRP

E-coat

-

-

Total Coating
Thickness (um)
35.6
50.8
78.7
76.2

The results from EIS tests show the impedance of the coatings at low frequency. B1,
containing only zinc rich paint layer (ZRP), had the lowest impedance values (104 Ω·cm2). The
values then gradually increased 1 order of magnitude after one-year immersion, due to the
formation of corrosion products, which indicates ZRP preferentially corroded before steel. B2,
containing ZRP, solvent-based primer/topcoat, had higher impedance values than B1 (106
Ω·cm2). These values then dropped below 105 Ω·cm2 after six-month immersion. B3, containing
ZRP, Zn phosphate and water-based topcoat, had about the same values of the lowest impedance
as B2. The lowest impedance values also dropped to 105 Ω·cm2 after six-month immersion. B4,
which contains ZRP, E-coat and water-based topcoat, had the highest impedance values at lowest
frequency. These values remained between 1010 Ω·cm2 and 1011 Ω·cm2 even after 1-year
immersion. The EIS results match the visual observations for this group of replicas: B1, B2 and
B3 all show rust spots after they are immersed for six months, whereas B4 does not show any
sign of corrosion even after being immersed for a year. From the experiments, it can be
concluded that zinc, as sacrificial layer, can provide good protection for steel against corrosion
along with E-coat and water-based topcoat [8]. Figure 4 shows the lowest frequency impedance
versus the log of immersion time for Group B.
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Table 2-4. Lowest impedance values and visual appearances of each coating system [8]

lowest impedance value
(Ω·cm2)

0s

6 months

1 year

Visual Appearance

B1

104

105

rust spots after 6 months

B2

106

105

B3

106

105

105

rust spots after 6 months

B4

1010 -1011

1010 -1011

1010 -1011

no sign after 1 year

Code
-

<105

rust spots after 6 months

Figure 2-4. Low-frequency impedances VS. log of immersion time for coatings from Group B [8]

The objective of this research is to evaluate the performance of different zinc rich coating
systems on steel under internal pipeline corrosion conditions. The corrosion condition, obtained
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from extracted gas by Qatar Gas Company, includes chloride concentration of 2000 ppm, pH of
3.5, and temperature of 60℃, saturated with CO2.

Objective
In this study, the behaviors of the zinc rich primers with and without intermediate coat
and topcoat will be investigated. The intended outcome of the study is to find out the coating
system that provides the best protection against corrosion. The testing electrolyte used in this
research had 2000 ppm of chloride concentration and pH of 3.5. Different from the parameters
used by Qatar Gas Company, the testing environment was at room temperature. Since the
coatings were applied by brush, and the inherence of each layer was limited, the high
temperature would decrease the inherence of the layers. As a result, all tests were performed at
room temperature.
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Chapter 3
Experimental Design and Methods

Coatings
There are two types of coating systems analyzed in this thesis: organic zinc rich paint and
inorganic zinc rich paint. In each system, substrates with only primers and substrates with
primers, intermediate coats and topcoats were tested. These two systems were then compared
with TESLAN® 1101 ZN-CNT low VOC epoxy primer, which is a solvent-based, twocomponent, Zinc/CNT epoxy-polyamide primer.
Organic zinc rich primer is Epoxy resin heavily pigmented with zinc dust pigment (80%)
and cured by polyamide. The overall thickness for the organic zinc rich primer only (OZP)
ranges from 2.873 mils to 5.523 mils. The intermediate coat is Aliphatic Acrylic Polyurethane,
and the topcoat is Cycloaliphatic Amine Epoxy. The thickness of organic zinc rich primer with
intermediate coat and topcoat (OZ) ranges from 21.58 mils to 39.58 mils.
The inorganic zinc rich paint is solvent based inorganic zinc containing 85%  2% zinc
dust. The primer ranges from 4.96 mils to 9.567 mils in thickness. The intermediate coat is
Aliphatic Acrylic Polyurethane, and the topcoat is Cycloaliphatic Amine Epoxy, which are the
same as the organic zinc rich system. The inorganic zinc rich primer with intermediate coat and
topcoat ranges from 27.34 mils to 33.62 mils.
All of the coatings were applied to both sides of steel substrates with a medium, natural
bristle brush. A corner of each replica was abraded such that the steel substrate would be
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exposed. On one side of the replica, a small pinhole was introduced in order to test the
performance of coating when there was a defect. The coating systems analyzed in this thesis are
shown in Table 3-1.

Table 3-1. Coating System Compositions and Configurations

Paint
System
Code

ZN

C

Organic Zinc

Inorganic Zinc

Zinc/CNT
epoxypolyamide
primer

Intermediate

Aliphatic
Acrylic
Polyurethane

Aliphatic
Acrylic
Polyurethane

N/A

Top

Cycloaliphatic
amine epoxy

Cycloaliphatic
amine epoxy

N/A

Primer

OZP

ZNP

OZ

Organic Zinc Inorganic Zinc

Table 3-2. Testing schedule

Exposure
time

1
day

2
days

3
days

4
days

5
days

6
days

1
week

2
weeks

3
weeks

4
weeks

Coatings without pinhole

2
months

3
months

4
months

Coatings with pinhole

Table 3-3. Schematic coating system along with description

Schematic coating

Coating description

Thickness(mils)

system
Sacrificial Primer
Steel Substrate

Bare steel panel coated
with inorganic/organic zinc rich
primer

OZP:
2.873 - 5.523
ZNP:
4.960 - 9.567
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Topcoat
Intermediate Coat
Sacrificial Primer
Steel Substrate

Topcoat
Intermediate Coat
Sacrificial Primer

Bare steel panel coated
with organic/inorganic zinc rich
primer, Aliphatic Acrylic
Polyurethane as intermediate
coat and Cycloaliphatic Amine
Epoxy as topcoat

OZ:
21.58 - 39.58
ZN:
27.34 - 33.62

Bare steel panel coated
with Zinc/CNT epoxypolyamide primer, intermediate
coat and topcoat

N/A

Steel Substrate

Experimental Testing

Equipment and Testing Setup
All the panels were constantly immersed in the electrolyte, which had 2000 ppm of
chloride concentration and pH of 3.5. The electrolyte was designed this way to mimic the
anticipated exposure under the actual conditions, which were provided by Qatar Gas Company.
The panels were removed from the water baths when being tested. The electrolyte used for
testing was the same as the one in which the panels were immersed. Gamry® Potentiostats were
used to conduct the electrochemical impedance spectroscopy tests (EIS). In the tests, the panels
were the working electrodes, and the graphite rods were used as the counter electrode. The
reference electrode used was saturated calomel electrode (SCE). Shade balls were used to
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prevent the solution from evaporating while the panels were not being tested and were immersed
in the solution. While the panels were not being tested and were immersed in the electrolyte, the
electrolyte was covered with shade balls to slow down its evaporation. The conceptual setup and
actual set up are shown in Figure 3-1. However, in the actual tests, only a small area of each
replica was tested. Paint cells were used in the tests, and the testing area was then 8.042 cm2. All
the potential measurements are versus SCE.
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Figure 3-1. Schematic set up of the experimental setup (top)and
photograph of the actual the experiment
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pH Measurement
During immersion, the pH values of the electrolyte were monitored. The freshly prepared
electrolyte had pH value of 3.5. It increased to 3.90 after 1 day, and after 1 week it reached 6.44.
As the corrosion started, the pH values slowly increased and then decreased. The solution was
replaced every week. The pH values monitored within a week are presented in Table 3-4.

Table 3-4. pH values measured in one week

Time 0s

1
2
3
4
5
6
1
day days days days days days week
3.66 3.90 4.20 6.44 5.90 5.86 5.73 5.67

pH

Open circuit potential (OCP)
The open circuit potential test measures the corrosion potential of the coated steel panels
against a reference electrode as a function of time. From the OCP of the replicas, the metals’
tendency to corrode can be estimated, and thus it can also be determined if the coating is
protecting the steel substrate. Since the sacrificial layer should have a much lower OCP than bare
steel does (OCP of steel is around -710mV), if the OCP value increases overtime, it can be
concluded that the sacrificial coating is providing less protection. The OCP of a good organic
coating will be hard to measure and the value obtained may be some random number. If the
readings of OCP are more negative than the OCP value of the sacrificial metal in the coating, it
is possible that the coating is degrading or the ions from the electrolyte are permeating into the
coating.
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OCP tests were performed before each EIS test to make sure the specimens reach steady
state before we ran the EIS tests.

Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) was used to measure the impedance and
capacitance of all the replicas. The obtained impedance depends on the value of perturbation and
the value of system response, which are functions of time and frequency, and have a real part and
an imaginary part. According to Ohm’s Law, the impedance can be written as:
𝑍(𝜔) =

𝑉(𝑡)
𝑉0𝑠𝑖𝑛𝜔𝑡
=
= 𝑍 ′ (𝜔) + 𝑗𝑍′′(𝜔)
𝐼(𝑡) 𝐼0sin(𝜔𝑡 + 𝛩)

Figure 3-2. Testing parameters for the EIS tests
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Two kinds of plots are commonly used to analyze the results. Bode plot shows log|Z| and
log(Θ) versus log(f), while Nyquist plot shows Z' (ω) versus Z''(ω). Fitting the plots to an
equivalent electrical circuit will allow us to know the properties of the coating. The testing
parameters for the EIS tests are shown in Figure 3-2.
Note that the final frequency of the replicas with topcoat and without pinhole is 0.001Hz,
while those of other replicas are 0.01Hz. This is because the replicas with topcoat and without
pinhole have better performances against corrosion; thus the capacitance region of the Bode plots
is larger and the final frequency needs to go lower in order to know the impedance of the coating
and the electrolyte.
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Chapter 4
Results and Discussion
The experimental results are presented in 3 sections: performance of coatings without any
defect (pinhole), performance of coatings with a pinhole, and comparison of coatings with and
without pinholes. Two replicas of each coating system were tested as described in the
Experimental Design and Methods of this thesis. The results of both replicas for organic zinc
coating system, inorganic zinc coating system, and zinc dust with carbon nanotube coating
system were reproducible, and thus only results of one replica will be presented here.

Coatings Without Defect

Organic Zinc Rich Primer (OZP)
The open circuit potential (OCP) of the sample OZP versus immersion time plots are
given in Figure 4-1. The Bode and Nyquist plots of OZP are shown in Figure 4-2.
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Figure 4-1. Open circuit potential of OZP immersed in electrolyte with 2000 pm Cl- concentration and pH of 3.5
(VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 Day
-969.8
4 DAYS
-982.8
3 WEEKS
-837.1
4 MONTHS
-532.7
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Figure 4-2. Bode and Nyquist plots of OZP sample from EIS after 1 day, 4 days, 3 weeks and 4 months of
immersion

As seen in Figure 4-1, the open circuit potentials of OZP increased (from -900mV to 500mv). The increase of the OCP values might be caused by the dissolution of zinc particles and
the formation of corrosion product, which matches the visual observation that after 4 months the
panel was covered with white corrosion products, as seen in Figure 4-3. The Bode plot also
matches the results of OCP tests. The impedance at low frequency increased overtime, which
also might be the result of the formation of corrosion products. It can be speculated that though
the corrosion products formed, the coating was still protecting the steel substrate very well
because the corrosion products could act as barriers.

Figure 4-3. Images of OZP after 4 months of immersion
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Organic Zinc Rich Primer with Topcoat (OZ)
The open circuit potential (OCP) of the sample OZ versus immersion time plots are given
in Figure 4-4. The Bode and Nyquist plots of OZ are shown in Figure 4-5.
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Figure 4-4. Open circuit potential of OZ immersed in electrolyte with 2000 pm Cl- concentration and pH of 3.5
(VS SCE)) versus immersion time (weeks)
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TIME
OCP(mV)
0S
-803.3
4 DAYS
-331
3 WEEKS
-204.7
4 MONTHS
-934.9

Figure 4-5. Bode and Nyquist plots of OZ sample from EIS after 0, 4 days, 3 weeks and 4 months of immersion

It can be speculated that the value of OCP on the first day was a random number, because
initially the low frequency impedance was very high, yet the OCP value was more negative than
that on the first day. Since the topcoat was protecting the substrate very well (from the high
impedance value at low frequency from the EIS test), it acted like an insulator instead of a
resistor. As seen in the Bode plot, the low frequency impedance values decreased by 4 orders of
magnitude after 4-month immersion. However, the coating system was still providing a good
protection because its low frequency impedance was higher than that of organic zinc rich primer
only. The comparison of organic zinc rich primer and organic zinc rich primer with topcoat is
shown in Figure 4-6.
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Coating
OZP
OZ

TIME
OCP(mV)
4 DAYS
-982.8
4 MONTHS
-532.7
4 DAYS
-331
4 MONTHS
-934.9

Figure 4-6. Bode and Nyquist plots of OZP and OZ samples from EIS after 4 days and 4 months of immersion
(square-OZ, triangle-OZP)

Inorganic Zinc Rich Primer (ZNP)
The open circuit potential (OCP) of the sample ZNP versus immersion time plots are
given in Figure 4-7. The Bode and Nyquist plots of ZNP are shown in Figure 4-8.
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Figure 4-7. Open circuit potential of ZNP immersed in electrolyte with 2000 pm Cl- concentration and pH of 3.5
(VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-1056
4 DAYS
-940
3 WEEKS
-972.1
4 MONTHS
-779.8
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Figure 4-8. Bode and Nyquist plots of ZNP sample from EIS after 1 day, 4 days, 3 weeks and 4 months of
immersion

From Figure 4-7, the OCP of ZNP shows that ZNP provided a good protection against
corrosion and acted as a sacrificial layer for the first 4 weeks. After a 4-month immersion, its
OCP increased from around -1000mV to -780mV. However, the primer was still protecting the
substrate well, because the low frequency impedance increased by one order of magnitude after
4-month immersion. This might be due to the formation of the corrosion products of zinc, which
could act as a barrier.

Inorganic Zinc Rich Primer with Topcoat (ZN)
Figure 4-9 shows the open circuit potential (OCP) of the sample ZN changes as a function of
time. Figure 4-10 shows the Body plot and the Nyquist plot of ZN.
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Figure 4-9. Open circuit potential of ZN immersed in electrolyte with 2000 pm Cl- concentration and pH of 3.5
(VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
121.6
4 DAYS
-475.4
3 WEEKS
-685.6
4 MONTHS
-83.88
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Figure 4-10. Bode and Nyquist plots of ZN sample from EIS after 1 day, 4 days, 3 weeks and 4 months of the
immersion

The result of EIS shows that after 4-month immersion, some part of topcoat degrades
since the low frequency impedance decreased by over 2 orders of magnitude. However, the
topcoat was still providing a very good protection against corrosion, because comparing with the
EIS result of ZNP, the low frequency impedance of zinc rich primer with topcoat (ZN) was still
much higher than that of zinc rich primer only (ZNP). The comparison of ZN and ZNP is shown
in Figure 4-11.

Coating
ZNP
ZN

TIME
OCP(mV)
4 DAYS
-940
4 MONTHS
-779.8
4 DAYS
-475.4
4 MONTHS
-83.88
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Figure 4-11. Bode and Nyquist plots of ZNP and ZN samples from EIS after 4 days and 4 months of immersion (
square-ZN, triangle-ZNP)

Comparison of Organic Zinc Coating System and Inorganic Zinc Coating System
The EIS results of OZP and ZNP are presented in Figure 4-12. The OCP of both primers
were very close on the 4th day ( -982.8mV for OZP and -940mV for ZNP); however, after 4
months, the OCP of OZP increased to -532.7mV while that of ZNP increased to -779.8mV. This
implies that ZNP performed better as a sacrificial primer. The EIS results show that on the 4th
day, the low frequency impedance of OZP was higher, which means initially it had better
protection than ZNP did. However, after a 4-month of immersion, the impedance values of both
coatings became very close, implying that their performance now was very similar. The increase
in low frequency impedance was mainly caused by the formation of corrosion products, and thus
it is reasonable to believe it was easier for ZNP to form corrosion products. This can also be
speculated that ZNP served better as sacrificial layer because the increase in low frequency
impedance implied that it had corrosion products formed and thus it can be concluded that it
sacrificed faster to protect steel than OZP did.
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Coating
OZP
ZNP

TIME
OCP(mV)
4 DAYS
-982.8
4 MONTHS
-532.7
4 DAYS
-940
4 MONTHS
-779.8

Figure 4-12. Bode and Nyquist plots of OZP and ZNP samples from EIS after 4 days and 4 months of immersion
(square-OZP, triangle-OZ)

Figure 4-13 shows the EIS results of OZ and ZN. The low frequency impedance of OZ
and ZN were very close on the 4th day. After 4-month immersion, their impedance values both
decreased, but with the existence of topcoat, both coating systems were still providing good
protection against corrosion for the steel substrate. However, it is clearly shown that the low
frequency impedance value of ZN was 2 orders of magnitude higher than that of OZ after being
immersed for 4 months, which also matches the results obtained from OZP and ZNP: inorganic
zinc rich system provided better protection against corrosion.
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Coating
OZ
ZN

TIME
OCP(mV)
4 DAYS
-331
4 MONTHS
-934.9
4 DAYS
-475.4
4 MONTHS
-83.88

Figure 4-13. Bode and Nyquist plots of OZ and ZN samples from EIS after 4 days and 4 months of immersion
(square-OZ, triangle-ZN)

Coatings with a Pinhole

Organic Zinc Rich Primer (OZP)
The open circuit potential (OCP) of the sample OZP versus immersion time plots are
given in Figure 4-14. The Bode and Nyquist plots of OZP are shown in Figure 4-15.
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Figure 4-14. Open circuit potential of OZP with pinhole immersed in electrolyte with 2000 pm Cl- concentration
and pH of 3.5 (VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-900.7
1 WEEK
-894.1
3 WEEKS
-902.4
3 MONTHS
-776.6
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Figure 4-15. Bode and Nyquist plots of OZP sample with pinhole from EIS after 1 day, 1 week, 3 weeks
and 3 months of immersion

Figure 4-14, shows that the overall trend of the open circuit potential (OCP) was
increasing overtime. Initially, the OCP value was -939.8mV and after 3 months it slowly
increased to -776.6mV. The EIS results also show an increase in impedance at low frequency.
For the first 3 weeks, the low frequency impedance values were very close; however, after 3
months, it increased by one order of magnitude. From the OCP test and EIS test, it can be
speculated that with the pinhole present, zinc was corroding faster than the coating without any
defect, and thus it sacrificed to protect the pinhole and the steel substrate.

Organic Zinc Rich Primer with Topcoat (OZ)
The open circuit potential (OCP) of the sample OZP versus immersion time plots are
given in Figure 4-16. The Bode and Nyquist plots of OZP are shown in Figure 4-17.
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Figure 4-16. Open circuit potential of OZ with pinhole immersed in electrolyte with 2000 pm Cl - concentration
and pH of 3.5 (VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-930.3
1 WEEK
-734.2
3 WEEKS
-673.4
3 MONTHS
-756.4
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Figure 4-17. Bode and Nyquist plots of OZ sample with pinhole from EIS after 1 day, 1 week, 3 weeks and 3
months of the immersion

The OCP values after the first 2 days were around -1000mV vs. SCE. After that, the OCP
values increased and stabilized between -800mV and -600mV. This is because during the first 2
days, there was still some residual zinc dust on the steel substrate and it was still protecting the
steel substrate as a sacrificial metal. However, after 2 days, all of this zinc was sacrificed and the
electrolyte was able to contact the substrate directly, which is why the OCP results showed the
properties of steel from the 3rd day to 3rd month. The impedance values at low frequency were
very stable for the first 3 weeks: with a value around 1Mohm. After 3 months of immersion, the
impedance at low frequency decreased by one order of magnitude. This might be due to the fact
that the electrolyte penetrated into the topcoat and the coating system started degrading. The EIS
results also show the response of zinc because the low frequency impedance decreased with
immersion of time, which means introducing the pinhole helped the organic zinc rich primer
sacrifice faster to protect the steel substrate. However, even though a pinhole was present, the
coating system consisting of both primer and topcoat still provided better protection against
corrosion than that with only primer. The comparison of OZP and OZ is shown in Figure 4-18.
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Coating
OZP
OZ

TIME
OCP(mV)
1 WEEK
-894.1
3 MONTHS
-776.6
1 WEEK
-734.2
3 MONTHS
-756.4

Figure 4-18. Bode and Nyquist plots of OZP and OZ samples with pinhole from EIS after 1 week and 3 months
of immersion (square-OZ, triangle-OZP)
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Inorganic Zinc Rich Primer (ZNP)
The open circuit potential (OCP) of the sample ZNP versus immersion time plots are
given in Figure 4-19. The Bode and Nyquist plots of ZNP are shown in Figure 4-20.
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Figure 4-19. Open circuit potential of ZNP with pinhole immersed in electrolyte with 2000 pm Cl- concentration
and pH of 3.5 (VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-968.1
1 WEEK
-941.6
3 WEEKS
-954.6
3 MONTHS
-827.6
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Figure 4-20. Bode and Nyquist plots of ZNP sample with pinhole from EIS after 1 day, 1 week, 3 weeks and 3
months of immersion

The OCP results reflect the properties of zinc corroding, because the initial OCP value
was -970mV, and it gradually increased to around -830mV. This means zinc was sacrificing
itself to protect the steel substrate. It can be postulated that creating a pinhole on the coating
helped activate zinc as a sacrificial metal to protect the steel substrates. The EIS results show a
slight increase in impedance at low frequency, but the values were very close to each other
within the 3 months of exposure.

Inorganic Zinc Rich Primer with Topcoat (ZN)
The open circuit potential (OCP) of the sample ZN versus immersion time plots are given
in Figure 4-21. The Bode and Nyquist plots of ZN are shown in Figure 4-22.
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Figure 4-21. Open circuit potential of ZN with pinhole immersed in electrolyte with 2000 pm Cl - concentration
and pH of 3.5 (VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-694.2
1 WEEK
-719.4
3 WEEKS
-696.8
3 MONTHS
-105.4
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Figure 4-22. Bode and Nyquist plots of ZN sample with pinhole from EIS after 1 day, 1 week, 3 weeks and 3
months of immersion

Initially, the OCP value showed the properties of the zinc, which could be due to residual
zinc on the surface of steel. After that, the OCP values stayed at round -700mVvs. SCE for 2
weeks. During this time, the steel substrate was slowly corroding. After 3-months of immersion,
the OCP value increased to -105.4mV vs. SCE.
The EIS results show an increase in impedance values at low frequency: for the first
week, the low frequency impedance value was around 1 Mohm. It then slowly increased with the
time of immersion and reached over 10 Mohm after 3 months. From the OCP and EIS results, it
can be speculated that the pinhole helped activate zinc, which allowed it to corrode preferentially
and thus protected the steel. While zinc was corroding, some corrosion products of zinc formed
and healed the pinhole like a barrier. As a result, its low frequency impedance increased
overtime.
The low frequency impedance of ZNP and ZN both increased with the immersion time
due to the fact that corrosion products of zinc formed and sealed the pinhole, which acted as a
barrier and provided protection for the steel substrate. By comparing the results of ZNP and ZN,
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it can be concluded that the coating system performed much better with topcoat, because the
impedance values at low frequency of ZN were at least 3 orders of magnitudes higher than that
of ZNP, as seen in Figure 4-23.

Coating
ZNP
ZN

TIME
OCP(mV)
1 WEEK
-941.6
3 MONTHS
-827.6
1 WEEK
-719.4
3 MONTHS
-105.4

Figure 4-23. Bode and Nyquist plots of ZNP and ZN samples with pinhole from EIS after 1 week and 3 months
of immersion (square-ZN, triangle-ZNP)

Zinc with Carbon Nanotube (C) with a Pinhole
The open circuit potential (OCP) of the sample C with pinhole versus immersion time
plots are given in Figure 4-24. The Bode and Nyquist plots of C are shown in Figure 4-25.
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Figure 4-24. Open circuit potential of C with pinhole immersed in electrolyte with 2000 pm Cl- concentration
and pH of 3.5 (VS SCE) versus immersion time (weeks)

TIME
OCP(mV)
1 DAY
-434.2
8 DAYS
-540.1
3 WEEKS
-384.2
3 MONTHS
-537.8
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Figure 4-25. Bode and Nyquist plots of C sample with pinhole from EIS after 1 day, 1 week, 3 weeks and 3
months of immersion

The OCP values (VS SCE) gradually decreased for the first 2 weeks, which might be due
to the degradation of the topcoat. On the 3rd week, the OCP increased by over 200mV. This
might be the result of formation of corrosion products, which healed the pinhole and acted like a
barrier. After 3-month of immersion, the OCP decreased again, because the corrosion products of
zinc slowly dissolved in the electrolyte and the steel substrate was then in direct contact with the
corrosive solution.

Comparison of Different Coating Systems
The EIS results of OZP and ZNP are presented in Figure 4-26. The behaviors of OZP and
ZNP were very similar: the OCP increased and the low frequency impedance values for both
replicas increased overtime. OZP provided better protection against corrosion than the ZNP did,
because when we compare their impedance at low frequency, OZP had higher values than ZNP.
This speculation can also be proved by the OCP values: ZNP had a lower OCP, which means it
was actively corroding.
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Coating
OZP
ZNP

TIME
OCP(mV)
1 WEEK
-894.1
3 MONTHS
-776.6
1 WEEK
-941.6
3 MONTHS
-827.6

Figure 4-26. Bode and Nyquist plots of OZP and ZNP samples with pinhole from EIS after 1 week and 3 months
of the immersion (square-OZP, rhombus-ZNP)

The EIS results of OZ, ZN and C are presented in Figure 4-27. From the results, we can
tell that the presence of carbon nanotube did not improve the protection of the coating on the 10th
day of immersion, since C had the lowest impedance value among all the coating systems. After
3 months, the performance of ZN was still very good: its low frequency impedance value was 2
orders of magnitude greater than the other two coating systems. OZ and C had very close
impedance values, and C was a little better than OZ, as seen in Figure 4-28.
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Coating
OZ
ZN
C

OCP(mV)
-668.7
-707.8
-628

Figure 4-27. Bode and Nyquist plots of OZ, ZN and C samples with pinhole from EIS after 10 days of immersion
(square-C, rhombus-OZ, triangle-ZN)
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Figure 4-28.Bode and Nyquist plots of OZ, ZN and C samples with pinhole from EIS after 3 months of
immersion (square-C, rhombus-OZ, triangle-ZN)

Comparison of Coatings with and without Pinholes

Organic Zinc Rich Primer
The EIS results of OZP are presented in Figure 4-29. Without a pinhole, the low
frequency impedance increased with immersion time. This might be due to the formation of
corrosion products, which acted as barriers. When a pinhole was introduced, it allowed the steel
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substrate to be exposed to the electrolyte, and thus a galvanic couple was formed (zinc dust and
steel). There was increasingly less zinc, for zinc sacrificed to protect steel, which led to the
decrease in low frequency impedance.
Coating

TIME
5 DAYS
No Pinhole
3 WEEKS
5 DAYS
Pinhole
3 WEEKS

OCP(mV)
-1009
-837.1
-934.6
-902.4

Figure 4-29. Bode and Nyquist plots of OZP samples with and without pinhole from EIS after 5 days and 3
months of immersion (square-no pinhole, triangle-with a pinhole)

Organic Zinc Rich Primer with Topcoat (OZ)
The EIS results of OZ are presented in Figure 4-30. The replica without a pinhole had a 3
orders of magnitude larger impedance at low frequency than the replica with pinhole. The
performance of both replicas decreased overtime, as the electrolyte penetrated into the coating.
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The decrease for the replica with pinhole was slightly larger. With a pinhole, the coating still
provided a very good protection, because the low frequency impedance was still 1 order of
magnitude higher than that of replica with only a primer.

Coating

TIME
3 DAYS
No Pinhole
4 WEEKS
3 DAYS
Pinhole
4 WEEKS

OCP(mV)
-479.3
-157.1
-630.3
-673.4

Figure 4-30. Bode and Nyquist plots of OZ samples with and without pinhole from EIS after 3 days and 4 weeks
of immersion (square-no pinhole, triangle-with a pinhole)

Inorganic Zinc Rich Primer (ZNP)
The EIS results of ZNP are presented in Figure 4-31. The behaviors of replicas with a
pinhole and without a pinhole were very similar: their low frequency impedance values both
increased overtime. This shows that the inorganic zinc rich primer was protecting the steel
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substrate very well, and introducing a pinhole into the coating did not affect its performance. The
reason why the replica with pinhole also provided a good protection against corrosion might be
that corrosion products healed the pinhole, and acted as a barrier.

Coating

TIME
5 DAYS
No Pinhole
3 WEEKS
5 DAYS
Pinhole
3 WEEKS

Figure 4-31. Bode and Nyquist plots of ZNP samples with and without pinhole from EIS after 5 days and 3
weeks of immersion (square-no pinhole, triangle-with a pinhole)

OCP(mV)
-932.9
-972.1
-886.9
-954.6
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Inorganic Zinc Rich Primer with Topcoat (ZN)
The EIS results of ZN are presented in Figure 4-32. The low frequency impedance of the
replica without a pinhole decreased overtime, while that of the replica with a pinhole increased
overtime. For the replica without a pinhole, the electrolyte might have penetrated into the
coating, which caused the decrease in low frequency impedance. When a pinhole was
introduced, it helped zinc and steel form a galvanic couple, and thus zinc sacrificed itself to
protect the steel. As a result, the corrosion products of zinc formed and healed the pinhole. The
corrosion products acted as barriers and protected the steel substrate, which led to an increase in
low frequency impedance value.
OCP(mV)
-894.1 Coating
-776.6
No Pinhole
-941.6
-827.6
Pinhole

TIME
3 DAYS
3 WEEKS
3 DAYS
3 WEEKS

OCP(mV)
-715.1
-696.8
-340.2
-685.6
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Figure 4-32. Bode and Nyquist plots of ZN samples with and without pinhole from EIS after 3 days and 3 weeks of
immersion (square-no pinhole, triangle-with a pinhole)

EIS Results of Bare Steel
The EIS results of bare steel are presented in Figure 4-33. From the visual observation of
the steel sample, it is clear that steel was corroding during the 1-week immersion, because the
sample showed red rust spots. From the increase of the low frequency impedance on EIS results,
it can be speculated that the steel panel formed oxide film on the surface, which provided a little
protection. However, the protection was very little and the oxide film soon dissolved in the
electrolyte. In addition, it can also be concluded that all the coatings provided good protections
against corrosion, because their low frequency impedance values were several orders of
magnitude larger than that of bare steel.
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Figure 4-33. Bode and Nyquist plots of bare steel samples immersed in electrolyte with 2000 pm Clconcentration and pH of 3.5 in 1 week
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Chapter 5
Conclusion
This study mainly evaluated the performance of an organic zinc rich coating system and inorganic
zinc rich coating system. In each system, samples coated with primer only and samples coated with
primer, intermediate coat and topcoat were investigated. On one side of each panel, a pinhole was
introduced. OCP and EIS tests were carried out to determine the performance of coatings with and
without defect. All of the samples were immersed in the electrolyte containing 2000 ppm of chloride
concentration and pH value of 3.5. For coatings without an intentional defect, the panels were tested for 4
months, while for coatings with defect, the panels were tested for 3 months.

For panels with only primer and no pinhole, their low frequency impedance values
increased overtime due to the formation of corrosion products. These corrosion products served
as barriers, and thus slowed down the corrosion rate. For panels coated with multilayer systems
and with no pinhole, the low frequency impedance values decreased overtime, which might be
the result of electrolyte penetrating into the coating and the coating starting to degrade. When
comparing only primers with no defect, inorganic zinc rich primer (ZNP) showed better
performance against corrosion than organic zinc rich primer (OZP) did, because the inorganic
zinc sacrificed itself faster and thus protected the steel substrate. For the multilayer systems with
no pinhole, the inorganic zinc rich system also provided better protection for steel, supported by
its high impedance values at low frequency and high OCP values. For both systems, panels with
primers, intermediate coats and topcoats had higher impedance values than those with only
primers, which implies that the topcoat did provide good protection against corrosion.
For panels with only primers and pinhole, the impedance at low frequency for both
samples for both systems increased overtime, but organic zinc rich primer had slightly better
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performance. For panels with multilayer coating systems and pinhole, the low frequency
impedance of inorganic zinc rich system increased overtime while that of organic zinc rich
system and TESLAN® 1101 ZN-CNT low VOC epoxy primer along with topcoat decreased.
Inorganic zinc rich system had the best performance against corrosion among all the multilayer
systems, which could be the result of a higher concentration of zinc dust.
When comparing the results of samples with and without pinholes, the panels with only
primers showed very similar behaviors, which implies the existence of defects did not influence
the coatings’ performances. For the multilayer coating systems, the samples with pinhole had
much lower impedance values than the coatings without an intentional defect. This means the
defect had more effect on the performance of the intermediate coat and the topcoat.
Overall, inorganic zinc system provided the best protection against corrosion for both a
coating with only primer and the multilayer coating system, which might be due to the higher
zinc concentration (85% VS. 80%). All coatings providing very good protections when
compared to the bare steel specimen , because the low frequency impedance of bare steel was
much smaller than those with coatings.
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Chapter 6
Future Work
Now that we have concluded that zinc rich systems provided better protections against
corrosion for the steel substrate, which might be due to the higher concentration of zinc pigment,
the next step will be to determine how the weight percentages of each composition affect the
performances of the coating. In addition, it will be important to find out why and how inorganic
zinc coating system provided a better protection than the organic zinc coating system did.
More work is needed to be done on the ZN-CNT coating system. It will be important to
find out how it performs without pinhole, and compare the results with those of organic zinc
coating system and inorganic zinc coating system. Additionally, we can investigate more on how
will the ZN-CNT coating system behaves when the intermediate coat and topcoat are absent, and
then compare it with those of the other two coating systems. This would give us a clearer idea on
which coating system will serve better as sacrificial layer.
Since the defect we used in the tests were pinholes, it would be good if we can find out
how other defects will influence the performances of the coatings. Besides defect, the future
work should also include investigating the effects of erosion, since under realistic conditions,
erosion also plays a significant role in damaging the coatings and the substrates.
Furthermore, we should also do more research on how the pH values and temperature
affect the corrosion rate, because most of the countries that face issues of corrosion are located in
the Middle East or close to oceans, where temperatures are generally high. The seawater may
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have different pH values from the electrolyte we used. It will be helpful to find out how these
changes will affect corrosion.
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Appendix A
Open Circuit Potential(mV) vs SCE of All Coatings

Open Circuit Potential(mV) of All Coatings W/O Pinhole
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Figure A-1. Open Circuit Potential(mV) vs SCE of All Coatings W/O Pinhole
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Figure A-2. Open Circuit Potential(mV) vs SCE of All Coatings W/ Pinhole
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Appendix B
Bode Plot of All Coatings on August 26th

Figure B-1. Overlaid Bode plot of all coatings on August 26th
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