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ABSTRACT
During oil and gas production and transportation, the presence of an oil-sand slurry, together with
the presence of CO2, H2S, oxygen, and seawater, create an erosive/abrasive and corrosive environment for
the interior surfaces of undersea pipelines transporting oil and gas from offshore platforms. Erosion/wear
and corrosion are often synergic processes leading to a much greater material loss of pipeline cross-section
than that caused by each individual process alone.
Both organic coatings and metallic sacrificial coatings have been widely employed to provide
protection to the pipeline steels against corrosion through barrier protection and cathodic protection, and
these protection mechanisms have been well studied. However, coating performance under the synergic
processes of erosion/wear and corrosion have been much less researched and coating degradation
mechanisms when erosion/wear and corrosion are both going on has not been well elucidated.
In the work presented in this dissertation, steel panels coated with filler reinforced epoxy coatings
and carbon nanotubes (CNTs) reinforced zinc-rich coatings have been evaluated under erosion/wear
followed by an exposure to a corrosive environment. Electrochemical tests and material characterization
methods have been applied to study the degradation mechanisms of the coatings during the tests and coating
degradation mechanisms have been proposed.
While organic coatings with a lower amount of filler particles provided better protection in a
corrosive environment alone and in solid particle impingement erosion testing alone, organic coatings with
a higher amount of filler particles showed better performance during wear testing alone. A higher amount
of filler particles was also beneficial in providing protection against wear and corrosion environment, and
erosion and corrosion environment. Coating thickness played a significant role in the barrier properties of
the coatings under both erosion and corrosion tests. When the organic coatings were exposed to a corrosive
environment with presence of H2S, thicker coatings provided better protection regardless of the amount and
types of filler particles present in the coatings.
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For zinc-rich coatings, coatings with CNTs provided better barrier protection for the steel substrate
than traditional zinc-rich coatings in a corrosive environment alone. However, the CNTs-filled zinc-rich
epoxy coatings did not provide adequate protection when the coated specimens were exposed to erosion
and corrosion.
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Chapter 1 Introduction
The protection of internal surfaces of oil and gas pipelines in marine environments is of great
importance. Pipelines are usually made of carbon steel because of its low cost and wide availability (Gandy,
2007). During oil and gas production, the internal surfaces of these pipelines are exposed to corrosive
environment that include the presence of CO2, H2S, oxygen, and seawater (X. Hu, Barker, Neville, &
Gnanavelu, 2011; Lauer, 2004, 2007; Tawancy, Al-Hadhrami, & Al-Yousef, 2013). In the Middle East,
this corrosive environment is even more severe since the elevated ambient temperatures increase the rate
of corrosion (the reaction rate doubles for every increase in 10˚C in (Pauling, 1988)).
In addition to chemical (corrosive) factors, solid particle erosion and wear should be considered in
studies to assess protective nature of internal pipeline coatings. When the formation strength of an oil/gas
reservoir becomes lower, more sand is produced along with the oil and gas (Salama, 2000). This mixture
of sand, oil, and water flowing through the pipeline causes significant material degradation especially in
areas where there are changes in pipeline structure such as: sudden expansions/contractions in pipe
diameter, areas of cavitation, areas with pipe wall imperfections or protrusions, and joints (X. Hu et al.,
2011; Chong Yau Wong, Solnordal, Graham, Short, & Wu, 2015; C. Y. Wong, Solnordal, Swallow, & Wu,
2013). Erosion and corrosion are often synergic processes leading to a very rapid failure of pipeline
structures (X. Hu et al., 2011; Ilman, 2014).
Organic coatings have been applied to internal pipeline surfaces for more than 60 years. In addition
to preventing internal pipeline corrosion, the internal coating can also improve hydraulic efficiency of the
pipelines and mitigate deposition of asphaltene. The base of the internal coating materials can be epoxy,
phenolics, novolacs, nylon, or urethanes. Field data have shown that the pipelines are well protected by
epoxy phenolic coatings for more than 30 years under high temperature (more than 100˚C), high pressure
(100 psi), and presence of H2S (51ppm) (Lauer, 2004, 2007). However, traditional organic coatings do not
perform well against erosion due to their low erosion resistance. To increase the wear resistance, filler
particles have been added to the polymer matrix in coating systems. Experiments have shown that by adding
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filler particles such as aluminum oxide, silica, and silicon carbide, the hardness and wearing resistance of
the coating system increased (Luo, Zheng, Li, & Ke, 2003; R. Zhou, Lu, Jiang, & Li, 2005; S. Zhou, Wu,
Sun, & Shen, 2002).
Besides organic coatings, zinc-rich coatings have been widely employed to provide corrosion
protections for steel substrates. Under corrosive environment, the zinc particles in the coating could provide
sacrificial protection for the steel substrate even in the presence of defects in the coating, and eventually
form a protective layer of their corrosion products for barrier protection (Hammouda, Chadli, Guillemot, &
Belmokre, 2011; Jagtap, Patil, & Hassan, 2008; Morcillo, Barajas, Feliu, & Bastidas, 1990; Vilche,
Bucharsky, & Giudice, 2002) (Shreepathi, Bajaj, & Mallik, 2010). Recently, with the development and
mass production of CNTs, new coating formulations have been designed where CNTs serve as conductive
network within the coating to aid in providing sacrificial protection. Previous research has shown that a
higher content of CNTs increased the conductivity of epoxy zinc coatings (Cubides & Castaneda, 2016;
Park & Shon, 2015). In addition, the nano-scaled size of CNTs helps to fill defects such as cracks, crevices,
and thus increase the coating’s

protection against corrosion (Jeon, Park, & Shon, 2013; Praveen,

Venkatesha, Naik, & Prashantha, 2007). The presence of CNTs also improved the mechanical properties
of the coatings.
The objective of this research was to assess the degradation mechanisms of particulate reinforced
epoxy coatings and CNTs-zinc composite coatings in erosive/abrasive and corrosive environments so as to
provide information relevant to the choice of internal pipeline coatings for new undersea pipelines in the
Middle East.
Three manuscripts were prepared based on the results of this dissertation research and these
manuscripts provide the major scientific contributions of this research. These manuscripts can be found in
the appendices of this dissertation. The first manuscript has already been submitted for publication in
Progress in Organic Coatings. The second and third manuscripts will be submitted to journals during the
summer of 2017. The major findings of the research are summarized in the body of this dissertation while
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the more complete stories of the research contributions are given in each of the respective papers. The
conclusions section of the dissertation gives the conclusion from the entire body of work.
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Chapter 2 Background and literature review
In the following sections, background information on exposure environment (2.1), coatings (2.2,
2.3), and electrochemical testing methods (2.3) will be provided.
2.1 Exposure environment
Both corrosion and erosion factors create an aggressive environment inside undersea gas pipelines.
In the following sections, both of these factors will be discussed.
2.1.1 Corrosion environment
As has already mentioned in Chapter 1, elevated temperature creates a corrosive environment for
the pipelines in the Persian Gulf area by increasing rate of corrosion reaction.
In addition to high temperature, CO2 and H2S also play important roles in forming a corrosive
seawater environment for the internal surfaces of undersea pipelines.
To increase the amount of oil and gas to be extracted from a well, CO2 gas injection enhanced oil
recovery (EOR) have been widely implemented (Terry, 2001), creating an environment with large amount
of CO2. Dry CO2 gas itself is not corrosive. However, when dissolved in an aqueous environment, CO2
would react with water molecules forming carbonic acid (equation 1). The carbonic acid can partially
dissociate into the bicarbonate ion and a proton (equation 2); the bicarbonate anion can then partially
dissociate to carbonate ion (equation 3) and a proton.
CO# + H# O ⇔ H# CO'

(1)

H# CO' ⇔ H ( + HCO)
'

(2)

#)
(
HCO)
' ⇔ H + CO'

(3)

Reactions (2) and (3) provide an acidic environment, causing steel to corrode. CO2 dissolved in
solution is more corrosive than a strong acid solution (such as hydrochloric acid, sulfuric acid) of same pH
value. Unlike strong acid, carbonic acid serves as a pH buffer and keeps the solution at a low pH (De Waard
& Milliams, 1975).
The presence of H2S also decrease the pH of the exposure environment, and it can deteriorate
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carbon steel surface by forming different types of iron sulfides (Wei & Nesic, 2007). These corrosion
products have a loose porous structure and do not provide any barrier protection for steel underneath
(Shoesmith, Taylor, Bailey, & Owen, 1980). Even with the presence of an organic coating, where no ionic
conduction is allowed, H2S together with water can permeate epoxy amine films and react with the iron
substrate in a 5% NaCl solution saturated with H2S and CO2. The formation of the corrosion products can
then cause delamination of the coating (Bernard et al., 2002).
2.1.2 Erosion environment
There are three types of erosion found in the internal of pipelines during oil and gas transportation
and pipeline maintains: wireline abrasion (cutting interaction between a wireline and the internal surface of
pipeline), large body abrasion (related to rod or beam pumping production), and flowing solid abrasion
(Lauer, 2014). Ideally, all three types of erosion should be taken into consideration when assessing the
erosion resistance of internal pipeline coatings.
Erosion can cause great material loss for pipelines. Wong et al. combined physical and
computational fluid dynamic simulation methods to study the erosion of the pipeline internal surface. They
found that maximum erosion occurred on the forward-facing edge of the pipe cavities and weld (Chong
Yau Wong et al., 2015; C. Y. Wong et al., 2013). R. D. Pourciau et al. ran proppant erosion tests on bare
pipelines. They pumped proppant (20/40 mesh ceramic suspended in frac gel) with velocity 33 ft/s through
the pipe. As shown in Figure 2-1, after pumping 1,000,000 lbs. of proppant, wear was exhibit at the area of
the ridge and rough surfaces (Pourciau, 2002). Abrasive wear and solid impingement erosion caused
mechanical damage to organic coatings, and a reduction in barrier properties of coatings have been observed
in a 0.3% weight percent Na2SO4 solution (Reyes-Mercado, Rossi, Deflorian, & Fedel, 2008). Erosion and
corrosion are often synergic processes leading to a very rapid failure of pipeline structure(X. Hu et al., 2011;
Ilman, 2014).
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Figure 2-1 Internal surface of a bare pipeline after 1,000,000 lbs proppant has passed through. The pipeline
was cut in half for observation (Pourciau, 2002)

The damages inflicted by both erosion and corrosion can cause great economic loss and
environmental problems, therefore it is essential to take various methods of erosive degradation into account
in studying the protective nature of internal pipeline coatings.
2.2 Organic Coatings
Organic coatings have been applied to internal pipeline surfaces for more than 60 years. In addition
to preventing internal pipeline corrosion, the internal coating can also improve hydraulic efficiency of the
pipelines and mitigate deposition of asphaltene (Lauer, 2004, 2007, 2014). The base of the internal coating
material can be epoxy, phenolics, novolacs, nylon, or urethanes. Field data have shown that the pipelines
are well protected by epoxy phenolic coatings for more than 30 years under high temperature (more than
100˚C), high pressure (100 psi), and in the presence of H2S (51ppm) (Lauer, 2004, 2007).
With the application of internal coating, the surface roughness of the internal pipeline can be
reduced. The lower surface roughness reduces the turbulence flow in pipelines and thus reduces small
particle impact (Lauer, 2014). However, traditional organic coatings still do not perform well against
erosion due to their low wear resistance. Abrasion and particle impact cause mechanical damage to organic
coatings, and a reduction in barrier properties of epoxy polyester coatings have been observed in abrasive
slurries containing sand and a 0.6% weight percent Na2SO4 aqueous solution. Figure 2-2 shows the coating
resistance against wear in Taber testing using different sands with a load of 500g. With an increase in
abrasion cycles, the coating resistance decreased significantly (Rossi, Deflorian, & Risatti, 2006).
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Figure 2-2 Resistance of epoxy polyester coating as a function of cycles for different sands; a load of 500g
applied. Tested in in abrasive slurries containing sand and a 0.6% weight percent Na2SO4 aqueous solution
(Rossi et al., 2006).

2.2.2 Filler
To increase the wear resistance of organic coatings, filler particles have been added to the polymer
matrix in coating systems. Lauer pumped hydraulic fracturing fluid (viscous fluid containing either sand or
manufactured solids) through pipelines coated with epoxy phenolic coatings. After pumping more than
2,000,000 lbs of fluid with the speed of 56 ft/s, a specimen with an original epoxy phenolic coating was
abraded to bare metal; a coating reinforced with filler lost only 12% of its total film thickness in the same
area (shown in ). Together with Taber test, Lauer found that incorporation of filler increased the abrasion
resistance of the coating system by 50 times (Lauer, 2014).
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Figure 2-3 Section of internal pipes after erosion test with 2,000,000 lbs of erosive liquid. Minimal wear showed
on filler reinforced abrasion-resistant coating; significant wear was found on original epoxy coating(Lauer,
2014)

Different filler particles are added to coatings to achieve different functions. Incorporation of nanosized silica particles improved the wear resistance of epoxy and polyurethane under abrasive wear testing
(Xing & Li, 2004; R. Zhou et al., 2005). Adding nano-sized (50 nm) alumina particles to a PTFE polymer
increased scratch and abrasive resistance of the composite coating without sacrificing the corrosion
resistance of the coating (Y. Wang, Lim, Luo, & Xu, 2006). Filling polytetrafluoroethylene (PTFE) with
nano-sized zinc oxide (50nm) greatly reduced the wear rate of the polymer. As can be observed in Figure
2-4, PTFE coatings with addition of 15 vol% ZnO had higher resistance against wear than coatings without
filler or other loading of filler particles(Li, Hu, Li, & Zhao, 2001). Talc and CaCO3 increased the Young’s
modulus of a polypropylene polymer, but decreased the strength and yield stress of the polymer matrix
(Pukanszky, Belina, Rockenbauer, & Maurer, 1994). Aglan et al. employed multi-walled carbon nano-tubes
(MWCNT) to an epoxy and vinyl chloride/vinyl acetate copolymer coating, and they found that the addition
of only 0.1 wt% MWCNT improved the ultimate strength of the coating. The coating resistance after 70
days of exposure to 5% NaCl increased with the addition of MWCNTs (Aglan, Allie, Ludwick, & Koons,
2007). Khun et al. discovered that incorporation of CNTs to epoxy composite coatings increased the coating
resistance and the adhesion strength of the coating, and decreased the coating porosity (Khun, Troconis, &
Frankel, 2014). Sawdust and wood flour are also widely utilized as filler to lower the cost of the polymer
(Marcovich, Aranguren, & Reboredo, 2001).
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Figure 2-4 Wear volume loss-load relationship of PTFE and nanometer ZnO/PTFE composite with different
loading of ZnO (sliding velocity: 0.431 m/s; time: 30 min) (Li et al., 2001)

However, larger sized filler particles inside coatings may deteriorate coating performance against
corrosion. Le Pen et al. studied the corrosion behavior of an epoxy-polyamide amine coating with addition
of chromate, barium sulfate, and talc filler (2 micron in diameter) in a 0.5M NaCl solution. Due to the high
porosity introduced by filler particles, the corrosion resistance of the coating decreased with the addition of
the filler particles(Le Pen, Lacabanne, & Pébère, 2000).
The properties of filler particles such as size, shape, volume fraction, and surface condition affect
the performance of particle-reinforced coating significantly. Xing et al. incorporated two differently sized,
sub-micron, spherical silica particles (120 and 510 nm) into epoxy, and conducted wear tests using the pinon-disc method. It was discovered that the filler with the smaller size was more effective in improving the
wear resistance of the epoxy composite (Xing & Li, 2004). Cho et al. studied vinyl ester resin reinforced
by different sized spherical alumina, and found that micro-sized particles had little influence on the Young’s
modulus of the composite; however, Young’s modulus increased with decreased size of particles at the
nanoscale (Figure 2-5)(Cho, Joshi, & Sun, 2006).
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Figure 2-5 Effect of particle size on Young's modulus of vinyl ester resin with 1 and 3 vol% alumina particles
(Cho et al., 2006).

Luo et al. tested fusion bonded epoxy with reinforced filler particles of silica, alumina, and silicon
carbide with the sizes ranging from 20 to 80 microns. They found that increased size and fraction of filler
increased the erosion resistance of the composite (Luo et al., 2003). However, the size of the particle does
not have a significant effect on the filler-polymer interfacial fracture toughness. J. Cho et al. tested glass
bead reinforced vinyl ester and through numerical analysis, they found that the effect of particle size on the
fracture toughness of a particle-polymer interface is negligible (Figure 2-6) (Cho et al., 2006).

Figure 2-6 Fracture toughness with respect to debonding angle and filler particle size in a glass bead reinforced
vinyl ester (Cho et al., 2006)

Filler aggregation was found to be a serious problem when the weight percent of filler particles of
sub-micron spherical silica was above 4%, causing the wear rate of the composite to increase (Xing & Li,
2004). Hu et al. applied computational methods to study the effects of filler size and volume fraction. They
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found that an increase in volume fraction of filler increased the abrasion resistance of the composite coating.
However, there was a critical volume fraction value, above which the wearing resistance decreased (see
Figure 2-7). They also found that a combination of different sized filler particles are more effective in
increasing wearing resistance than using a single-sized filler (J. Hu, Li, & Llewellyn, 2005, 2007).

Figure 2-7 Number of sites showing degradation respect to filler particle volume fraction in composite coatings
(J. Hu et al., 2005)

A similar trend was also found by Zhou et al. in polyurethane composite coatings reinforced by
alumina. With an increase in the amount of alumina particles, the wear resistance increased first and then
decreased (Figure 2-8)(R. Zhou et al., 2005).

Figure 2-8 Content of alumina particles vs. wear resistance in polyurethane composite coatings (R. Zhou et al.,
2005).

Different types of filler result in different filler-polymer interfaces. An anisotropic filler, talc,
changed the mechanical properties of polypropylene (Young’s modulus, strength, yield stress, and
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deformability) more profoundly than an isotropic filler, CaCO3, and the degree of the change depended on
the orientation of the anisotropic filler (Pukanszky et al., 1994).
Modification of filler-polymer interface also affects the coating properties. Meng et al. added
chemical bonding between mica filler particles and epoxy resin and found that the modification of the
interface significantly improved filler dispersion and reduced the defects near the interface, and thus
enhanced the mechanical properties of the epoxy composite (Meng et al., 2015). Zhou et al. also found that
under slurry erosion (water slurry containing 10 wt% silica) in a 45˚ angle impingement erosion test, a
polyurethane composite coating containing surface treated alumina particles (treated with silane coupling
agent to increase the interfacial bonding) had a higher wear resistance than the composite with non-treated
alumina particles(R. Zhou et al., 2005). However, Y.S. Thio studied the impact toughness of a
polypropylene composite reinforced by 3.5-micron glass bead. They found that weak adhesion between
particle and polymer was desirable for the purpose of toughening the composite (Thio, Argon, & Cohen,
2004). Marcovich et al. applied esterified wood flour to a polyester–styrene, and thus improved the
dispersion of the filler, and increased the filler loading (Marcovich et al., 2001).
2.2.3 Degradation of filler reinforced coating under erosion and corrosion
When filler reinforced coatings were expose to environment with both erosion and corrosion, it
will degrade with different mechanisms. The degradation mechanisms of the coatings are closely related to
their structure, and the types of erosion methods used to test the coatings. The synergic effect of erosion
and corrosion also makes the degradation process of the coating systems complex.
2.2.3.1 Crack development
Xing et al. found that under wear testing, debonding cracks can form at the interface of the filler
particles and the polymer matrix for composite coatings containing large filler particles (510 nm in
diameter). On coatings with small sized filler particles (120 nm in diameter), the debonding cracks cannot
be observed. The propagation of cracks into the epoxy matrix can be hindered by the presence of filler
particles.(Xing & Li, 2004)).
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Figure 2-9 Particles on the wear surfaces: (a) and (b) debonding of silica particle sized 520 nm (2 wt%, 2N); (c)
and (d) silica particles sized 120 nm (2 wt%, 2N) on the worn surface. Debonding of particles could not be
identified (Xing & Li, 2004)

2.2.3.2 Material removal
Filler particles usually have higher toughness than the polymer matrix. Under solid particle erosion,
filler particles can break and be removed together with the surrounding polymer matrix. The higher
toughness of the filler particles slows down the rate of material removal of the composite (Luo et al., 2003).
Zhou et al. proposed a similar wearing mechanism. As shown in Figure 2-10, during erosion testing filler
particles gradually protruded after the surrounding polymer wears off. The protruded filler particles can
then slow down the wear rate due to their higher hardness. As the erosion test continues, cracks formed and
developed at the filler-polymer interface, leading to the removal of filler particles (R. Zhou et al., 2005).
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Figure 2-10 A schematic diagram of the erosion wear mechanism of the composite proposed by Zhou et al. :(a)
the beginning of erosion wear; (b) the matrix is ploughed, the alumina particles protrude, and a crack is born
at the interface; (c) interfacial cracks extend; and (d) the alumina particles debond and are eroded away (R.
Zhou et al., 2005).

Presence of defects at the filler-polymer interface allow electrolyte to easily permeate the coating.
Long-time immersion into the electrolyte should increase the size of the defects and facilitate failure of the
coating and the corrosion process of the substrate under the coating (Meng et al., 2015).
2.3 Zinc-rich coatings
Sacrificial coatings have also been widely studied in pipeline corrosion protection. Among the
sacrificial materials, zinc-rich coatings are the most widely used sacrificial coating in the pipeline industry.
2.3.1 Protection mechanism of zinc-rich coatings
Zinc-rich coatings have been widely employed to provide corrosion protection for steel substrate.
In the earlier periods of immersion, zinc corrodes preferentially offering galvanic protection for the steel
substrate, and eventually forms a protective layer of its own corrosion products that provide a barrier effect
(Hammouda et al., 2011; Jagtap et al., 2008; Morcillo et al., 1990; Vilche et al., 2002)
At the beginning of immersion, electrolyte gradually penetrates the zinc-rich coatings and activates
the zinc particles in the coating. Figure 2-11 shows the galvanic current and corrosion potential of a carbon
steel plate coated with a layer of commercial epoxy zinc-rich coating in a 3% NaCl solution. At the start of
immersion, the galvanic current increased and the corrosion potential decreased, indicating the activation
of the zinc-rich coating (Abreu, Izquierdo, Keddam, Novoa, & Takenouti, 1996).
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Figure 2-11 Evolution with immersion time of the galvanic current and the corrosion potential in an epoxyzinc-rich-coating/steel plate cell (Abreu et al., 1996)

After the activation period, zinc corrodes preferentially offering galvanic protection for the steel
substrate. As immersion time increased, the amount of zinc corrosion products increase, which in turn
increased the resistance between zinc particles (Figure 2-12). The coating then provided barrier protection
for the steel substrate (Abreu et al., 1996; Hammouda et al., 2011).

Figure 2-12 Cross-section of the zinc-rich coating studied by Abreu et al (a) Prior to exposition. (b) After 336
days of immersion in NaCl 3% Substrate steel is seen as the white region at the top of the figure (Abreu et al.,
1996; Hammouda et al., 2011)

More importantly, zinc-rich coatings express the unique ability of protecting the underlying
substrate even in the presence of defects in the coating. This protection mechanism is explained by
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sacrificial properties of zinc when in contact with iron. When a defect in the coating exposes iron, a galvanic
couple is formed, allowing zinc to corrode preferentially; and in turn, corrosion products from the zinc seal
the defects and provide barrier protection (Shreepathi et al., 2010).
The ability of zinc-rich coatings to act effectively depends on the amount of zinc particles in the
coatings. In general, it is considered that the efficiency of anticorrosion protection is strongly related to the
amount of zinc present in the primer. A higher content of zinc particles results in a higher degree of
percolation and in consequence, better cathodic protection (Armas, Gervasi, Di Sarli, Real, & Vilche, 1992;
Morcillo et al., 1990). It was reported that for coatings with 40% Zn (in the dry film), corrosion protection
was due solely to the barrier properties of the polymer matrix; whereas, coatings with more than 80% Zn
provided galvanic protection (shown in Figure 2-13) (Shreepathi et al., 2010).

Figure 2-13 Evolution of OCP (vs. SCE) for zinc-rich coatings as a function of time and zinc concentration
while immersed in a 3.5% NaCl electrolyte. (Shreepathi et al., 2010). OCP below -0.8 V indicating galvanic
protection.

It was established that a higher amount of zinc particles in the zinc-rich coatings corresponded to
better cathodic protection; however, a high zinc load caused fast sedimentation and agglomeration of zinc
particles, and thus deteriorated the mechanical and chemical properties of the primer (Vilche et al., 2002).
In practice, high zinc loadings in the range of 92 to 95 wt.% cause reduction of adhesion power and impact
resistance of the coating (Kalendová, 2003). Marchebois et al. added 5 wt% of carbon black to a 50 wt%
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zinc-rich coating, and found that with the presence of conductive pigments, zinc-rich coatings provided a
level of corrosion protection comparable to that of traditional zinc-rich coatings while maintaining a lower
overall zinc content (Marchebois, Savall, Bernard, & Touzain, 2004).
K. Schaefer et al. substituted part of the zinc particles (6 to 9 microns) with nano-sized (under 50
nm) particles in zinc-rich primers to obtain additional electrical connection between the zinc particles. As
illustrated in Figure 2-14, they found that a zinc-rich primer with 5 and 10 wt% of nano-sized zinc particles
exhibited better performance and provided longer time of cathodic protection than standard a zinc-rich
primer in a 0.5M NaCl solution (Figure 2-14)(Schaefer & Miszczyk, 2013).

Figure 2-14 Change of OCP for zinc-rich coatings with different ratios of standard and nano-particulate zinc
during exposure to 3 wt% NaCl (Schaefer & Miszczyk, 2013)

Researchers also found that the high porosity and intense galvanic function of a traditional zincrich coating would result in poor barrier property and fast delamination of the coatings. By adding
intimately structured, highly dispersed, polypyrrole deposited alumina particles in to the zinc-rich primers,
András Gergely et al. found that the new coating showed suppressed galvanic function and improved barrier
properties (Gergely, Pászti, Mihály, Drotár, & Török, 2014). A. Meroufel et al. incorporated hydrochloric
polyaniline powder into a zinc-rich coating, and found a decrease in porosity and an increase in barrier
properties of the coating (Meroufel, Deslouis, & Touzain, 2008). Jagtap et al. also found better barrier
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properties of a zinc-rich coatings was achieved by adding 15 wt% of ZnO (Jagtap et al., 2008).
Recently, with the discovery of graphene, and in consequence, with the development of mass
production of CNTs, new coating formulations were designed where CNTs serve as conductive material.
Experiments have shown that a higher content of CNT increased the conductivity of epoxy zinc coatings
(Cubides & Castaneda, 2016).
Park et al. prepared zinc epoxy coating containing multi-walled CNTs, and found an increase in
conductivity and adhesion strength for the coatings with a higher CNTs content. They also found that
coatings with higher zinc and CNTs content showed higher corrosion resistance in a 0.5M NaCl solution.
As shown in Figure 2-15, corrosion resistance increased more than one order of magnitude with the
incorporation of CNT (Park & Shon, 2015).

Figure 2-15 Impedance modulus of Log|Z| at 0.01 Hz for zinc-rich epoxy coated carbon steel without and with
addition of multi-walled carbon nanotubes after 30 testing cycles (Park & Shon, 2015). A higher modulus of
impedance for coating is a sign of better barrier protection

In addition, the nano scaled size of CNTs helps to fill defects such as cracks, crevices, and thus
increase coating resistance against corrosion (Chen et al., 2005; Cubides & Castaneda, 2016; Jeon et al.,
2013). Praveen et al. (Praveen et al., 2007) reported a reduction in the corrosion rate of the CNT-zinc
composite coatings in a 3.5 wt.% NaCl due to the presence of CNTs (Figure 2-16).
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Figure 2-16 Variation of the corrosion rate with immersion time for pure galvanized zinc coated and CNTs-Zn
coated samples in 3.5 wt% NaCl solution. (Praveen et al., 2007)

While CNTs helped to improve the performance of zinc-rich coatings, researchers also found that
the presence of CNTs increased corrosion rate of certain coating and substrate materials. Aung et al. tested
the corrosion rate of pure Mg and its composites with 0.3 and 1.3 wt% of CNTs in a 3.5 wt% NaCl solution.
The corrosion rate increased with the addition of CNTs (see Figure 2-17). The electrochemical results
indicated that micro galvanic action happened between CNT and Mg particles (Aung, Zhou, Goh, Nai, &
Wei, 2010). Fukuda et al. also found that incorporation of CNT increased the corrosion rate of a Mg alloy
AZ31B in a 0.5 wt% NaCl solution due to galvanic corrosion (Fukuda, Szpunar, Kondoh, & Chromik,
2010). Arronche et al. (Arronche, Gordon, Ryu, La Saponara, & Cheng, 2013) incorporated CNT into a
carbon-fiber reinforced polymer coating on a steel substrate and found that specimens with addition of
CNTs exhibited slightly higher corrosion rates during immersion in a 2 wt% NaCl solution.
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Figure 2-17 Corrosion rate of magnesium with addition with different amount of CNT (Aung et al., 2010).

Figure 2-18 Mass loss rate and corrosion rate of steel specimens coated carbon-fiber reinforce polymer coating
without (1) and with (2) addition of CNTs. Addition of CNTs in the coating increased the corrosion rate slightly

No results had shown that the addition of CNTs would increase the corrosion rate of Zn particles
in zinc-rich coatings on an iron substrate. However, the fact that incorporation of CNTs increased open
circuit potential of zinc-rich coatings to a more positive value (Praveen et al., 2007) might indicate the
possibility of the existence of the Zn-CNTs galvanic couple.
2.4 Electrochemical experiments
In this section, a brief overview of electrochemical experiments applied in this research project will
be presented.
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2.4.1 Open circuit potential (OCP)
Open circuit potential tests measure the corrosion potential of the testing electrode against a
reference electrode (saturated calomel electrode in this work) in an electrolyte.
When a metal is immersed in an electrolyte, its surface will reach a steady state potential, the
corrosion potential. At corrosion potential, the rate of cathodic and anodic reaction on the electrode surface
is the same. Corrosion potential could indicate a tendency for metals to corrode in a given electrolyte. The
higher the corrosion potential is, the less likely the metal will corrode.
2.4.2 Electrochemical impedance spectroscopy (EIS) (start with OCP, then EIS)
Electrochemical impedance spectroscopy uses small-amplitude alternating potential signals and
measures the resulting amplitude and phase shift of the signals current response over a wide range of
frequency to monitor the performance of a corroding electrodes.
The impedance measured from EIS tests is a function of time and frequency, composing of a
complex number with a real (Z’ (ω)) and an imaginary (Z” (ω)) part. The impedance is computed by Ohm’s
law:

Z ω =

E(t)
V3 sin ωt
=
= Z 9 ω + jZ"(ω)
I(t) I7 sin(ωt + Ɵ)

Ɵ represents the phase angle between E t and I(t).
The impedance response of an electrode can be expressed in Nyquist plots (Z"(ω) as a function of
Z 9 ω ) or Bode plots (log |Z| and log Ɵ as a function of frequency f, where ω = 2πf).
The response of the electrochemical systems can be modeled by equivalent electrical circuits
consisting of a combination of resistors, capacitors, and inductors.

22

Chapter 3 Materials and experiments
In the following section, coating systems and experimental methods applied in this work will be
introduced. Also see experimental sections from each of the three manuscripts presented in Appendices 13.
3.1 Coating systems evaluated
There are three coating systems evaluated in this work: filler reinforced epoxy coatings provided
by coating supplier 1, CNTs-epoxy coatings provided by coating supplier 2, and Zinc-rich coatings
provided by supplier 2 and 3.
3.1.1 Filler reinforced epoxy coatings
Organic coating systems composed of a powder phenolic novolac (PPN) polymer matrix and two
types of fillers (particles A and B) were applied to the steel panels at a commercial coating facility from
coating supplier 1. Information concerning the coatings is shown in Table 3-1. The approximate filler area
fraction was calculated by an image processing software Image J (Abràmoff, Magalhães, & Ram, 2004)
Figure 3-1 shows the scanning electron microscopy (SEM) images of the surface of the three types of
coatings. Particles A and B are different in size and material. Filler particle A (15-20 µm in diameter) is
larger than Filler B (5-10 µm in diameter). Experimental PPN coating systems with different amounts of
filler particles (which will be called coating EL and coating EH) were prepared and tested to compare their
performances with that of a control coating, a commercial PPN coating system with the standard amount
and type of fillers (which will be called coating CP, shown in the first row in Table 3-1 in bold type.).
Coating systems ELL and EHL have also been tested, they have same coating formula as EL and EH
respectively, but a lower dry film thickness.
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Table 3-1 Filler reinforced epoxy coating information

Filler area
fraction (%)*
CP
11
EL
2.5
EH
9
ELL
2.5
EHL
9
* Both filler A and B are included
**X is an unknown constant
Coating ID

Filler volume
fraction*
12X
2X**
16X
2X**
16X

Filler A
Volume
6X
X
15X
X
15X

Filler B
Volume
6X
X
X
X
X

Thickness
(mils)
9-15
9-15
9-15
4.5-6
4.5-6

Figure 3-1 SEM images showing representative distribution of filler particles A and B in coating systems EL,
CP, and EH

The substrates used were 4” by 6” panels made of ABS DH36/AH36 steel. The chemical
composition of the steel is presented in Table 3-2. The steel substrate was blasted with aluminum oxide
according to NACE No. 1/SSPC-SP5 standard (NACE, 2008) to obtain a white metal blast surface at the
production facility before the application of the coating systems. In each coating system, filler particles and
polymer powder were mixed well using high speeds in a shear mixer, which dispersed the particles
uniformly in the polymer matrix. A layer of primer was applied on the steel panel first to enhance adhesion
between coating and substrate. The panels were then preheated to 275˚-375˚ F, and the coatings were
applied by warm extrusion on the heat-soaked panels. Coated panels were heated in 400˚-500˚ F
environment for 1 to 4 hours for the crosslinking of the thermoset polymer coating. The dry film thickness
of the coating systems was 8-12 mils.
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Table 3-2 Chemical composition of ABS DH36/AH36 steel

C
Mn
0.17 1.05

P
S
Si
0.012 0.003 0.22

Al
Cu
Ni
Cr
0.026 0.14 0.09 0.09

Mo Cb
V
0.02 0.002 0.047

Ti
Ca
0.001 0.0027

3.1.2 CNTs-epoxy coatings
CNTs have been added to an epoxy Mannich base coating (provided by supplier 2) for the purpose
of increasing both corrosion resistance and coating mechanical properties. Different amounts of CNTs have
been added to the coatings to study the role of CNTs. Additive A and B have also been added to the coatings
to improve the coating performance. The coating information is provided in Table 3-3.

Table 3-3 CNT reinforced epoxy coating information

Code

Top coat

Primer

Filler

10
PP+10
11
PP+11
13
PP+13

Epoxy Mannich base
Epoxy Mannich base
Epoxy Mannich base
Epoxy Mannich base
Epoxy Mannich base
Epoxy Mannich base

NA
Preprimer
NA
Preprimer
NA
Preprimer

CNT
CNT
CNT
CNT
CNT (higher amount)
CNT (higher amount)

Thickness
(mils)
9-10
9-10
9-10
9-10
9-10
9-10

Additive

Additive A
Additive A
Additive B
Additive B

The coating was spray painted in a commercial facility from coating supplier 2. The substrates used
were 4” by 6” panels made of hot rolled steel. The chemical composition of hot rolled steel is shown in
Table 3-4.

Table 3-4 Chemical composition of ACT hot rolled steel

C
0.02-0.1

Mn
0.5-0.6

P
0.02-0.1

S
0.03-0.035

Al
Cu Ni
0.01 0.2 0.2

Cr
Mo Cb
V
0.15 0.06 0.008 0.008

Ti
0.025

3.1.3 Zinc-rich coatings
In addition to organic coatings, sacrificial zinc-rich coatings were also studied in this work. ZincCNTs epoxy-polyamide coatings (ZRPCNT) and, for comparison, zinc-rich epoxy polyamide coatings
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(ZRP) were evaluated. ZRPCNT is a solvent based, two-component coating with CNTs incorporated into
the organic zinc-rich coatings. The supplier did not disclose the amount of CNTs, but typically the amount
is between 0.5-1wt%. ZRP is a solvent based three-component commercial coating with higher zinc content
than that in ZRPCNT. The information concerning these two types of coatings are shown in Table 3-5. The
coatings were also applied on 4” by 6” hot rolled steel panels. Four replicas of each coating were tested.

Table 3-5 Zinc-rich coating information

Code
ZRPCNT
ZRP

Coating Type
Zinc/CNT epoxy-polyamide
Zinc-rich epoxy-polyamide

Zinc Content
75 wt%
>80 wt%

Thickness (mils)
7.5 --- 8
5---8

3.2 Experiments
To study the response of the coatings in different testing environments, various experiments have
been conducted. In the following sections, detailed experimental and evaluation methods applied in this
study will be introduced. Also see experimental sections presented in Appendices 1-3 for detail.
The testing regime of all the experiments in this study is shown in Table 3-6 as reference.
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Table 3-6 Testing regime for all coated specimen

Tests

Tests conducted

Apparatus

Corrosion

• Long-term immersion
• EIS and OCP tests

• Water bath
• Potentiostat

Specimens tested
EL
CP
PPN coating
EH
10
PP+10
CNTs-epoxy 11
coating
PP+11
13
PP+13
Zinc-rich
coating

ZRPCNT
ZRP
EL

PPN coating

CP
EH

Erosion-corrosion

• Grit blast erosion
• Long-term immersion
• EIS and OCP tests

• Clemco® Pulsar III
suction blast cabinet
• Water bath
• Potentiostat

CNTs-epoxy
coating

10
PP+10
11
PP+11
13
PP+13
ZRPCNT

Zinc-rich
coating

ZRP

Test protocol
• 45 weeks of immersion in the electrolyte
• EIS (Frequency range 105-10-3 Hz) and
OCP tests conducted during immersion
• 4 weeks of immersion in the electrolyte
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
• 4 weeks of immersion in the electrolyte
• Electrochemical tests conducted during
immersion
• 45 weeks of constant immersion
• Grit blast tests removed coating material
to a thickness of 3 mils
• 4 weeks of immersion after erosion
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
• 4 weeks of constant immersion
• Grit blast tests removed coating material
to a thickness of 3 mils
• 4 weeks of immersion after erosion
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
• Grit blast tests removed coating material
to a thickness of 3 mils
• 3weeks of immersion after erosion
Electrochemical tests conducted during
immersion
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
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EL

Solid particle
impingement

• Solid particle
impingement erosion
• Long-term immersion
• EIS and OCP tests

• Air-blast erosion rig
• Water bath
• Potentiostat

PPN coating

CP

EH
Abrasive wear
(Conducted at
Texas A&M
University’s
Campus in Doha,
Qatar)

H2S exposure
(conducted by
ADANAC Global
Testing &
Inspection)

• Abrasive wear test
• Long-term immersion
• EIS and OCP tests

• H2S exposure
• Long-term immersion
• EIS and OCP tests

• Bruker UMT-3
Tribometer
• Water bath
• Potentiostat

• Pressurized atlas
cell
• Water bath
• Potentiostat

EL
PPN coating
EH

PPN coating

CNTs-epoxy
coating

ELL
EL
EHL
EH
10
PP+10
11
PP+11

• (a) 50g of alumina erodent impinged on
testing specimens
• (b) One week of constant immersion
followed solid particle impingement test,
EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
• Another solid particle impingement test
with 50g of alumina applied followed by
one week of constant immersion
• Cycles of (a) and (b) continued until
coatings were penetrated
• Abrasive wear tests conducted on testing
specimens
• 90 days of constant immersion followed
wear tests
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
• H2S exposure tests conducted on testing
specimens for 30 days according to
standard NACE TM0185-2006.
• 5 days of constant immersion in testing
electrolyte (without H2S)
• EIS (Frequency range 105-5•10-3 Hz) and
OCP tests conducted during immersion
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3.2.2 Constant immersion and electrochemical experiments
The constant immersion environment was designed to mimic the anticipated exposure in the field
of internal gas pipelines but without the H2S component. The field conditions were provided by Qatar Gas
Company from the natural gas extracted from Ras Laffan site in Qatar. The testing specimens were
immersed in an aqueous electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of
60℃, and CO2 saturated. HCl and NaCl were used to adjust chloride concentration and pH of the electrolyte.
Exposures were conducted in containers inside a water bath that was used to keep the electrolyte at a
temperature at 60˚C. Industrial grade 99.5% purified UN1013 CO2 gas was constantly pumped into the
electrolyte.
Electrochemical tests were conducted on the testing specimens periodically during immersion to
monitor the performance of the coating systems against corrosion. An electrochemical testing station
composed of Gamry® Reference 600 Potentiostats, and CO2 gas tanks (99.5% purified UN1013 CO2 gas)
was set up to conduct open circuit potential (OCP) measurements, and electrochemical impedance
spectroscopy (EIS) tests. The EIS tests were carried out at OCP in the frequency range from 100 kHz to 5
mHz with a signal amplitude of 10 mV. The coated specimens to be examined served as working electrodes.
A graphite rod was employed as counter electrode. A saturated calomel reference electrode (SCE) was used
in all the electrochemical tests. The electrochemical tests were conducted in ambient temperature (20˚C25˚C). The presented EIS results were area normalized for analysis. All measured values of potential are
reported vs. SCE. The EIS data were analyzed by Gamry Echem AnalystTM and Scribner Associates Inc.
Zview® software.
3.2.3 Solid particle impingement erosion tests and grit blast erosion tests
Two type of solid particle impingement tests, grit blast erosion and solid particle impingement
erosion, were conducted on the testing specimens. Due to the limited access of the air blast erosion rig, grit
blast machine was employed as a substitution. Tests conducted on grit blast machine will be called grit blast
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erosion, and tests conducted on air-blast erosion rig will be called solid particle impingement erosion test.
a) Grit blast erosion testing
Grit blast erosion tests were conducted in a grit blast machine. During the test, coated panels were
eroded to an average thickness of 3 mils by Clemco® Pulsar III suction blast cabinet using Ballotini®
Impact glass beads at 90˚ impinge angle.
b) Solid particle impingement testing
The other type of solid particle impingement test employed a custom-built air-blast erosion rig
(Figure 3-2). Erosive particles went through a vibratory feed system at a constant rate and reached the
mixing chamber, where they joined the high-pressure air stream and got accelerated. The accelerated
particles went through the nozzle and impinged on the coated specimens. The particle velocity was
calibrated with dual spinning disks, per ASTM standard G-76 (Borawski, Singh, Todd, & Wolfe, 2011;
Borawski, Todd, Singh, & Wolfe, 2011).

Figure 3-2 Schematic plot of the custom-built air-blast erosion rig

The 240 grit (56 µm) alumina erodent was selected as erosive particles. In each solid particle
impingement erosion test, 50g of alumina particles went through the erosion rig and impinged on the
composite coatings at a speed of 100 m/s and impact angle of 90±1° relative to the tested specimens. The
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coating thickness was measured by thickness gauge Elcometer 456 after erosion test. For each specimen,
thickness of five locations were measured, and the average of which was recorded.
After each erosion test, the coated specimens were sent to a water bath for one week of constant
immersion in electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2
saturated. During immersion, electrochemical tests were conducted to monitor the performance of the
coating systems.
After one week of constant immersion, solid particle impingement erosion tests conducted again
on the testing specimens. The cycles of solid particle erosion and corrosion tests continued until the coatings
were penetrated through.
3.2.4 H2S exposure testing
To better mimic the actual conditions in the oil and gas pipelines, coated specimens went through
30 days of H2S exposure tests according to NACE TM0185-2006. The exposure tests were conducted in a
pressurized atlas cell in ADANAC Global Testing & Inspection as shown in Figure 3-3. All the testing
specimens were immersed in an aqueous electrolyte consisting of a 2000 ppm chloride solution at a pH of
3.83. The gas phase above the electrolyte consisted of 3 mol% H2S and 3 mol% CO2, and nitrogen gas was
applied to increase the pressure of the testing environment to 1160 psi. The temperature of the testing
environment was 100 ˚C.
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Figure 3-3 Pressurized atlas cell in ADANAC Global Testing & Inspection for H2S exposure tests

3.2.5 Coating characterization
Various material characterization methods were employed to analyze results from electrochemical
experiments.
An FEI Quanta 200 Environmental SEM was used to conduct the SEM and energy dispersive
spectroscopy (EDS) analysis on the test specimens to examine surface topographies and elemental
distribution for the coatings during erosion and corrosion tests. A Zygo NexViewTM 3D optical profiler was
also used to monitor the topography of coating surface throughout the testing regime. Dry film coating
thicknesses were measured using an Elcometer 456 thickness gauge.
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Chapter 4 Summary of results and discussion
In this chapter, experimental results of the tests of all coating systems under different testing
environments will be summarized and discussed.
In section 4.1, performance of filler reinforced PPN coatings in erosive and corrosive environments
is studied. The response of CNTs-epoxy coatings in different testing conditions is presented in section 4.2.
Section 4.3 compares the performance of two types of zinc-rich coatings with and without addition of CNTs
and evaluates the role of CNTs in the zinc-rich coatings in a corrosive and erosive environment.
4.1 Study of the filler reinforced PPN coatings
In this section, the experimental results of filler reinforced PPN coating systems under corrosion
tests, erosion-corrosion tests, solid particle impingement tests, and H2S exposure tests will be summarized
and evaluated. The coating information is shown in Table 3-1. The detailed experimental regime and data
are described in Appendices 1 and 3.
In Appendix 1, “A study of the effect of filler particles on the degradation mechanisms of epoxy
coating systems under corrosion and erosion”, the degradation process of organic coating systems with
different types and amounts of filler under solid particle erosion and long-time immersion in a corrosive
electrolyte was studied. The role of the fillers and their amounts on erosion corrosion response was also
evaluated.
In Appendix 3, “A study of the protection mechanisms of filler reinforced epoxy composite coating
systems against solid particle impingement and abrasive wear in a corrosive environment”, epoxy coatings
reinforced with different types and amounts of filler particles under solid particle impingement erosion tests
(exposure to particle impact) and abrasive wear tests (wear due to hard protuberances force against and
move along a surface) in a corrosive environment was analyzed and compared. The protection and
degradation mechanisms of the coating in an erosion-corrosion environment and wear-corrosion
environment was elucidated using both electrochemical methods and material characterization methods.
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The response of the filler reinforced coating systems under H2S exposure tests will also be
discussed in detail in this section.
4.1.1 Filler reinforced PPN coatings under corrosion tests
In corrosion tests, the testing specimens were constantly immersed in a corrosive environment and
their response during immersion were studied. Table 4-1 illustrates the testing regime for the testing
specimens.

Table 4-1 Corrosion testing regime for filler reinforced PPN coatings

Coated specimen
EL

Testing protocols
45 weeks of constant
immersion in the electrolyte

CP
EH

OCP and EIS tests conducted
during immersion

Testing environment
Immersed in an aqueous electrolyte with a
chloride concentration of 2000 ppm, pH of 3.5,
temperature of 60℃, and CO2 saturated
Tested in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5,
temperature of 60℃, and CO2 saturated

During corrosion tests, all the coating systems exhibited very good barrier properties showing high
coating impedance and low coating capacitance during 45 weeks of immersion. The results showed that
PPN coating systems could provide excellent protection for the steel substrate in a corrosive environment.
Corrosion tests revealed that the amount of filler particles in the coating is a very important factor
affecting coating’s barrier properties. After fitting the EIS data to equivalent circuit model (Figure 4-1 and
Figure 4-2), one could find that coating system EL (lower than the standard amount of filler) had higher
impedance and lower capacitance than the other two coating systems (CP and EH). Coatings CP and EH,
with similar amount of filler particles, showed similar performance during EIS tests. Incorporation of fillers
into a polymer matrix have been known to result in the formation of defects between filler particles and
polymer matrix (Le Pen et al., 2000), and the presence of the defects would deteriorate the coating barrier
properties. The larger the amount of filler particles is, the more imperfections are introduced into the coating
systems. With less amount of filler particles in the coatings, coating EL have fewer defects and thus better
barrier properties than the other two coatings.
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Figure 4-1 EIS Bode plot of intact coating systems EL, CP, and EH (after 45 weeks of immersion in an aqueous
electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated). A
Randle circuit with CPE element was employed to model the EIS data.

(a)

(b)

Figure 4-2 Calculated (fitted) impedance (a) and capacitance (b) of intact coating systems during 45 weeks of
immersion. Data were obtained by fitting the EIS data into equivalent circuit shown in Figure 4-1. Time periods
of 10, 30 and 40 weeks were chosen as representative stages of immersion. Data were acquired within 2 weeks
of representative time. Experiments were conducted in an aqueous electrolyte chloride concentration of 2000
ppm, pH of 3.5, temperature of 60℃, and CO2 saturated

From results in corrosion test, coatings with less amount of filler particles could provide better
protections for the substrate.
4.1.2 Filler reinforced PPN coatings under solid particle impingement tests
In this section, response of filler reinforced PPN coatings under solid particle impingement tests
will be summarized and discussed.
The testing regime for the solid particle impingement tests is described in Table 4-2.
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Table 4-2 Testing regime for Solid particle impingement erosion tests conducted on filler reinforced PPN
coatings

Coated specimen

EL
CP
EH

Testing protocols
Solid particle impingement erosion test
conducted in air-blast erosion rig
Thickness measurement by thickness
gauge Elecometer 456
Constant immersion for 1 week

OCP and EIS tests conducted during
immersion

Note
50 g of alumina erodent impinged on
coating surface

Immersed in an aqueous electrolyte
with a chloride concentration of 2000
ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated
Tested in an aqueous electrolyte with a
chloride concentration of 2000 ppm,
pH of 3.5, ambient temperature, and
CO2 saturated

Cycles of erosion-immersion tests
continued until coatings was penetrated

Figure 4-3 shows the thickness of the three types of coatings with respect to amounts of erosive
particles impinged on the coating surface.

Figure 4-3 Coating thickness under different amounts of erosive particles (representative data from one replica
of each type of coating). Coating thickness were measured by thickness gauge Elcometer 456.

One can observe that the thickness of the composite coatings decreased almost linearly with the
amount of applied alumina particles. Comparing the trend line slopes of the coating thickness in Figure 4-3,
it can be found that the trend line for coating CP and EH are almost parallel to each other, which means
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that with the same amount of erosive particles impinged on the coating surface, the thickness reduction of
coatings CP and EH were similar to each other. The trend line for coating EL, on the other hand, exhibited
a shallower slope, meaning that a larger amount of erosive particles were needed to remove the same amount
of EL coating when compared to the other two coatings. One can then conclude that coating EL exhibited
higher erosion resistance compared to coatings CP and EH during solid particle impingement tests.
The different manners of thickness decrease suggest that the amount of filler in the composite
coatings plays an important role in their erosion resistance. The larger the amount of filler inside the
coatings, the less erosion resistant the coatings are under solid particle impingement.
Previously Arjula et al. (Arjula & Harsha, 2006) examined the performance of different polymers
and their composites under solid particle impingement tests and found that the response of filler reinforced
composite against erosion usually lie between that of ductile polymers and brittle polymers. Coating EL,
with much lower amount of filler particles than coating CP and EH, was more ductile than the other two
coatings. As ductile materials have higher impact resistance than brittle ones, they had better erosion
resistance against solid particle impingement than brittle materials. This may be the reason for the lower
erosion rate of coating EL comparing to coating CP and EH under the solid particle impingement tests.
The coatings’ corrosion resistance as a function of decreasing thickness performance have also
been analyzed using electrochemical tests. After each solid particle impingement test, EIS tests were
conducted on the eroded coating specimens, and the calculated coating resistance from fitting EIS data in
to equivalent circuits is presented in Figure 4-4.
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Figure 4-4 Coating resistance of composite coating EL, CP, and EH with respect to coating thickness during
erosion-corrosion test. The thickness of the coating decreased due to the erosion-corrosion process. Tested in
electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. Note
that the scale of coating resistance is different for EL coating.

The corrosion resistance for all the coating specimens decreased as coating thickness decreased.
This observation indicated that coating thickness plays a key role in the barrier protection of the coatings.
One can observe, in Figure 4-4, that the corrosion resistance of coating EL was significantly higher than
that of coating CP and EH with same coating thickness. As discussed by Le Pen et al. (Le Pen et al., 2000),
incorporation of filler particles introduced defects in the coating and thus decreased the barrier properties
of the coating. Coating EL, with a much lower amount of filler, exhibit higher corrosion resistance
compared to the other two types of coatings.
Coating resistance values higher than 106 ohm∙cm2 are generally viewed as an indicator of a
protective organic coating (Scully & Hensley, 1994). Coating resistance values in Figure 4-4 showed that
the composite coatings remained protective to the steel substrate with thicknesses higher than 3mils. As
long as the coating was thicker than 3mils, all three composite coating systems could provide adequate
barrier protection for the steel substrate.
Coating EL, with higher resistance against solid particle impingement and high corrosion resistance
compared to coating CP and EH under same thickness, exhibited better performance in solid particle erosion
tests.
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4.1.3 Filler reinforced PPN coatings under erosion-corrosion tests
Results in section 4.1.2 showed that the critical coating thickness for providing sufficient barrier
protection for the substrate is about 3 mils. Coatings thinner than 3 mils may not be able to provide adequate
barrier protection for the substrate. In this section, response of filler reinforced PPN coatings with thickness
of 3mils is assessed. Erosion corrosion tests were conducted to elucidate the degradation mechanisms.
The testing regime is described in Table 4-3.

Table 4-3 Testing regime of erosion corrosion tests on filler reinforced PPN coatings

Coated
specimen

EL
CP
EH

Testing protocols

Note

Constant immersion for 45
weeks

Immersed in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated
Specimen coatings were eroded to a thickness of 3mils
Immersed in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated
Tested in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, ambient
temperature, and CO2 saturated

Grit blast erosion tests
Constant immersion for 4
week
OCP and EIS tests conducted
periodically during
immersion

After all the coated specimens were eroded to 3mils by grit blast erosion, they were immersed in
the testing electrolyte for 4 weeks. The surfaces of the coatings changed significantly during the erosion
corrosion tests. Figure 4-5 presents the coating surface of an EH specimen during the test as an example.
The surface of the intact (non-eroded) coating was smooth even after 50 weeks of constant immersion, and
only a few defects were observed. After 4 weeks of immersion, following the grit blast erosion tests, micro
cracks formed around filler particles and in the polymer matrix and more polymer flakes and filler particles
have been detached from the coating.
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(a)

(b)

(c)

Figure 4-5 SEM images of the surface of coating system EH after 45 weeks of immersion and before erosion
(a), right after erosion (b), and after erosion followed by one month of immersion (c). The specimens were
immersed in an aqueous electrolyte with a chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated. The arrows in the figure point to the defects in the coatings.

After grit blast erosion tests, electrochemical tests have also been conducted to monitor the coating
performance during 4 weeks of immersion. Based on 4 weeks of OCP and EIS testing results (see Appendix
1 for detail), the degradation of the coatings with time of immersion can be categorized into 3 stages. A
schematic of coating degradation (Figure 4-6) is proposed based on electrochemical testing results. Three
different equivalent circuits are employed to model different stages of coating degradation.
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(a)

(b)

(c)

(d)

Figure 4-6 Schematic of coating degradation after erosion (a); Coating structure and equivalent Circuit model
at Stage I (b), Stage II (c), and Stage III (d)

At stage I (0 to 3 days of immersion), all the coating systems exhibited two time constants from
EIS spectra, showing the presence of defects in the coatings. The characteristic of a porous electrode can
also be observed on all eroded coating specimens from EIS Nyquist spectra. Immediately after erosion,
micro cracks formed in the coating systems (Figure 4-5(b)), and the micro cracks can serve as micro pores
during the EIS test.
At stage II (2 to 6 days after stage I), the EIS spectra showed the presence of a third time constant,
which indicated the development of corrosion products. After a longer time of immersion, some of the filler
particles and flakes of polymer on the surface gradually detached from the coatings, and the cracks widened
at the surface. The increase in the width of the cracks facilitated the penetration of the electrolyte to the
steel substrate. Corrosion products began to form. The EIS spectra continued to show porous electrode
response indicating that the porous structure was present (even with wider sized cracks) at stage II.
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At stage III, no porous behavior can be observed in the EIS spectra. The coating systems at this
stage behaved as a defective coating, with the micro cracks gradually becoming large holes.
The OCP values of all the coatings during 4 weeks of immersion is shown in Figure 4-7. The OCP
values of bare steel under same testing environments are also provided as a reference. At stage I and II, the
OCP of the eroded coated specimens were 100 mV above that of bare steel under same environment (-670
mV), providing partial protection for the steel substrate. During stage III, the OCP of the coatings decreased
to stable value of -650 mV, and corrosion products can be observed on the surface. At stage III, the coatings
could no longer provide adequate barrier protection for the substrate.

Figure 4-7 Open Circuit potential of coating systems EL, CP, EH, and bare steel during immersion after
erosion, showing three distinct stages of degradation. Tested in an aqueous electrolyte with chloride
concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated. Representative data from one
replica of each type of coating is present.
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Due to the difference in types and amounts of filler particles in the coating, coatings EL, CP, and
EH showed different performance during immersion:
1) Less micro cracks developed in coating with larger amount of larger sized filler particle
By fitting EIS data of all three types of coatings into equivalent circuit models presented in Figure
4-6, it was found that the resistance between micro cracks in coating EH was the highest, showing there
were less micro cracks in coating EH than in coating CP and EL.
While coatings CP and EH have similar volume fraction of filler particles, due to the difference in
filler size, coating CP have overall higher number of filler particles than coating EH. Micro cracks
developed preferentially around filler particles after erosion, which resulted in overall higher micro cracks
density in coating CP than in coating EH.
In coating EL, due to the lower amount of filler particles in the coating, fewer micro cracks had
developed around filler particles compared to coating CP and EH. However, without adequate amount of
filler particles in the coating, cracks would form in the polymer matrix right at the impact location and the
cracks would continue to propagate until they were hindered by existing filler particles (Xing & Li, 2004).
There was much less amount of filler particles inside EL coating compared to coating EH. During grit blast
erosion, the cracks propagation in coating EL would encounter much less hindrance may probably be the
reason for overall higher amount of cracks compared to coating EH (shown in Figure 4-8)

Figure 4-8 Cracks propagation in coating EL. Cracks propagation was hindered by a filler particle. In the area
without filler particles, coating propagation developed without any hindrance.
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Filler particles helped to control the number of cracks when the coatings were under erosive particle
impingement. In order to control the amount of cracks developed during erosion, coating with higher
amount of large sized particles is preferred.
2) Coatings with higher amount of filler particles could provide longer time of protection for the
steel substrate when defects were present in the coating
After one month of immersion, corrosion products can be observed on all coatings’ surfaces (Figure
4-9); however, there were only small patches of corrosion products on the surface of coating systems CP
and EH (marked in circles), while significantly higher amount of corrosion products can be observed on
the surface of EL coating. The OCP results (Figure 4-7) indicated that coating EL entered stage III earlier
than the other two coating systems and had more time for corrosion products to form during immersion. It
can be concluded that coating EL, with the least amount of filler, was penetrated by electrolyte through
cracks earlier than coating CP and EH, and thus provided least amount time of protection.

Figure 4-9 Representative images of the coating surface of eroded coatings EL, CP, and EH after one month of
immersion in electrolyte with chloride concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2
saturated. Picture obtained from optical profilometer Zygo NexView 3D true color function.

4.1.4 Comparisons of coating performance under solid particle impingement erosion tests and
abrasive wear tests
In addition to solid particle impingement, wear is also a factor that contributes to the material loss
of internal pipelines during oil and gas transportation. Collaborators from Texas A&M at Qatar run abrasive
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wear tests on coating EL and EH. They found that, under the same loading force, coating EL exhibited
higher volume loss of coating material than coating EH, which indicated that coating EH showed better
abrasive wear resistance than coating EL (Aljassem, 2016). They also found that coatings with higher
amount of filler particles showed higher corrosion resistance in a corrosive environment after abrasive wear
tests.
The relationship between abrasive wear resistance with respect to amount of filler in the abrasive
wear tests was opposite to that in solid particle impingement erosion tests. The different responses of
coatings to solid particle impingement and abrasive wear tests may be due to the different coating
degradation mechanisms operative under these two tests. In solid particle impingement tests, material was
removed through development of cracks and their interaction with each other. Incorporation of filler
particles in the coatings would facilitate the initiation and development of cracks on the coating surface due
to the imperfections of the coating at the filler-polymer interfaces. As a result, coatings with a higher amount
of filler particles would have a lower resistance against solid particle impingement compared to coatings
with less filler particles. Material loss during abrasive wear tests, on the other hand, was due to scratching
and ploughing by the pin of tribometer. In composite coatings, filler particles are harder than the polymer
matrix, and thus provide more resistance against the pin during the scratching process. As a result, the
higher the amount of filler in the composite coating, the higher the abrasive wear resistance. Coating EH,
with higher amount of filler particles, exhibited higher wear resistance compared to coating EL.

4.1.5 Filler reinforced PPN coating under H2S exposure test
In this section, results from H2S exposure tests conducted on PPN coatings will be presented and
discussed. The testing regime of the H2S exposure tests is described in Table 4-4.
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Table 4-4 Testing regime of H2S tests on filler reinforced PPN coatings

Coated
specimen
ELL

Testing protocol

Note

30 days of H2S
exposure tests

Immersed in electrolyte with a 2000 ppm chloride solution at a pH of
3.83. The gas phase above the electrolyte consisted of 3 mol% H2S
and 3 mol% CO2, and nitrogen gas was applied to increase the
pressure of the testing environment to 1160 psi. The temperature is
100 ˚C.
Immersed in an aqueous electrolyte with a chloride concentration of
2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated.
Tested in an aqueous electrolyte with a chloride concentration of 2000
ppm, pH of 3.5, ambient temperature, and CO2 saturated.

EL
EHL
EH

5 days of constant
immersion
EIS tests
conducted after
immersion

After 30 days of exposure tests, all the coating systems showed good adhesion to the substrate. No
blistering, no cracking, and no color changing can be observed on either of the specimens. EIS experiments
were conducted on the specimens after the H2S exposure tests. Based on the EIS response of the coated
specimens, a Randle circuit with a CPE element was chosen to serve as equivalent circuit model. Figure
4-10 presented the calculated coating resistance and coating capacitance of tested specimens ELL, EL,
EHL, and EH. All the coating systems showed decreased in coating resistance after H2S exposure tests. In
EL and EH coatings, with higher thickness, the resistance of the coatings decreased by only one to two
orders of magnitude, and the coatings were still showing excellent barrier properties with resistance above
1011 ohm∙cm2. Coatings with lower thickness (ELL and EHL) showed a significant decrease in coating
resistance: the resistance of ELL coating decreased by 5 orders of magnitudes, and EHL by 4 orders of
magnitudes after H2S exposure. Thickness played a very important role in maintaining the barrier properties
of the coating systems in a corrosive environment with presence of H2S. For coatings with thickness higher
than 9 mils the barrier properties were excellent after the H2S exposure tests, while the barrier protection of
the coatings with thickness between 4.5 to 6 mils decreased significantly. The coating capacitance for all
the four types of coatings increased slightly after H2S exposure, which indicated that no significant damages
present on the coatings.
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(a)

(b)

Figure 4-10 Calculated (fitted) coating resistance and coating capacitance of the PPN coating systems after H2S
exposure test.

Figure 4-11 presentes the EIS response of specimens with lower coating thickness before and after
H2S exposure tests. One can observe that only one time constant was present in both coatings during the
tests. This EIS response indicated that the loss in coating barrier properties during H2S exposure was not
due to the small sized defects such as cracks and pinholes in the coating after exposure. Although no color
change could be detected on coating surface, it is highly possible that the chemical composition of the
coating changed after the exposure tests, and the resistance of the coating decreased due to the chemically
deterioration of the coating materials. Due to the higher coating thickness of EL and EH, only the top part
of the coatings had been affected by the corrosive environment. The lower part of the coatings (closer to
the substrate) still provided excellent protection for the steel substrate.

Figure 4-11 EIS Bode plot of coating ELL and EHL before and after H2S exposure test, tested in electrolyte
with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. Testing area 2.84
cm2.
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4.1.6 Factors affecting the performance of the filler reinforced PPN coatings under different testing
environments
In this section, the performance of filler reinforced PPN coating under different testing
environments is summarized, and factors that affect the coating performance will be discussed. The results
from all the tests conducted on filler reinforced PPN coatings indicate that filler amount and coating
thickness are two critical factors that affect the coating performance.
The performance of the filler reinforced PPN coating systems with different amounts of filler under
different testing environment are summarized in Table 4-5 . Coatings with a lower amount of filler particles
showed the best corrosion resistance when intact coatings were exposed to a corrosive environment. Also,
they exhibited good resistance against solid particle impingement. On the other hand, when the coatings
were exposed to a combined environment of erosion and corrosion or wear and corrosion, then higher
amount of filler particle is more beneficial.
The amount of filler particles played a very important role in both the resistance against solid
particle impingement and the abrasive wear resistance of the tested composite coatings. With an increased
amount of filler particles, the composite coatings behaved like a brittle material which has a lower impact
resistance than ductile material. On the other hand, by increasing the amount of filler particles, one can
control the distribution and size of cracks during particle impingement and thus make the coating material
removal more uniform and controllable compared to coating with a decreased amount of filler particle.
Filler particles can provide resistance against scratching. As a result, a higher amount of filler particles
could increase the abrasive wear resistance of the composite coating. Considering the tradeoff between the
coating resistance against solid particle impingement and abrasive were, higher amounts of filler particles
are preferred.
The size of filler particles did not contribute significantly to the performance of the coating during
the erosion corrosion tests. However, from our observation, larger sized filler particles are easier to
distribute evenly in the composite coating than smaller particles, which would create less defects in the
coatings due to the agglomeration of filler particle.
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While the amount of filler particles did contribute to the coating performance against corrosion,
coating thickness played a more significant role in the coating’s barrier properties. Coating thicknesses
higher than 3 mils provided adequate corrosion protection against the corrosive environment used in this
study. In an environment where erosion is expected, a higher coating thickness is recommended.
The amounts or types of filler particles did not have significant effect on coating performance
during H2S exposure tests.

Table 4-5 Coating performance with respect to filler amount under different testing environments

Test
Amount of filler
High
Low

Corrosion
only
ü

Erosion
only

Wear
only
ü

Wear-Corrosion

Erosion-corrosion

ü

ü

ü

In all the tests conducted, coatings with higher coating thickness exhibited higher corrosion
resistance, and thus better corrosion protection. Thicker coatings could also survive longer in and
erosive/abrasive environment.

4.2 Study of CNTs-epoxy coatings
In this section, the testing results of CNTs-epoxy coatings under different testing environments are
summarized and studied. The coating information is provided in Table 3-3. The testing regime is present in
Table 4-6.
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Table 4-6 Testing regime of corrosion tests on CNTs-epoxy coatings

Coated
specimen

Testing protocol

Note

4 weeks of constant immersion

Immersed in an aqueous electrolyte
with a chloride concentration of 2000
10_1,2
ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated.
PP+10_1,2 OCP and EIS tests conducted during immersion Tested in an aqueous electrolyte with a
chloride concentration of 2000 ppm,
11_1,2
pH of 3.5, ambient temperature, and
CO2 saturated.
PP+11_1,2 Grit blast erosion tests
Coating thickness removed to 3mils
4 weeks of constant immersion after erosion
Immersed in an aqueous electrolyte
13_1,2
with a chloride concentration of 2000
ppm, pH of 3.5, temperature of 60℃,
PP+13_1,2
and CO2 saturated.
OCP and EIS tests conducted during immersion Tested in an aqueous electrolyte with a
chloride concentration of 2000 ppm,
pH of 3.5, ambient temperature, and
CO2 saturated.
30 days of H2S exposure tests
Immersed in electrolyte with a 2000
ppm chloride solution at a pH of 3.83.
The gas phase above the electrolyte
consisted of 3 mol% H2S and 3 mol%
10_3
CO2, and nitrogen gas was applied to
increase the pressure of the testing
PP+10_3
environment to 1160 psi. The
temperature is 100 ˚C.
11_3
5 days of constant immersion
Immersed in an aqueous electrolyte
with a chloride concentration of 2000
PP+11_3
ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated.
EIS tests conducted after immersion
Tested in an aqueous electrolyte with a
chloride concentration of 2000 ppm,
pH of 3.5, ambient temperature, and
CO2 saturated.
Naming of coated specimen: 10_1,2 is the first and second replicas of coating 10
All the coating systems except coating 13 showed excellent barrier properties with no change
during 4 weeks of immersion. Figure 4-12 shows the EIS response of intact coating systems containing
CNTs immersed in testing solution during 1st day of immersion.
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Figure 4-12 EIS response of intact epoxy coatings containing carbon nanotubes during the 1st day of immersion.
Experiments were conducted in an electrolyte of 2000 ppm chloride, pH of 3.5, ambient temperature, and CO2
saturated. (Representative data from one replica of each coating is present).

Coating 13 showed decrease in corrosion impedance during immersion. As it can be observed in
Figure 4-13, as the immersion time increased, the impedance in low frequency decreased by more than 4
orders of magnitude. It is not possible to determine what could be the reason for such deterioration of the
protective properties of this coating. Coating 13 had higher amount of CNT than coatings 10 and 11, also
they were formulated with an additive A (different than the one used for coating 11) and each of these
factors could contribute to reduced protectiveness. According to coating supplier, application of coating
systems 13 and pp+13 had some flaws which resulted in coatings with visible cracks on one side of the
panels. Although all tests were conducted on the side without cracks, the application conditions for coating
13 may be also one of the contributing factors to cause the degradation of the coating system.
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Figure 4-13. EIS response of intact coating 13 during 28 days of immersion. Experiments were conducted in an
aqueous electrolyte of 2000 ppm chloride, pH of 3.5, ambient temperature, and CO2 saturated. Representative
data of one replica is present.

Based on the EIS response of the coated specimens, a Randle circuit with a CPE element was
chosen to serve as equivalent circuit model. Figure 4-14 shows the calculated (fitted) values of resistance
and capacitance for all intact coatings before and after 4 weeks of immersion, for coatings after H2S
exposure tests, and for coatings after erosion tests (1 day and 28 days of immersion data). The corrosion
resistance and capacitance of the coatings were obtained by fitting the EIS data into equivalent circuit
composed of a constant phase element in parallel with a resistance. One can observe that all intact coatings
have very high coating resistance (higher than 1011 ohm*cm2) and very low capacitance (lower than 10-9
F/cm2), which indicated very good barrier protection. Both exposure to H2S and erosion tests decreased the
performance of the coatings. Note that specimens 13 and PP+13 were not evaluated in H2S exposure test
due to their defects during coating application.
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Figure 4-14. Resistance and capacitance of coatings before and after 4 weeks of immersion, after H2S exposure
test, after 1 day of immersion in electrolyte after erosion test, and 28 days of immersion after erosion test.
Experiments were conducted in an aqueous electrolyte of 2000 ppm chloride, pH of 3.5, ambient temperature,
and CO2 saturated. Representative data of one replica of each type of coating is present.

The resistance for all coated panels decreased significantly after H2S exposure tests. The resistance
of the coatings with preprimer showed higher impedance after the tests, which means that preprimer
provided additional barrier against H2S attack (see section 3.1.2 for more coating information). Specimens
with topcoat ‘11’ exhibited higher resistance than those with topcoat ‘10’. It may due to the presence of the
additive A in ‘11’. The supplier did not disclose the composition of the additive A and additive B but our
EDS test revealed presence of nickel in the A coating and magnesium and aluminum in additive B (Figure
4-15). The combined effect of pre-primer and additive A resulted in providing a good protection against
H2S –rich environment.
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Additive A

Additive B

Figure 4-15. EDS images of additive A and B in coating ‘10’ and ‘11’ respectively. Images taken on intact
coatings before testing. Particles containing Ni and Ti can be observed as additive A in coating system 11 and
pp+11 and Particles containing Al and Mg can be observed as additive B in coating system 13 and pp+13 from
EDS analysis.

After erosion tests, all coatings showed deterioration of barrier properties: the coatings impedance
decreased significantly (Figure 4-14). Both coatings ‘10’ and ‘13’ show similar coating resistance (after
erosion) which suggests that the increased amount of CNTs does not appear to be particularly beneficial in
protecting against erosion. On the other hand, it is also possible that additive B may be responsible of
counter affecting the increased amount of CNTs. Longer immersion, after erosion, did not have a significant
effect on coatings’ impedance; the values did not change in the course of 28 days. Coating ‘11’ displayed
significantly lowered impedance after erosion, suggesting the negative impact of additive A on the
corrosion resistance of this coating (note that the amount of CNTs in coating ‘11’ is the same as that in
coating ‘10’). This phenomenon may also due to the existence of large filler particles. With the existence
of large filler particles, more imperfections were introduced at the interface between filler and epoxy. When
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erosive particles impinged on the coating surface, cracks were easy to form on the already existed
imperfections.

Figure 4-16. OCP of CNTs-epoxy coatings after erosion as a function of immersion time. Tested in an aqueous
electrolyte of 2000 ppm chloride, pH of 3.5, ambient temperature, and CO2 saturated. Representative data of
one replica of each type of coating is presented.

The OCP of all coatings measured during 28 days of exposure to the testing electrolyte after erosion
is presented in Figure 4-16. The results show that the coatings OCP initially decreased to the value of that
for bare hot rolled steel, but after 28 days the OCP of coatings ‘10’ and ‘13’ increased significantly. These
results were consistent with the relatively high impedance observed after erosion for coatings 10 and 13.
The protective properties of these coatings may stem from the presence of corrosion products on the surface
of coating 10 and 13. The optical images of all coatings before and after erosion are presented in Figure
4-17. As expected, the surfaces of coating ‘11’ and ‘pp11’ are the most corroded, indicating that the addition
of additive A not only did not improve protective properties but appeared to worse them.
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Figure 4-17. Surface conditions of CNT organic coatings before erosion and after erosion corrosion tests and 4
weeks of immersion in an in an aqueous electrolyte of 2000 ppm chloride, pH of 3.5, temperature of 60˚C, and
CO2 saturated

After evaluating the corrosion performance of CNTs-epoxy coatings in different environments and
conditions we can conclude that all coatings (regardless of presence of absence of additives and higher
amounts of CNTs) possesd excellent barrier properties in our testing solution. When the coatings are
expected to be exposed to H2S environment, the additional layer of pre-primer is very beneficial. However,
when the coatings are exposed to erosive environment the increased amount of CNTs has almost no effect
on improvement of barrier properties and the addition of additive (either A or B) to coating formulation
appears to lower the protectiveness of these coatings.
4.3 Study of CNTs-Zinc coatings under erosion and corrosion conditions
In this section, the protection and degradation mechanisms of zinc-rich coatings with and without
CNTs in a corrosive and erosive environment will be studied. The detailed experimental data and analysis
are described in Appendix 2.
In Appendix 2, “A study of the role of carbon nanotubes in zinc-rich epoxy coating under erosion
and corrosion conditions”, electrochemical impedance spectroscopy (EIS) was applied to examine the
degradation process of zinc-rich epoxy coatings with and without CNT in a corrosive and erosive
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environment. The protection mechanisms and degradation mechanisms of CNTs-Zinc coatings and the role
of CNTs in the coatings were elucidated.
4.3.1 Corrosion tests on zinc-rich coatings
In this section, response of zinc-rich coatings in a corrosive environment is summarized and
analyzed. The testing regime for the corrosion test is described in Table 4-7.

Table 4-7 Testing regime of corrosion tests on zinc-rich coatings

Coated specimens
ZRPCNT
ZRP
(Two replicas of
each type of
coating)

Testing protocol
4 weeks of constant
immersion
OCP and EIS tests
conducted during
immersion

Note
Immersed in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated.
Tested in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, ambient
temperature, and CO2 saturated.

Figure 4-18 shows the SEM images of cross section of ZRPCNT and ZRP coatings after one month
of immersion. No discernable oxide layer can be observed on top of the ZRPCNT coatings. Overall, the
ZRPCNT coatings were still intact and the iron substrates were well protected. As for ZRP coatings, on the
other hand, the SEM cross-section image showed a thick layer of white zinc oxide formed on the coating
surface. The oxide layer was dense and it should work as a barrier layer against the penetration of the
electrolyte. The steel substrate of the ZRP samples was also well protected. No iron oxides were observed
on the SEM image.
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(a)

(b)

Figure 4-18 SEM images of the cross section of ZRPCNT (a) and ZRP (b). The images were taken after the
coated sample have been immersed for one month in an aqueous electrolyte with chloride concentration of 2000
ppm, pH of 3.5, temperature of 60℃, and CO2 saturated.

EDS analysis on the cross section of ZRPCNT and ZRP coatings after one month of immersion
revealed that there is a considerable amount of zinc oxide covering the zinc particles at the top part of the
coating (close to the coating surface), indicating partial oxidation of zinc particles. There is less zinc oxide
around the zinc particles in the middle part of the coating, since zinc particles at this location were less
likely exposed to electrolyte. The zinc particles at the bottom of the coating did not show any discernable
signs of oxidation in the EDS spectra. In the ZRP coatings, zinc oxides can be observed throughout the
coatings. Zinc particles in the ZRP coatings appeared much more oxidized compared to those in the
ZRPCNT coatings.
In general, CNTs have been employed to fill the imperfections in the coatings (Khun et al., 2014;
Park & Shon, 2015). As a result, the structure of the ZRPCNT coatings makes it more difficult for the
electrolyte to penetrate through. Zinc particles in ZRPCNT coatings were not so readily exposed to the
electrolyte as those in ZRP coatings. Adding CNTs in the zinc-rich coatings could provide additional barrier
protection for the coated specimens.
The results from electrochemical tests also corroborated the role of CNTs as a mean to increase
coating barrier protection. From OCP tests results of the two types of coatings during 4 weeks of immersion
(shown in Figure 4-19), ZRPCNT provided cathodic protection for about a day (OCP lower than -800mV
vs. SCE) and after 3 days of immersion changed to barrier protection (as reflected by an OCP higher than
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-200mV vs. SCE). While the cathodic protection for ZRP lasted longer; however, after 5 days of immersion,
the OCP of the ZRP gradually shifted close to OCP of hot rolled steel.

Figure 4-19 Open circuit potentials of ZPRCNT and ZRP during immersion in an aqueous electrolyte with
chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated, OCP of hot rolled steel
and pure zinc in same environment are shown as references. Representative data from one replica of each type
of coating is presented

The EIS tests results showed that the overall impedance of the ZRPCNT coatings were high and
did not change much during the one-month immersion period (the values of impedance at low frequency
of 5 mHz varied within one order of magnitude, and they were all above 106 ohm×cm2 after one day of
immersion).
The results from electrochemical tests indicated that the electrical connection between zinc
particles and between zinc particles and steel substrate in ZRPCNT specimens were poor. The oxide layer
formed around zinc particles at coating surface made it difficult for CNTs to form effective electrical
connection between the zinc particles. The oxidized zinc particles, together with epoxy polymer and CNTs
formed a compact barrier layer over the steel substrate.
EIS response of the ZRP coatings during immersion indicated active corrosion of zinc particles and
the formation of zinc corrosion products during immersion. With the increase in immersion time, the
resistance of the ZRP coatings increased, indicating the increase of barrier protection of the corrosion
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products. The EIS results of ZRP coatings also indicated that the coatings had a porous structure. The porous
structure of the ZRP coatings facilitated the electrolyte penetration through the coatings and the activation
of the galvanic couple between zinc particles and steel substrate.
ZRP coatings provided sacrificial protection for the steel substrate during early stages of
immersion. As immersion time increased, zinc oxides gradually formed on the coating surface, providing
barrier protection for the substrate. However, the barrier protection by zinc corrosion products was much
less efficient than that of ZRPCNT coating.
Addition of CNTs into zinc-rich coatings would fill the imperfections in the coating, making it
more difficult for electrolyte to penetrate through the coating, and thus improving the barrier protection of
the coatings.
4.3.2 Erosion-corrosion tests on zinc-rich coatings
To examine the corrosion resistance of the two zinc-rich coatings in the presence of defects,
erosion-corrosion tests were conducted on zinc-rich coatings. The testing regime is presented in Table 4-8.

Table 4-8 Testing regime of erosion-corrosion tests on CNTs-epoxy coatings

Coated specimen
ZRPCNT

Testing protocol
Grit blast erosion
4 weeks of constant
immersion

ZRP
OCP and EIS tests
conducted during
immersion

Note
Coating thickness reduced to 3mils
Immersed in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, temperature of
60℃, and CO2 saturated.
Tested in an aqueous electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, ambient
temperature, and CO2 saturated.

After 4 week of constant immersion following grit blast erosion tests, significant amounts of iron
corrosion products were observed on the surface of eroded ZRPCNT coatings (Figure 4-20); whereas, the
eroded ZRP specimens were covered with what appears to be a mixture of zinc and iron corrosion products.
The SEM cross-section images revealed large amounts of iron oxides spanning from the substrate to the
ZRPCNT coating surfaces, indicating that the steel substrates were no longer protected. However, there
was a significant amount of zinc particles present that were not oxidized yet in the eroded ZRPCNT
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coatings. These zinc particles in the ZRPCNT coatings were isolated by polymer matrix and corrosion
products and could not provide efficient cathodic protections for the coatings.

Figure 4-20 Optical images of eroded ZRPCNT and ZRP coated panels after 3 weeks of immersion in an
aqueous electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated.
The cross-section SEM images were taken at the place marked with circle in optical images.

There was much less iron oxide formed on eroded ZRP specimens as compared to eroded ZRPCNT
samples. Zinc oxides can be observed on top of the eroded ZRP surface and through the coating. Most zinc
particles in the eroded ZRP coating still appeared to be intact. Although iron oxides can be detected (through
EDS analysis), there was no significant damages observed on the steel substrate of ZRP specimens.
During the three weeks of immersion, electrochemical tests have been conducted to monitor the
degradation of the eroded specimens. The results from OCP tests showed that eroded ZRPCNT and ZRP
could only provide cathodic protection for less than one day of immersion, and afterwards they provided
partial barrier protection for the substrate. Both OCP and EIS results indicated that eroded ZRPCNT could
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not provide adequate barrier protection or cathodic protection for the steel substrate. The corrosion products
generated on ZRP can provide better corrosion protection for the substrate than the ZRPCNT s when defects
are present in the coatings.
Erosion decreased the barrier properties of the ZRPCNT coatings significantly. When the ZRPCNT
coatings were exposed to abrasive particles, the lower percentage of Zn particles resulted in inability to
provide effective cathodic protection. Zinc oxides, formed around the Zn particles did not allow for
electrical contact between them, and CNTs, presented in the coating could not provide it either. As a result,
electrolyte gradually penetrated though the coatings, and the steel substrates were then exposed to the
corrosive environment.
Previously, researchers have found that the addition of CNTs in the Mg-CNTs composites coating
system would increase the corrosion rate of Mg by forming local galvanic cells (Fukuda et al., 2010). It has
also been found that incorporation of CNTs into carbon-fiber reinforce polymer coatings would increase
the corrosion rate of steel substrates (Arronche et al., 2013). Similarly, it is possible that the low thickness
of the eroded ZRPCNT coatings enabled quick access of the electrolyte to both the steel substrates and the
CNTs connected to the substrates. Localized galvanic couples can form between CNTs and steel substrates
in the defective area of the coatings and the corrosion rate of the steel substrates would increase.
Addition of CNTs to zinc-rich coatings is extremely beneficial for the applications where erosion
is not a primary concern. The role of CNTs to enhance the conductivity of zinc-rich coatings is negligible
when zinc oxide forms on the zinc particles. When abrasion of coatings occurs and the panels are exposed
to a corrosive environment, the presence of CNTs in the zinc-rich coatings is not particularly helpful in
providing barrier protection or aiding in cathodic protection to the steel substrates.
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Chapter 5 Conclusions
In this study, various types of experimental techniques and analysis have been used to assess the
performance of different internal pipeline coating materials in a harsh environment with both erosion and
corrosion conditions. These studies have been utilized to understand the protection and degradation
mechanisms of the coating systems. The following points are concluded from this work:
1) When assessing corrosion resistance of intact PPN organic coatings (without significant
defects), it was determined that their barrier properties depend more on the amount of filler
than on the size of filler particles. The coating systems having the lowest amount of filler
provided the best protection against corrosion in the tested environment.
2) Coatings with lower amount of filler particles showed good resistance against solid particle
impingement. On the other hand, when the coatings were exposed to a combined environment
of erosion and corrosion or wear and corrosion, then a higher amount of filler particles is more
beneficial.
3) Under H2S exposure testing environment, the coating with a higher thickness provided better
barrier protection for the steel substrate. Amounts and types of filler particles did not play a
significant role during H2S exposure tests.
4) After evaluating the corrosion performance of CNTs-epoxy coatings with different amount of
CNTs in various environments and conditions, we can conclude that all coatings possessed
excellent barrier properties in our testing environments with only corrosive factors. When the
coatings are expected to be exposed to H2S environment, the additional layer of pre-primer is
very beneficial. However, when the coatings are exposed to an erosive environment, the
increased amount of CNTs has almost no effect on improvement of barrier properties and the
addition of additive (either A or B) to coating formulation appears to lower the protectiveness
of these coatings.
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5) From study of the corrosion resistance of CNTs-zinc coatings, it was determined that for
applications where erosion is not a primary concern, addition of CNTs to zinc-rich coatings is
extremely beneficial. However, in the presence of abrasive particles in the corrosive
environment, CNTs are not particularly beneficiary.
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Chapter 6 Future work
In current work, only single-layer coatings have been tested and evaluated. Multilayer coating
systems may have the potential to exhibit multi-functions against aggressive environments for the internal
oil and gas pipelines.
It would be especially interesting to consider multilayer coating systems consisting of
•

both sacrificial layers and organic layers because they may have the potential to combine
the advantages of both types of coating and provide better protection for the internal gas
pipelines;

•

combinations of several layers of organic coatings with different amount of filler particles
because they may also have the potential to improve mechanical properties of the coatings
under different erosion conditions.

These different combinations of multilayer coating systems should be studied in an erosive/abrasive
and corrosive environment. And a customized experimental setup for studying in-situ erosion-corrosion
response of new coating systems should be developed.
In addition, the interactions between different layers in coatings are also worth investigating.
Adhesion between layers is crucial for the multilayer-coating performance.
The other interesting studies could be conducted on:
•

the effect of CNTs and sacrificial layer coating systems where sacrificial layers could be
composed of Al or Al-Zn.

•

the mechanical properties of coatings systems (adhesion and wear) during simultaneous
exposure to corrosive environments and mechanical loading

•

application of electrochemical techniques and methods designed to provide information at
micrometer scale

•

investigation of corrosion mechanisms of coated steel under H2S/CO2 coexistence and
under dynamic conditions (through in-situ electrochemical measurements).
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Chapter 7 Contributions
In this chapter, the main contributions from this work are presented.
•

Designed and constructed experimental setups for erosion and corrosion tests
In this work, experimental setups and testing protocols were designed and built to mimic the real

environments of internal gas pipelines in climates and geologies similar to those found near the Persian
Gulf. Performance of filler reinforced epoxy coating systems and zinc-rich coating systems were studied
under both erosion and corrosion conditions. To examine the synergic effects by erosion and corrosion,
cycles of solid particle impingement erosion tests and constant immersion tests were designed. This work
also applied both electrochemical methods (OCP and EIS) and surface characterization techniques (SEM,
EDS, optical profilometry) during coating analysis for a comprehensive evaluation of the coatings’
performance.
•

Proposed degradation mechanisms for filler reinforced organic coatings and zinc-rich
coatings
The degradation mechanisms for both filler reinforced organic coatings and zinc-rich coatings in

various testing environments were proposed based on results from electrochemical tests and material
characterization methods. Based on the coating performance under electrochemistry tests, different
equivalent circuit models were applied to model the coating condition during the tests. Based on
calculated/fitted data from electrochemistry tests and material characterization analysis, the role of the filler
particles in the organic coatings to control the crack size and crack propagations during erosion tests, and
the role of CNTs in the zinc-rich coatings to increase the coating barrier protection against corrosive
environments have been elucidated.
•

Provided guidelines for choice of internal coatings under different environment
Based on experimental results, recommendations on choices of internal coatings under different

environments have been provided. Results from this work showed that coatings with different amounts of
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fillers would perform differently under various environments (corrosion, erosion, solid particle
impingement, and wear). Selections of coatings should be based on the real situations inside pipelines.
The results from this work could also provide guidelines for coating companies to adjust their
coating compositions for better coating performance in different applications. By knowing the relation
between amount of filler in the coatings and coating performance in a certain environment (corrosion,
erosion, solid particle impingement, and wear), the development of new coating systems can be more
efficient. The testing results for CNTs-zinc coatings also provided useful information for development of
new sacrificial metallic coatings with addition of CNTs. Current results showed that addition of CNTs
increased barrier properties of the zinc-rich coatings; to increase the cathodic protection of the coating,
higher amounts of CNTs may needed.
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Abstract
Electrochemical impedance spectroscopy (EIS) tests were conducted on powder phenolic novolac
(PPN) coatings with different loadings and types of filler particles. Coating system performance was
examined in a corrosive environment consisting of a 2000 ppm chloride solution at a pH of 3.5 that was
saturated with CO2. The coating behaviors under the influence of grit blast erosion were also studied.
Equivalent circuit models were proposed to study the degradation mechanisms of the coating systems under
the synergic effect of corrosion and erosion. Coating systems with a low amount of fillers provided the best
protection against corrosion in the testing environment, while systems with an increased amount and size
of filler particles provided the best erosion resistance.
1. Introduction
The protection of internal surfaces of oil and gas pipelines in marine environments is of great
importance. Pipelines are usually made of carbon steel because of its low cost and wide availability [1].
During oil and gas production, these pipelines are exposed to corrosive environment that include the
presence of CO2, H2S, oxygen, and seawater [2-5]. In the Middle East, this corrosive environment is even
more severe since the elevated ambient temperatures increase the rate of corrosion (the reaction rate doubles
for every increase in 10˚C [6]).
In addition to chemical (corrosive) factors, abrasion and solid particle erosion should be considered
in the protection of internal pipeline coatings. When the formation strength of an oil/gas reservoir becomes
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lower, more sand is produced along with the oil and gas [7]. This mixture of sand, oil, and water flowing
through the pipeline causes material degradation especially in areas where there are changes in pipeline
configuration such as: sudden expansions/contractions in pipe diameter, areas of cavitation, areas with pipe
wall imperfections or protrusions, and joints [2, 8-9]. Erosion and corrosion are often synergic processes
leading to a very rapid failure of pipelines [2, 10].
Organic coatings have been applied to internal pipeline surfaces for more than 60 years. In addition
to preventing internal pipeline corrosion, the internal coating can also improve hydraulic efficiency of the
pipelines and mitigate deposition of asphaltene. The base of the internal coating materials can be epoxy,
phenolics, novolacs, nylon, or urethanes. Field data have shown that the pipelines are well protected by
epoxy phenolic coating for more than 30 years under high temperature (more than 100˚C), high pressure
(100 psi), and presence of H2S (51ppm) [3-4]. However, traditional organic coatings do not perform well
against erosion due to their low erosion resistance. Abrasive wear and solid impingement erosion caused
mechanical damage to organic coatings, and a reduction in barrier properties of coatings have been observed
in a 0.3% weight percent Na2SO4 solution [11]. To increase the wear resistance, filler particles have been
added to the polymer matrix in coating systems. Experiments have shown that by adding filler particles
such as aluminum oxide, silica, and silicon carbide, the hardness and wearing resistance of the coating
system increased [12-14].
Despite of the widespread use of particle-reinforced polymer coating systems, not enough work has
been done on the role filler particles play in the mechanism of coating degradation in erosive-corrosive
environments. In this paper, electrochemical impedance spectroscopy (EIS) was applied to examine the
degradation process of organic coating systems with different types and amounts of filler under solid
particle erosion and long-time immersion in a corrosive electrolyte. To study the role of the fillers and their
amount on erosion corrosion behavior, two experimental coating systems were compared with a
commercial coating system that contained a set amount and a set ratio of fillers.
2. Experiment
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2.1 Materials and coatings
The substrates used were 4” by 6” panels made of ABS DH36/AH36 steel. The chemical
composition of the steel is presented in Appendix 1 Table 1. The steel substrate was blasted with aluminum
oxide according to NACE No. 1/SSPC-SP5 standard [15] to obtain a white metal blast surface before the
application of the coating systems.

Appendix 1 Table 1 Chemical composition of ABS DH36/AH36 steel

Organic coating systems composed of a powder phenolic novolac (PPN) polymer matrix and two
types of fillers (particles A and B) were applied to the steel panels at a commercial coating facility.
Information concerning the coatings is shown in Appendix 1 Table 2. The approximate filler area fraction
was calculated by ImageJ [16]

Particles A and B are different in size and material. Filler particle A (15-

20 µm in diameter) is larger than Filler B (5-10 µm in diameter) (see Appendix 1 Figure 1). Experimental
PPN coating systems with different amounts of filler particles (which will be called coating EL and coating
EH) were prepared and tested to compare their performances with that of a commercial PPN coating system
with a standard amount and type of fillers (which will be called coating CP). In each coating system, filler
particles and polymer powder were mixed at high speeds in a shear mixer, which dispersed the particles
uniformly in the polymer matrix. Before the application of the coating systems to the blasted steel coupons,
a layer of primer was applied to enhance adhesion between coating and substrate. The panels were then
preheated to 275˚-375˚ F, and the powder coatings were applied by warm extrusion on heat-soaked panels.
After the application, the coated panels were heated to 400˚-500˚ F for period of 1 to 4 hours for the
crosslinking of the thermoset polymer coating. The dry film thickness of the coating systems was 8-12 mils.
Four replicas of each coating systems (12 specimens in total) were tested.
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Filler Area fraction
(%)*
EL
2.5
CP
11
EH
9
* Both filler A and B are included
**X is an unknown constant
Coating ID

Filler volume
fraction*
2X**
12X
16X

Filler A
Volume
X
6X
15X

Filler B
Volume
X
6X
X

Appendix 1 Table 2 Coating systems information

Appendix 1 Figure 1 SEM images showing representative distribution of filler particles A and B in coating systems EL, CP, and EH

2.2 Electrochemical testing and coating characterization
The testing environment was designed to mimic the anticipated exposure in the field (in the absence
of H2S). The field conditions were provided by Qatar Gas Company from the natural gas extracted from
Ras Laffan site in Qatar. The 12 specimens were immersed in electrolyte with chloride concentration of
2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. HCl and NaCl were used to adjust chloride
concentration and pH of the electrolyte.
The 12 specimens underwent 50 weeks of immersion. Electrochemical tests were conducted
periodically once a week during the long-time immersion to monitor the performance of the coating systems
against corrosion. After 50 weeks of corrosion tests, erosion tests were conducted on all the specimens.
Coated panels were eroded to an average thickness of 3 mils by Clemco® Pulsar III suction blast cabinet
using Ballotini® Impact glass beads at 90˚ impinge angle. Previous research has shown that electrochemical
response of epoxy coatings changed when the eroded coating thickness reached 3mils [17]. After erosion
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test, specimens were immersed again in electrolyte for 4 more week, and corrosion tests were conducted to
monitor the coating degradation.
An electrochemical testing station composed of Gamry® Reference 600 Potentiostats, CO2 gas
tanks, and water baths was set up to conduct open circuit potential (OCP) measurements, and
electrochemical impedance spectroscopy (EIS) tests. The EIS tests were carried out at OCP in frequency
range from 100 kHz to 5 mHz with a signal amplitude of 10 mV. The coated specimens to be examined
served as working electrodes. A graphite rod was employed as counter electrode. A saturated calomel
reference electrode (SCE) was used in all the electrochemical tests. A salt bridge (filled with saturated
potassium chloride) was attached to the reference electrode so that SCE could work in ambient temperature.
The tested area was 173 cm2 for all coating systems before erosion. After erosion test, EIS tests were
conducted only on eroded coating surface, and that tested area was 2.0 cm2. The presented EIS results were
area normalized for analysis. All measured values of potential are reported vs. SCE. The EIS data were
analyzed by Gamry Analyst and Zview® software. FEI Quanta 200 Environmental SEM, and Zygo
NexViewTM 3D optical profilometer was used to monitor the coating surface throughout the testing regime.
3. Results and Discussion
3.1 Intact coatings after long time immersion tests
Appendix 1 Figure 2 presents the EIS data of intact coating systems EL, CP, and EH (shown are
representative results, two replicas of each system were tested) after 45 weeks of immersion. All the coating
systems exhibited very good barrier properties after long time immersion in the elevated temperature, low
pH environment. A Randles circuit with constant phase element (CPE) was employed as equivalent circuit
model. The fitted data agreed well with the experimental data. The calculated resistance and capacitance
(calculated from CPE using the method by Hsu et al [18]) of all the coating systems are presented in
Appendix 1 Figure 3.
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Appendix 1 Figure 2 EIS Bode plot of intact coating systems EL, CP, and EH (after 45 weeks of immersion in electrolyte with
chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated). A Randle circuit with CPE element was
employed to model the EIS data.

(a)

(b)

Appendix 1 Figure 3 Calculated (fitted) impedance (a) and capacitance (b) of intact coating systems during 45 weeks of immersion.
Time periods of 10, 30 and 40 weeks were chosen as representative stages of immersion. Data were acquired within 2 weeks of
representative time. Experiments were conducted in an electrolyte of 2000 ppm chloride, pH of 3.5, temperature of 60℃, and CO2
saturated.

The excellent barrier properties of the coating systems under long-time exposure to the aggressive
environment were evidenced by high impedance and low capacitance values. The results in Appendix 1
Figure 2 and 3 indicate that coating system EL (lower than the standard amount of filler) had higher
impedance and lower capacitance than the other two coating systems (CP and EH). Incorporation of fillers
into a polymer matrix have been known to result in the formation of defects between filler particles and
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polymer matrix [19]. The larger the amount of filler particles is, the more imperfections are introduced in
the coating systems. Referring to Appendix 1 Figure 2, coating EL has the least amount of filler and thus
fewer imperfections than the other two coatings. The higher resistance of coating EL compared to that of
CP and EH suggests that coating EL has better barrier properties than the other two coatings because the
coating should have fewer defects.
The electrochemical performance of coating systems CP and EH were very similar. Referring to
Appendix 1 Table 2, the two coating systems have similar volume fractions of filler particles. Regardless
of the difference in filler composition (coating EH has higher portion of filler A), the two systems showed
similar corrosion resistance. Therefore, we can speculate that for the intact coatings, the barrier properties
of the coating systems depend more on the amount of filler particles, while the size of the filler particle did
not play a significant role. Shang et al. [20] reported that due to a higher surface-to-volume ratio, smaller
sized filler particles tend to have higher interfacial bonding with polymer matrix. Therefore, under similar
filler volume fraction, coating CP, with the presence of a larger amount of smaller sized filler particles and
thus overall higher interface bonding, should have a higher impedance than coating EH.
However, decrease in the size of filler particles also increased the tendency for the particles to
agglomerate [21]. Referring to Appendix 1 Figure 1, one can observe that coating CP showed less dispersion
of filler particles than coating EH. There were clearly more filler particles at the bottom left part of CP
image than in the central part of the image, showing agglomeration of the filler particles. This agglomeration
introduced imperfections of the coating even before erosion testing, which deteriorated the mechanical and
chemical performance of the coating. As a result, the CP coating corrosion resistance wasn’t significantly
better than that of EH (which had a larger average size of filler particles).
3.2 Evaluation of electrochemical response of coatings subjected to erosion
After 50 weeks of immersion in the electrolyte, the coating systems were eroded by grit blasting
and afterwards the coatings were immersed for 1 month in the testing electrolyte. Electrochemical tests
were conducted during immersion. All the coating systems showed a significant decrease in corrosion
resistance right after erosion. As an example, the EIS response of the coating system EL is shown in
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Appendix 1 Figure 4. After the erosion test, the corrosion impedance of the specimen EL decreased by
more than 6 orders of magnitude compared to the intact specimen.

Appendix 1 Figure 4 EIS Bode plot of coating system EL before and after erosion. Tested in an electrolyte with a chloride
concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated.

The surfaces of the coating systems were also changed by erosion. The surface of the intact (noneroded) coating was smooth even after 50 weeks of immersion, and only a few defects were observed
(Appendix 1 Figure 5 (a)). After erosion tests, micro cracks formed around filler particles and in the polymer
matrix (Appendix 1 Figure 5 (b)). Also shown in Appendix 1 Figure 5 (c) is the SEM image of the eroded
coating surface after 1 month of immersion.

(a)

(b)

(c)

Appendix 1 Figure 5 SEM images of the surface of coating system EH after 50 weeks of immersion and before erosion (a), right
after erosion (b), and after erosion followed by one month of immersion (c). The specimens were immersed in an electrolyte with
a chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. The arrows in the figure point to the
defects in the coatings.
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Before erosion, the OCP of all tested specimens was in the range of 0 ± 200 mV (vs. SCE), which
indicated excellent barrier protection of all the coating systems. After erosion test, the OCP of all the
specimens changed significantly. Appendix 1 Figure 6 presents the OCP results as a function of time
collected for all eroded coating systems (one replica of each coating was chosen as representatives). All
coating systems showed three distinct stages of degradation. During the first few days of immersion (stage
I, 0 to 3 days), the open circuit potential of the coating systems EL, CP, and EH shifted slightly towards
more negative values. This may be due to the penetration of electrolyte though the defective coating.
However, the OCPs of the three coating systems (at least initially) were well above that of the bare steel
(see Appendix 1 Figure 6 upper left-hand graph)). As the immersion time increased, the OCP of all coating
systems slightly increased and then decreased (stage II). At stage III, the OCP of all coatings reached a
somewhat stable value of -650 mV, and corrosion products can be observed on the surface. The length (in
time) of each stage was different for different coatings.
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Appendix 1 Figure 6 Open Circuit potential of coating systems EL, CP, EH, and bare steel during immersion after erosion, showing
three distinct stages of degradation. Tested in electrolyte with chloride concentration of 2000 ppm, pH of 3.5, ambient
temperature, and CO2 saturated.

Based on EIS results, we proposed a schematic of coating degradation (Appendix 1 Figure 7). Three
different equivalent circuits are employed to model different stages of coating degradation.
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(a)

(b)

(c)

(d)

Appendix 1 Figure 7 Schematic of coating degradation after erosion (a) Equivalent Circuit model at Stage I (b) Equivalent Circuit
model at Stage II (c) Equivalent Circuit Model at Stage III (d)

At stage I, EIS data of all the coating systems showed response characteristic of a porous electrode
[22]. As it can be seen in Appendix 1 Figure 8, the Nyquist plot consisted of two semicircle shaped loops.
The shape and size of the high frequency loop in EIS Nyquist plot for all eroded coating systems was similar
regardless of the amount of filler in the coating. At the onset of the second loop, a linear part of the Nyquist
plot can be observed with angle lower than 45˚. This behavior agrees with De Levie’s models of porous
electrodes [22]. In the SEM image for coating EH after erosion (Appendix 1 Figure 5(b)), it can be observed
that there are many micro cracks on the surface, which can serve as micro pores.
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Appendix 1 Figure 8 EIS performance of coating systems EL, CP, and EH at stage I. Tested in electrolyte with chloride concentration
2
of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated. The testing area was 2.01 cm .

By following the method developed by De Levie, a transmission line circuit was applied to model
the skewed semicircle shape of the second loop in Nyquist plot (see Appendix 1 Figure 9) [22-23]. The
transmission line model is composed of repeating elements R∆x and Z/∆x, where R is the Ohmic resistance
of the coating material for one unit length of micro pore, x is the direction along the pore axis. Z is the
generalized impedance of the electrode-electrolyte interface per unit length of the micro pore, and it can be
modeled as a parallel combination of a resistor Ri and a constant phase element qi. The impedance of the
electrolyte in the micro pore is neglected because electrolyte impedance is much lower than the impedance
of coating material. The total impedance of the transmission line model Z9 is:
L
Z9 = λRcoth ( )
A
with
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A=

B
C

(1)

where L is the length of the pores, and λ is the characteristic AC penetration thickness. When L ≫
3λ, the pore behaves as a infinitely deep hole. The diffusion phase angle in this case is 22.5˚. In the case of
L < 0.2λ, the porous surface behaves the same as a flat electrode, and the diffusion phase angle reaches 45˚
[22].

Appendix 1 Figure 9 Transmission line model for porous structure in the coating system after erosion tests.

Immediately after erosion, micro cracks formed in the coating systems. At the coating surface, the
width of the micro cracks is larger than λ, therefore no porous electrode behavior was observed at the first
semicircle (Appendix 1 Figure 8). Instead, the cracks at the top of the coatings showed resistive behavior
(Rp representing pore resistance). As the cracks lengthen, they become narrower, which will limit the ability
of ion transportation during immersion.
The equivalent circuit model for the coating systems at stage I is proposed in Appendix 1 Figure
7(b). Good agreement was obtained between experimental and calculated EIS results. In Appendix 1 Figure
10, the fitted data for the EL coating system are presented.
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Appendix 1 Figure 10 EIS spectra and fitting data for coating system EL (2 days of immersion after erosion), stage I. Tested in
electrolyte with chloride concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated.

In stage II, the EIS data showed the presence of a third time constant (Appendix 1 Figure 11). The
diameter of the high frequency loop decreased, which corresponded to the decrease in pore resistance. This
agrees with the SEM images shown in Appendix 1 Figure 5 (c). After a longer time of immersion, some of
the filler particles and flakes of polymer on the surface gradually detached from the coatings, and the cracks
widened at the surface. The increase in the width of the cracks facilitated the penetration of the electrolyte
to the steel substrate. Corrosion products began to form, which corresponded to the third loop in the Nyquist
plot. In the meantime, the porous electrode behavior still existed with a linear part at the onset of the second
semicircle in Nyquist plot. This shows that the porous structure was present (even with wider sized cracks)
at stage II. The equivalent circuit model for the coating system at stage II was shown in Appendix 1 Figure
7 (c). Based on the model for Stage I, a parallel circuit with a resistor and a constant phase element was
added to model the presence of corrosion products on the steel substrate.
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Appendix 1 Figure 11 EIS performance of coatings EL, CP, and EH at stage II. Tested in an electrolyte with chloride concentration
of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated.

In stage III, the EIS results show that the linear part at the second loop gradually disappeared
(Appendix 1 Figure 12). The coating systems at this stage behaved as a defective coating, with the micro
cracks gradually becoming large holes. The equivalent circuit for the coatings in stage III was presented in
Appendix 1 Figure 7(d).
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Appendix 1 Figure 12 EIS performance of coating systems EL, CP, and EH at stage III. Tested in electrolyte with chloride
concentration of 2000 ppm, pH of 3.5, ambient temperature and CO2 saturated.

The coating capacitance during the one month of immersion (after erosion) for all three coating
systems was low (between 10-9 and 10-8 F/cm2), and did not change significantly during the entire period
of immersion. Compared with the coating capacitance before erosion (between 10-10 and 10-9 F/cm2), the
capacitance of all coating systems increased by one order of magnitude. This slight increase in capacitance
after erosion may be due to a thickness reduction, electrolyte penetration or both.
Appendix 1 Figure 13 (a) presents the resistance (Ri) of the electrolyte-coating interface of the
different coating systems calculated from the equivalent circuit models (Appendix 1 Figure 7 and Appendix
1 Figure 9). The resistance corresponded to the interactions between nearby micro cracks. If cracks were
near each other, then electrolyte-coating interface resistance Ri would be low. In Appendix 1 Figure 13 (a),
one can observe that all coating systems followed a similar trend in resistance: first decreased and then
increased. Referring to Appendix 1 Figure 6, this trend agrees well with the change in OCP of the coatings:
the lowest resistance Ri for all coating systems corresponded to the onset of stage III in open circuit potential
plot. That is to say, for all coating systems, the resistance between micro cracks Ri decreased during

87
immersion’s stage I and II, and it increased at stage III. During stage I and II, the polymer flakes gradually
detached from the coating, making the cracks wider. The distance between nearby micro cracks thereby
decreased, making Ri lower. At stage III, more corrosion products formed in micro cracks. The formation
of corrosion product contributed to the increase in resistance Ri.

(a)

(b)

Appendix 1 Figure 13(a) Resistance of electrolyte-coating interface in micro cracks Ri (b) Resistance Rl along micro crack. Tested
in electrolyte with chloride concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated.

Comparing the resistances, Ri, of the three coating systems (Appendix 1 Figure 13 (a)) one can
observe that EH had the highest resistance indicating that there were less micro cracks in coating EH than
in coatings CP and EL. Coating systems CP and EH have similar volume fraction of filler particles; however
in coating EH, there are more larger filler particles A. Micro cracks developed preferentially around filler
particles after erosion, which resulted in overall lower micro cracks density in coating EH than in coating
CP. One can also observe in Appendix 1 Figure 13 that the length (in time) of the porous behavior was
different for the different coatings. Only coating EL exhibited porous behavior during the whole immersion
time. No porous behavior can be observed in coating CP after 21 days of immersion, and in coating EH
after 10 days of immersion. Coatings EL and EH had similar amounts of filler particles B, but there were
more filler particles A in coating EH than in EL. Therefore, there are less micro cracks around filler particles
in the EL coating. In addition, cracks would form in the polymer matrix right at the impact location and the
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propagation of cracks would be hindered by filler particles [24]. The propagation of the cracks in EL is
easier than that in coating EH. These observations are confirmed by SEM image of the EH coating surface
presented in Appendix 1 Figure 14: the crack propagation stopped near filler particles. In other words, filler
particles helped to control the number of cracks when the coatings were under erosive particle impingement.

Appendix 1 Figure 14 SEM image of coating EH right after erosion testing. Crack propagation arrested by the presence of a filler
particle.

The changes in resistance (Rl) along micro cracks are shown in Appendix 1 Figure 13 (b). The Rl
is calculated by adding up R∆x along the transmission line model. All the coating systems showed a
different level of decrease of resistance (Rl) during immersion. The lower Rl is, the easier it is for electrolyte
to reach the steel substrate. Coating EH showed a lower resistance, and this suggested that micro cracks in
coating EH were wider than those in EL and CP right after erosion. The decrease in Rl for coating EH is
the slightest among the three coating systems. This means that the geometry of the cracks in coating EH
did not change much during immersion. It can be concluded that larger particles helped to maintain the
coating integrity when defects were created.
The surface topography of eroded coating systems EL, CP, and EH after one month of immersion
are shown in Appendix 1 Figure 15. After one month of immersion, corrosion products can be observed on
all coating surfaces; however, there were only small patches of corrosion products on the surface of coating
systems CP and EH (marked in circles), while significantly higher amount of corrosion product can be
observed on the surface of EL coating. This phenomenon agrees with the results in the open circuit potential
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tests. Referring back to Appendix 1 Figure 6 and Appendix 1 Figure 13 (a), coating EL entered stage III
earlier than the other two coating systems and had more time for corrosion products to form during
immersion. It can be concluded that coating EL, with the least amount of filler, was penetrated through
cracks earlier than coating CP and EH. Electrolyte penetrate the coating via cracks.

Appendix 1 Figure 15 Representative images of the coating surface of eroded coatings EL, CP, and EH after one month of immersion
in electrolyte with chloride concentration of 2000 ppm, pH of 3.5, ambient temperature, and CO2 saturated. Picture obtained from
optical profilometer Zygo NexView 3D true color function.

4. Conclusions
EIS has proven to be a useful method for studying the degradation mechanism of particle filled
epoxy coatings.
When assessing corrosion resistance of intact organic coatings (without significant defects), it can
be determined that their barrier properties depend more on the amount of filler, than on the size of filler
particles. Therefore, the coating system with lowest amount of filler provided the best protection against
corrosion in the test environment.
When the organic coatings are exposed to erosion, the amount and size of filler particles is very
important. A coating would be more erosion resistant if it has an increased amount of filler; and what is
more, it would be beneficial if there were more of larger sized particles in the coating system.
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Abstract
Electrochemical impedance spectroscopy (EIS) tests were conducted on zinc-rich epoxy coatings
with and without the addition of carbon nanotubes (CNTs). Coating performances were examined after
exposure to a corrosive environment (a CO2 saturated solution with 2000 ppm chloride concentration, and
pH 3.5) at elevated temperature of 60℃. The coating response after solid particle erosion was also studied.
Equivalent circuit models were proposed to study the degradation mechanisms of coatings under the
synergic effect of corrosion and erosion. Results showed that CNTs provided better barrier protection for
the steel substrate than traditional zinc-rich coatings in non-eroding environment. However, the CNTsfilled zinc-rich epoxy coatings did not provide adequate protection when the coated specimens were
exposed to erosion, and we speculated that CNTs may formed galvanic couple with steel substrate and thus
increase the corrosion rate of steel when defects were present in the coating.
.

1. Introduction
Zinc-rich coatings have been widely employed to provide corrosion protections for steel substrates.
Under a corrosive environment, the zinc particles in the coating can provide galvanic protection for the
steel substrate even in the presence of defects in the coating, and eventually form a protective layer of their
corrosion products for barrier protection (Hammouda et al., 2011; Jagtap et al., 2008; Morcillo et al., 1990;
Vilche et al., 2002); (Shreepathi et al., 2010). The ability of zinc rich coatings to act effectively depends on
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the amount of zinc particles. In general, higher content of zinc particles results in a higher degree of
percolation and in consequence, better cathodic protection (Morcillo et al., 1990). It was reported that for
coatings with 40% Zn (in the dry film) corrosion protection was due solely to the barrier properties of the
polymer matrix; whereas, coatings with more than 80% Zn provided galvanic protection (Shreepathi et al.,
2010). In practice, high zinc loadings, in the range of 92 to 95 wt.%, result in a reduction of adhesion and
impact resistance of the coating (Kalendová, 2003). Researchers found that in the presence of conductive
pigments such as carbon blacks and hydrochloride polyaniline, zinc-rich powders provide a level of
corrosion protection comparable to that of liquid zinc primers while maintaining overall lower zinc content
(Hammouda et al., 2011; Meroufel et al., 2008). Recently, with the discovery of graphene and in
consequence, with the development of mass production of CNTs, new coating formulations have been
designed where CNTs serve as a conductive additive to the coating. Experiments have shown that a higher
content of CNTs increased the conductivity of epoxy zinc coatings (Cubides & Castaneda, 2016; Park &
Shon, 2015). In addition, the nano scaled size of CNTs helps to fill defects such as cracks, crevices, and
thus increase the coating resistance against corrosion (Jeon et al., 2013; Praveen et al., 2007). Praveen et al.
reported that CNTs-Zn composite coating exhibited higher corrosion resistance compared to zinc coating
in 3.5 wt.% NaCl solution. Jeon et al had found that the presence of multi-walled carbon nanotubes
(MWCNTs) impeded water transport through epoxy coatings. The presence of CNTs also affects the
mechanical properties of the coatings. Khun et al discovered that incorporation of CNTs improve the
adhesion strength of epoxy coating.(Khun et al., 2014).
However, the effect of CNTs on corrosion resistance of metals is not straightforward. Fukuda et al.
found that incorporation of CNTs could increase corrosion rates of magnesium in Mg-CNTs composites in
3.5% NaCl solution due to galvanic corrosion between magnesium and CNTs (Fukuda et al., 2010).
Arronche et al. found that adding CNTs into carbon-fiber reinforce polymer coating would slightly increase
the corrosion rate of steel substrate during immersion in 2 wt% NaCl solution. More work should be done
to elucidate the degradation mechanism of CNT-zinc coatings over steel substrate. Moreover, to our
knowledge, there are no reports on effects of CNTs on erosion-corrosion resistance of epoxy coatings. In
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this work, electrochemical impedance spectroscopy (EIS) was applied to examine the degradation process
of zinc-rich epoxy coatings with and without CNT in a corrosive and erosive environment. The protection
mechanisms and degradation mechanisms of CNTs-Zinc coating and the role of CNTs in the coating will
be elucidated.

2. Experimental
2.1 Materials and coatings
Zinc/CNT epoxy-polyamide coatings (ZRPCNT) and, for comparison, zinc-rich epoxy-polyamide
coatings (ZRP) were evaluated. ZRPCNT is a solvent based, two-component coating with CNTs
incorporated into the organic zinc-rich coating. The supplier did not disclose the amount of CNT but
typically the amount is between 0.5-1wt%. ZRP is a solvent based three-component commercial coating
with higher zinc content than that in ZRPCNT. The information for the two types of coating is shown in
Appendix 2 Table 1. The coatings were applied on 4×6×1.25 inches hot rolled steel panels. Four replica
of each primer were tested.

Appendix 2 Table 1 Zinc-rich coating information

Code

Coating Type

ZRPCNT
ZRP

Zinc/CNT epoxy-polyamide
Zinc-rich epoxy-polyamide

Zinc Content (Weight
percent)
75%
>80%

Thickness (mils)
7.5 --- 8
5---8

2.2 Electrochemical testing and coating characterization
The testing environment was designed to mimic the anticipated exposure in the field of gas pipeline
but without H2S. The field conditions were provided by Qatar Gas Company from the natural gas extracted
from Ras Laffan site in Qatar. The testing specimens were immersed in an aqueous electrolyte with a
chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. HCl and NaCl
were used to adjust chloride concentration and pH of the electrolyte.
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An electrochemical testing station composed of Gamry® Reference 600 Potentiostats, CO2 gas
tanks, and water baths was set up to conduct open circuit potential (OCP) measurements, and
electrochemical impedance spectroscopy (EIS) tests. The EIS tests were carried out at OCP with a
frequency range from 100 kHz to 5 mHz and a signal amplitude of 10 mV. The coated specimens to be
examined served as working electrodes. A graphite rod was employed as a counter electrode. A saturated
calomel reference electrode (SCE) was used in all the electrochemical tests. All the electrochemical tests
were conducted under ambient lab temperature of approximately 25 ˚C. The measured values of potential
are reported vs. SCE. The EIS data were analyzed by Gamry Echem AnalystTM and Scribner Associates
Inc. Zview® software.
Two replicas of each coating were immersed for one month in the electrolyte, and electrochemical
tests were conducted periodically during immersion to monitor the performance of the coatings under
corrosive environment. Two other replicas of each coating underwent erosion before immersion into the
electrolyte. The coated specimens were eroded to an average thickness of 3 mils by Clemco® Pulsar III
suction blast cabinet using Ballotini® Impact glass beads at 90˚ impinge angle. Previous research has shown
that electrochemical response of epoxy coatings changed when the eroded coating thickness reached 3mils
(D. Wang, 2016). The eroded specimens were then immersed in electrolyte for 3 weeks. Electrochemical
tests were conducted to monitor the coating degradation. The testing regime is shown in Appendix 2 Table
2.
FEI Quanta 200 Environmental SEM was used to monitor the coating structure and run energy
dispersive spectroscopy analysis (EDS) throughout the testing regime. To examine cross-sectional coating
structure, coated specimens were cut by 90 degrees, and the cross section of the coating was polished to
abrasive grade of 0.05 µm.
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Appendix 2 Table 2 Testing regime for coated specimens

Sample ID
ZRPCNT 1,2
ZRP 1,2
ZRPCNT 3,4
ZRP 3,4

Test
Constant immersion

Time of immersion
4 Weeks

Erosion test
Constant immersion

NA
3 Weeks

3. Results and discussion
3.1 Corrosion test
ZRPCNT and ZRP coated specimens were immersed for 4 weeks in the testing electrolyte. Material
characterization and electrochemical tests were conducted during immersion to monitor the coating
performance in a corrosive environment.
3.1.1

Material characterization of coated specimens

SEM images of the cross-section for ZRPCNT and ZRP coatings before the tests are presented in
Appendix 2 Figure 1. One can observe that there are fewer zinc particles in ZRPCNT than in the ZRP which
agrees with the zinc loading presented in Appendix 2 Table 1. Zinc particles in ZRPCNT are well dispersed
in the coating. For ZRP coatings, the high amount of zinc particles in the coating makes it possible for the
zinc particles to form a continuous electrical pathway between zinc particles and between zinc particles and
steel substrate.

Appendix 2 Figure 1 Representative SEM images of the cross section of ZRPCNT and ZRP coatings prior to exposure to erosion and
corrosion
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Appendix 2 Figure 2 shows the SEM images of cross section of ZRPCNT and ZRP coating after
one month of immersion. No discernable oxide layer can be observed on top of the ZRPCNT coating.
Overall, the ZRPCNT coating was still intact and the iron substrate was well protected. As for ZRP coating,
on the other hand, the SEM cross-section image showed a thick layer of white zinc oxide formed on the
coating surface. The oxide layer is dense and it should work as a barrier layer against the penetration of the
electrolyte. The steel substrate of the ZRP sample was well protected. No iron oxides were observed on the
SEM image.

(a)

(b)

Appendix 2 Figure 2 SEM images of the cross section of ZRPCNT (a) and ZRP (b). The images were taken after the coated sample
have been immersed for one month in an aqueous electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of
60℃, and CO2 saturated.

The top, middle, and bottom part of ZRPCNT and ZRP coating after one month of immersion were
examined by EDS. Appendix 2 Figure 3 presents the EDS map of zinc and oxygen for the ZRPCNT coating.
It can be seen that at the top part of the coating (close to the coating surface), there is a considerable amount
of zinc oxide covering the zinc particles indicating partial oxidation of zinc particles. There is less zinc
oxide around the zinc particles in the middle part of the coating, since zinc particles at this location were
less likely exposed to electrolyte. The zinc particles at the bottom of the coating did not show any
discernable signs of oxidation in the EDS spectra. In the ZRP specimens, zinc oxides can be observed
throughout the coating. Zinc particles in the ZRPCNT coatings appeared much less oxidized compared to
those in the ZRP coatings. It has been well known that carbon nanotubes serve as a means to fill the
imperfections in the coating (Khun et al., 2014; Park & Shon, 2015). As a result, the structure of the
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ZRPCNT coatings makes it more difficult for the electrolyte to penetrate through. Zinc particles in
ZRPCNT coatings were not so readily exposed to the electrolyte as those in ZRP coatings.

SEM Image

EDS map of Zn

EDS Image of Oxygen

Top

Middle

Bottom

Appendix 2 Figure 3 SEM images and EDS map of zinc and oxygen taken from the top, middle, and bottom parts of the cross
section of the ZRPCNT coating; images were taken after the sample have been immersed for one month in an aqueous electrolyte
with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated.

3.1.2 Electrochemical tests of coated specimens
Appendix 2 Figure 4 presents the open circuit potential (OCP) of intact (not eroded) specimens
during one month of immersion in testing electrolyte. The OCP of pure zinc and hot rolled steel under the
same immersion conditions are shown as references. ZRPCNT provided cathodic protection for about a day
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(OCP lower than -800mV vs. SCE) and after 3 days of immersion changed to barrier protection (as reflected
by an OCP higher than -200mV vs. SCE). The cathodic protection for ZRP lasted longer; however, after 5
days of immersion, the OCP of the ZRP gradually shifted to around 180 mV above the OCP of hot rolled
steel. As evidenced by Appendix 2 Figure 1, after one month of immersion, the oxide layer forming on the
surface of the ZRP coating provided barrier protection for the steel substrate. Compared to the OCP of
ZRPCNT specimen, the OCP of ZRP after one month of immersion was closer to that of OCP of bare steel.
This is possibly due to the less compact structure of the ZRP coating compared to that of ZRPCNT coating.

Appendix 2 Figure 4 Open circuit potentials of non-eroded ZPRCNT and ZRP during immersion in an aqueous electrolyte with
chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated, OCP of hot rolled steel and pure zinc in
same environment are shown as references.

Appendix 2 Figure 5 presents the EIS response of ZRPCNT specimens during immersion (data of
one replica is present as an example). Immediately after immersion, only one time constant appeared on the
EIS spectra, which may correspond to the active corrosion of zinc particles. A second semicircle appeared
after 1 day of immersion indicating the formation of zinc oxide. As immersion time increased, after four
days, a third time constant developed, which according to Abreu et al(Abreu et al., 1996) corresponds an
to oxygen reduction process. They found that, as immersion time increased, the formation of zinc oxide
prevented the electrical connection between the upper part of the zinc coating and steel substrate. The
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galvanic effect between zinc particles and iron decreased, and active corrosion reaction changed to the
oxidation reaction of zinc particles and reduction reaction of oxygen.
During the one-month immersion period, the overall impedance of the coating did not change much.
As can be observed in EIS Bode spectra shown in Appendix 2 Figure 5, the values of impedance at low
frequency of 5 mHz remained within one order of magnitude, and they were all above 106 ohm×cm2 after
one day of immersion, which means the ZRPCNT could provide sufficient barrier protection for the
substrate according to Scully et al (Scully & Hensley, 1994).
Referring to the OCP of the ZRPCNT after fifth day of immersion in Appendix 2 Figure 4, the high
OCP (above 200 mV vs. SCE) indicated that the electrical connection between zinc particles and between
zinc particles and steel substrate were poor. EDS map of the ZRPCNT coating presented in Appendix 2
Figure 3 shows zinc particles at coating surface covered with oxide layer, making it difficult for CNTs to
form effective electrical connection between the oxides covered zinc particles. The oxidized zinc particles,
together with epoxy polymer and CNTs formed a compact barrier layer over the steel substrate. To model
the EIS response of the ZRPCNT specimens, equivalent circuits consisting of resistors in parallel with
constant phase elements (CPE) were chosen (shown in Appendix 2 Figure 5).

Appendix 2 Figure 5 EIS response specimens with intact ZRPCNT during 4 weeks of immersion in electrolyte with chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated (Representative data from one specimen).

The EIS response of the ZRP coatings (Appendix 2 Figure 6) was very different from that of
ZRPCNT coatings. Immediately after immersion, a depressed semicircle was evident in the Nyquist plot
due to the active corrosion of zinc particles. After one day of immersion, a second semicircle appeared
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representing the formation of zinc corrosion products. The total impedance at low frequency decreased by
more than one order of magnitude after the first day of immersion, which was attributed to activation of
zinc particles. With the increase in immersion time, the diameter of the second loop increased, indicating
the increase of barrier protection of the corrosion product. As it can be seen from the EIS result in Appendix
2 Figure 6, although at the 21st day of immersion, the impedance at low frequency of 10 mHz was higher
compared to that of 1st and 5th day, it was still significantly lower than 0 day’s data by around two orders of
magnitude. This indicated that the development of zinc oxides did not fully block the electrical connections
between the zinc particles in ZRP coating, and the coating still provided partial sacrificial protection for the
steel substrate.

Appendix 2 Figure 6 EIS response of specimen ZRP without erosion during 4 weeks of immersion in electrolyte with chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated (Representative data from one specimen).

One can observe in the Nyquist plots of ZRP specimen in Appendix 2 Figure 6 that after one day
of immersion, at the onset of the second loop, a linear part with an angle (against real axis) less than 45˚
was present (shown in enlarged image). This behavior agrees with De Levie’s transmission line models of
a porous electrode (De Levie, 1967). Previously, researchers have successfully used a transmission line
model to explain the porous nature of ZRP in 3% NaCl solution and artificial seawater (Abreu et al., 1996;
Marchebois, Keddam, Savall, Bernard, & Touzain, 2004). In this work, a transmission line model was also
employed to model the EIS performance of the ZRP coating. The proposed equivalent circuit model is
shown in Appendix 2 Figure 7. The transmission line model is composed of repeating elements R∆x and
Z/∆x with length L (marked in dashed square in Appendix 2 Figure 7), where R is the contact impedance
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between two nearby zinc particles for one unit length along transmission line direction x. Z is the per unit
length interfacial impedance of between zinc particles and electrolyte inside the pore, and it can be modeled
as a parallel combination of a resistor Ri and a constant phase element qi.

Appendix 2 Figure 7 Transmission line equivalent circuit model for ZRP specimens

Appendix 2 Figure 8 presents the calculated coating capacitance and coating resistance of ZRPCNT
and ZRP sample using equivalent circuit models shown in Appendix 2 Figure 5 and Appendix 2 Figure 7
(capacitance was calculated from CPE using the method presented by Hsu et al. (Hsu & Mansfeld, 2001)).
The low coating capacitance of ZRPCNT (around 10-9 F/cm2) suggested that ZRPCNT coating acted as an
excellent barrier layer. The initial fluctuation of the coating capacitance values may correspond to the
oxidation of the zinc particles in the coating. The capacitance of the ZRP coating showed a very similar
behavior (with a slightly longer stabilization stage). The significantly higher coating resistance of ZRPCNT
compared to that of ZRP also points to the function of the carbon nanotubes acting as pore sealants. Both
coatings showed a decrease in resistance during immersion, which indicates the penetration of the
electrolyte into the coating. The decrease for ZRPCNT coating was rather slight, probably due to the
compact structure of the coating.
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Appendix 2 Figure 8 Calculated intact coating capacitance (left) and coatings resistance (right) of ZRPCNT and ZRP specimen as a
function of immersion time in an aqueous electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃,
and CO2 saturated (Representative data from one specimen of each type of coating).

Second semicircles in EIS Nyquist plots in Appendix 2 Figure 5 and Appendix 2 Figure 6 represent
the response of the corrosion products formed on the investigated coatings. The resistance of the zinc
corrosion product Ro calculated from equivalent circuit models (for ZRPCNT, Ro was obtained from the
resistive part of the second time constant; for ZRP, this resistance was obtained by adding up R∆x along
the transmission line) are presented in Appendix 2 Figure 9. The Ro of ZRPCNT was higher by around two
orders of magnitude than that of ZRP coating. The calculated capacitance of the oxide layer on ZRPCNT
coating was between 10-7 and 10-8 F/cm2, which is one to two orders of magnitude lower than the
capacitance of the zinc oxide layer formed on the ZRP coating. The higher resistance and lower capacitance
of the corrosion products formed on ZRPCNT specimens suggested that the oxide layer formed on
ZRPCNT specimens was more compact, and thus more corrosion resistant, than that on ZRP specimens.
For ZRP coating, the filling of the porous structure by means of oxide is incomplete. The ZRP coating
structure after one month of immersion was much less compact than that of ZRPCNT coating, which
resulted in overall lower resistance and less effective barrier protection of the coating.
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Appendix 2 Figure 9 Calculated (fitted) resistance of the interface steel/coating as a function of immersion time of intact
specimen of ZRPCNT and ZRP coatings without erosion in an aqueous electrolyte with chloride concentration of 2000 ppm, pH of
3.5, temperature of 60℃, and CO2 saturated. Ro was calculated from transmission line model shown in Appendix 2 Figure 7
Transmission line equivalent circuit model for ZRP specimens (Representative data from one specimen of each type of coating).

The elements Ri and Ci in the transmission line model (Appendix 2 Figure 7) for ZRP coating
represent the formation of oxides on zinc particles during immersion. As it can be observed in Appendix 2
Figure 10, the resistance Ri increased, and the capacitance Ci decreased during immersion. This change
showed that the presence of corrosion products increased the impedance between zinc particles during
immersion (note that the first-day data did not follow the trend, which maybe possibly be due to partial
activation of zinc particles). The formation of corrosion products decreased the capability of sacrificial
protection and provided barrier protection instead.

Appendix 2 Figure 10 The resistance Ri and capacitance Ci between zinc particles and electrolyte in porous structure calculated
from transmission line model for ZRP specimens immersed in an aqueous electrolyte with chloride concentration of 2000 ppm,
pH of 3.5, temperature of 60℃, and CO2 saturated (Representative data from one specimen).
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3.2 Erosion-corrosion test
To examine the corrosion resistance of the two zinc-rich coatings in the presence of defects,
electrochemical tests were conducted on panels after erosion tests.
3.2.1

Material characterization of coated specimens

The optical and cross-section SEM images of the eroded ZRPCNT and ZRP specimens after
immersion in electrolyte for 3 weeks are presented in Appendix 2 Figure 11. Significant amounts of iron
corrosion product can be observed on the surface of eroded ZRPCNT coating; whereas, the eroded ZRP
specimens were covered with what appears to be a mixture of zinc and iron corrosion products. In the SEM
cross-section images, large amounts of iron oxides can be observed spanning from the substrate to the
ZRPCNT coating surface, indicating the steel substrate was no longer protected. Observing zinc particles
in the SEM image of eroded ZRPCNT coating after three weeks of immersion (Appendix 2 Figure 11), one
can find that while most of the zinc particles were covered by zinc oxide, there was still a significant amount
of zinc particles that were not oxidized. After long time immersion, zinc oxides formed in eroded ZRPCNT
coating prevented electrical connection between zinc particles and CNTs. As a result, the oxides-covered
zinc particles were well isolated and could not function as sacrificial material. As the coating thickness after
erosion decreased significantly and facilitated electrolyte penetration, eroded ZRPCNT coating could not
provide either sufficient cathodic protection or satisfactory barrier protection.
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Appendix 2 Figure 11 Optical images of eroded ZRPCNT and ZRP coated panels after 3 weeks of immersion in electrolyte with
chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. The cross-section SEM images were taken
at the place marked with circle in optical images.

There was much less iron oxide formed on eroded ZRP specimens as compared to eroded ZRPCNT
samples. Zinc oxides can be observed on top of the eroded ZRP surface and through the coating. Most zinc
particles in the eroded ZRP coating still appeared to be intact. Although iron oxides can be detected (through
EDS analysis), there was no significant damages observed on the steel substrate of ZRP specimens.
3.2.2

Electrochemical tests of coated specimens

Appendix 2 Figure 12 shows the OCPs of eroded the ZPRCNT and ZRP coated specimens during
3 weeks of immersion (data of one replica of each type of coating is presented as an example). The OCP of
pure zinc and hot rolled steel under the same immersion conditions are shown as reference. One can observe
that regardless of the type of the zinc-rich coating, the trends in OCP during immersion were similar.
Immediately after erosion, OCPs of the both types of coated specimens were around -1V vs. SCE, indicating
cathodic protection of zinc-rich coatings. After one day of immersion, the OCP increased to the region
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between -500 mV to -600 mV vs. SCE, showing that the two types of coating provided partial barrier
protection for the substrate. Compared to the OCP of non-eroded specimens (Appendix 2 Figure 4), OCP
of eroded ZRPCNT specimen did not reach the high OCP value of -200 mV, but remained closer to the
OCP of bare steel. The reduction in coating thickness due to erosion significantly deteriorated the coating
barrier properties. The corrosion products of zinc and iron could provide partial barrier protection for the
eroded ZRPCNT specimens during immersion (as shown on SEM images, Appendix 2 Figure 11). As for
eroded ZRP samples, the OCP performance was quite similar to non-eroded ones. Due to the reduction in
thickness, the amount of zinc particles in coating decreased accordingly. After one day of immersion, the
amount of oxidized zinc particles increased, making the eroded ZRP coating less conductive, and thus
providing partial barrier protection for the substrate. It was also evidenced by the work of Szociński et
al(Szociński & Darowicki, 2016), who measured conductivity of ZRP coatings exposed to humid air and
found that the formation of zinc corrosion product deteriorate the electrical conductivity through the coating.
The OCP of eroded ZRP was around 100 mV higher than that of eroded ZRPCNT at 21st day of immersion,
indicating higher impedance of the eroded ZRP coating than that of ZRPCNT coating.

Appendix 2 Figure 12 OCP of specimens with the ZRPCNT and ZRP coatings after erosion as a function of immersion time in
electrolyte with chloride concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. OCP of hot rolled steel
and pure zinc in same environment were shown for reference. (Representative data from one specimen of each type of coating).

The EIS responses of eroded ZRPCNT and ZRP specimens are shown in Appendix 2 Figure 13.
For ZRPCNT specimen, two time constants can be observed during immersion. At the onset of immersion,
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the EIS data revealed significantly lower impedance than before erosion. This behavior, supported by the
low OCP of -1100 mV shown in Appendix 2 Figure 12, can be explained by corrosion of zinc. As the time
of immersion progressed, the radius of second semicircle increased, suggesting that corrosion products
consisting of zinc and iron oxides formed a protective layer. No porous behavior was observed in the EIS
response of the eroded ZRP coating. Due to the low coating thickness after the erosion test, the pores in the
eroded ZRP coating could not maintain high depth to diameter ratio which is necessary for electrodes to
exhibit porous behavior (De Levie, 1967). The impedance of the eroded ZRP coated specimens at the onset
of immersion was also significantly lower than that before erosion. The reduced coating thickness made it
easier for the electrolyte to penetrate through the coating, and facilitate the activation of zinc particles.
Compared to the EIS of the eroded ZRPCNT coated samples at the onset of immersion, the impedance of
eroded ZRP coatings was also significantly lower at low frequency, showing better electrical conductivity
of the ZRP coating. As immersion time increased, the formation of corrosion products increased the
corrosion resistance of the coating by more than two orders of magnitude. With a higher amount of zinc
particles in the coating, zinc oxide dominated in the oxide layer formed on the substrate. Three time
constants can be observed after two days of immersion on both of the ZRP coated specimens. Corroborated
by the evidence from optical and SEM images of eroded ZRP coated specimens shown in Appendix 2
Figure 11, the third time constant may indicate the development of iron oxide.
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Appendix 2 Figure 13 EIS spectra for specimens with zinc-rich coatings after erosion in electrolyte with chloride concentration of
2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. (Representative data from one specimen of each type of coating).

Equivalent circuit models consisting of resistors in parallel with CPEs were employed to model the
corrosion performance of the eroded specimens (Appendix 2 Figure 13). The calculated coating capacitance
and resistance of eroded samples are presented in Appendix 2 Figure 14. Compared with the EIS results of
the non-eroded specimens shown in Appendix 2 Figure 8, exposure of the coated specimens to erosion does
not seem to have an effect on overall coatings capacitance and resistance of ZRP. The capacitance of eroded
ZRPCNT specimen remained low, but the resistance of the coating decreased by more than one order of
magnitude compared to the non-eroded ZRPCNT specimens. The low coating thickness facilitated the
electrolyte penetrate through the coating.
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Appendix 2 Figure 14 Calculated (Based on the model shown in Appendix 2 Figure 13) eroded coatings capacitance (left) and
coatings resistance (right) as a function of immersion time in electrolyte with chloride concentration of 2000 ppm, pH of 3.5,
temperature of 60℃, and CO2 saturated.(Representative data from one specimen of each type of coating).

The response of corrosion products generated on the eroded zinc-rich coatings during immersion
was represented by second semicircle in Nyquist plots shown in Appendix 2 Figure 13. Appendix 2 Figure
15 presents the calculated capacitance Co and resistance Ro of the corrosion products. For eroded ZRPCNT
coated specimens, Co increased by two orders magnitudes, and Ro decreased by one order of magnitude
compared to the corrosion products formed on non-eroded ZRPCNT coating specimens. This reduction in
corrosion resistance was due to the enrichment of the oxide products in iron oxide. Referring to the SEM
cross-sectional images, the corrosion products consisting of zinc and iron oxide were very loose. This loose
structure may not provide enough barrier protection to the substrate. The corrosion products formed on
eroded ZRP sample had lower capacitance Co than those formed on eroded ZRPCNT coated specimens.
The resistance Ro for eroded ZRP was also higher than Ro of eroded ZRPCNT coated specimens. Referring
to the SEM image in Appendix 2 Figure 11, the corrosion products of eroded ZRP specimens were
composed of mostly zinc oxides, and they were more compact than the corrosion products formed on eroded
ZRPCNT specimens. Based on these findings, the corrosion products generated on ZRP can provide better
corrosion protection for the substrate than the ZRPCNT s when defects are present in the coating.

111

Appendix 2 Figure 15 Calculated (fitted data based on the model shown in Appendix 2 Figure 13) capacitance and resistance of
the interface steel/coating as a function of immersion time after erosion (Representative data from one specimen of each type of
coating).

Erosion decreased the barrier properties of the ZRPCNT coatings significantly. Carbon nanotubes
have been used as electrical conductivity enhancement material (Cubides & Castaneda, 2016) in intact
coatings and their presence allowed for lower Zn particle content. However, when the coating is exposed
to abrasive particles, the lower percentage of Zn particles results in inability to provide effective cathodic
protection. Zinc oxide, formed around the Zn particles does not allow for electrical contact between them,
and CNT, present in the coating cannot provide it either. As a result, electrolyte gradually penetrates though
the coating, and the steel substrate is then exposed to the corrosive environment. The corrosion response of
the eroded ZRP coated specimens, due to their reduction in thickness, could not provide a sufficient amount
of barrier protection. The corrosion mechanism of the eroded ZRP coating, on the other hand, was the same
as the non-eroded ZRP samples.
Previously, researchers have found that the addition of CNTs in the Mg-CNTs composites coating
system would increase the corrosion rate of Mg by forming local galvanic cells (Fukuda et al., 2010). It has
also been found that incorporation of CNTs into carbon-fiber reinforce polymer coating would increase the
corrosion rate of steel substrate(Arronche et al., 2013). Similarly, it is possible that the low thickness of the
eroded ZRPCNT coating enabled quick access of the electrolyte to both the steel substrate and the CNTs
connected to the substrate. Localized galvanic couples can form between CNTs and steel substrate in the
defective area of the coating and the corrosion rate of the steel substrates would increase.
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4. Conclusion
For the applications where erosion is not a primary concern, addition of CNTs to zinc-rich coatings
is extremely beneficial. ZRPCNT coating with 75 wt% of zinc load could provide better barrier protection
for the steel substrate than ZRP coating with higher zinc load. The role of CNTs to enhance the conductivity
of zinc-rich coating is negligible when zinc oxide forms on the zinc particles. This study revealed that when
abrasion of coatings occurs and the panels are exposed to a corrosive environment, the presence of CNTs
in the zinc-rich coatings is not particularly helpful in providing barrier protection or aiding in cathodic
protection to the steel substrate.
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Abstract
Solid particle impingement tests and abrasive wear tests were conducted on particle reinforced
epoxy composite coatings with different amount and types of filler particles. Electrochemical impedance
spectroscopy (EIS) tests were conducted on the coatings to evaluate the coating performance against
erosion, wear, and corrosion. Scanning electron microscopy (SEM) and optical profilometry were applied
to monitor coating surface topography and degradation during the tests. Experimental results showed that
coatings with lower amounts of filler in the coating had higher resistance against solid particle impingement
and lower resistance against abrasive wear compared to coating with higher amounts of filler particles.
Filler types did not have significant influence on coating performance in the erosion-corrosion environment.

Key words: Solid particle impingement, abrasive wear, filler, organic coating, barrier properties, EIS

1. Introduction
During oil and gas production and transportation, the presence of oil-sand slurry, together with the
presence of CO2, H2S, oxygen, and seawater, create an erosive and corrosive environment inside oil and
gas pipelines in sea areas (X. Hu et al., 2011; Lauer, 2004, 2007; Tawancy et al., 2013). Erosion and
corrosion are often synergic processes leading to a much greater material loss of internal pipelines than that
caused by each individual process (X. Hu et al., 2011; Ilman, 2014; Islam & Farhat, 2015).

115
Researchers have found that applying coatings on the steel pipeline internal surfaces enhances the
erosion corrosion resistance of the structure significantly. Hocke et al. ran slurry flow tests using slurry
from iron ore concentrate and found that materials such as polyurethane, rubber, alumina could have a six
to sixteen-fold increase in life over bare pipe steel (Hocke & Wilkinson, 1978). Cheng et al. applied Ni-CoAl2O3 and Ni-Co-SiC composite coatings on X-65 pipe steel using electrolytic deposition, and found that
the presence of the composite coatings not only increased the corrosion resistance of the pipe steel, but also
increased the coating hardness and thus the pipe steel wear resistance (Tian & Cheng, 2007; Yang & Cheng,
2011).
Due to the eases in application and excellent barrier protection against corrosion, organic coatings
are now widely used on internal surfaces of pipelines, and their performance in erosive environments has
been studied. Researchers found that the addition of filler particles such as aluminum oxide, silica, and
silicon carbide into the polymer coating would increase the hardness and abrasive wear resistance of the
coating systems (Luo et al., 2003; R. Zhou et al., 2005; S. Zhou et al., 2002). However, there is a tradeoff
in coating performance under solid particle impingement erosion and abrasive wear test. Several studies
showed that under solid particle impingement, the erosion rate of the coatings increased with incorporation
of fillers (Harsha, Tewari, & Venkatraman, 2003; Miyazaki & Hamao, 1994; Miyazaki & Takeda, 1993).
Due to the complicated structures of pipelines such as sudden expansions/contractions in pipe diameter,
areas of cavitation, areas with pipe wall imperfections or protrusions, and joints, internal pipelines may
encounter both solid particle impingement and abrasive wear. As a result, coating performances under both
solid particle erosion and abrasive wear should be evaluated.
In this work, epoxy coatings reinforced with different types and amounts of filler particles under
solid particle erosion tests (exposure to particle impact) and abrasive wear tests (wear due to hard
protuberances force against and move along a surface) in a corrosive environment will be analyzed and
compared. The protection and degradation mechanisms of the coating in an erosion-corrosion environment
and wear-corrosion environment will be elucidated using both electrochemical methods and material
characterization methods.
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2. Experiments
2.1 Materials and coatings
Composite coatings composed of a powder phenolic novolac (PPN) polymer matrix and two types
of fillers (particles A and B) were applied to low carbon steel panels. Information concerning the coatings
is shown in Appendix 3 Table 1. The approximate filler area fraction was calculated by an image processing
software Image J (Abràmoff et al., 2004). Appendix 3 Figure 1 shows the SEM images of the surface of the
three types of coatings. Filler particles A and B can be observed in the SEM images marked in circles. The
two types of fillers are different in size and material. Filler particle A (15-20 µm in diameter) is larger than
Filler B (5-10 µm in diameter). Experimental PPN coatings with different amounts of filler particles (which
will be called coating EL and EH) were prepared and tested to compare their performance with that of a
commercial PPN coating with a standard amount and type of fillers (which will be called coating CP).
The composite coatings were applied to the steel panels at a commercial coating facility using test
scale equipment. The substrates used were 4” by 6” panels made of ABS DH36/AH36 steel. The chemical
composition of the steel is presented in Appendix 3 Table 2. The steel substrate was blasted with aluminum
oxide according to NACE No. 1/SSPC-SP5 standard("Standard Test Method for Linearly Reciprocating
Ball-on-Flat Sliding Wear," 2016) at the coating facility to obtain a white metal blast surface before the
application of the coating systems. In each coating system, filler particles and polymer powder were mixed
well using high speeds in a shear mixer, which dispersed the particles uniformly in the polymer matrix. A
layer of primer was applied on the steel panel first to enhance adhesion between coating and substrate. The
panels were then preheated to 275˚-375˚ F, and the coatings were applied by warm extrusion on heat-soaked
panels. Coated panels were heated in 400˚-500˚ F environment for 1 to 4 hours for the crosslinking of the
thermoset polymer coating. The dry film thickness of the coating systems was 8-12 mils. Two replicas of
each coating systems (6 specimens in total) were tested.
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Appendix 3 Table 1 Coating information

Filler Area fraction
(%)*
EL
2.5
CP
11
EH
9
*Both filler A and B are included
**X is an unknown constant
Coating ID

Filler volume
fraction*
2X**
12X
16X

Filler A
Volume
X
6X
15X

Filler B
Volume
X
6X
X

Appendix 3 Figure 1 SEM images showing representative distribution of filler particles A and B in coating systems EL, CP, and EH

Appendix 3 Table 2 Chemical composition of ABS DH36/AH36 steel

C
0.02-0.1

Mn
0.5-0.6

P
0.02-0.1

S
0.03-0.035

Al
Cu Ni
0.01 0.2 0.2

Cr
Mo Cb
V
0.15 0.06 0.008 0.008

Ti
0.025

2.2 Solid particle impingement erosion tests
A custom-built air-blast erosion rig was used to conduct solid particle impingement erosion tests
on the composite coatings. Appendix 3 Figure 2 shows the schematic plot of the erosion rig. Erosive
particles were sent into the machine through a vibratory feed system. The feed system could control ensure
that erodes reached the mixing chamber at a constant rate. In the mixing chamber, the erosive particles
joined the high-pressure air stream and accelerated. The accelerated particles went through the nozzle and
impinged on the coated specimens. The particle velocity was calibrated with dual spinning disks, per ASTM
standard G-76 (Borawski, Singh, et al., 2011; Borawski, Todd, et al., 2011).
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Appendix 3 Figure 2 Schematic plot of the custom-built air-blast erosion rig (Borawski, Singh, et al., 2011; Borawski, Todd, et al.,
2011) .

Alumina grit (240 grit or 56 µm) erodent was selected as the erosive particles in this work. In each
erosion test, 50g of alumina particles traveled through the erosion rig and impinged on the composite
coatings at a speed of 100 m/s and impact angle of 90±1°. The coating thickness was measured by thickness
gauge Elcometer 456 after erosion testing. For each specimen, thickness of five locations were measured,
and the average of these 5 measurements is what is reported as the coating thickness.
After erosion test, the coated specimens were sent to a water bath for one week of constant
immersion in an aqueous electrolyte with a chloride concentration of 2000 ppm, pH of 3.5, temperature of
60℃, and CO2 saturated. HCl and NaCl were applied to adjust chloride concentration and pH of the
electrolyte. Industrial grade 99.5% purified UN1013 CO2 gas were constantly pumped into the electrolyte.
The immersing environment was designed to mimic the anticipated exposure in natural gas pipelines in the
middle east without H2S. These field conditions were provided by Qatar Gas Company based on natural
gas extracted from Ras Laffan site in Qatar.
2.3 Abrasive wear test
A tribology tester, Bruker UMT-3 Tribometer, was employed to study the composite coatings’
response against abrasive wear. These tribological tests were conducted at Texas A&M University’s
Campus in Doha, Qatar. The abrasive wear tests followed the ASTM G133 standard ("Standard Test
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Method for Linearly Reciprocating Ball-on-Flat Sliding Wear," 2016). During these tests, a z-direction load
was applied from the fixed ball pin to the composite coating surface. The drive which carried the coated
specimen ran in reciprocating mode as shown in Appendix 3 Figure 3. The ball pin is made of 440C
martensitic stainless steel (UNS S44004) with diameter of 0.635 cm.

Appendix 3 Figure 3 Schematic image of the tribology tester running wear test on a coated specimen.

Each test lasted for 120 seconds with reciprocating speed of 3 Hz. For each load, three different
locations on the coated specimen were tested. The tests were conducted in a dry environment under ambient
temperature and atmospheric pressure. Volume loss of the specimens after wear tests were calculated by
Zygo ZemetricTM software.
After wear testing, specimens were immersed for 90 days in the electrolyte with the same
composition as the one used for immersion after solid particle impingement test.
2.4 Electrochemical tests
During constant immersion of the coated specimens, electrochemical tests were conducted to
monitor the coating performance. Gamry® Reference 600 Potentiostats were used to conduct open circuit
potential (OCP) measurements, and EIS tests on the coated. The testing solution was an aqueous electrolyte
with a chloride concentration of 2000 ppm, pH of 3.5, and CO2 saturated. The EIS tests were carried out at
OCP in frequency range from 100 kHz to 5 mHz with a signal amplitude of 10 mV. The coated specimens
to be examined served as working electrodes. A graphite rod was employed as counter electrode. Saturated
calomel reference electrode (SCE) was used in all the electrochemical tests. All the electrochemical tests
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were conducted under ambient temperature. The measured values of potential are reported vs. SCE. The
EIS data were analyzed by Gamry Echem AnalystTM and Scribner Associates Inc. Zview® software.
2.5 Testing Regime
In solid particle impingement erosion tests, coating EL, CP, and EH with 2 replicas of each were
sent to erosion rig for erosion test with 50g of alumina erodent. Thickness measurement was conducted at
the eroded area after erosion test. The eroded specimens were then immersed in the electrolyte.
Electrochemical tests were conducted during immersion. After one week of immersion, erosion tests were
conducted again at the same eroded area of the immersion, followed by another week of constant
immersion. The erosion-corrosion cycles continued until the coatings were penetrated through.
In abrasive wear tests, both coating EL and EH went through abrasive wear tests under loading
force of 100N and 200N. For each type of coating, three different locations were tested under each loading
force. After wear tests, coated specimens were immersed in electrolyte for 90 days. Electrochemical tests
were conducted at the wore area during immersion.
A FEI Quanta 200 Environmental SEMTM and a Zygo NexViewTM 3D optical profilometer were
used to monitor the coating surface and its changes throughout the testing regime.
3. Results
3.1 Solid particle impingement erosion tests
Coating EL, CP, and EH showed different responses during solid particle impingement erosion
tests. Appendix 3 Figure 4a presents the measured coating thickness with regard to cumulative amount of
erosive particles applied (for each type of coating, the change in coating thickness was the same between
the two replicas, and therefore the thickness of one replica for each type of coating is presented). One can
observe that the thickness of the composite coatings decreased almost linearly with the amount of applied
alumina particles. Comparing the trend line slopes of the coating thickness in Appendix 3 Figure 4a, it can
be found that the trend line for coating CP and EH are almost parallel to each other, which means that with
the same amount of erosive particles impinged on the coating surface, the thickness reduction of coatings
CP and EH were similar to each other. The trend line for coating EL, on the other hand, exhibited a
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shallower slope, meaning that a larger amount of erosive particles were needed to remove the same amount
of EL coating when compared to the other two coatings. To confirm this finding, an average decrease in
thickness after each single erosion test was calculated (shown in Appendix 3 Figure 4b). Under the same
amount of applied erosive particles, the decrease in thickness of coating CP and EH were very similar to
each other, while the coating EL’s thickness decreased less (around 0.5 mils less than the other two
coatings). One can then conclude that coating EL exhibited higher erosion resistance compared to coatings
CP and EH during solid particle impingement testing. Referring to the coating information shown in
Appendix 3 Table 1, regardless of filler type, the amounts of filler in coating CP and EH are similar, and
the amount of filler in coating EL is much lower than in the other two coatings.
The different manners of thickness decrease suggest that the amount of filler in the composite
coatings plays an important role in their erosion resistance. The larger the amount of filler inside the coating,
the less erosion resistant the coating is under solid particle impingement. This finding supports the
conclusions reached by Harsha et al. who compared the erosion rate of different filler-reinforced polymer
composite coatings and their corresponding neat polymers and had found that the incorporation of filler
increased the erosion rate of the coating (Harsha et al., 2003; Miyazaki & Hamao, 1994; Miyazaki &
Takeda, 1993). Previously Arjula et al. (Arjula & Harsha, 2006) examined the performance of different
polymers and their composites under solid particle impingement tests and found that the response of filler
reinforced composite against erosion usually lie between that of ductile polymers and brittle polymers.
Coating EL, with much lower amount of filler particles than coating CP and EH, was more ductile than the
other two coatings. As ductile materials have higher impact resistance than brittle ones, they had better
erosion resistance against solid particle impingement than brittle materials. This may be the reason for the
lower erosion rate of coating EL comparing to coating CP and EH under the solid particle impingement
test.
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(a)

(b)

Appendix 3 Figure 4 Coating thickness under different amount of erosive particles (representative data from one replica of each
type of coating) (a); Thickness decease under each erosion cycle (50 g of erosive particles) of different coatings (b) Coating
thickness were measured by thickness gauge Elcometer 456.

One can also observe (see Appendix 3 Figure 4b) that the standard deviation of decrease in coating
thickness for coating EH was much lower than that of coating EL and CP. This observation indicated that,
under each erosion cycle, the decrease in thickness of EH coating was more consistent than of the other two
types of coating. According to the filler distribution shown in Appendix 3 Figure 1, coatings CP and EH
have similar filler volume fraction, but their filler composition is different --coating EH has higher portion
of lager sized filler A particles. The filler particles in coating EH are distributed more evenly than in coating
CP (in Appendix 3 Figure 1, there are clearly more filler particles at the bottom left part of CP image than
the central part of the image, showing agglomeration of the filler). Smaller filler particles have higher
tendency to agglomerate, and higher amounts of filler particles also have higher tendency to agglomerate
(Xing & Li, 2004). The agglomeration of filler particles in the polymer matrix would reduce its mechanical
properties and thus reduce its erosion resistance (Leong, Bakar, Ishak, Ariffin, & Pukanszky, 2004). In
coating CP, the large amount of small-sized filler particles B was not evenly distributed, which not only
increased the erosion rate of the coating, but also made the decrease in thickness under each erosion test
less consistent comparing to coating EH.
The difference in the amount of filler in coating EL and EH may account for the consistency in the
decrease of thickness between the two types of coatings. During solid particle impingement tests, cracks
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were formed in the coating, as shown in Appendix 3 Figure 5. The coating surface before the test was
smooth and no cracks can be observed. After the impingement test, the coating surface roughness increased
significantly and cracks can be observed (marked by circles in Appendix 3 Figure 5). The presence of the
cracks would facilitate the removal of coating material. The presence of filler particles in the coating could
hinder the propagation of the cracks, and thus control the size and distribution of the cracks (Xing & Li,
2004). Coating EH, with larger amount of filler particles that control the crack propagation, would have
evenly distributed cracks in the coating. The thickness reduction during each erosion test would thus be
consistent due to the evenly distributed crack network. In coating EL, due to its lower amount of filler
particle, the cracks propagation during solid particle impingement test was less obstructed by filler particles.
The size and distribution of cracks in EL coating are less predictable than in coating EH, and thus would
probably make the decrease in EL coating thickness less consistent than that in the EH coating.

(a)

(b)

Appendix 3 Figure 5 Coating surface of EL before (a) and after (b) solid particle impingement test. Cracks can be observed on the
coating surface after the test.

Electrochemical tests were conducted during immersion. The corrosion resistance and capacitance
of the coatings were obtained by fitting the EIS data in to equivalent circuit composed of a constant phase
element in parallel with a resistor. The calculated coating resistance of coatings EL, CP, and EH as a
function of coating thickness during erosion-corrosion cycles are presented in Appendix 3 Figure 6. The
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corrosion resistance for all the coating specimens decreased as coating thickness decreased. This
observation indicated that coating thickness plays a key role in the barrier protection of the coatings. For
coatings CP and EH, the decrease in resistance with respect to coating thickness is linear. The corrosion
resistance of the EL coating, on the other hand, did not show a significant decrease until the coating
thickness was less than 5 mils. One can observe, in Appendix 3 Figure 6, that the corrosion resistance of
coating EL was significantly higher than that of coating CP and EH with same coating thickness. As
discussed by Le Pen et al. (Le Pen et al., 2000), incorporation of filler particles introduced defects in the
coating and thus decreased the barrier properties of the coating. Coating EL, with a much lower amount of
filler, exhibit higher corrosion resistance compared to the other two types of coatings. For coatings thicker
than 5 mils, the estimated coating resistances of coating EL was around 1×10HI ohm ∙ cmJ , and the
capacitance was in the range of 1×10KHH F/cm2, which indicates excellent barrier protection. The EIS
spectra showed predominantly capacitive response and therefore it was not possible to show the change in
resistance with respect to coating thickness precisely.

Appendix 3 Figure 6 Coating resistance of composite coating EL, CP, and EH with respect to coating thickness during erosioncorrosion test. The thickness of the coating decreased due to the erosion-corrosion process. Tested in electrolyte with chloride
concentration of 2000 ppm, pH of 3.5, temperature of 60℃, and CO2 saturated. Note that the scale of coating resistance is
different for EL coating.

Coating resistance values higher than 106 ohm∙cm2 are generally viewed as an indicator of a
protective organic coating (Scully & Hensley, 1994). Coating resistance values in Appendix 3 Figure 6
showed that the composite coatings remained protective to the steel substrate with thicknesses higher than
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3mils. As long as the coating was thicker than 3mils, all three composite coating systems could provide
adequate barrier protection for the steel substrate.
The change in calculated coating capacitance of the three types of composite coating did not show
direct dependence on coating thickness. The capacitance values ranged between 10-10-10-11 F/cm2 before
the coating lost its protectiveness (when coating resistance was lower than 106 ohm∙cm2). The different
trend in the changes in coating resistance and coating capacitance with respect to coating thickness was due
to their different sensitivity to local defects in the coating. During EIS testing, electric current flows
preferentially through the area of local defects, which reduces the overall resistance of the area. The
capacitance values, on the other hand, were obtained by measuring AC electrical response of the whole
testing surface, and were not dominated by local defects (Reyes-Mercado et al., 2008). The low capacitance
of the composite coatings during erosion-corrosion tests indicated that no significant changes in either
coating structure or coating chemical composition took place.
After erosion testing, coating response with respect to immersion time was also monitored by EIS
testing. The composite coatings were eroded to different thickness and then exposed to constant immersion
for a week. EIS tests were conducted on the eroded surface during immersion to monitor coating
performance. Appendix 3 Figure 7 presents the calculated coating resistance values of the EH coatings with
different thicknesses after erosion (2.6, 5.2, 8.0, and 10.0 mils) during one week of immersion. The
difference in average coating resistance with respect to coating thickness agrees well with the results shown
in Appendix 3 Figure 6. At coating thickness of 2.6 mils, the coating no longer provides adequate barrier
protection for the substrate and exhibits much lower coating resistance than thicker coatings. One can
observe that, regardless of the difference in thickness, the coating resistance decreases slightly during first
two days of immersion and then remained constant. As for surface topography, no significant changes of
the eroded surface were observed in SEM or optical profilometry. During the whole immersion period,
coating thickness is the controlling factor in corrosion resistance.
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Appendix 3 Figure 7 Coating resistance of EH coating (eroded to different thickness) during one week of immersion. Data obtained
from fitting EIS testing data to a Randle circuit with a CPE model. Tested in electrolyte with chloride concentration of 2000 ppm,
pH of 3.5, temperature of 60℃, and CO2 saturated.

3.2 Abrasive wear test
To understand the relationship between the amount of filler and a coating’s abrasive wear
resistance, abrasive wear tests were conducted on coating EL (low filler amount) and EH (high filler
amount). The measured coating volume loss under different loading forces are shown in Appendix 3 Figure
8. One can observe that, for each type of coating, volume loss increases with respect to loading force. Under
the same loading force, coating EL exhibited higher volume loss of coating material than coating EH.
Coating EH showed better abrasive wear resistance than coating EL.

Appendix 3 Figure 8 Volume loss of coating EL and EH with respect to load under wear test. Data obtained using Zygo ZemetricTM
software.

The relationship between abrasive wear resistance with respect to amount of filler in the abrasive
wear test was opposite to that in solid particle impingement erosion test. This observation agreed with the
results from previous researchers who found that incorporation of filler particles in various polymer
coatings increased their abrasive wear resistance while it decreased their erosion resistance against particle
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impingement (Arnold & Hutchings, 1990; Bulgin & Walters, 1967; Uchiyama, 1984). The different
responses of coating to solid particle impingement and abrasive wear tests may be due to the different
coating degradation mechanisms operative under these two tests. In solid particle impingement test,
material was removed through development of cracks and their interaction with each other. Incorporation
of filler particles in the coating would facilitate the initiation and development of cracks on the coating
surface due to the imperfections of the coating at the filler-polymer interface. As a result, coatings with a
higher amount of filler particles would have a lower resistance against solid particle impingement compared
to coatings with less filler particles. Material loss during abrasive wear tests, on the other hand, was due to
scratching and ploughing by the pin of tribometer. In composite coatings, filler particles are harder than the
polymer matrix, and thus provide more resistance against the pin during the scratching process. As a result,
the higher the amount of filler in the composite coating, the higher the abrasive wear resistance. Coating
EH, with higher amount of filler particles, exhibited higher wear resistance compared to coating EL.
Following abrasive wear test, EL and EH specimens underwent 90 days of constant immersion in
the testing electrolyte. Appendix 3 Figure 9 shows the optical profilometry images of the wear defects on
coating EL and EH before and after 90 days of immersion. For both types of coatings, the surface of the
wear defect became rougher with more cracks developed in it after immersion. The density and size of
cracks after immersion was higher for EL coating than EH coating. The coating surface outside of the defect
remained unchanged during immersion.
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(a)

(b)

(c)

(d)

Appendix 3 Figure 9 Topography of wearing defects of coating EL and EH before and after 90 days of immersion in an aqueous
electrolyte of 2000 ppm chloride, pH of 3.5, temperature of 60℃, and CO2 saturated. More cracks can be observed after 90 days
of immersion (b) and (d) than before immersion (a) and (c). The density and size of cracks after immersion was higher for EL (b)
coating than EH coating (d).

EIS tests were conducted on the specimens during the 90 days of immersion to monitor the
corrosion response of the coatings. Appendix 3 Figure 10 presents the calculated coating resistance of
coatings EL and EH during 100 N-load wear test and corrosion tests. Corrosion resistance of intact coatings
before wear tests is also presented in the figure as reference. With higher amount of coating removed, the
corrosion resistance of coating EL decreased immediately after wear test, while no significant change in
corrosion resistance can be observed for coating EH. After one week of immersion, both coatings showed
a significant decrease in coating resistance. As immersion time increased, the coating resistance continues
to decrease, but at a lower rate. The resistance of both types of coatings after 90 days of immersion
decreased very slightly compared to that after 7 days of immersion. Comparing the performance of the two
types of coatings, one can find that coating with higher amount of filler exhibited higher resistance against
the combined action of abrasive wear and corrosive environment.
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Appendix 3 Figure 10 Corrosion resistance of coating EL and EH after wear test (loading force 100N) during 90 days of immersion
in electrolyte of 2000 ppm chloride, pH of 3.5, temperature of 60℃, and CO2 saturated. Data obtained from fitting EIS results in
to a Randle circuit with a CPE model.

Both EIS results and observations of surface topography indicated that the composite coatings
showed a decrease in barrier properties during the wear test and corrosion test. After abrasive wear tests,
both the coating thickness and surface roughness increased. During long-time immersion, filler particles
and flakes of polymers at the worn surface gradually detached from the coating and widened the defects
caused by wear tests. Electrolyte then gradually penetrated the coating through the widened defects. As a
result, coating resistance decreased and the barrier protection of the coatings weakened during both wear
test and corrosion test. Wear testing facilitated electrolyte penetration of the coating, and corrosion test
continue to decrease the coating barrier property after wear test.
4. Discussion
The amount of filler particles played a very important role in both the resistance against solid
particle impingement and the abrasive wear resistance of the tested composite coatings. With an increased
amount of filler particles, the composite coatings behaved like a brittle material which has a lower impact
resistance than ductile material. On the other hand, with an increase in the amount of filler particles, one
can control the distribution and size of cracks during particle impingement and thus make the coating
material removal more uniform and controllable compared to coating with a decreased amount of filler
particle. Filler particles can provide resistance against scratching. As a result, a higher amount of filler
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particles could increase the abrasive wear resistance of the composite coating. Considering the tradeoff
between the coating resistance against solid particle impingement and abrasive were, higher amounts of
filler particles are preferred.
The size of filler particles did not contribute significantly to the performance of the coating during
the erosion corrosion test. However, from our observation, larger sized filler particles are easier to distribute
evenly in the composite coating than smaller particles. As a result, larger amount of filler particle with lager
size is preferred.
While the amount of filler particles did contribute to the coating performance against corrosion,
coating thickness played a more significant role in the coating’s barrier properties. Coating thicknesses
higher than 3 mils provided adequate corrosion protection against the corrosive environment used in this
study. In an environment where erosion is expected, a higher coating thickness is recommended.
The performance of the composite coating systems with different amount of filler under different
testing environment are present in Appendix 3 Table 3. The results of corrosion tests and erosion corrosion
tests are described in a previous manuscript (D. Wang, Sikora, E., & Shaw, B. A., 2017). Coatings with a
lower amount of filler particles showed the best corrosion resistance when intact coatings were exposed to
corrosive environment. Also, they exhibited good resistance against solid particle impingement. On the
other hand, when the coatings were exposed to a combined environment of erosion and corrosion or wear
and corrosion, then higher amount of filler particle is more beneficial.

Appendix 3 Table 3 Coating performance with respect to filler amount under different testing environments

Test
Amount of filler
High
Low

Corrosion
only

Erosion only

Wear only
ü

ü

WearCorrosion
ü

Erosioncorrosion
ü

ü

5. Conclusions
Composite coatings with lower amounts of filler particles performed better under solid particle
impingement erosion test, and coatings with higher amounts of filler particles showed higher abrasive wear
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resistance under wear test. Filler particles helped to control the size and distribution of cracks during erosion
testing. Coating thickness played an essential role in the barrier properties of the coating.
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