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SUMMARY

Due to their superior chemical and mechanical properties, graphene and
graphene oxide have recently emerged as filler materials in various coating systems
to improve corrosion resistance and mechanical durability. These unique
characteristics make them favorable for the formation of a passive layer to protect
metals from oxidation and corrosion. In this study, a multilayer protective coating is
obtained on a low carbon steel substrate, and the corrosion resistance of this coating
is investigated via potentiodynamic polarization. To obtain the multilayer coating
system, the samples are first galvanized and then passivized. With the optimized new
coating method, thin layers of two different primers are applied to the passivation
layer, followed by a polyamide 12 (PA12) topcoat layer with a controllable
thickness. The effects of reduced graphene oxide filler on primers are experimentally
investigated with 0.5 %wt. filler rate. Cross-sections of coated specimens are
examined via SEM and EDS. Experimental corrosion rates for coated specimens are
examined in an aqueous 3.5% NaCl solution by the Tafel method. It is shown that the
corrosion rates are reduced to one in 10 with the 0.5 % wt. addition of reduced
graphene oxide as a filler material in primer layers in the multilayer coating system.
These results show that graphene reinforced polymer composite coatings can be an

alternative protection method against corrosion for many engineering applications.

Key Words: Reduced Graphene Oxide, Thin Film Coating, Corrosion,
Composite Coating.



OZET

Ustiin kimyasal ve mekanik zellikleri nedeniyle, grafen ve grafen oksit, cesitli
kaplama sistemlerinde korozyon direncini ve mekanik dayamikliligi arttirmak igin
yakin zamanda dolgu malzemeleri olarak ortaya c¢ikmaktadir. Bu essiz ozellikler,
metalleri oksidasyon ve korozyondan korumak igin pasif bir tabaka olusturarak
onlar1 uygun hale getirir. Bu ¢alismada, diisiik karbonlu ¢elik bir alt tabaka {izerinde
¢ok katmanlt bir koruyucu kaplama elde edilmis ve bu kaplamanin korozyon direnci
potansiyodinamik polarizasyon ile arastirilmistir. Cok katmanli kaplama sistemini
elde etmek icin, numuneler 6nce galvanizlenmis daha sonra pasiflestirilmistir.
Optimize edilmis yeni kaplama yontemiyle, pasivasyon katmanina iki farkli astardan
olusan ince katmanlar ve ardindan kontrol edilebilir bir kalinliga sahip poliamid 12
(PA12) son kat katmani uygulanir. indirgenmis grafen oksit dolgu maddesinin
primerler tizerindeki etkileri, agirlikca %0,5 dolgu orami ile deneysel olarak
aragtirtlmistir. Kaplanmis 6rneklerin  kesitleri, SEM ve EDS ile incelenmistir.
Kaplanmis ornekler i¢in deneysel korozyon oranlari, Tafel yontemi ile sulu %3,5
NaCl ¢ozeltisi i¢inde incelenmistir. Cok katmanli kaplama sistemindeki tabakalarin
astar kaplamlarina dolgu maddesi olarak agirlikca %0,5 indirgenmis grafen oksit
ilavesi ile bile korozyon oranlarinin 10'da bire diistiigii gosterilmistir. Bu sonuglar
grafen takviyeli polimer kompozit kaplamalarin bircok miihendislik uygulamasi i¢in

korozyona kars1 alternatif bir koruma yontemi olabilecegini gostermektedir.

Anahtar Kelimeler: Indirgenmis Grafen Oksit, Ince film kaplama, Korozyon,
Kompozit kaplama
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1. INTRODUCTION

1.1. Corrosion

Corrosion is a natural degrading process that leads to material losses due to
chemical interactions with its environment [1]. These electrochemical reactions can
be defined as charge-transfer processes that occur between the metallic surface and
an aqueous solution. The anodic reaction in which electrons are released and the
cathodic reaction, which is the opposite of anodic reaction, occur at equivalent rates

and simultaneously [2].

Figure 1.1: Rust, the most familiar example of corrosion [7].

In many domestic systems and industrial processes, corrosion can cause
problems such as premature failures, and degradation [3]. Depending on its
mechanism and surface, corrosion can occur in different forms, and its predictability
and controllability may differ Uniform corrosion, pitting, crevice corrosion, galvanic
corrosion, erosion, intergranular, and stress corrosion cracking are some of the main

forms of corrosion attack [4]. For example, stress corrosion cracking occurs in the



presence of tensile stress and a corrosive medium, and fine cracks progress through
the surface [4]. On the other hand, the relative motion between a corrosive liquid and
a metal surface can cause erosion-corrosion in a short time. Crevice corrosion is a
form of localized corrosion within crevices on metal surfaces. The rust shown in
figure 1.1 is an example of uniform corrosion and causes the greatest metal weight
loss. The surface of the iron acts as the anodic site and oxidizes while oxygen is

reduced to water at the cathodic site. The following chemical equation represents its

reactions:
2Fe + 02+ 2H20 — 2Fe(OH); (1)
2Fe(OH); + 502+ H20 — 2Fe(OH)’ )
OZ
water Fe2*
£\
Fe,05.-xH,0
anodic
; site
iron

Figure 1.2: The result of corrosion of metallic iron [5].

It may appear safe to say that most people are familiar with corrosion and its
types, but the social and economic effect of corrosion still takes a crucial role than
expected. At least the economic effect of this material degrading process is expensive
enough to be a significant motivation for most of the current corrosion research,
which has the potential to contribute to other fields of science and engineering [6].

According to a recent study, the total annual estimated global cost of corrosion
to be $276 billion in the United States (U.S.), which accounts for 3.1% of the gross
domestic product (GDP) [8]. When compared to Turkey's GDP of $934,2 billion in


https://saylordotorg.github.io/text_general-chemistry-principles-patterns-and-applications-v1.0/s23-06-corrosion.html#averill_1.0-ch19_s06_f01

the same year, a total loss of corrosion can be estimated $28,9 billion for Turkey.
Even if the sectors for the source of the corrosion may not the same in the US and
Turkey, the total annual corrosion loss of about $30 billion poses a major problem
[9]. On the other hand, it is expected that saving some of the cost of corrosion can be
realized by using available corrosion control practices. The researchers’ study
estimated that 25 to 30% of this total annual corrosion cost in the U.S. may be
avoided if currently available corrosion technology is effectively employed [8]. This
shows that the prevention of the corrosion loss of about $10 billion annually may be
possible in Turkey.

Despite corrosion control practices that have improved over the past several
decades, corrosion is a natural process that cannot be completely prevented, it can
only be minimized. Researchers have been trying to minimize these material losses,
as well as the concomitant economic losses, that are derived from automobiles,
drinking water systems, home appliances, pipelines, bridges, and public buildings,
etc. to prevent this dangerous and expensive damage of the corrosion. There are
different leading methods to prevent corrosion. Case hardening, diffusion treatment,
conversion coating, cathodic and anodic protection are some of them. For example,
with hot-dip galvanizing, which is one corrosion protection method, metal parts are
coated with a well-adhered zinc-steel alloy to prevent corrosion. On the other hand,
diffusion treatment is a good example of corrosion protection methods. The surface
layers are enriched by diffusing atoms of a different material at high temperatures
and improve the surface characteristics such as corrosion resistance. More and better
ways are needed to control and retard corrosion and improve optimal practices.
Therefore, one of the most economical and effective procedures used to overcome
this issue is to cover the surfaces with coatings [10]. It is expected that by
developing protective coatings with the least changes in the physical properties of the
surface, the above losses can be abated [3]. It was also predicted that $121 billion,
which is 1.38% of the U.S. GDP, was spent on the total direct cost of corrosion
control services in the U.S., and 88.3% of this cost was related to organic coatings
[8]. These results prove the importance of corrosion control methods to reduce the
costs of maintenance and increase the expected life of a structure. Among other
existing methods, corrosion protective coatings are gaining popularity as they are

cheap and effective [11].



1.2. Protective Coatings

Surface coatings have been used for both decorative and protective purposes
since ancient times and they can be classified as organic, inorganic, and metallic
coatings in themselves [12]. Coatings designed for corrosion protection must be able
to provide an effective physical barrier, which impedes access of aggressive species
to the metallic interface [13]. In addition, the coatings must possess intrinsic
durability, good adhesion to the substrate, sufficient flexibility, and toughness to
withstand impacts and cracking while maintaining their appearance when subjected
to stress, swell, mechanical abuse, or weathering [14]. According to the conditions of
use, these types of coatings can be exposed to different corrosion risks, and they can
also be used as a single layer or in a multi-layer coating system. Specific applications
may require other coating properties as well. For example, galvanizing is one of the
most widely used sacrificial methods for metallic coating [64]. This method which is
comprised of applying metallic zinc to carbon steel for corrosion can provide
cathodic protection. On the other hand, conversion coatings, one of the examples of
inorganic coatings, offer enhanced surface hardness and protect the surface from
further corrosion with the help of produced an adherent corrosion product. However,
on a weight basis, organic coatings protect more metal than any other corrosion
protection method [15]. According to the U.S. Department of Commerce, in 1997,
$16.56 billion of organic coating material was sold in the U.S. and with
approximately one-third of the total sales for the main purpose of corrosion
protection [8]. For this purpose, protective coatings have become most widely used
to protect a surface from an aggressive environment [16]. Instead of using a single
type of layer coating, multifunctional systems that combine more than one type of
coating are preferred for these corrosion control purposes. Thus, multilayer coatings
combine the best properties of single layers. Therefore, these coatings can also
provide other requirements such as durability, chemical inertness, resistance to

thermal fluctuation.



Nanocomposites, hydrophobic coatings, and organic-inorganic hybrid coatings
have already emerged in extending the life of various materials in corrosive
environments [17]. In the future, the demand for composite coating materials with
high corrosion resistance may increase, depending on environmental factors and
performance, as well as techniques derived from improved experimental studies.
Materials are incorporated into the polymer composites as a filler to enhance
corrosion performance and obviate the lack of polymer coatings [18-19-20].
Especially, for the last years, instead of expensive or ineffective coating materials,
new innovative materials have been tested, and graphene has been one of the most
favored of these materials [21-12-23]. Besides, composite coatings, involving
graphene derivatives, have been used and tested in many recent studies and seem to

be one of the indispensable materials for protective coatings [24-25-26].
1.3. Graphene

Graphene is one atomic thickness of graphite and it is the first known two-
dimensional form of sp2 bonded carbon atoms [27-28]. Its crystallographic structure
is shown in Figure 1.3. Since its discovery, the research wave on graphene is getting
higher and higher due to outstanding mechanical, chemical, thermal properties, and
functionalized capabilities [29-30]. Graphene has also unique qualities such as
exceptional thermal conductivity (5000 Wm™K1), high electron mobility (250,000
cm?/Vs) at room temperature, and superior mechanical properties with Young's
modulus of 1 TPa [31-32-33-34]. These unique characteristics make graphene one of
the most favorable materials in both scientific and industrial fields such as

automotive, aerospace, and marine.
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Figure 1.3: Crystallographic structure of graphene [27].

Recently, there are many studies on applications in various fields such as
sensors, photodetectors, solar cells, polymer composites, energy storage devices [35-
36-37]. Especially, polymer nanocomposites with graphene derivatives have a
remarkable effect on high-performance protective coatings [38-39-40]. Anti-
corrosive coatings with the usage of graphene-based composites are an emerging
trend [11]. Graphene-reinforced polymer nanocomposite system gives enhanced anti-
corrosion ability to coatings primarily because of the following protection
mechanisms: (i) homogeneous distribution of polymer phase on the substrate's
surface resulting in the formation of smooth and uniform passive layer, (ii) limiting
the penetration and providing tortuous diffusion path to the corrosive agents along
with the coating thickness and (iii) reformed mechanical strength to resist cracks and
improved adhesion ability to the metal surface [41]. The main driving force behind
this trend is the need for more effective anti-corrosive coating methods to extend the
life of the surface coatings and reduces the cost [42-43].

1.4. Literature Review

Recently, several studies on corrosion-resistance coatings with graphene and
graphene derivatives have been applied on different substrates. [44-45] The



substrates such as alloys, carbon steel, copper, nickel, and stainless steel can be used
for these studies. Prasai et al. studied that anti-corrosive coatings with pure graphene
layers obtained by chemical vapor deposition (CVD) method on copper and nickel,
they have 7 times better corrosion performance than bare copper and 20 times better
than bare nickel [46]. As well as substrates, the coating technique is also an
important parameter for corrosion resistance. Prasai also compared the corrosion
resistance of multilayer graphene coatings which are obtained by the CVD method
and the mechanical transfer method. It was found that the multilayer graphene
coating directly obtained by CVD has 20 times higher corrosion resistance than bare
nickel, while the multilayer coating obtained by the mechanical transfer method has
4 times greater corrosion resistance than bare nickel because of the corrosion
transport path left during the transformation [44-47]. The number of layers can also
have a positive effect on corrosion resistance in some specific cases. Olia et al
obtained coatings containing different numbers of layers and the same total thickness
on steel, the results prove that multilayered coatings with more different layers
provide more resistance against corrosion compared to others [48]. At the same time,
the preparation of multilayer graphene coatings can be a simple and effective method
to solve the corrosion problem, because the mutually matching defects overlap with
each other and a spatial steric hindrance is formed [49]. This provides us long-term
corrosion protection which is quite important for most polymer nanocomposite
coatings. On the other hand, the corrosion performance of the zinc-rich coating can
be increased by the barrier behavior of graphene nanosheets [50-54-52]. Zhou et al.
report that epoxy zinc-rich coating with graphene oxide coating exhibited better
corrosion performance than a pure zinc-rich coating due to the positive
impermeability [53]. The coating method is also important to create a uniform,
robust oxidation, and crack-free coating. Sing developed a coating with excellent
microstructure and controlled thickness (40nm) on the copper. With this study, the
reduction in the corrosion rate of the copper is observed 10 times better and it has
excellent adherence to the metal surface [54]. Sun and coworkers reveal that
graphene-SiO, composites enhance corrosion resistance when embedded into an anti-
corrosive coating [55]. Impermeability is also an important feature that affects the
corrosion resistance of materials. In this respect, Bunch et al. showed that graphene
film may prevent the gas molecules from transferring by van der Waals force

between graphene and SiO2 [56]. Another experimental study reports that cold-rolled



steel, used for industrial setup, is developed with a reduced graphene oxide coating
and better anti-corrosive performance is observed. This report shows that some
applications of reduced graphene oxide coatings on cold-rolled steel sheets can be
possible in an industrial setup [57]. Chang et al. improve anti-corrosive coating with
polyaniline/graphene composite and, Yu and coworkers investigated graphene oxide
derivatives incorporated in epoxy coatings [58-59]. Chen et al. and Cho et al. used
graphene in the CVD system and proved that it can provide corrosion resistance for
Cu and Cu/Ni alloys [59-60]. Podila et al. reported that the graphene-coated part of a
Cu coin exposed to H.O> remained protected from oxidation while the uncovered
region is discolored [61]. They also immersed graphene-coated NiTi in 70% HNOs
to confirm the durability of graphene coatings. According to Raman spectroscopy,
there was no change in the G- band frequency referring that the graphene coating
was extremely durable. Zhang et al. suggest that graphene coating can also be used
for some biomedical applications such as metal implants. They demonstrated that
graphene can effectively prevent the toxicity of copper by inhibiting corrosion [62].
The coating materials, substrates, coating techniques, number of coating layers,
and thicknesses are significant parameters that can affect the rate of corrosion, and
some research on these topics are given above. Above mentioned studies show that
with the usage of sufficient graphene and derivatives in especially polymer coatings,
anti-corrosive performance, and barrier properties can be remarkably improved

which leads to cost-effective and long-term corrosion protection.

1.5. Objective and Content of Thesis

Recently, several studies have focused on examining the effect of graphene in
polymer coatings and its contribution to surface barrier properties. Some of them
have already been mentioned in the literature review. However, there is a scarcity of
research that investigates the role of graphene and its derivatives with reinforced
polymer coatings on corrosion resistance. Despite some challenges, it is an ongoing
effort to apply graphene polymer composites in the industry. And there are still many
limitations in industrial applications for graphene coatings even those that have good
mechanical properties.



In this thesis, we aimed to develop, the anti-corrosive graphene-based
multilayer polymer coating on the steel substrate. For this purpose, a multilayer
coating system containing galvanization layer, conversion coating layer, primer, and
topcoat are applied on a steel substrate with a controlled thickness of individual
layers with and without reduced graphene oxide in the primer layer. The
microstructure of each coating is analyzed. The corrosion performance of the
prepared samples is investigated by the electrochemical test method. The
experimental coating procedure that allows obtaining desired thicknesses throughout
the target surface is studied. It is shown that the addition of sufficient RGO can

increase corrosion resistance.

Figure 1.4: PA12 coated pipes [63].



2. METHODOLOGY

The first aim of this thesis is to develop a protective and durable polymer
composite coating with a controllable thickness on top of a low carbon steel plate.
The second aim is to increase the corrosion resistance of this polymer coating by
adding graphene derivatives. For these purposes, a coating consisting of many layers
is obtained on galvanized low carbon steel as shown in Figure 2.1. This coating
consists of layers which are galvanizing, passivization, conversion coating, primer
coating, and topcoat PA12. The corrosion resistance of this low carbon steel is
increased with graphene reinforced primer coating.

Primer Coating

Galvanized Low
Carbon Steel

Polyamide 12 Coating

Conversion Coating

Figure 2.1: Layers of coating.
The coating materials, substrates, pre-cleaning, and coating processes are

preferred according to the facilities in the laboratory. In this regard, a plate substrate

is used, and a new coating technique is developed.
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2.1. Sample Preparation

LOW CARBON STEEL

SURF ACE FINISHING & CGALVANZING

Y

Cr-3 PASSIVATION

|

CHEMICAL CONVERSION COATING

POLYAMIDE 12 COATING

Figure 2.2: Flow chart for coating processes.

Figure 2.2 shows the coating processes used in this work. It includes the
sample preparation steps and shows all single layers in the coatings. Low carbon
steel that is cut in a square (70x70 mm) with 3 mm thickness is used as a substrate
which is designed according to the coating methods. The size of the samples to be
coated is also chosen following our corrosion measurement method. Two holes are
drilled from the opposite diagonal of the square sheets. Then, plates are engraved to
create a 200 um deep recess with precision machining. The holes help to attach the

overhead stirrers which will be used to coat primers and the recess helps to topcoat
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the sample with PA12. These sample preparations are revised to adapt to the coating
methods used.

The samples are prepared with the traditional polymer coatings approach as
surface finishing and cleaning. Before galvanizing, some pretreatment processes are
applied such as electrolytic cleaning steps. Following cleaning operations of the
sample, they are galvanized with electroplating. Electro galvanization is one of the
most popular anode coatings which provides easy fabrication with low cost and it is
used for preventing corrosion for steel. [64]. Especially if chromate 3 is applied over
the galvanizing to promote paint adhesion, an overlying paint coating may have a
longer life with this Zn coating [64]. It can be used in multifunctional coating
systems which are preferred by many industries such as automobile and defense.
Thus, this chromium conversion coating called passivation is also preferred to apply
to our galvanized samples. Trivalent chromium-based coatings started to be
frequently used in surface finishing industries after hexavalent chromium was
prohibited [65]. In addition, in this thesis, Cr+3 passivation is preferred which also
provides good corrosion resistance and increases surface hardness. The galvanized

low-carbon steel is shown in Figure 2.3.

Figure 2.3: Galvanized low carbon steel.
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2.2. Chemical Conversion and Primer Coatings

The chemical conversion coating which is a part of an overall coating process
is applied to galvanized low carbon steel to improve the transition between the
substrate and primer. They have been preferred for providing adhesion and corrosion
protection of the coating systems in industrial applications for years [64]. Thus, it is
an important step itself in the anti-corrosive performance of the multilayer coating
system. It is kind of a dry-in-place chromium-free treatment for aluminum, zinc, zinc
alloy, and cold-rolled steel surfaces and it produces a uniform coating that inhibits
corrosion and increases the durability of paint finishes [67]. The chemical conversion
layer is placed between the galvanized low carbon steel and the primer layer in our
multilayer coating system.

In this thesis, recommended pre-cleaning processes for Granodine by Henkel
used as chemical conversion coating material are applied [66]. As usual, all samples
must be free of grease, oil, rust, scale, and other matter before applying the chemical
conversion coating layer. Even if samples are carefully cleaned with ethanol, these
matters should be taken into consideration when selecting galvanized samples.
Because there may already be samples that have problems on the coating surface
from the previous coating steps (galvanization and passivation), and that may
adversely affect the next coating steps. It is more reliable to obtain a multi-layer
coating system by selecting the samples that do not contain exceptional surface
coating problems after each single layer coating step. After cleaning with ethanol, the
samples are rinsed thoroughly with distilled water. Then, the coating surface is
cleaned by spraying the air with the help of a compressor to keep the surface free
from contamination. For the last step of the pre-cleaning process, samples are left to
dry in the oven to get ready for the chemical conversion coating step [66]. The
granodine coated galvanized low carbon steel is also shown in Figure 2.4.

In the multi-layer coating system that is desired to be obtained, the next step
after Granodin coating is the primer coating. The primers are generally used to make
the surface suitable for the topcoats and facilitate the adhesion over a variety of

surfaces no matter what is used for the substrate [68].
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In this study, a polyamide-based primer by AkzoNobel is preferred as a primer
coating material. To obtain a better coating performance with the novel coating
method developed, this primer material is diluted in certain proportions with thinner
before it is used for coating. During the whole process, alcohol or derivatives are not
used for pre-cleaning or post-processes of the primer coating. Because it is observed
that chemical conversion and primer coating materials are dissolved in these kinds of
solvents and therefore the coatings are damaged. So, only distilled water is used as a
pre-cleaning process after granodine coating. Then, the coating surface is cleaned
again by spraying the air before primer coating. The primer layer is the last coating
material of the system before the topcoat.

Figure 2.4: Granodine coated galvanized low carbon steel.

Generally, some traditional coating techniques such as spin and dip coating
methods are preferred for chemical conversion and primer coating materials on metal
surfaces. Preferred coating techniques may differ for different applications
depending on their requirements, advantages, and disadvantages. In this study,
similar coating techniques were tried, but the desired coatings with a uniform and
controllable thickness may not be obtained due to some limitations of the laboratory
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facilities and coating materials. So, within the bounds of possibilities, a new coating
method has been developed that gives acceptable results. While developing this
coating technique, its suitability to laboratory conditions, controllability of coating
thickness, adaptability to the relevant coating materials and substrates were taken
into consideration. As the coating processes progress, this technique has also been
optimized and improved according to the results obtained. Therefore, while the
rotation speed and duration of the samples are considered invariant parameters, the
number of process repetitions and dilution rate of primer material are considered as
variant parameters for the developed coating technique shown below. In this respect,
the number of process repetitions of 1, 2, 3, and the dilution ratios of primer material
of 25%, 50%, 75% are examined.

Table 2.1: Variant parameters for the developed coating technique.

Number of process repetitions Dilution ratios of primer material
1 25%
2 50%
3 75%

When the number of process repetitions was 1, it was observed that the primer
material did not penetrate the substrate well and there were some uncoated areas on
the surface observed. Besides, it was determined that sufficient coating thickness was
obtained according to scanning electron microscopy results, and these uncoated areas
disappear while the number of repetitions of the process was 2. It was decided that 3
repetitions were unnecessary. On the other hand, when 75% primer was preferred in
the mixture of thinner primer, it was spread evenly over the coating surface and a
more stable coating appearance than 25% and 50% were obtained in repeated

coatings.

15



According to SEM results, it was decided to prefer 75% wt of primer in the
mixture, and a 2-repetition process was used. Some coating studies with these

determined parameters are shown in Figure 2.5.

Figure 2.5: The primer-coated samples obtained with 75% primer in the mixture
with 2 repetitions.

The chemical conversion and primer coating methods used in the thesis were
developed indirectly based on the principles of spin and dip coating techniques. It is
kind of a combination of these two techniques. The flow chart for chemical

conversion and primer coating is shown in Figure 2.6.

PRE-CLE ANING

.

GRANODINE COATING

!

DREYING

:

PRE-CLE ANING

.

PRIMER COATING

-

DRYING

Figure 2.6: Flow chart for chemical conversion and primer coating processes.
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The steps of this modified and optimized new coating process are shown
below. An overhead stirrer is used to provide spin and dip movements to the sample
in the coating. The sample is attached to the overhead stirrer through the pre-drilled
hole with the help of screws and a designed rod after the pre-cleaning processes

described above.

Figure 2.7: a) The sample is attached to the overhead stirrer b) The sample is
rotated at 100 rpm.

At this stage, one of the diagonals of the sample is aligned perpendicular to the
ground as shown in Figure 2.7 (a). Another important point to note is that the sample
is fixed securely to the rod so that it does not move out of place during the rotations.
Otherwise, in addition to the risk of accident, a smooth and well-spread coating may
not be obtained if a stable movement is not achieved. A container filled with
granodine to immerse the sample is placed under the stirrer. Then, the sample is
carefully immersed in that container, especially, the recess on the surface should be
completely submerged into the granodine. After immersion is completed, the
overhead stirrer is set to 100 rpm and operated while the sample is still in the
container as shown in Figure 2.7 (b).
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Figure 2.8: a) The sample is removed from granodine b) The sample is
rotated at 2000 rpm.

The submerged sample is gently removed from the granodine after 1 minute of
rotating at 100 rpm. The aim here is to remain the substrate in the solution for a
while and the granodine deposits well itself on the recess during rotation. Next, an
empty container is replaced under the stirrer and the sample is rotated for 1 more
minute inside of that when the stirrer is set to 1000 rpm this time. The aim of this is
to drain the excess chemical conversion coating material from the sample and ensure
that coating is spread evenly on the surface with the help of this high rpm value.
This whole process is repeated one more time from beginning to end to get rid of
defects and make sure the solution penetrates the surface thoroughly. This step is

also shown in Figure 2.8.
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Figure 2.9: The drying process in the oven.

After these repetitive processes are finished, the coated sample is carefully
removed from the overhead stirrer and left to dry in the oven at 60 °C for 15 min as
recommended [66]. It is paid attention that the coated parts of the samples do not

encounter any place during the whole process.

Figure 2.10: The sample coating with a primer.
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After granodine coatings are completed by the drying process, the samples are
prepared for primer coating as described above. Then, the same coating processes are
applied to the samples with the primer coating material which is diluted with thinner.
The rotation speeds, durations, repetitions, and drying processes of the samples are
completely the same as the granodine coating. By this optimized novel coating
method, two different coatings both granodine and primer are obtained with their
desired coating properties. One of the coated samples is shown in Figure 2.11.
Lastly, reduced graphene oxide reinforced primer coating with 0.5% wt filler rate is
prepared with the same method to investigate the effect of graphene on corrosion
resistance. In this regard, rGO reinforced primer material is prepared. Firstly, the
thinner and rGO are treated with ultrasonic tips for a certain time. Then, this
prepared dispersion is added to the primer material and mixed with an overhead
stirrer at a certain time and speed. Finally, the mixture is soaking in an ultrasonic

bath for 30 minutes before use to coat.

Figure 2.11: Primer and chemical conversion coated low carbon steel.
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2.3. Polyamide Powder Preparation

Today, polyamides constitute an important part of the coating materials
because of their commercial importance, versatility, and increasing number of
applications [69]. PA12, one of these materials, was used as the topcoat layer in this
study. Until this part of the study, chemical conversion and primer coating layer were
applied on galvanized low carbon steel plates. The next process of this multilayer
coating system is the topcoat layer. In this thesis, the powder form of PA12 is
obtained from the bead form, to use in the preferred coating process. The purpose of
this process was to be able to prepare a homogeneous rGO-PA12 dispersion in
laboratory conditions. Therefore, the bead form of PA12 is exposed to some
chemical and mechanical processes to obtain PA12 powder. The basic steps of these

are described below.

Figure 2.12: a) PA12 is melted in formic acid b) The melted PA12 is poured
into a container.
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First of all, it is necessary to start the process by melting the polyamide pieces
which are in bead form. In this regard, the most suitable solvent that will not damage
the PA12 is formic acid [70]. Through trial and error, we realized that the best scale
to melt 2000 grams of polyamide in the form of beads added gradually is 1000 ml of
formic acid at a certain temperature. So, this amount of PA12 and formic acid are
added into a deep glass reactor which has a condenser on top of it. And then, the
glass reactor is placed in a magnetic stirrer set at 350 °C and boiled for about 48
hours [71]. This step is shown in Figure 2.12 (a). These values vary according to the
amount of the mixture and temperature, and they are obtained through
experimentation. More polyamide pieces can be added to the mixture depends on the
situation if the temperature value can be changed from time to time. The polyamide
melted in a controlled manner is immediately poured into the large container before
it solidifies and is spread over the entire container while still in the fluid form. Then
it is left in the fume hood for about 2 days to dry completely and solidify as shown in
Figure 2.12 (b). Occasionally, this drying time can be reduced by breaking up the
solidified mixture into small pieces. Finally, they are grounded with the help of a

mechanical grinder.

Figure 2.13: a) Dried PA12 b) Grounded PA12.
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Since it is experienced that formic acid damages the primer material, which is
the previous coating layer, the formic acid that was used to melt PA12 must be
completely removed from the powder after the grinding process is completed. The
ground polyamide is washed with ethanol to remove the formic acid. For this
purpose, the polyamide mixed with approximately 1lt of ethanol is separated by first
soaking in an ultrasonic bath for 2 h, and then by centrifuging at 8000 rpm for 5
minutes. This washing process with ethanol is repeated until the formic acid is
completely removed, and It is left to dry at 60 °C in the oven [72]. Then, the same
grinding processes are applied again. This time the polyamide powder is milled with
a mechanical grinder until it is sieved through a 90-micron sieve. PA12 is now ready

to use in our next coating process.

Figure 2.14: a) Separating ethanol from the mixture b) PA12/Water dispersion
is prepared.
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2.4. Polyamide 12 Coating

After obtaining a powder form of PA12, primer-coated samples are prepared
for the topcoat. In pre-cleaning procedures, alcohol or acid is not used as well.
Samples are washed with distilled water and cleaned by spraying the air with a
compressor to avoid dust. The coating steps of PA12 are described below.

Firstly, the powder/water dispersion is prepared to distribute the powder
particles homogeneously on the surface. Homogeneous polyamide-water dispersions
with different ratios are prepared with the help of an ultrasonic homogenizer for
about 24 hours. A certain amount of prepared dispersion is poured dropwise into the
recess on the sample and waited until dispersion is spread by itself. At this stage, the
important part is the samples are placed on a flat floor. Otherwise, the above-
mentioned problems because of inhomogeneity may be encountered again. To avoid
this situation, a working table with an adjustable inclination was designed, so that the
floor is always stable and level. Shortly after the dispersion is spread through the
cavity, the excess dispersion is discarded slowly and in a controlled manner with a

doctor blade. This process is shown in Figure 2.15.

Figure 2.15: a) The dispersion is poured into recess b) The dispersion is spread.
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The next step is the evaporation of the water in the dispersion, the melting of
the powder particles in the recess, and finally the cooling process. For these steps,
different drying, melting, and cooling processes were tried, and some parameters
were determined according to the results obtained. Firstly, the sample is kept at room
temperature for a while (2-3h) before putting it in the oven to let powder particles in
the remaining dispersion collapse and the excess water on the dispersion evaporate.
Then, the sample was tried to be coated with different temperature values and

heating-cooling durations.

Figure 2.16: The excess dispersion is discarded.

Figure 2.17: The sample is dried in the oven.
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Finally, the most successful coating was obtained by setting the oven set with
1°C/min ramp function, 300 min delay-off, from 20°C to 250°C. After 300 minutes,
the sample is allowed to cool down inside before taking it out of the oven. As applied
in chemical conversion and primer coating processes, the same coating steps are
applied again on the once coated surface to completely get rid of the surface defects
and obtained a more uniform and smooth coating. Figure 2.18 shows the examples of
single layer and double layer PA12 coatings. Besides, these samples prepared with
dispersions with different powder ratios (10%, 25%) were then compared and their

effects on coating thickness were investigated.

Figure 2.18: a) Single-layer PA12 coating. b) Double-layer of PA12 coating.
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3. MICROSTRUCTURE ANALYSIS

The microstructure and composition of polyamide-coated samples are analyzed
with FT-IR, SEM, EDS methods. These methods help us to investigate the
thicknesses of the layers, and they also provide some information about the
composite of the coating and the surface topography.

The microstructures of the coatings were characterized by scanning electron
microscopy. The SEM investigation was performed with a Philips XL 30 SFEG. The
chemical composition was determined by energy-dispersive X-ray spectroscopy
(SEM-EDS). FT-IR was carried out using PerkinElmer Spectrum 100 to identify and
compare the chemical bonds in polyamide during different stages of the coating
process.

Figure 3.1 represents the layers that we expected to observe galvanizing,
chromium, conversion coating, primer, and PA12. As well as obtaining a multilayer
coating, the thickness controllability, uniformity, microstructure of the composite are

also important in this study.

PA-12 Top-Coat

Primer

2N

Conversion Coating

Cr+3 Layer

Figure 3.1: Coating layers.
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Microstructure analyzes were made after the primer layer coating and the
topcoat layer PA12 stages. The purpose of the analysis after the primer layer is to
optimize the parameters of the newly developed granodine and primer coating
methods and to obtain a controllable thickness. The purpose of the analysis after the
topcoat layer is to examine the thickness variations and to extract the topology of the
layers. Thickness analysis was performed for six samples coated with primer and six
samples coated with a topcoat layer. These samples were coated using the same
coating method and parameters.

Two sections were taken from each of the samples using a cut-off machine by
Struers. Then, the sections were mounted in bakelite resin at 180 °C in 3 min by
using Struers Labopress3 mounting equipment. This bakelite resin is shown in Figure
3.2. Then, the samples were wet ground with 80 to 1200 grain size grinding papers.
A lubricant with high viscosity and cloths with high resilience was used for final
polishing.

Figure 3.2: Mounted specimens in bakelite resin.

The samples are polished with aluminum oxide to obviate deformations and
scratches after grinding papers. Thus, highly reflective surfaces are obtained for
optical examination before SEM analysis. Before SEM analysis, the polished

samples were also examined with an Olympus GX-50 optical microscope.

28



4. CORROSION TEST

The corrosion rate of the system is defined by the balance between two
different reactions. These are the cathodic reaction which is the reduction of solution
species and the anodic reaction which is the oxidation of the metal [73]. Some
electrochemical testing methods can be used to measure the rate at which equilibrium
is reached. In our study, we preferred to perform tests with the potentiodynamic
polarization (Tafel plots) test method on the Gamry Interface 5000 E model as Figure
4.1 shows. In this type of measurement, we observe the overall change in the rate of
reaction. A standard three-compartment cell used with graphite as the counter
electrode, Ag/AgCl as the reference electrode, and our specimen as the working
electrode. The cell is conducted on low carbon steel with different coatings in 3.5%
wt. NaCl solution immersion. The exposing area for a specimen as the working
electrode was calculated as 10 cm?. The tests were carried out on four different
samples. The averages of the corrosion rates of these samples were compared. All the
corrosion experiments were carried out at the same temperature (20°C) and the open
circuit potential and potentiodynamic for every specimen were performed for one

time.

Figure 4.1: Corrosion test setup.
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The open-circuit potential is the equilibrium potential assumed when no
electrical connection is being applied to the system and, it was monitored
continuously until the steady-state was reached, for about 4-6 hours. The cathodic
and anodic potentiodynamic polarization measurements were then measured at a
scan rate of 0.1 mV/s within a scan range of +250 mV. In Figure 4.2 where the
vertical axis is the potential and the horizontal axis is the absolute current, anodic and
cathodic currents are represented by two diverging logarithmic plot lines. The
corrosion potential (Ecorr) and corrosion current density (Icorr) are determined by
the Tafel extrapolation technique from this curve that is a graphical relationship
between current generated in an electrochemical cell and electrode potential [61].
After the potentiodynamic polarization curve is obtained, the Tafel curve is fit and

the corrosion rate is calculated by Gamry Echem Analyst program [73].
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Figure 4.2: Corrosion process showing anodic and cathodic components of
total current [73].
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5. RESULTS AND DISCUSSIONS

One of the goals of this study is to obtain a multilayer polymer composite
coating with uniform and controllable thicknesses. The multilayer coating system
containing galvanization layer, chrome plating, chemical conversion layer, primer
layer, and PA12 layer was successfully applied on a low carbon steel substrate.
While obtaining this coating, many methods and tests were used, and the desired
goals were achieved with a controlled thickness of the PA12 layer. Another goal of
the study is to enhance the corrosion resistance of this multi-coating system by
reinforcing graphene-based material into the primer layer. In this regard,
considerable improvement has been observed. The results obtained from the

experiments and tests conducted in line with these purposes are shared below.

Figure 5.1: Chemical composition with SEM-EDS.
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In Figure 5.1, showing the chemical composition of the multilayer coating
system, EDS analysis was performed for 5 different selected areas. Each coating
layer was determined according to the presence of the element's strong peaks in the
results. Based on these results, it was observed that diffusion occurred between the
granodine and primer layers, so the transition between these layers was not fully

determined.
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Figure 5.2: SEM results of primer-coated samples.

According to the SEM results, the parameters of the technique to be used in the
primer coating process are determined. Desired coating results are obtained when
75% wt of primer is used and the coating process is applied twice. As can be seen in

Figure 5.2, the thickness of the primer coating layer on granodine is stable. It is
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observed that the thickness variation of the primer coating layer is acceptable. At the

same time, it is calculated that the average thickness of the primer layer is £6,1 pm.

Figure 5.3: Coating failures.

For PA12 coating, the PA12 powders were perfused directly into the recess and
they were expected to spread evenly while melting. Then, experiments were carried
out on the cooling-heating rates and the maximum temperature of the oven was set to
improve the quality of the coating. As a result of all these experiments, pinholes,
flaking, and runs were observed due to the non-homogeneous distribution of PA12
powders. Some coatings failures were obtained when PA12 powders were not
dispersed with the help of PA12/water dispersion as shown in Figure 5.3. Then,
homogeneous polyamide-water dispersions with different ratios are prepared with the
help of an ultrasonic homogenizer for about 24 hours, and homogeneous distribution
was achieved.

Figure 5.4: Coating failures.
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Other coating failures prepared at different furnace regimes and dispersion
concentrations while performing PA12 coating studies were also shown in Figure
5.4. In this regard, a range of 200°C to 250°C was tried for the maximum
temperature of the oven. And, a range of 5% to 20% was tested for the PA12/water
dispersion concentration. Then, the most successful coating was obtained by setting
the oven set with 1°C/min ramp function, 300 min delay-off, from 20°C to 250°C

when 20% PA12/water dispersion was used.
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Figure 5.5: SEM results of 4 different sample sections.

In Figure 5.5, SEM results of coating samples are showed. These results belong
to the sections taken from 4 different samples coated with the same methods. All top
coatings were prepared with 20% PA12/water dispersion. The coating processes of
the other layers were also carried out with the same methods and equipment for each
sample. The SEM results support that the thickness change of the second layer of
PA12 for each same sample is £2 um. It proves that uniform thickness is obtained for
the second layer of PA12 coatings throughout all sample surfaces. At the same time,

it was calculated that the average thickness of the second layer of PA12 coatings was
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30.4 um and its standard deviation was 7 um for all samples. It proves that the
differences in layer thickness between the different samples were low. It is obvious a
multi-layer coating with a stable coating thickness can be achieved with the newly

developed coating methods in this work.
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Figure 5.6: SEM results of 4 different sample sections with different
dispersion ratios.

At the same time, the effect of process parameters on coating thickness is
examined. The results in Figure 5.6 are obtained from samples that are prepared
using the different process parameters and are compared to the previous results in
Figure 5.5. Two sections are taken from samples that are obtained by using 10%
PA/water dispersion for the first layers of PA12 coating. Their SEM results are
shown in Figure 5,6. As expected, reasonable differences in the first-layer thickness
values of PA12 coating are noticed compared to previous samples shown in Figure
5.5. While the average thickness of the coating prepared with a 20% dispersion ratio
is 87 pm, the average thickness of the coating prepared with a 10% dispersion ratio is
measured as 101.3 pm. It shows that coating thickness can be controlled by changing

the parameters in the coating processes and the desired thickness can be obtained.

35



e o N et
“\ P VoY
98 | \ AN [

1Y /1) [ \ f
2 3 | | VYN \
4 Il [

| | ) 12377 W\

issos {f ‘I 14665 7194

2190 15421

16375

2 T
40000 3600 3200 2800 2400 2000 1800 1600 1400

r T o
1200 1000 800 6500
OM-1

1000

96 \ oM {
4 ) || | \
% | S | \

1 | |

90| V [ [\l [ [}

|/
o 82 ll [ |

|l
20181

16338

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6500
CM-1

Figure 5.8: FT-IR patterns (B) dissolved PA12 in formic acid.
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Figure 5.9: FT-IR patterns (C) washed PA12 in ethanol.
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Figure 5.10: FT-IR patterns (D) RGO-PA12 composite.
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FT-IR analysis is performed to compare the PA12 powder form obtained with
the untreated PA12 bead form. FT-IR results of specimens taken from some stages of
the PA12 powder preparation process are also compared. FT-IR results of melted
PA12, dissolved PA12 in formic acid, washed PA12 in ethanol, and RGO-PA12
composite are shown in Figure 5.7, Figure 5.8, Figure 5.9, and Figure 5.10,
respectively. These results suggest that there is no differentiation in terms of the type
of functional groups. It is seen that bonds belonging to functional groups preserve

their existence.
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Figure 5.11: Tafel polarization curves.

The corrosion performance of the prepared samples was investigated with
Tafel Method. The red line in Figure 5.11 represents the polarization curve results of
the graphene-based polymer coatings. The blue line represents the results of polymer
coatings that do not include graphene derivatives. The corrosion protection of the
samples was estimated from the values of Ecorr and Icorr, which were calculated
from the Tafel polarization curves. According to this graph, we observe a decrease in
corrosion density and an increase in corrosion potential as expected. The polarization
curves of RGO composite coated steel show a significant shift of corrosion density to
more negative values compared to coating without RGO, confirming thereby that
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RGO composite coated steel has much better corrosion resistance compared to the
composite coating which has not include RGO. In other words, the RGO composite
coated samples have also a bigger corrosion potential, indicating that the RGO

coated sample forms a strong protective layer and improves the corrosion resistance

of the steel.
Table 5.1 Corrosion test results.
Sample Average Corrosion Rate (mm/year)
Composite coating without RGO 16,805x107
Composite coating with RGO 1,6608x107

From the overall results of the Tafel plot, Table 5.1 summarizes the average
corrosion rates of reduced GO composite coatings and composite coatings without
reduced GO. This clearly shows that reduced GO composite coated steel reduces the
corrosion rate from 16,805x10° mm/year to 1,6608x10 mm/year. The reduction in
the corrosion rate of reduced graphene oxide coated low carbon steel is 10 times

compared to composite coating without reduced GO.
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6. CONCLUSIONS AND FUTURE WORKS

In this thesis, a novel and stable graphene reinforced polymer composite
coating has been successfully fabricated on low carbon steel. A new coating method
has also been developed to create crack-free, uniform, corrosion-resistant polymer
composite coating with controlled and uniform thickness on low carbon steel. This
developed graphene reinforced polymer composite coating can be an alternative
protection method against corrosion for some engineering applications. This new
coating method may throw light on future experimental researches and industrial
applications. The electrochemical measurements further establish that reduced
graphene oxide helps the surface to protect from corrosion when immersed in a 3.5%
wt. NaCl solution. The corrosion resistance is observed to be 10 times better.

In near future, the mechanical characterization of coatings with and without
RGO may be analyzed with run scratch and nanoindentation tests. Also, the effects
of RGO addition on bonding quality in different coating layers can be investigated
and the corrosion resistance of coatings containing different ratios and derivatives of
graphene can also be compared.

The effects of reduced graphene oxide addition on different layers for
improved performance of the systems without significant cost increase with superior
performance boosts of graphene addition may also be investigated. In addition to that
thinner coatings with similar or better performance may be manufactured and the

thickness of the layers may be optimized for cheaper coatings applications.
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