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Abstract

In drilling systems used in the oil and gas industry, drilling equipment often encounter critical
problems which could result in irreparable damage to metallic equipment. Chemical and physical
interactions at the contact between different parts, such as drill bits, drill strings with well walls
and other hard materials, can cause wear and thus negatively affect the mechanical system's
efficiency, sustainability, and safety. Moreover, the drilling operations often proceed in corrosive
environments, which can deteriorate the performance of the drilling equipment. The most special
concern is the synergistic attack by both wear and corrosion, referred to as tribo-corrosion, which
can result in significant material loss, compared to those caused by wear and corrosion
separately. Drilling fluids used to facilitate drilling operations are essential, which generate
lubricating films to minimize direct contact between moving metal parts and surroundings for
reduced friction, corrosion, wear, and synergistic wear-corrosion attack. Various factors, such as
temperature, solution chemistry, contact force, sliding speed, and electrochemical potential, all can
affect wear, corrosion, and tribo-corrosion in the drilling systems. Thus, comprehending the
mechanisms of wear, and corrosion, the wear-corrosion synergy, and their effective preventative

measures is essential to improve the drilling effectiveness and mitigate the mentioned issues.

This research attempts to improve the corrosion, wear and tribo-corrosion resistance of carbon
steel immersed in the drilling fluids. The study evaluated the effect of different green corrosion
inhibitors containing various heteroatoms (O, N, P) on the corrosion, wear, and tribo-corrosion of
steel in emulsion-based drilling fluids (WBEs) under static and dynamic conditions. Various
concentrations of mineral oil as base oil, surfactant and corrosion inhibitors were added to the 5%
KCl base solution to make highly stable WBEs, which were evaluated by dynamic light scattering

technique, zeta potential measurements, turbidimetry and inverted light fluorescence microscope.
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Then, the CO2 corrosion-inhibiting effectiveness of inhibitor molecules on carbon steel in a
rotating cylinder electrode system was studied using electrochemical tests, including
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization analyses. In the
following, a pin-on-disc tribometer incorporated into the electrochemical system under a linear
reciprocating sliding module studied the anti-tribo-corrosion behavior of carbon steel immersed in
the WBEs containing different corrosion inhibitors. The effectiveness of the different corrosion
inhibitors in suppressing corrosive wear performance was thoroughly evaluated by measuring the
coefficient of friction (COF), potentiodynamic polarization, current density, and potential
evolution with time. In addition, the synergy between wear and corrosion was also measured. The
surface morphology, chemical composition, volume loss, wear track profile, and specific wear rate
of worn surfaces after tribo-corrosion experiments were examined by scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM-EDX), X-ray photoelectron
spectrophotometer (XPS) and 3D optical profilometer. The results showed that the green inhibitors
significantly improved the emulsion-based fluids, evidenced by significant reductions in corrosion
rate, COF and wear rate and wear-corrosion synergy. Finally, the effect of various controllable
parameters such as contact force, sliding speed, electrochemical potential, and the concentration
of corrosion inhibitor on the tribo-corrosion properties of steel samples immersed in WBEs were
investigated. The study revealed the strong effects of abovementioned parameters on corrosion
potential, corrosion current density, COF, volume loss, corrosive wear, and adsorption rate of

inhibitor molecules to the iron surface.
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Chapter 1 Introduction

1.1 introduction

Drilling fluids, as one of the essential requirements for drilling deep wells in the oil and gas
industry, are employed to deliver different tasks such as transporting the drilled cuttings from the
borehole to the surface, cooling and lubricating the drilling equipment such as the drill bit, and
drill string, cleaning the well, reducing friction between the drill string and both sides of well,
minimizing drawback impact to the environment and protecting the metal equipment from wear,
corrosion, and oxidation, etc. [1-7]. Drilling fluids significantly influence the effectiveness and
overall cost of drilling operations, so employing drilling fluids with unsuitable properties can lead
to severe problems throughout the drilling process. Generally, Base fluids can be divided into three
categories: water and oil [2,3,6,7]. Emulsion-based drilling fluids have recently attracted
substantial attention in contemporary drilling operations as an essential class of drilling fluid
systems. Emulsion-based drilling fluids are sorted into three different types based on the nature of
the dispersed part, including oil-in-water (O/W) emulsion, water-in-oil (W/O) emulsion, and
multiple emulsions [5-8]. Among these, oil-in-water emulsions are considered as most suitable
drilling fluids because of their low cost, convenient preparation, and environmental friendliness.
However, oil-in-water emulsion drilling fluids present corrosion problems primarily because they

are subject to contamination from dissolved gas, salts, and organic acids [3,6].

One of the most crucial problems in the drilling industry is the corrosion of drilling metallic
equipment, which causes not only economic losses but also problems related to effectiveness,
safety and protection of resources. The harsh conditions of the well and reservoirs medium due to

the presence of acidic gases like CO2, H2S, dissolved oxygen gas, corrosive salt ions such as Cl ,



K" and Na™ and other factors such as extreme pressure and temperature in drilling conditions
accelerate cathodic and anodic reactions of metallic equipment as a result of its interaction with its
surroundings, which makes the surface of components such as drill bit, drill string, drill collar
suffer from corrosion effects [6,9-14]. Indeed, the corrosion process on the surface of this
equipment affects not only the chemical behaviors of metal or metal alloys but also changes their
physical behaviors and mechanical performances, leading to loss of materials, leaking, product
loss and, at times, ultimate failure [6,13,14]. Consequently, before a critical point of failure is

reached, the equipment needs to be replaced.

Wear is another leading cause of material loss during drilling and extraction due to many
physical and mechanical contacts between different components with sides of the well and casing
(metal-rock or metal-metal contact), especially for drilling processes of deeper wells [15-17].
Different kinds of wear can occur in the drilling industry where abrasive, erosive, fatigue and
corrosive wear are known as the main wear mechanisms of drilling tools used for the well drilling
process, causing malfunction of these tools with the potential of catastrophic failures [15-18].
Therefore, wearing of drilling equipment during the drilling of a wellbore is regarded as one of the
most critical problems in the drilling industry, creating various damages such as fatigue, buckling,
washout, twist-off, and tooth loss, leading to lowered production efficiency, waste valuable

materials and higher costs [15-17].

However, the combination of wear and corrosion, known as tribo-corrosion, can be more
detrimental to the drilling equipment. Tribo-corrosion is an irreversible material transformation
resulting from the simultaneous exposure of drilling equipment to mechanical loading (abrasion,
friction) and chemical/electrochemical effects with the surrounding environment, accelerated by

challenging operating circumstances such as high temperature, high pressure, and corrosive fluids



[19-23]. During drilling operations, the tribological contacts can intensify the corrosion rate of
materials by breakdown or removing the protective film and exposing the electrochemical new
surface available to aggressive drilling fluids. Corrosion, on the other hand, can influence the wear
process by facilitating the initiation of pits and propagation of cracks on the steel surface. As a
result, the volume loss of metallic equipment caused by tribo-corrosion is much higher than the
sum of wear and corrosion separately [19-23]. Therefore, the combined impact of mechanical and
reactive (chemical-electrochemical) damages accelerates the deterioration of drilling equipment,
reducing their performance and lifespan, and raising maintenance costs, negatively impacting the
overall productivity and profitability of drilling operations [19,21,24]. To tackle this problem, it is
crucial to comprehend the tribo-corrosion performance of drilling equipment under different
conditions for optimizing drilling operations and improving equipment efficiency, resulting in both

scientific and economic benefits.

The tribo-corrosion performance of metallic equipment during drilling operations can be
affected by multiple interdependent variables, such as environmental factors [25-26], material
properties [27-28], surface finish [27,29], solution chemistry [30], sliding speed [23], sliding forces
[31], and electrochemical potential [32]. This study investigates the effect of three controllable
parameters (sliding speed, sliding force and electrochemical potential) and solution chemistry on
the tribo-corrosion behavior of metallic equipment immersed in drilling fluids. Controlling the
sliding speed during drilling operations significantly impacts the tribo-corrosion resistance of
materials by affecting the lubrication regime, which can be changed from a boundary regime to
mixed or full-film hydrodynamic lubrication. At low sliding speeds, the lubrication between
rubbing surfaces is referred to as boundary lubrication, where the surface asperities are in close

contact. The increased sliding speed reduces the contact area between surfaces due to forming a



thick layer. Furthermore, the change in sliding speed would be expected to alter the momentum
transfer in the normal direction, thus, providing an upward force on the upper surface.
Consequently, a reduction in the contact area between mutual surfaces can occur, which enhances
the tribo-corrosion performance. However, if the speed increases beyond a specific critical value,
the regime shifts to full-film hydrodynamic lubrication, where the tribo-corrosion resistance of
drilling equipment begins to decrease again [33-34]. Sliding force, another crucial controllable
parameter during drilling operations, affects materials' anti-tribo-corrosion properties due to
mechanical damage and surface deformation. Indeed, the contact pressure during the sliding
process creates a friction force which can result in the elimination of surface material and the
formation of microscopic defects such as cracks, ploughs, and grooves. These effects can increase
the surface area to be exposed to a corrosive environment, accelerating the corrosion process, and
ultimately leading to the deterioration and failure of the metallic drilling equipment with severe
consequences. Moreover, the sliding force can generate heat which accelerates the corrosion
process by increasing the electrochemical reactions on the surface of the drilling equipment [34-
37]. The electrochemical potential applied to the drilling equipment determines the direction and
magnitude of electron transfer at the metal-electrolyte interface, leading to changes in the
electrochemical potential. Depending on the electrochemical potential of the electrode (the electric
potential difference between the metal electrode and electrolyte solution), metallic drilling
equipment may be protected cathodically or dissolved anodically, impacting the tribo-corrosion
rate of metallic equipment during drilling operations [38-40]. Thus, controlling and regulating
these controllable factors is essential to provide the long durability and integrity of drilling

equipment.



The addition of green corrosion inhibitors in drilling fluid offers a cost-effective and
prospective approach to modifying the solution chemistry, resulting in the generation of a
protective layer on the drilling equipment’s surface [30,41-43]. This film effectively decreases
metallic equipment's corrosion processes and wear rate, highlighting the potential benefits of using
corrosion inhibitors in the drilling industry. The green corrosion inhibitors bearing heteroatoms
with high electron density such as oxygen, nitrogen, sulfur, and phosphorous or those including
aromatic rings, double or triple bonds and m-electrons in their chemical structures are considered
as adsorption centers which can interact with the metal during drilling operations [3,41-42,47,50].
The adsorption of corrosion inhibitor molecules on the steel-electrolyte interface occurs through
physical interaction (electrostatic interaction between corrosion inhibitor and metallic surface) or
chemical interaction (donating unshared electrons of adsorption centers in the structure of inhibitor
molecules into the free orbital d of metal atoms), forming a protective film on the surface of
metallic equipment. This film induced by corrosion inhibitors mitigates the penetration of
corrosive ions towards anodic and cathodic sites, thereby reducing the corrosion, wear, and friction
between the surfaces in contact [41-42, 44-47]. Thus, combining green corrosion inhibitors and
techniques like controlling the sliding speed, sliding force, and electrochemical potential can

provide superior protection of drilling equipment against tribo-corrosion.

Despite the significance of the tribo-corrosion behavior of metallic equipment under
different conditions in the drilling industry, our understanding of this phenomenon remains
limited. Mao et al. [48] examined the corrosive-wear behavior of Crl3 steel casing immersed in
various concentrations of oil-in-water drilling fluid. The observed results indicated a reduction
trend in the wear rate and mean friction coefficient of steel immersed in drilling fluid as the oil-

water ratio enhanced from 0 to 3 percent and then increased when the ratio further enhanced from



3-5. They also reported an increase in the corrosion rate of the Cr13 casing as the oil-water ratio
increased from 3 to 5 percent. Change in the degradation mechanism of casings immersed in the
drilling fluids was observed from abrasive wear in low concentrations (0-2%) to corrosive wear in
high weight percentages of adding diesel oil into drilling fluids (3-5%). In another study, Yao et
al. [49] evaluated the effect of benzotriazole and imidazoline on the tribo-corrosion performance
of composite reinforced by Tungsten-carbide (WC-FeCuNiSn alloy matrix) for drilling bits used
in the saline drilling fluid. The research indicated that benzotriazole could improve the anti-tribo-
corrosion properties of WC-based material by reducing the corrosion current density and total
weight loss due to the adsorption of inhibitor molecules on the composite surface, generating a
protective layer which decreased corrosion and affected the contact condition between the sample
surface and counterpart, leading to enhanced resistance of the composite to tribo-corrosion. In
another study by Panda et al. [30], the tribo-corrosion inhibition performance of AISI 4715 steel
pipe exposed to drilling fluid was examined. The results demonstrated that using two organic
corrosion inhibitors effectively improved the wear-corrosion resistance of the steel pipe by
creating a protective film on its surface. This film served as a barrier against tribo-corrosion,
significantly reducing the degradation of the steel pipe's surface. Ouknin et al. [50] studied the
inhibition effect of Thymus willdenowii Boiss & Reut essential oil (TW) on tribo-corrosion of
AISI 304 L stainless steel in acidic environments. They observed that the addition of TW oil in 0.5
M H2804 affected the performance of AISI 304 L with a remarkable reduction in friction, wear,
and corrosion during the sliding process, which could be ascribed to chemical adsorption of thymol
as a significant compound of TW on the surface of the steel. Brandon et al. [51] studied the
corrosion-wear behavior of En24 steel in aqueous drilling mud under various electrochemical

potentials and revealed that the tribo-corrosion resistance of En24 steel increased on the



application of a cathodic potential. They also found that applied potential affected the mode of
wear from two-body abrasion at the cathodic potential to corrosion-assisted three-body abrasion
at the anodic potential. The wear behavior of P110 steel casing samples immersed in oil-based and
water-based drilling fluids containing corrosive ions under different sliding loads and speeds was
investigated by Osman [52]. They explained that the material loss of casing samples tested in the
water-based fluid was more than twice those immersed in the oil-based drilling fluid, and also
demonstrated increases and decreases in the wear resistance of P110 steel casing as the normal
load and sliding speed increased, respectively. Mao et al. [53] observed that the corrosive wear
performance of the drilling pipe varied significantly depending on the rotational speed of the
drilling pipe in simulated drilling conditions. They found that the wear rate of drilling pipe against
steel case in simulated drilling mud reached the lowest rate and then increased as the sliding
velocity increased. Such a behavior was attributed to multiple types of wear, including abrasive,

erosive, and corrosive wear.

In the realm of corrosion inhibition research, a substantial part of studies has focused on
evaluating the effect of green corrosion inhibitors on the corrosion resistance of carbon steel in
aggressive media. However, there exists a notable gap in our understanding of how green corrosion
inhibitors affect the tribo-corrosion performance of metallic structures immersed in drilling fluids.
This knowledge gap is particularly significant in the context of the drilling industry, where both
wear and corrosion processes can severely impact the integrity and longevity of drilling metallic
equipment. While previous studies have shed light on the individual aspects of wear and corrosion,
the synergistic interaction between these phenomena, known as tribo-corrosion, remains relatively
unexplored in the presence of green corrosion inhibitors. This gap in our knowledge underscores

the critical need for comprehensive research in this area to mitigate the destructive effects on



drilling equipment. This study seeks to address this gap by focusing on improving the wear,
corrosion, and tribo-corrosion resistance of carbon steel immersed in emulsion-based drilling
fluids containing green corrosion inhibitors, as well as some controllable parameters such as
sliding speed, contact force, and electrochemical potential. By doing so, we aim to contribute to
the development of effective green lubricants for industrial drilling systems in aggressive
environments to minimize the simultaneous effecs of wear and corrosion on mettalic equipment.
Our research endeavours to elucidate the intricate mechanisms by which green corrosion inhibitors
influence the interplay between wear and corrosion, ultimately enhancing the durability and

performance of metallic equipment in drilling applications.

Therefore, attempts to improve tribo-corrosion resistance of metallic equipment during
drilling operations under various conditions are limited and wear-corrosion synergy occurs
inevitably. Thus, it is paramount to study the mechanisms responsible for tribo-corrosion
performance to develop effective strategies to suppress wear and corrosion of metallic equipment
during drilling operations. This study focuses on exploring green corrosion inhibitors for drilling
fluids and investigating effects of various parameters such as sliding speed, sliding force,
electrochemical potential, and modifying solution chemistry on tribo-corrosion of carbon steel
using different experimental techniques, including electrochemical tests, tribological
measurements and surface characterization methods to obtain comprehensive information on the
underlying mechanisms that are affecting tribo-corrosion performance. Results of this study are
expected to help improve the efficiency and increase the lifespan and reliability of metallic

equipment during the drilling process.



1.2 Thesis outline

Based on the above introduction, it is essential to understand the pure wear, pure corrosion,
and tribo-corrosion behavior of metallic equipment under different conditions. The literature
review shows knowledge gaps in understanding tribo-corrosion mechanisms under other
conditions. This thesis comprises seven chapters, briefly describing its structure in the following

paragraphs.

Chapter 2, entitled “Green corrosion inhibitors for drilling operation: New derivatives of fatty
acid-based inhibitors in drilling fluids against pure corrosion of 1018 carbon steel in CO2-saturated
KCI environments,” provides a comprehensive evaluation of the effect of three different eco-
friendly corrosion inhibitors containing heteroatoms oxygen and nitrogen against pure corrosion
(without wear) of carbon steel in the simulated drilling fluids by electrochemical techniques. This
chapter demonstrates that the presence of corrosion inhibitors changes the solution chemistry of
the drilling fluids, thereby influencing the corrosion resistance of carbon steel. The study shows
that all corrosion inhibitors have high inhibition capabilities, resulting from the formation of an

effective protective film that blocks corrosive ions from attacking the steel surface.

Chapter 3, entitled “Improve the tribo-corrosion performance of oil-in-water emulsion-based
drilling fluids by new derivatives of fatty acid-based green corrosion inhibitors,” presents
remarkable increase in the tribo-corrosion (synergy between wear and corrosion) resistance of
1018 carbon steel immersed in drilling fluids containing green corrosion inhibitors with oxygen
and nitrogen elements (change in solution chemistry) under specific conditions of a sliding force
of 10N, speed of 2mm/s and electrochemical potential of ImV. In addition, the chapter also shows
how the concentrations of corrosion inhibitors affect the tribo-corrosion performance of carbon

steel and demonstrates that the tribo-corrosion properties of drilling fluids are remarkably



improved by the corrosion inhibitors, evidenced by the significant reduction in corrosion, COF,

and wear.

Chapter 4, entitled “Effect of sliding speed on corrosion and tribo-corrosion of carbon steel
in emulsion-based drilling fluids with green corrosion inhibitors,” focuses on the effects of the
sliding speed on corrosion potential, corrosion rate, COF, and wear rate of the steel under loading
(tribo-corrosion) and without loading (pure corrosion) conditions. It is shown that the corrosive
wear rate is raised with increasing sliding speed. During both corrosion and tribo-corrosion,
increasing the sliding speed reduces the corrosion rate, which re-rose as the sliding speed
continuously increases. The green inhibitors decrease corrosion and tribo-corrosion at different

sliding speeds.

Chapter 5, entitled “Phosphate-derived green corrosion inhibitors: enhancing anti-tribo-
corrosion properties of carbon steel in emulsion-based drilling fluids,” investigates anti-corrosion
properties, tribological performance, wear-corrosion synergy, and adsorption isotherm of carbon
steel at different sliding speeds with a fixed contact load and fixed electrochemical potential of 1
mV. It is depicted that an increase in sliding speed leads to improved corrosion resistance and
frictional resistance of steel during tribo-corrosion experiments, which are attributed to a higher
adsorption rate of corrosion inhibitors (containing nitrogen and phosphorous elements) at higher
speeds and the effect is more pronounced for corrosion inhibitor containing phosphorous element.
Moreover, the presence of corrosion inhibitors suppressed the wear-corrosion synergy compared
to brine solution. However, the wear-corrosion synergy of carbon steel increases with increased

sliding speeds.

Chapter 6, entitled “Influences of contact forces and electrochemical potential on tribo-

corrosion protection of 1018 carbon steel in the drilling fluids by in-situ electrochemical
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techniques,” reports the electrochemical and tribological behavior of steel samples immersed in
drilling fluids loading with corrosion inhibitors containing three different heteroatoms (oxygen,
nitrogen and phosphorous) at different cathodic-anodic potentials (-0.3,-0.1, 0, 0.1, 0.3 V vs OCP)
and contact forces (2, 4, 8, 10) at a sliding speed of 2 mm/s. It is shown that the anti-tribo-corrosion
resistance of steel samples, especially in the solution without corrosion inhibitors, reduced with
increasing sliding forces and potentials from cathodic towards anodic condition due to intensified

mechanical wear and a more substantial synergistic effect between wear and corrosion.

Chapter 7 summarizes the findings and proposes ideas for future work. The references used

in this thesis are listed in alphabetical order.
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Chapter 2 Green corrosion inhibitors for drilling operation: New derivatives of
fatty acid-based inhibitors in drilling fluids against corrosion of 1018 carbon

steel in COz-saturated KCI environments!

2.1 Introduction

The drilling fluid is one of important components in the oil/gas well drilling operation, which
is circulated in the wellbore. The selection and designing of a proper drilling fluid influence the
drilling process, including moving cuttings from the bottom of well to the surface, declining
environment impact, reducing surface temperature of machinery from friction and protecting it
from oxidation and corrosion, etc. [5,7,55-57]. There are different types of drilling fluid, which
may be categorized into two basic types: oil-based and water-based drilling fluids [7]. In recent
years, more attention has been paid to emulsion-based drilling fluids [5], which have three different
types, including oil-in-water (O/W) emulsion-based drilling fluid, water-in-oil (W/O) emulsion-
based drilling fluid and multiple emulsions. The oil-in-water emulsion-based fluid or water-based
emulsion fluid contains oil as a dispersed phase in water. This type of drilling fluid is the most
favorable fluid among all types due to its low cost, availability, and eco-friendliness. However, the
corrosivity of water-based emulsion drilling fluids is a serious problem during drilling operation
[58-61].

Corrosion is a major cause of deterioration and failure of steel drilling equipment, a growing

threat in the drilling industry, resulting in economic, environmental pollution, safety and

1A version of this chapter has been published. M.j. Palimi, Y. Tang, V. Alvarez, E. Kuru, D.Y. Li Green
corrosion inhibitors for drilling operation: New derivatives of fatty acid-based inhibitors in drilling fluids
for 1018 carbon steel in CO,-saturated KCI environments, Materials Chemistry and Physics, 288 (2022)
126406.
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technological irreparable consequences [10]. During drilling processes, corrosion caused by CO2
has been recognized as one of the most destructive corrosion forms in the drilling industry. There
are various sources for CO2 coming into drilling fluids such as excessive carbonates like sodium
carbonates in the drilling fluids, invasion of CO2-containing natural gas formations into drilling
fluids and decomposition of drilling fluid additives at high temperatures and high pressures. The
performance and properties of drilling fluids can be influenced by dissolved CO:2 gas due to the
formation of carbonic acid (H2CO3) resulting from the reaction of CO2 with water. As a result, the
interaction between steel and the surrounding medium containing CO2 causes the formation of iron
carbonate (FeCO3) as the corrosion product, which further accelerates corrosion of the equipment
made of steel. Localized and general corrosion occur as two of the most common corrosion
processes in the drilling processes [62-65], which need to be prevented or mitigated. The
degradation of steel in such corrosive environments can be considerably accelerated if the
mechanical attack is involved such as wear due to the corrosion-wear synergy [66,67]. Among
various methods for preventing the degradation of steel surface, such as modification of the steel,
application of protective coatings, and use of scavengers, etc., corrosion inhibitors are known as
one of the most effective and practical approaches for protecting metallic surfaces from
degradation in corrosive environments [68-74].

Corrosion inhibitors are chemical substances, which protect materials against corrosion in
aggressive environments. The inhibitor adheres to the surface of a metal or alloy to form a
protective film, which declines the corrosion rate of the metallic surface in the corrosive
environment. The interaction between the metallic surface and the corrosion inhibitor may
remarkably affect the performance of corrosion inhibitors through influencing both the dynamics

and kinetics of electrochemical reactions during the corrosion process [44, 75]. However, although
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many traditional corrosion inhibitors are available for selection, e.g., chromate and phosphate, they
are restricted due to their toxicity and content of heavy metals, which negatively influence the
surrounding environment. Therefore, it is highly desired to replace the toxic and expensive
inhibitors with green ones for various industrial applications [76-78].

In recent years, considerable efforts have been made to develop green corrosion inhibitors such
as those extracted from plants, which are eco-friendly and inexpensive, compared to many
conventional corrosion inhibitors. Hence, the green inhibitors are considered to be ideal for
replacing existing expensive and toxic corrosion inhibitors [79-81]. The plant extracts are
classified into organic and aqueous kinds, respectively containing non-polar and polar
phytochemicals, both of which can be employed for metal protection in different corrosive
environments. The phytochemicals in the green inhibitors include, e.g., amino acids,
phlobatannins, glycosides, phenolic compounds, heteroatoms, alkaloids, etc., which determine the
performance of the green inhibitors. The polar group in the phytochemicals includes amino,
carboxylic acid, amide, hydroxyl, and ester, etc., while the non-polar group includes, e.g., aliphatic
chains, aromatic rings, heterocyclic rings, and others. These compounds play a significant role in
affecting the adsorption of the phytochemicals on metallic surfaces to protect them from corrosion
without causing harm to the environment [80,82]. The adsorption of the phytochemicals may result
from physical interaction, chemical interaction, or a combination of both. In general, physisorption
occurs through electrostatic interactions between heteroatoms of phytochemicals and metal
surfaces due to attraction between their opposite charges. The electrons sharing between lone pair
electrons of (N, S, O and P), aromatic rings, double or triple bonds and n-electrons of
phytochemicals with free orbital d of metal cause chemical sorption. After adsorption, the

phytochemicals produce a protective layer on the metal surface, thereby blocking the surface from
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interactions with surroundings, thus affecting the cathodic and anodic reactions of the corrosion
process with reduced corrosion rate [46, 80, 83-84].

Studies related to effects of green corrosion inhibitors on corrosion of steels used in oilfield
applications can be found in the literature. For instance, Onyyeachu et al. [85] studied the inhibition
effect of 2-(2-pyridyl) benzimidazole on API X60 steel in NACE brine solution. They observed
that benzimidazole derivative could protect the steel from CO:2 attacks by adsorption N-H group
of benzimidazol ring on the metal surface, thus restricting the access for corrosive agents to reach
the surface of X60 steel. They reported that corrosion inhibition efficiency increased from 46% to
67.3% with increasing the inhibitor concentration. Xionghu et al [86] reported the addition of
benzotriazole in the synthetic-based drilling fluid, which resulted in significant reduction in the
corrosion rate of steel. Ghareba et al. [87] investigated the interaction of 12-aminododecanoic as
amino fatty acid with steel surface in COz-saturated HCI solution, and showed that the 12-
aminododecanoic addition in the electrolyte significantly improved the performance of the
corrosion inhibition capability. The inhibition efficiency in the presence of 12-aminododecanoic
reached 89 % in a low concentration of 3 mM after 2 h immersion, which might benefit from a
self-assembled monolayer formed on the metal surface with a tight hydrophobic barrier due to
long chain hydrocarbons in the structure. A number of studies were devoted to the use of corrosion
inhibitors to decline corrosion of steel in oil and gas fields. Results of relevant studies on

representative corrosion inhibitors were summaries in Table 2.1.
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Table 2.1. Representative inhibitors and their inhibition efficiencies (y) used for oilfield

applications.
Corrosion Inhibitor Steel Medium n (%) Inhibitor
concentration
Gum Arabic [88] Carbon steel CO»-saturated 67.04 0.5 g/L
K] environment
5-(benzylthio)-1,3,4- Mild steel COg-saturated 99.4 0.2 mM
thiadiazol-2-amine [89] oilfield produced
water
5,5-disulfanediylbis (1,3,4- Mild steel COg-saturated 99.2 0.025 mM
thiadiazol-2-amine) [89] oilfield produced
water
Lauric acid [90] Carbon steel COg-saturated 98.6 80 mg/L
oilfield produced
water
Thiourea [90] Carbon steel CO3z-saturated 94.6 40 mg/ L
oilfield produced
water
1, 3,5,7 -tetraazaadamantane Mild steel COg-saturated 91.8 74.4 ppm
(TAA) [91] oilfield produced
water
Imidazoline derivative [92] Carbon steel COgz-saturated 91.2 100 mg/L
oilfield produced
water
5-((benzylthio)methyl)-3- Carbon steel CO2-saturated 994 0.2 mM
phenyl-2-thioxoimidazolidin- formation water
4-one [93]
Lemongrass extract [94] Carbon steel COs-saturated 54.42 700 ppm
oilfield produced
water
(5-(mercaptomethyl)-3- Carbon steel COz-saturated 99.1 0.2 mM
phenyl-2-thioxoimidazolidin- formation water
4-one [93]

Among green inhibitors, PEG-2 oleamide, GM and GL are three inexpensive and highly eco-
friendly fatty acid-based corrosion inhibitors. These three green corrosion inhibitors can also be
used as emulsifying, dispersing and lubricating agents in the preparation of drilling fluids. These
unique features of PEG-2 oleamide, GM and GL help to produce highly stable drilling fluids which

enable to increase the lubricity, reduce frictional resistance, remove heat from moving parts, and
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enhance resistance to oxidation, wear and corrosion of steel surfaces during drilling processes.
Currently, no information is available regarding corrosion inhibition effects of these green
inhibitors on steel exposed to emulsion-based drilling fluids containing the COz-saturated KCl
used in oilfield applications. Thus, this chapter is focused on the performance of the three green
inhibitors in protecting 1018 carbon steel from corrosion when immersed in KCI media containing
CO: for potential use as additives in emulsion-based drilling fluids as well as the elucidation of
the underlying mechanisms.

In this chapter, the corrosion-inhibiting effectiveness of the fatty acid-based corrosion
inhibitors was thoroughly evaluated using various electrochemical and chemical techniques,
including OCP, EIS, potentiodynamic polarization and weight loss tests. FT-IR and CHNS-O
analysis were employed to determine functional groups and compositions of the inhibitors. The
surface chemistry and the composition of the layer adsorbed on the surface of steel were analyzed

with XPS and SEM-EDS to gain an insight into the mechanisms for corrosion inhibition.

2.2 Experimental
2.2.1 Material

Potassium chloride was purchased from Fisher Scientific Company in order to prepare the
base fluid, which was a 5% KCl aqueous solution. Potassium chloride is one of the most commonly
used effective stabilizing agents in drilling fluids for shale and clay inhibition via the role of
potassium ions in binding platelets of clay, thus limiting their dispersion and swelling during oil
well drilling [95]. In the drilling operation, COx is injected into the oil field to help recover more
oil from the field by reducing oil viscosity, thus improving the efficiency of the displacement
process i.e. displacing the oil from the rock pores, pushing it towards a producing well [96].

However, the dissolved CO2 and potassium chloride make the drilling fluids corrosive, which can
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cause damage to the drilling equipment made of steel. Thus, CO2-saturated KCl solutions with and
without the corrosion inhibitors were used for evaluating the performance of the inhibitors in

protecting steel surface exposed to the CO2-saturated KCl solution environment.

Different substances including (mineral oil, surfactant and three corrosion inhibitors) were
added to the base fluid to make water-based emulsions. The mineral oil and TERGITOL NP-9 as
surfactant, which was used to obtain a stable emulsion without coalescence of droplets during
emulsion process, were provided by GFL Environmental Inc and Univar Canada Ltd., respectively.
The three corrosion inhibitors, PEG-2 oleamide, GM and GL were purchased from Triple Point
Chemical Ltd, Oleon Co and Croda Canada Ltd, respectively. Molecular structures of PEG-2
oleamide, GM and GL are illustrated in Fig. 2.1 Carbon steel (1018 steel) coupons were provided
by Gamry company, which were used to evaluate their corrosion in the formulated WBEs (water-
based emulsions), respectively. Table 2.2 gives composition of the carbon steel. For corrosion
tests, steel samples were polished with SiC-based emery papers of 400 and 600 grades, followed
by cleaning using acetone and isopropyl alcohol. Afterwards, they were washed with distilled

water and then dried by a pressed air flow.
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Fig. 2.1. Molecular structure of (a) PEG-2 oleamide, (b) Glycerol myristate (GM), and (c)
Glycerol linoleate (GL).
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Table 2.2. Composition of carbon steel 1018 specimens (wt.%)

Fe C Mn P S Si Cr Ni Cu Al Ti

98.90 0.20 0.75 0.011 0.004 0.026 0.02 0.02 0.03 0.035 0.001

2.2.2 Emulsion-based drilling fluids

Various emulsion-based drilling fluids were prepared, which consist of mineral oil,
TERGITOL NP-9 (surfactant), corrosion inhibitors (PEG-2 oleamide, GM and GL), brine solution
(5 gr KCl in 100 ml DI water) with different weight percentages, respectively. Details about the
prepared drilling fluids are given in section 2.3.3 (Tables 2.5 and 2.6). In order to make a specific
emulsion-based drilling fluid, the above-listed components with a certain combination were mixed

using a mechanical stirrer at a speed of 700 RPM for a period of 30 min.

2.2.3. Characterization
2.2.3.1 FTIR Characterization

FTIR analysis was carried out to investigate the functional groups of three corrosion inhibitors
of PEG-2 oleamide, GM and GL) present in the prepared emulsion-based drilling fluids. The
spectra were taken in the spectral range of 4000 cm™ to 600 cm™ by a Nicolet 8700 at room
temperature.
2.2.3.2 CHNS-O analysis

A Flash 2000 Organic Elemental Analyzer (Thermo Scientific, Cambridge, UK) was
employed for CHNS-O elemental analysis in order to determine the total carbon, hydrogen,
nitrogen, sulfur and oxygen in the three corrosion inhibitors for more information on their
compositions and organic compounds.

2.2.3.3 Turbidity measurement
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The stability of prepared water-based emulsions (WBEs) as drilling fluid was evaluated by
HACH 2100 AN turbidimetry as an effective technique for studying the stability of an emulsion.
In this test, the scattered light determines the emulsion fluctuations which can lead to change of
turbidity value. The slope of changes in turbidity values significantly affects the emulsion stability

so that the small slope values illustrate a stable emulsion in turbidity versus time plot [59].

2.2.3.4 Zeta potential study

The Zeta potential of emulsion droplets dispersed in the brine solution was measured using
Zetasizer Nano-ZS (Malvern Instruments, UK). Zeta potential of prepared WBEs was determined
from electrophoretic mobility to investigate the stability of various WBEs. The measurements were

repeated three times for each WBE.

2.2.3.5 Electrochemical measurements

A formulated WBE as drilling fluid was placed in a 4-neck electrochemical cell equipped
with CO2 injection, and 3 electrodes including reference, counter and working electrodes. Prior to
each test, the prepared WBE was saturated with CO:z for 45 min. Thereafter, the rotating cylinder
electrode containing cylindrical-shaped carbon steel coupons as working electrode was placed in
the electrochemical cell, rotating at a speed of 1500 RPM for 2 h. CO2 was introduced into the
prepared WBE during the electrochemical measurement. This process was repeated three times
for each WBE presented in Table 6 to ensure the repeatability of the electrochemical tests including
EIS and potentiodynamic polarization which were performed after 2 hr. The corrosion resistance
of cylindrical-shaped carbon steel specimens immersed in WBEs loaded with various corrosion
inhibitors was evaluated with OCP, EIS and Polarization tests using a GAMRY instrument with a

frequency range of 100 kHz ~ 200 mHz and perturbation of +10mV at open circuit potential. The
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polarization tests were carried out in the range of £250 mV from OCP at a sweep rate of 1 mV/s.
The experiments were performed in a three-electrode cell consisting of a graphite (counter
electrode), Ag/AgCl (reference electrode) and rotating cylinder electrode (working electrode).

Triplicates were provided for each sample for the EIS measurements.

2.2.3.6 Surface analysis

SEM-EDS model Zeiss Evo M10 SEM-EDS (Zeiss, Oberkochen, German) was used to
examine the surface morphology and the composition of the carbon steel coupons after CO2
corrosion. It is important to note that while EDS provides valuable insights into the elemental
composition of materials, it has certain limitations, particularly in accurately measuring carbon
content. To overcome these limitations and obtain a more precise assessment of carbon content
and its chemical environment, complementary techniques such as x-ray photoelectron
spectroscopy (XPS) was employed. XPS provides detailed information about the chemical state
and bonding environment of carbon and other elements on the surface of carbon steel, offering a
more comprehensive analysis that complements the data obtained through EDS. Thus, composition
of the protective film formed on sample surface and its chemical bond formation at the film/steel

interface was investigated by XPS equipped with a concentric hemispherical analyzer.

2.3 Results and discussion
2.3.1 FTIR measurement

Considering the structures of corrosion inhibitors, various points where they may interact with
the surface of steel need to be determined. Thus, identification and comparison of the functional
groups of bonds within corrosion inhibitors molecules existed in WBEs were made through

analysis with the FTIR spectroscopy. Fig. 2.2 depicts the FTIR spectra of the three fatty acid-based
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corrosion inhibitors, PEG 2-oleamide, GM and GL. The main peaks and corresponding functional
groups of the corrosion inhibitors are listed in Table 2.3.

As shown in Fig 2.2 and Table 2.3, adsorption bands at around 720 cm™' corresponds to the
vibration of C-H group due to the presence of long hydrocarbon chains in the structures of the
three corrosion inhibitors. The FTIR spectra also show that all the corrosion inhibitors have two
adsorption peaks at 1350 and 1460 cm ™! consisting of CH2 and CH3 bending modes, respectively.
The FTIR peaks at 2850 and 2920 cm™! indicate C-H asymmetric and symmetric stretching modes
of PEG 2-oleamide, GM and GL. The peaks observed at 1190, 1540 and 3300 cm™! are referred to
C-N stretching vibration, N-H bending and stretching vibrations, respectively, indicating the
presence of nitrogen atom in the structure of PEG-2 oleamide (Fig.2.2(a)) which can be adsorbed
on the 1018 carbon steel through donor-acceptor interactions. The C=C and C=0 stretching bands
are clearly visible at 1640 and 1700 cm™! in the FTIR spectra which is correlated to the presence
of unsaturated fatty acid in the corrosion inhibitor structure of PEG-2 oleamide [97]. Figs. 2.2(b),
2.2(c) and Table 2.3 show two absorption bands at 1040 and 1240 ¢cm™! wavenumbers attributed
to C-O-C stretching modes, describing the compound in these corrosion inhibitors. In addition, the
peaks in the region between 1090 and 1160 cm™! indicate by the presence of C-O stretch bands for
GM and GL. The bands at 1560 cm™!' and 1740 cm™' can be ascribed to C=C stretching bond and
C=0 stretching peak due to the presence of unsaturated fatty acid in the structure of GM and GL.
The absorption band at around 3410 cm™! confirms the presence of O-H stretching vibration for
GM and GL [98]. These findings reveal that PEG-2 oleamide has nitrogen and oxygen which are
considered as active sites for interacting with the carbon steel. Whereas GM and GL have oxygen

in their structures that are capable to react with the steel surface [99].
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Fig. 2.2. FTIR spectrum of (a) PEG-2 oleamide, (b) GM and (c) GL used in WBEs preparation.

Table 2.3. Prominent absorption peaks obtained from FTIR spectra of the three fatty acid-based

corrosion inhibitors and corresponding functional groups [97-99]

Corrosion inhibitor Wavenumber (cm™) Functionality

PEG-2 oleamide 1190 C-N stretching vibration

1350,1460 CH; and CH3 bending
1540 N-H bending vibration
1640 C=C stretching vibration
1700 C=0 stretching vibration
2850 C-H symmetric stretching mode
2920 C-H asymmetric stretching mode
3300 N-H stretching vibration

GM 1040, 1240 C-O-C stretching

1090, 1160 C-O stretching

1350,1460 CH; and CH3 bending
1560 C=C stretching
1740 C=0 stretching vibration
2850 C-H symmetric stretching mode
2920 C-H asymmetric stretching mode
3410 O-H stretching vibration
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GL 1050, 1240 C-O-C stretching

1050, 1140 C-O stretching

1350,1460 CH; and CH3 bending
1560 C=C stretching
1740 C=0 stretching vibration
2850 C-H symmetric stretching mode
2920 C-H asymmetric stretching mode
3440 O-H stretching vibration

2.3.2 CHNS-O analysis

Results of the CHNS-O analysis for the three corrosion inhibitors of PEG-2 oleamide, GM and
GL are presented in Table 2.4.

Table 2.4. Values of CHNS-O elemental analysis for the three corrosion inhibitors and theoretical

values based on their structures

Sample % C % H %N % O
Measure stoichiometri | Measure stoichiometri | Measure stoichiometri | Measured  stoichiometric
d values ¢ values d values ¢ values d values ¢ values values values
PEG-2 71.65 71.54 10.99 11.65 3.29 3.79 14.07 13.01
oleamide
GL 71.29 71.38 11.15 10.48 - - 17.56 18.13
GM 68.13 68.68 10.66 9.76 - - 21.21 21.54

As shown, the values determined by CHNS-O analysis are very close to the theoretical values.
According to Table 2.4, a small amount of nitrogen (3.29%) was detected in the structure of PEG-
2 oleamide while two other corrosion inhibitors do not contain nitrogen. In addition, no sulfur was
detected in the inhibitors. The high percentages of carbon indicate long carbon chains in the

structure of fatty acid-based inhibitors known as long-chain fatty acids. These types of corrosion
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inhibitor (more than six carbons) due to their hydrophobic nature prevent water to be adsorbed by

the metal surface, leading to the inhibition effect [100].

2.3.3 Stability results

The stability of the formulated water-based emulsions (WBEs) as the drilling fluids is crucial

and needs to be evaluated. In order to determine the optimum concentrations of mineral oil,

TERGITOL NP-9 as surfactant, and the corrosion inhibitor PEG-2 oleamide, various WBEs were

prepared with 65% mineral oil and different weight percentages of the surfactant (0 to 35%) and

the corrosion inhibitor (0 to 35%) by dilution with the brine solution. Table 2.5 lists the prepared

drilling fluids denoted as WBE (a) to (g), which were prepared by mixing 0.1g (Mineral oil +

TERGITOL NP-9 + PEG-2 oleamide) in 99.9 g brine. The stability of the prepared WBEs was

evaluated by turbidity measurements and zeta potential analysis.

Table 2.5 Formulated water-based emulsions (WBEs) as drilling fluid

Solution

Ingredient

WBE (a)
WBE (b)
WBE (c)
WBE (d)
WBE (e)
WBE (f)
WBE (g)

0.1g (65% Mineral oil + 35% TERGITOL NP-9) in 99.9 g brine solution

0.1g (65% Mineral oil + 30% TERGITOL NP-9 + 5% PEG-2 oleamide) in 99.9 g brine solution
0.1g (65% Mineral oil + 20% TERGITOL NP-9 + 15% PEG-2 oleamide) in 99.9 g brine solution
0.1g (65% Mineral oil + 10% TERGITOL NP-9 + 25% PEG-2 oleamide) in 99.9 g brine solution
0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-2 oleamide) in 99.9 g brine solution
0.1g (65% Mineral oil + 3 % TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.9 g brine solution
0.1g (65% Mineral oil + 0 % TERGITOL NP-9 + 35% PEG-2 oleamide) in 99.9 g brine solution

2.3.3.1 Turbidity results

The stability of various WBEs was determined by measured turbidity values of the WBEs

for a period of 4 h, which are illustrated in Fig. 2.3.
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As shown, the turbidity of all the formulated WBEs declines with time until saturation.
One may see that WBE (c) and WBE (f) show the highest stabilities due to lower slopes of their
turbidity curves within 4 h. While WBE (d) and WBE (e) show the lowest stabilities, compared to
other emulsions, evidenced by significant reductions of 166 and 136 NTU in turbidity value over

a period of 4 h, respectively. Other WBEs also depict relatively lower stabilities.
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Fig. 2.3 Turbidity values of the prepared WBEs measured at different time intervals.

2.3.3.2 Zeta potential measurement

Zeta potential is another important parameter for evaluating the stability of the oil-in-water
emulsions i.e., WBE (a) to (g). Zeta potential is related to the strength of repulsive force between
droplets formed in aqueous phase and their surface charges affect the WBEs stability. Zeta

potential values of the prepared WBEs are shown in Fig. 2.4.
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Fig. 2.4 Zeta potentials of the formulated WBEs listed in Table 5.

According to Fig. 2.4, all prepared WBEs depicted negative zeta potentials which can be
attributed to the presence of non-polar hydrocarbons in the structure of ingredients consisting
mineral oil, TERGITOL NP-9 and PEG-2 oleamide in the WBEs [101]. Three prepared WBEs
with the highest weight percentages of surfactants [35 % in WBE (a), 30 % in WBE (b) and 20 %
in WBE (c)] show the lowest absolute zeta potential values of approximately -22.7 mV to -54.8
mV. In fact, high concentrations of surfactant lead to the formation of micelles in the continuous
phase, resulting in a solubilization effect on the surface of surfactants at the interface between
dispersed phase and continuous phase. This effect causes an incomplete surface coverage on the
emulsion droplets in the brine solution with reduced strength of the interface film. Thus, the layer
adsorbed on the surface of emulsion droplets is not capable to effectively reduce the interfacial
tension between droplets and aqueous phase. As a result, weak emulsion stability can occur due to
the agglomeration and coalescence of emulsion droplets [102]. However, the addition of
TERGITOL NP-9 with lower concentrations (<10%) exhibits larger absolute zeta potential values
[-60.5 mV for WBE (g) to -69.8.5 mV for WBE (f)]. These large absolute zeta potential values

may be correlated to high steric and electrostatic repulsion between emulsion droplets which
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prevents the aggregation of droplets dispersed in the aqueous phase. Therefore, the addition of
surfactant molecules with appropriate concentration can be effectively adsorbed at the oil-water
interface, resulting in a reduction in interfacial tension and thus an increase in the emulsion
stability. Fig. 2.4 also shows that the highest absolute zeta potential value was obtained for WBE
() with 65% mineral oil + 3% surfactant + 32 % corrosion inhibitor. This indicates that repulsive
forces between the emulsion droplets formed in the brine solution dominate their attraction forces,
leading to the formation of highly stable WBEs.

Based on the results of turbidity and zeta potential measurements (Figs. 2.3 and 2.4), WBE
(f) combining 65% mineral oil, 3% surfactant and 32% corrosion inhibitor (PEG-2 oleamide) is
the most stable water-based emulsions (WBEs). Thus, this stable combination was selected to
prepare WBEs with various corrosion inhibitors, PEG-2 oleamide, GM and GL, in order to
evaluate and compare their corrosion inhibition performances for 1018 carbon steel. Table 6 lists

the formulated water-based emulsions (WBESs) as the drilling fluids.

Table 2.6 Formulated water-based emulsions (WBEs) as drilling fluid

Solution Ingredient

WBE 0 Brine solution as a reference solution: 5 gr KCI in 100 ml DI water [103, 104]

WBE 1 0.1g (Mineral oil) in 99.9 g brine solution
WBE 2 0.1g (65% Mineral oil + 35% TERGITOL NP-9) in 99.9 g brine solution
WBE 3 0.1g (65% Mineral oil + 3% TERGITOL NP-9 + 32% GL) in 99.9 g brine solution

WBE 4 0.1g (65% Mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.9 g brine solution
WBE 5 0.1 g (65% Mineral oil + 3% TERGITOL NP-9 + 32% GM) in 99.9 g brine solution

2.3.4 Corrosion performance studies
2.3.4.1. OCP measurements

Fig. 2.5 depicts values of OCP of steel samples immersed in various solutions over different

immersion durations. As shown in Figure 5, more positive OCP values can be determined when
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carbon steel coupons were immersed in WBEs containing corrosion inhibitors, compared to WBEs
without corrosion inhibitors. Results of the tests demonstrate the positive effect of the three fatty
acid-based corrosion inhibitors on OCP of the carbon steel samples. The most positive OCP value
was obtained when the steel samples were exposed to WBE 4 containing PEG-2 oleamide for all
immersion times, which is approximately at -0.55 V. The result depicts that PEG-2 oleamide is the
most effective corrosion inhibitor in restricting corrosive agents in contact with the metal surface

through forming a more protective layer. Among all solutions, WBE 1 and brine solution lead to

lower OCP values.
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Fig. 2.5. Variations in OCP versus immersion time for the 1018 carbon steel samples immersed

in the brine solution and various WBEs under the influence of CO: corrosion.

2.3.4.2. EIS measurements

Electrochemical performance of the carbon steel samples immersed in various WBEs under
the influence of CO: after 2h was investigated through EIS analysis. Fig 2.6 illustrates the Bode

and Nyquist plots of the steel samples exposed to the brine solution (5 wt.% KCI solutions) and

WBEs after immersion for 2 h.
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Fig. 2.6. The EIS results as Bode (a) and Nyquist (b) diagrams for carbon steel coupons
immersed in the brine solution and WBEs for 2 h involving CO: corrosion. The measured data

point is depicted as certain marker styles, while the fitted curves are shown by solid curves.
Fig. 2.6 shows that all the Nyquist plots are in the form of semicircle and there is only one
relaxation time in the impedance diagram for the sample immersed in the brine solution after 2 h,
suggesting that there was only one charge transfer process during the anodic dissolution of the

steel. However, two relaxation times were emerged for samples after being immersed in the WBEs
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for 2 h. This explains that a corrosion-protective layer formed on the surface of the carbon steel
samples immersed in the WBEs. In addition, the diameter of the Nyquist plot is increased by the
addition of corrosion inhibitors, PEG-2 oleamide, GM and GL. WBE 4 including PEG-2 oleamide
displays the largest diameter of semicircle, indicating a remarkable enhancement in corrosion
inhibition performance. Electrochemical parameters were determined from the result shown in Fig
2.6 through modeling Nyquist and Bode plots utilizing equivalent electrical circuits as illustrated

in Fig. 7 [105,106].

CPEf
CPEdI i i
| 1
Rs
Rs I CPEQl |
— 1 — E— —
L —L
Rct Rf

Recet
Fig. 2.7. Equivalent circuits used to model impedance data for brine solution (right) and various
WBEs (left)

In the model, Rs, Rct, Rf, CPEr and CPEdI are solution resistance, charge transfer resistance,
film resistance, constant phase element of film capacitance and constant phase element of double
layer capacitance, respectively. Double layer capacitance (Cdl) and film capacitance (Cc) values
were obtained using eq. (1) [105-107].

1
Cx = (Qx * Rx1™™)n €y
where Cx is the capacitance of the double layer or film capacitance, Qx the admittance of CPE
double layer or film, Rx the charge transfer resistance or film resistance, and n is the empirical
exponent. The inhibition efficiency (1%) of carbon steel samples exposed to various water-based

emulsion fluids can be obtained using eq. (2) [108].
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The electrochemical parameters extracted from Fig 2.7 and eq. (2) are listed in Table 2.7.

Table 2.7. Electrochemical parameters extracted from impedance data for the carbon steel samples

exposed to the brine solution and different water-based emulsion fluids involving CO:2 corrosion.

CPEf
CPEdI R,=
Sample Ret Ca R¢ Ct (Ret+ Ry) n %
(kQ.cm?) Y (uF.cm?) (kQ.cm?) Y (uF.cm?)  (kQ.cm?)
0 (1}

(Q'l.cm?) (Q'l.cm?)
Brine 0.58 183 x 10°° 0.88 135.1 - - - - 0.58 -
WBE 1 0.53 353 x10° 0.95 28.8 0.011 170 x 10°  0.88 72.4 0.541 ~0
WBE 2 2.23 92.60 x 10°  0.84 68.8 1.96 183.8 x 10”? 1 0.183 4.19 86.16
WBE 3 14.5 11.03 x10°  0.63 3.77 1.23 2.245x10°  0.92 1.36 15.73 96.31
WBE 4 189 2474 x10°  0.48 0.009 0.42 100.9 x 10 1 0.100 189.42 99.70
WBE 5 9.40 25.16 x10°  0.58 8.86 0.92 2427 x10°  0.90 1.24 10.32 94.38

According to Table 2.7, the minimum Rct value was detected for steel sample exposed to
the brine solution and WBE 1, meaning that the steel has the lowest corrosion resistance in these
solutions. It was also noticed that the presence of mineral oil alone in WBE 1 had no effect on the
inhibition efficiency. Theoretically, the mineral oil can provide a protective layer on the surface to
mitigate corrosion. However, such a function strongly depends on the dispersion of the mineral oil
in the aqueous phase. In the present case, WBE 1 containing mineral oil did not act as an effective
barrier to inhibit corrosion of steel. The reason is that the mineral oil alone may not play an
effective role in improving the corrosion resistance, since the mineral oil cannot well disperse in
water because of non-polar hydrocarbons in its structure, making the mineral oil less effectively
in preventing the attack of corrosive agents to the metal surface. Consequently, low impedance,

low charge transfer resistance, high corrosion rate and more negative OCP were observed for steel
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immersed in WBE 1 containing mineral oil. Even the brine solution shows better anti-corrosion
behavior than WBEI1. The better performance of the brine solution should be ascribed to the
formation of oxide layer, which could be somewhat more protective, compared to the mineral oil
layer (WBE 1) formed on the metal surface. However, if a suitable surfactant is added to WBEI,
it can enhance the oil-water interaction and thus help the mineral oil to reach a proper dispersion
in water with improved effectiveness in resisting corrosion of steel immersed in the solution. For
instance, WBE2 containing a combination of mineral oil and surfactant shows an improved
resistance to corrosion.
As demonstrated, the addition of three fatty acid corrosion inhibitors, including GL, PEG-
2 oleamide and GM in WBE 3, WBE 4 and WBE 5, resulted in remarkable increases in Rct,
respectively. As shown, WBE 4 containing PEG-2 oleamide led to the maximum Rct value with
inhibition efficiency of 99.70%, compared to other WBEs (96.31% for WBE 3 and 94.38% for
WBES5) after 2h immersion. Moreover, the lowest Cai value was obtained for steel specimen
immersed in WBE 4. The double layer capacitance results from the formation of a double layer
between the charged metal surface and solution. The existence of PEG-2 oleamide compound on
the surface of the carbon steel can affect electrical layer by replacement of water molecules with
PEG-2 oleamide. This indicates that PEG-2 oleamide is the most effective corrosion inhibitor
among the three inhibitors, which was adsorbed on the surface of carbon steel, forming a protective
layer against corrosion.
Fig.2.8 illustrates the phase angle values (negative) at high frequency (100 kHz) and
polarization resistance, calculated form the EIS data, which are useful parameters for evaluating
the corrosion resistance. In a circuit where a resistor and capacitor are mixed together in a parallel

manner, the phase difference between voltage and current is an important indicator for the
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capacitive behavior of samples. The more negative the phase angle, the stronger the capacitive
behavior. The high capacitive behavior of a sample reflects its high resistance to the charge transfer
through the capacitor, corresponding to a phase angle of near -90 degree. However, the current can
pass through the resistor with ease when a sample shows low capacitive behavior, corresponding
to a phase angle of near 0 degree.

Fig. 2.8(a) illustrates that the phase angle measured at 100 kHz was the least negative for steel
samples immersed in the brine solution (-12.17 degrees) and that of WBE1 was at a similar level.
Samples immersed in the WBEs containing corrosion inhibitors after 2 h showed more negative
phase angles. The most negative phase angle value (-80.5 degree) was observed for sample
immersed in WBE 4 containing PEG-2 oleamide [see Fig.2.8(a)]. The presence of PEG-2 oleamide
in the WBE 4 should form a more protective layer on the steel surface, so AC current at 100 kHz
tends to pass through the double layer capacitor due to its high charge transfer resistance rather

than to pass through its resistor, rendering the phase angle remains near -90 degree [109,110].
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Fig. 2.8. The values of (a) phase angle at high frequency and (b) polarization resistance of steel

samples immersed in the brine solution and various WBEs under CO: corrosion after 2 h.
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Polarization resistance (sum of Rct and Rf) is a well-known electrochemical parameter which
reflects the corrosion inhibition effectiveness of a system. Fig. 2.8(b) depicts the polarization
resistances of steel samples in various solutions. As shown, the polarization resistance of the
carbon steel increases in the WBEs containing the corrosion inhibitors (see Table 2.7), benefiting
from the improvement in the inhibitive layer on the steel surface. The maximum polarization
resistance was achieved by WBE 4 containing PEG-2 oleamide, which should be strongly adherent
to the carbon steel surface. Based on the data obtained from the EIS measurement, it can be
concluded that PEG-2 oleamide provides excellent corrosion inhibition in the water-based

emulsion systems used as the drilling fluid.

2.3.4.3. Polarization tests

Fig. 2.9 illustrates the potentiodynamic polarization plots of the carbon steel samples in the
brine solution and various water-based emulsion fluids, respectively. As shown, the presence of
the three different corrosion inhibitors remarkably affect both anodic and cathodic branches of the
polarization curves, showing strong corrosion inhibition. The reductions in the anodic and cathodic
current densities reflect the retardation of the cathodic reaction and decline in the anodic
dissolution of carbon steels by the added inhibitors. The inhibiting effect of the inhibitors is related
to their adsorption on the steel surface.

The corrosion potential (Ecorr), corrosion current density (icorr), corrosion rate, anodic
Tafel slope (Ba) and cathodic Tafel slope (Bc) were determined from the polarization curves and
are presented in Table 2.8. The inhibition efficiencies (nrafe1%) of the steel samples immersed in

various WBEs were calculated using the following equation [111].

icorr—icorr (i)
Nrafel = —————— X 100 3)
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where icorr and icorr (i) are corrosion current densities for carbon steel samples in solutions

without and with the corrosion inhibitor, respectively.
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Fig. 2.9. Polarization curves of carbon steel samples in the brine solution and different WBEs

for 2 h involving CO: corrosion.

Table 2.8. Values of corrosion current density, corrosion potential, cathodic and anodic Tafel

slopes, corrosion rates of carbon steel samples immersed to the brine solution and different water-

oil emulsions involving CO2 corrosion.

sample Ecorr VS icorr (MA/cm?) Corrosion Pa Be Nrafe1%

SCE (V) rate (V/decade) (V/decade)

(mpy)

Brine -0.68 £ 0.03 13.1+1.2 1.98+0.5 0.046 +0.025 0.066 = 0.028 -
WBE 1 -0.71 £0.04 142+1.5 228+0.8 0.041 £0.020 0.074 £0.03 ~0
WBE 2 -0.63 £ 0.03 2.0+0.80 0.300+0.1 0.053 £0.023 0.079 = 0.027 84.73£1.0
WBE 3 -0.60+0.02  0.59+0.08 0.09 +0.003 0.062 +0.023 0.062 = 0.024 95.49+0.9
WBE 4 -0.54+0.02  0.09+0.02 0.01 £0.001 0.070 = 0.020 0.070 = 0.022 99.31+04
WBE 5 -0.59+£0.03 0.91+0.10 0.13+ 0.005 0.056 £0.026 0.066 £0.021 93.05+0.8
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According to Table 2.8, the three corrosion inhibitors make the corrosion potential moved
to more positive values, which affect the anodic reaction more than the cathodic reaction. The
addition of the corrosion inhibitors decreases the corrosion current densities and corrosion rates
remarkably, which are correlated to the formation of protective thin layer on the metal surface
which restricts the access of corrosive agents to reach the metal surface. The minimum corrosion
current density or corrosion rate was obtained when the carbon steel was immersed in WBE 4
containing PEG-2 oleamide, which showed the best corrosion inhibitive performance. Based on
the inhibition efficiency values, adding PEG-2 oleamide to WBEs led to an excellent inhibitive
performance (99.31%), compared to two other corrosion inhibitors. This is attributed to the

formation of a more effective protective layer with stronger adsorption on the iron surface.

2.3.5. Surface characterization
2.3.5.1 SEM analysis

Surface morphologies of the steel samples immersed in the brine solution and different WBEs
involving COz2 corrosion (by introducing CO2 into the WBEs during the immersion tests) were
examined with SEM as presented in Fig. 2.10.

Fig.2.10 (a) displays the formation of deposits due to the penetration of corrosive ions onto
the surface of carbon steel after immersion in the brine solution. These deposits are also seen on
the surface of samples exposed to WBEI and WBE 2, indicating that the mineral oil with surfactant
cannot prevent corrosion of the carbon steel. However, no deposits are observed on surface of the
sample immersed in WBE 4 which contains PEG-2 oleamide. Two other corrosion inhibitors of
GL and GM in WBE 3 and WBE 5 prevent corrosion of the steel to some degree but minor deposits

are still present on steel samples immersed in WBE 3 and WBE 5, respectively. The surface
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appearances of the samples after immersion in different solutions are consistent with results of

other tests and analyses described earlier.
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Fig. 2.10. SEM micrographs of 1018 carbon steel sample surfaces exposed to (a) brine solution,
(b) WBE 1, (c) WBE 2, (d) WBE 3, (e) WBE 4 and (f) WBE 5, involving CO: corrosion.

Surface compositions of the above samples were analyzed with EDS. Table 2.9 lists elements
detected on surfaces of the samples. The highest concentration of oxygen was detected on surface
of the steel sample immersed in the brine solution. Besides, the presence of aggressive agents
including chloride and potassium indicates that the cations and anions reached and penetrated the
surface of the carbon steel. The oxygen concentration was reduced on the surfaces of samples
exposed to WBE 1 and WBE 2, indicating that mineral oil and surfactant can decline the oxidation

on the steel surface, but corrosive chemicals such as chlorine and potassium were still detected on
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the samples. However, no corrosion agents were detected on surface of the sample immersed in
WBE 4 containing PEG-2 oleamide, and the concentration of oxygen on the sample surface is
lower. In addition, nitrogen was detected on this sample surface, suggesting that the nitrogen-
containing PEG-2 oleamide formed a protective film on the sample to mitigate corrosion. The
presence of minor deposits and higher concentrations of oxygen on samples immersed in WBE 3
and WBE 5 suggest that these two corrosion inhibitors, GL and GM, are less effective than PEG-
2 oleamide.

Table 2.9. EDS data (percent concentrations of elements, wt.%) obtained from surfaces of steel

samples exposed to different solutions involving COz2 corrosion.

Solution Fe 0] C N K Cl
Brine solution 94.2 2.1 3.6 - 0.1 0.1
WBE 1 87.6 1.1 11.1 - - 0.1
WBE 2 91.2 1 7.7 - 0.1 -
WBE 3 83.4 1 15.6 - - -
WBE 4 85.9 0.8 13.2 0.1 - -
WBE 5 84.6 1 14.3 - - 0.1

It may need to be mentioned that the electrochemical tests show that the WBE 1 solution
cannot inhibit the corrosion of the metal substrate (see Figs. 2.6 and 2.9 as well as Tables 2.7 and
8), however, it seems from the SEM images (Fig. 2.10) that the steel sample exposed in WBE1
solution suffer less corrosion, compared to that exposed to the brine solution. As a matter of fact,
the mineral oil used in this study is distillates (petroleum) - hydrotreated light naphthenic made of
long chain hydrocarbons, which cannot be well dispersed well in the brine solution. Although the
SEM-EDS analysis shows a higher concentration of carbon detected on the surface of steel

immersed in WBE 1 due to the presence of mineral oil, this thin layer couldn’t protect the steel
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surface effectively against attacks of corrosive ions and a high amount of deposits distributed on
the entire steel surface. Take a closer look at the SEM images, more areas of steel surface after
immersion in WBE 1 are covered by deposits, compared to the situation of sample tested in the
brine solution. Although the local area covered by deposits on the steel surface tested in WBE 1
appear smaller (with less oxygen) than that on sample tested in the brine solution, the deposits
cover a larger total area (accumulated) and are more distributed on the steel surface tested in

WBEI].

2.3.5.2. XPS analysis

The surface layers of steel samples respectively exposed to WBE 2, WBE 4 and WBE 5 were
studied through XPS analysis, compared with sample surface exposed to the brine solution
(reference). XPS spectra of the steel surfaces exposed to the brine solution and various WBEs

involving COz corrosion are presented in Fig. 2.11. Relevant values extracted from XPS are given

in Table 2.11.
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Fig. 2.11. XPS survey spectra of carbon steel surfaces respectively exposed to (a) the brine
solution, (b) WBE 2, (c) WBE 4, and (d) WBE 5, involving CO: corrosion.
Table 2.10. Binding energies and concentrations of various elements on the steel surfaces exposed

to the brine solution and WBE 2, 4 and 5 involving CO2 corrosion, respectively.

Name elements Binding energy (eV) Element (%)
Cl2p ~ 200 1.09
Brine Cls ~ 285 62.27
Ols ~531 28.97
Fe 2p3p ~1712 7.67
Cl 2p ~ 200 0
WBE 2 Cls ~ 285 67.69
Ols ~ 531 25.57
Fe 2p3n ~ 712 6.74
Cl 2p ~ 200 0
Cls ~ 285 81.34
WBE 4 N 1Is ~ 400 0.38
Ols ~531 17.79
Fe 2p3n ~ 712 0.49
Cl 2p ~ 200 0
WBE 5 Cls ~ 285 80.6
Ols ~ 531 17.85
Fe 2psn ~ 712 1.55

According to the XPS spectra shown in Fig. 2.11 and data in Table 2.10, Cl, C, N, O and
Fe are the main elements detected on surface of the carbon steel samples exposed to different
solutions. The Cl signal at the binding energy of 200 eV with a concentration of 1.09 % on surface
of the sample immersed in brine solution indicates that the steel surface was subjected to corrosion
in which Cl ions made considerable contribution. A sharp peak with a high amount of 28.97 %
came from oxygen element at binding energy of 200 eV, resulting from oxidation reaction on
surface of this steel sample. However, no corrosion agents with Cl ions were detected on samples

exposed to other three WBEs, suggesting that corrosion inhibitors and surfactant provided
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sufficient hindrance to corrosion. In addition, the intensity of oxygen element detected on the steel
samples exposed to the WBEs declined, especially when the corrosion inhibitors were added. The
lowest percentage of oxygen element (17.79%) was detected on the steel sample exposed to WBE
4 which contained PEG-2 oleamide. The presence of N element on the steel surface exposed to
WBE 4 is an indication of adsorption of the inhibitive layer or film on surface of the steel sample,
which protected the steel from corrosion. A very sharp peak of carbon (81.34%) is present at
binding energy of 285 eV due to the presence of long carbon chain in the structure of PEG-2
oleamide. The hydrocarbon chains of this corrosion inhibitor are able to keep water molecules and
corrosive ions away from the steel surface [112, 113].

In order to better understand the composition and characteristic bonds of the protective
film formed on the steel surface exposed to WBE 4 containing PEG-2 oleamide, high-resolution
XPS spectra were obtained through deconvolution of multiple peaks in the C 1s, N Is, O 1s and

Fe 2p3/2 regions, which are shown in Fig. 2.12. Corresponding data are presented in Table 2.11.
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Fig. 2.12. High resolution XPS spectra of detected elements on the steel surface immersed in

WBE 4 and their deconvolution after CO: corrosion.

Fig. 2.12 and Table 2.11 show that C 1s signal can be fitted into five Gaussian—Lorentzian
peaks at different binding energies of 285.10, 285.48, 287, 289.04 and 289.71 eV, corresponding
to C=C, C-C, C-N, C-O and C=0 bonds, respectively. The C-C bond has the maximum carbon
concentration, originating from long carbon chain in the corrosion inhibitor structure of PEG-2
oleamide. The O 1s spectra of the carbon steel surface are deconvoluted into three components.
Fe-O bonds may correspond to iron oxide such as Fe2O3 and Fe3O4 derived from deconvoluted
spectra related to O 1s signal at binding energy of 530.96 eV. C-O-H and C=0 bonds are two other
components acquired from deconvolution of O 1s at binding energies of 532.78 and 534.03 eV,
respectively. The deconvolution of Fe 2p32 XPS spectra leads to three peaks at different binding
energies. The two peaks at the lower binding energies around 711.11 and 713.17 eV can be
ascribed to iron oxides such as Fe2O3 and Fe-OH, respectively. The higher binding energy is
attributed to the Fe-N group. The XPS spectrum of N 1s shows only one peak with no need for

deconvolution at binding energy of 400.84 eV that corresponds to N-H bond. The above results
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prove that the protective layer adsorbed chemically on the steel sample contains molecules of PEG-

2 oleamide in the added corrosion inhibitor [113-117].

Table 2.11. Data obtained from deconvoluted XPS spectra of steel surface immersed in WBE 4

after COz2 corrosion.

Name of convoluted Characteristic Binding energy % Composition in each
spectrum bonds (eV) element
C=C 285.1 21.24
C-C 285.4 60.51
C-N 287 11.97
Cls

C-0O 288.8 5.31

C=0 289.71 0.97

N s N-H 400.9 100
Fe-O 530.96 7.49

Ols C-O-H 532.7 72.83
Cc=0 534.03 19.68

Fe203 710.78 50.06

Fe 2psn Fe-OH 712.40 18.12
Fe-N 715.36 31.82

2.3.6. Corrosion inhibition mechanism of fatty acid-based green inhibitors

The mechanism for the corrosion protection of 1018 carbon steel exposed to CO2-saturated
5% KCl environment could be described by the formation of a protective layer on the steel surface.
Based on experimental findings, PEG-2 oleamide acted as a more effective corrosion inhibitor
than GL and GM to protect 1018 carbon steel from corrosion when immersed in KCl media
containing CO2. PEG-2 oleamide due to the presence of nitrogen in its structure has lower
electronegativity than oxygen, making nitrogen a better electron donor than oxygen. In addition,

the long hydrophobic hydrocarbon chains in PEG-2 oleamide structure can provide further
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protection, since the hydrophobic tail helps keep corrosive agents like chloride ion and water

molecules away from the metal surface, thus enhancing the inhibition effect.

More analysis was conducted for further insight into the inhibition mechanism of the corrosion
inhibitors and identification of the active sites responsible for the interaction between corrosion
inhibitors and carbon steel. Since corrosion inhibitor molecules exist in two different forms:
neutral and protonated, adsorption of fatty acid-based inhibitor molecules on the surface of carbon
steel can occur through physical and chemical adsorption processes. In acidic solutions due to
presence of COz gas in the brine solution, the surface of carbon steel initially has positive charges
that attract CI ions to attach to the steel surface. Physical adsorption can then take place through
electrostatic interaction between the protonated form of inhibitor molecule and the steel surface
with adsorbed Cl ions (FeCl ). In the meanwhile, the corrosion inhibitors containing nitrogen
and/or oxygen are able to form chemi-sorptive bonds with the steel surface, preventing the
occurrence of electrochemical dissolution reactions. The corrosion inhibitors in neutral form may
be adsorbed on the steel surface through donor-acceptor interactions between lone electron pairs
of these two heteroatoms (nitrogen and oxygen) and free orbital d of iron [118]. Fig. 2.13 shows

the corrosion inhibition mechanism of PEG-2 oleamide on the surface carbon steel.
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Fig. 2.13. Mechanism of PEG-2 oleamide adsorption on 1018 carbon steel in CO:z-saturated 5%

KClI environment
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2.4 Conclusions

A comprehensive study was conducted to investigate inhibition effects of three green fatty

acid-based corrosion inhibitors, Polyethylene glycol-2 oleamide (PEG-2 oleamide), Glycerol

myristate (GM) and Glycerol linoleate (GL), on corrosion of 1018 carbon steel in 5% KCl solution

containing CO2, using experimental techniques. The study is oriented to the applications of the

green inhibitors as additives in drilling fluids for the oil industry. The following conclusions are

drawn:

1.

Electrochemical tests (OCP, EIS and polarization) and weight loss measurements show that
all the three corrosion inhibitors in the emulsion-based fluid effectively suppress corrosion
of carbon steel in the aggressive environment involving CO2 corrosion. The inhibitors
generate physical and chemical adsorption interactions with the steel surface, forming a
protective film to protect the steel from attacks by corrosive agents. Among the three
inhibitors, PEG-2 oleamide performs the best. The 2h-immersion tests showed that GM and
GL decreased the corrosion rate in the brine solution by 60% ~70% while PEG-2 oleamide

decreased the corrosion rate by 90%.

PEG-2 oleamide is adsorbed on the steel surface by donor-acceptor interactions between lone
electron pairs and free orbital d of iron, forming a more protective layer to block the access
for the corrosive agents to reach the steel substrate. The protective layer is adherent to the
steel surface mainly by Fe-N bonding, detected by XPS analysis. The presence of nitrogen
element in the chain plays a remarkable role in enhancing intermolecular electrostatic
interactions, leading to stronger binding between PEG-2 oleamide and the carbon steel. The
longer hydrophobic hydrocarbon chains in PEG-2 oleamide further enhances its corrosion

inhibition effect.
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Chapter 3 Improve the tribo-corrosion behavior of oil-in-water emulsion-based

drilling fluids by new derivatives of fatty acid-based green corrosion inhibitors’

3.1 Introduction

During oil well drilling in the oil industry, various components of drilling equipment, e.g.,
pipes, valves and casings, encounter tribological attacks. Adhesive wear, erosion-corrosion,
abrasive wear, and fatigue wear are known as main wear modes occurring in the oil drilling
operation, making the drill equipment severely worn which could trigger catastrophic failures
[16,119]. During drilling operations, mechanical, physical, and chemical interactions may take
place simultaneously at the contact between the components such as drill bits, drill pipe, drill collar
with sides of the well and casing (metal-rock or metal-metal contact), resulting in friction and wear
problems which are more prevalent in deeper wells [54,56]. Moreover, because of the presence of
acidic gases, dissolved oxygen gases, and salt ions, etc., the oilfield environment is very corrosive,
making the wear more severe due to the wear-corrosion synergy [120]. Corrosion is the chemical
degradation of a material caused by irreversible interfacial interaction or reaction with its
surrounding aggressive environment [ 120-121]. The synergistic attack by wear and corrosion, also
known as tribo-corrosion, may result in much large material loss, compared to those caused by
wear and corrosion separately. Tribo-corrosion is one of serious issues for drilling tools [122-125].

To understand tribo-corrosion under specific conditions, one needs to investigate the separate

2 A version of this chapter has been published. M.j. Palimi, Y. Tang, M. Wu, V. Alvarez, M.
Ghavidel, E. Kuru, Q.Y. Li, Wei Li, D.Y. Li, Improve the tribo-corrosion behavior of oil-in-water
emulsion-based drilling fluids by new derivatives of fatty acid-based green inhibitors, Tribology
International 174 (2022) 107723.
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processes and their mutual influences, which are responsible for the resultant damage to materials
[120-129].

Application of drilling fluids during the well drilling process is mandatory for reducing
friction, and mitigating corrosion and corrosive wear or tribo-corrosion by forming a protective
film to minimize direct contact between rubbing surfaces, helping improve the tribo-corrosion
resistance of metal surfaces, thus increasing the effectiveness and service life of the drilling
equipment [130-132]. The selection of appropriate drilling fluids is crucial to the drilling operation
[133]. Drilling fluids are divided into two categories: water-based drilling fluids and oil-based
drilling fluids [134]. The water-based drilling fluids have attracted great interest and are preferred
over oil-based ones due to economic and environmental factors [129-131]. However, the
corrosivity of water-based emulsion drilling fluids is a concern and their lower lubrication
performance also limits their applications. Therefore, there is a demand of improving the emulsion-
based drilling fluids to mitigate the above-mentioned problems towards effective application of
the drilling fluids in drilling operations [7, 135-137].

A good emulsion-based drilling fluid should have following characteristics: high lubricity,
anti-corrosion capability, proper tribological performance, high stability, and nontoxicity [138]. In
order to obtain these desired properties, various additives are often added to drilling fluids such as
surfactants, anti-friction agents, and corrosion inhibitors [ 139]. Traditional emulsion-based drilling
fluids contain active elements which are environmentally unfriendliness and their use have been
prohibited by environmental regulations. In order to avoid environmental problems, application of
green inhibitors and additives with high lubricity is an effective approach [140-141]. The green
corrosion inhibitors are those extracted from plants, which generate a molecular protective layer

at the interface between metal and surrounding solution through physisorption or chemisorption.
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The formed protective layer may act as a physical barrier between the metallic surface and
aggressive media, thus restricting the access of corrosive ions to reach the metallic surface and
also more or less reducing the contact between two rubbing surfaces. As a result, the tribo-
corrosion attack can be weakened. As a result, the presence of green inhibitors in a drilling fluid
could markedly improve the fluid’s performance [30, 46,142-144].

In chapter 2, a comprehensive study was conducted to investigate the inhibition effects of three
green corrosion inhibitors in emulsion-based drilling fluids on the pure corrosion (without wear)
of 1018 carbon steel. The chapter 3 aims to obtain comprehensive information on how three new
derivatives of green corrosion inhibitors extracted from vegetable oils affect tribo-corrosion
performance of 1018 carbon steel, where corrosion is combined with wear. The three different
fatty acid-based corrosion inhibitors, Glycerol linoleate (GL), Polyethylene glycol-2 oleamide
(PEG-2 oleamide) and Glycerol myristate (GM), were added to emulsion-based drilling fluids for
evaluating their effects on friction, wear and corrosion simultaneously under linear sliding
conditions using a reciprocating tribometer connected to an electrochemical system. Various
combinations of mineral oil, surfactant and corrosion inhibitors were prepared and used as
additives mixed with diluted 5% KCI solution to make stable Water-based emulsions (WBEs).
Tribo-corrosion performance of 1018 carbon steel samples was investigated using the tribometer
incorporated with a three-electrode electrochemical cell containing the WBE. The effectiveness of
the three corrosion inhibitors in suppressing corrosive wear was thoroughly evaluated by
measuring COF, volume loss, wear track profile, current and potential evolution with time. Worn
surfaces were analyzed with a scanning electron microscope (SEM) equipped with the energy
dispersive X-ray spectroscopy (EDX) to gain an insight into the mechanism for corrosion

inhibition. Moreover, effects of different concentrations (0.1, 0.5 and 1 g) of prepared combination
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(mineral oil + TERGITOL NP-9 + PEG-2 oleamide) as additive added to the brine solution on

tribo-corrosion of the carbon steel were also analyzed.

It should be mentioned that tribo-corrosion behavior of drilling equipment is influenced by
multiple factors, e.g., contact force, sliding speed, electrochemical potential, temperature, fluid
composition, and concentration of additives in the drilling fluid. These factors may synergistically
affect tribo-corrosion of drilling facilities. Thus, this chapter is focused on the effect of the types
of green corrosion inhibitors and their concentration on tribo-corrosion resistance of carbon steel
and understanding of underlying mechanisms, e.g., properties and mechanisms for the adsorbed
films induced by the inhibitors. The testing condition in this work is limited, e.g., performing
corrosive wear tests under a relatively high contact load (10 N) at a fixed sliding speed. Evaluating
the protectiveness of the inhibitors under different contact conditions that simulate oil drilling
situations would be carried out in follow-up chapters, involving various contact forces, sliding
speeds, and durations, in order to use inhibitor-containing drilling fluids effectively for drilling

operations under different conditions.

3.2 Experimental

3.2.1 Materials

Consistent with chapter 2, our based fluid consisted of a 5% KCI aqueous solution. A few
water based emulsions (WBE) were made by adding substances (mineral oil, surfactant and
corrosion inhibitor) to the base fluid. Fig. 2.1 in chapter 2 shows molecular structures of the three
fatty acid-based corrosion inhibitors. 1018 carbon steel coupons, as detailed in Table 2.2 and
supplied by ALGOMA steel Inc., were used for investigating their tribo-corrosion behaviors in

prepared water-based emulsions (WBEs). The mechanical properties of 1018 carbon steel are
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listed in Table 3.1. Steel samples were polished with 400, 800 and 1200 grit SiC-based emery
papers successively and cleaned with acetone and isopropyl alcohol prior to tribological and tribo-
corrosion tests. Sample surfaces were rinsed with distilled water, dried by air pressure, and then
placed in a desiccator. The prepared steel samples had their average surface roughness equal to
0.016 pm, determined using an optical profilometer (Zegage 3D, Middlefield, US).

Table 3.1. Mechanical Properties of 1018 caron steel based on AISI/SAE.

Properties Tensile strength Yield strength Elongation in 50 mm  Hardness (HB)

1018 carbon steel 483 MPa 413 MPa 18 % 143

3.2.2 Preparation of emulsion-based drilling fluids (WBEs)

Various water-based emulsions (WBESs) as drilling fluids were prepared using a mechanical
stirrer for this chapter, including mineral oil, TERGITOL NP-9 as surfactant, three corrosion
inhibitors of PEG-2 oleamide, GM and GL and brine solution as blank solution (5wt % KCI).
Three different concentrations (0.1 g, 0.5 g, and 1 g) of the prepared combinations, including
mineral oil, surfactant, and corrosion inhibitor, were used to investigate tribo-corrosion

performances of the drilling fluids.

3.2.3 Characterization

3.2.3.1 Particle size distribution

A particle size analyzer (Zetasizer Nano-ZS, Malvern instruments, UK) via dynamic light
scattering (DLS) technique was used to measure the size distribution and z-average diameter of
dispersed oil in the brine solution. Formulated WBEs of 0.5 ml were added to the sample cell,

respectively, to determine the droplet size distribution and average particle size at 25 °C. The
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average particle size and the size distribution of particles dispersed in the brine solution were

obtained through cumulants method and software match with the instrument, respectively.

3.2.3.2 Inverted light fluorescence microscope

The dispersion of emulsion droplets was studied by placing a drop of a prepared WBE on a
glass slide. Emulsions were then observed with an inverted light fluorescence microscope (Model
Axiovert 200M, Zeiss, Germany). Samples of oil-in-water emulsions were stained with FITC

green and evaluated with a 10x magnification lens.

3.2.3.3 Turbidity evaluation

HACH 2100 AN turbidimetry was applied to evaluate the stability of WBEs containing PEG-

2 oleamide at different concentrations.

3.2.3.4 Tribo-corrosion evaluation

A pin-on-disc tribometer (Rtec MFT-5000, San Jose, US) incorporated with an electrochemical
system (GAMRY instrument) was used to investigate tribo-corrosion of 1018 carbon steel samples
immersed in WBEs with and without corrosion inhibitors. Before the test, a steel sample mounted
with epoxy-polyamine glue with its upper surface uncovered (1 cm?). The sample was used as the
working electrode, and a tribo-corrosion cell included an Ag/AgCl (reference electrode) and a
platinum (counter electrode). During the test, the steel surface was worn by a cyclically moving
silicon nitride ball with a diameter of 4 mm. Besides, a linear reciprocating sliding module was
used to measure the coefficient of friction at room temperature under a normal load of 10 N and
an oscillating frequency of 0.5 Hz with a sliding displacement of 3 mm, corresponding to a sliding

velocity of 2 mm/s. A total sliding time was 1200 s, over which COF, OCP, potentiostatic and
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potentiodynamic polarization measurements were carried out simultaneously. Potentiostatic test
was performed in a range of ImV from the OCP in 400 mL of prepared WBEs. Variations in
current (I, pA), open circuit potential (OCP) and COF were recorded with respect to time before,
during and after the sliding test. The potentiodynamic polarization curves were recorded in the
range of £250 mV with respect to the OCP of each sample at a scan rate of 0.4 mV/s. The
experimental set-up for corrosive-wear tests is depicted in Fig. 3.1. All tests were repeated three

times under the identical conditions.

Ag/AgCl —
Electrode

Sliding direction /
/ Platinum
* Electrode

Electrochemical RE

Syst % P R Wear track Tribometer
ystem —

system

e
1018 carbon steel
as Working Electrode

Silicon Nitride ball

Fig. 3.1. A schematic view of the experimental set-up used for tribo-corrosion tests.

3.2.3.5 Surface characterization

Worn surfaces of samples experienced wear tests respectively in the brine solution and various
WBEs were rinsed with distilled water, dried with pressed air flow, and then observed using a

Zeiss Evo M10 SEM-EDX (Zeiss, Oberkochen, Germany) to study the morphology and
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composition of the surfaces worn in different WBEs. Optical profilometer (Zegage 3D,

Middlefield, US) was used examine the wear track and determine volume loss of the steel samples.

3.3 Results and discussion
3.3.1 Stability analysis of the prepared WBEs

As explained in the chapter 2, the stability of emulsion systems is considered as a critical
parameter in the preparation of drilling fluids, which plays an important role in determining the
fluid’s performance. To determine the optimum concentration of ingredients (mineral oil,
TERGITOL NP-9, and PEG-2 oleamide), different WBEs were prepared by adding 0.1 g of a
mixture consisting of 65% mineral oil and different weight percentages of surfactant (0 to 35%)
and corrosion inhibitor (0 to 35%) to the brine solution containing 5% KCI, respectively. Such
made WBEs are listed in Table 2.5. The turbidity and zeta potential measurements have been
presented in chapter 2 (sections 2.3.3.1 and 2.3.3.2). In this chapter, particle size distribution, and
average particle size of the prepared WBEs were analyzed with DLS technique to ensure to have

appropriate compositions with high stability.

3.3.1.1 Droplet size measurement

The droplet size distribution and average particle size for various WBEs, including additional
combinations of mineral oil + TERGITOL NP-9 + PEG-2 oleamide with various concentrations
in the brine solution listed in Table 2.5, were determined with the DLS technique are displayed in

Fig. 3.2.
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Fig. 3.2. Particle size distribution (a1 to az) and average particle size (b) of the prepared WBEs

including mineral oil + TERGITOL NP-9 as a surfactant + PEG-2 oleamide.

It is evident from Fig.3.2 (a4 to a7) that particle size distributions of emulsion droplets in the
brine solution with low weight percentages of surfactant (0 % to 10%) are not different from those
with high concentrations of the surfactants (above 20%). Any little peak shifts among Fig. 3.2 a4
to a7 may be related to different degrees of interfacial tension reduction that different combinations
provide. However, different behaviors with high intensity can be observed for WBEs loaded with

high concentrations of surfactant (Fig. 3.2 a1 and a2). This high intensity signal is largely dominated
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by bigger aggregated emulsion particles. In fact, TERGITOL NP-9 in high concentrations was not
able to be effectively adsorbed on the surface of emulsion droplets and it also showed the lowest
ability to decrease interfacial tension. Thus, WBE (a) and WBE (b) had the largest average particle
size. It can also be observed from Fig 3.2(b) that the presence of low concentrations of surfactants
(0 % to 20%) in the WBEs generates emulsions with much smaller droplets, compared to those
having high weight percentages of surfactant (35% in WBE (a) and 30% in WBE (b)). It is known
that surfactant molecules at lower concentrations (below 20%) may be effectively adsorbed at the
interface between dispersed phase and continuous phase. This adsorbed layer acts as a steric or
electrostatic barrier against the aggregation of emulsion droplets, resulting in a very fine droplet
size (~ 200 nm) with increased emulsion stability [34]. Once the surfactant concentration reaches
the saturation amount, named critical micelle concentration (above 20%), the adsorption amount
of surfactants on the interface of oil-water reduces due to the formation of micelles which have a
solubilization effect on the surfactant molecules. Thus, interfacial tension increases, leading to a
significant increase in the size of emulsion droplets (2431 nm for WBE (a) and 2697 for WBE (b))

[102,147].

Therefore, based on turbidity data, zeta potential and particle size distribution, WBE (f) was
selected as a suitable compositional pattern, which was highly stable with average size lower than
200 nm, to make WBEs with corrosion inhibitors listed in Table 3.2, for tribo-corrosion

evaluation.

Table 3.2. Water-based emulsions (WBEs) for the present study

Solution Ingredient

WBE 0 Brine solution as a reference solution: 5 gr KCI in 100 ml DI water [103-104]
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WBE 1

WBE 2

WBE 3

WBE 4-1

WBE 4-5
WBE 4-10
WBE 4-20

WBE 5

0.1g (Mineral oil) in 99.9 g brine solution

0.1g (65% Mineral oil + 35% TERGITOL NP-9) in 99.9 g brine solution

0.1 g (65% Mineral oil + 3% TERGITOL NP-9 + 32% GL) in 99.9 g brine solution

0.1g (65% Mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.9 g brine solution

0.5g (65% Mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.5 g brine solution
1g (65% Mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.0 g brine solution
2g (65% Mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in 99.0 g brine solution

0.1g (65% Mineral oil + 3% TERGITOL NP-9 + 32% GM) in 99.9 g brine solution

3.3.2 Tribo-corrosion study

When wear takes place in a corrosive environment, the deterioration of material can be reflected
by changes in current and open circuit potential during sliding process. We investigated tribo-
corrosion of the steel immersed in various WBEs under linear sliding condition with in situ
monitoring changes in current, OCP and friction as a function of sliding time (see Figs. 3.3 and
3.4). COF values of samples in different WBEs were calculated for average values during the last

1000 seconds of the tests, during which the frictional curves became stable.
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Fig. 3.3 (a) Variations in current and (b) COF versus the sliding time, (c) average COF values
for the brine solution and WBEs including mineral oil, TERGITOL NP-9 and three corrosion

inhibitors of PEG 2-oleamide, GM and GL.

As shown in Fig. 3.3(a), slow increases in the current of steel samples immersed in various
solutions were observed before the sliding process was started. The onset of sliding caused an
abrupt rise in the current, which was more pronounced for samples immersed in the brine solution
and WBEs without corrosion inhibitors (WBE 1 and 2). During sliding process, current increased
continuously with time, indicating that corrosion of steel was enhanced when wear was involved.
The brine solution caused the highest current over time, since no any protective film could form
on the steel sample immersed in this solution. However, the addition of three corrosion inhibitors
in WBE3, WBE 4-1 and WBE 5 remarkably reduced the current and made them saturated quickly.
During sliding, current enhanced and reached a value of 136 pA/cm? for WBE 3, compared to 78.5
nA/cm? for WBE 5, which was a result of formation of a stronger film to protect the steel from
corrosion involving wear. As Fig. 3.3(a) shown, steel samples immersed in WBE 4-1 exhibited a
sharp reduction in current (nanoscale); the obtained current showed an approximately value around
85 nano amperes at the end of sliding process, implying that there was slight corrosion and the

material loss could be mainly caused by mechanical wear. This means that the formed film was
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durable and could be reformed quickly after being damaged during corrosive wear. Figs. 3.3 (b)
and (c¢) show COF values of steel samples immersed to various solutions which were measured
simultaneously with current measurement shown Fig. 3.3(a). As illustrated, all the curves have
fluctuations throughout the test duration. Higher COF values were obtained during tests in
solutions without corrosion inhibitors, especially, for the brine solution which depicted a COF
value of about 0.42. WBEs with corrosion inhibitors showed remarkably lowered COF, which
were in the range of 0.13~ 0.16. The results indicate that three fatty acid corrosion inhibitors can
build-up a protective layer in the contact region between the carbon steel and the silicon nitride

ball, effectively reducing friction, which consequently helped reduce wear.

Fig. 3.4 presents changes in open circuit potential (OCP) with sliding time for steel samples
immersed in various solutions. Reductions in OCP towards more negative values were observed
after immersion of the steel samples in the solutions (before sliding). The decrease in OCP was
more pronounced for the brine solution and WBEs without corrosion inhibitors (WBE 1 and 2),
and kept decreasing during sliding process and reached more negative values (-0.730 for the brine
solution and WBEI, and -0.712 for WBE 2) after a period of 20 min. However, for WBEs with
corrosion inhibitors (WBE 3, 4-1, 5), corresponding OCP values decreased less and were rather
stable after initial decreases. This further confirms the higher durability of the formed protective
layer and its reformation capability benefiting from the corrosion inhibitors. WBE 4-1 containing
PEG-2 oleamide performed the best with an approximate value of -0.6 V at the end of sliding. The
result illustrates the more effective role of PEG-2 oleamide in blocking corrosive ions to reach

metal surface through forming stronger protective layer.
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Fig.3.4. Evolution of potential versus time for 1018 carbon steels immersed in brine solution and

various WBEs.

For more information, wear-corrosion synergy, and the role the inhibitor played in suppressing

the wear-corrosion synergy were analyzed. During the tribo-corrosion test, the total material loss

), corrosion (¥

orr

(V.,.) 1s the sum of those caused by wear (7, ) and wear-corrosion synergy.

ear

(Vgun s

v,

total —

VWear + VCorr + VSyn (1)
where V,,,, was determined from wear test in the corrosive solution such as the brine solution,

Vieor Was determined by performing the wear test in a solution similar to WBE 4-1 (with corrosion
inhibitor) but the corrosive brine component was replaced by DI water, so that corrosion could be

eliminated. V,,, was determined based on the corrosion rate measured in the corrosive solution

orr
under study. The volume loss caused by the wear-corrosion synergy was thus be calculated as

%

Syn

=V

total

~Vpaur + Voo, - Fig. 8 illustrates results of the tribo-corrosion tests in the brine solution

and WBE 4-1, values of four items in eq. (1) were determined and are given in the table attached
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to Fig.3.5. As shown, the volume loss of the carbon steel caused by wear in the brine solution is

three times as large as that in WBE 4-1. In the brine solution the volume loss caused by wear-

corrosion synergy is about 79% of the total volume loss (i.e., the v, / Vot

; ratio). With the

corrosion inhibitor (PEG-2 oleamide), the tribo-corrosion of the steel in the WBE 4-1 was

effectively decreased and the corresponding wear-corrosion synergy was considerably suppressed

with the v /V,,, ratio reduced to 32%.
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= 10°¢

0.008 " Brine = WBE 4-1 = Brine

0.006 1 = WBE 4-1
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Material loss (ym’)
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0.00685 0.00231

V total V wear ' W V Syn
Solution V total (umd) Vwear (um®)  V Corr (um?®)  V Syn (um?)
Brine 2.36 x 10° 0.49 x 108 6.85 x 103 1.86 x 108
WRBE 4-1 0.74 x 10¢ 0.49 x 10¢ 231 x10° 0.24 x 108

Fig. 3.5. Volume losses caused by corrosion and tribo-corrosion tests performed in the bribe

solution and WBE 4-1, respectively. Determined values are given in the attached table.

3.3.2.1 Surface characterization of worn surfaces with an optical profilometer

Microscopic images of the worn surfaces of 1018 carbon steels immersed in various solutions

after tribo-corrosion tests are depicted in Fig. 3.6.
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Fig. 3.6. Optical images of wear tracks on steel samples after tribo-corrosion test in (a) the

brine solution, (b) WBE 1, (c) WBE 2, (d) WBE 3, (e) WBE 4-1, and (f) WBE 5. Load: 10 N

As shown in Fig. 3.6, severe damage was observed on the samples immersed in the brine
solution and WBEs without corrosion inhibitors in both worn and unworn areas. The worn surface
in the brine solution was rough with evident debris of corrosion products inside and around the
wear track. The oxide layer formed on the steel sample immersed in the brine solution is easily
destroyed by mechanical force; thereby, a considerable amount of steel was lost during the sliding
test. Regarding WEB1 and WEB2, a thin layer composed of mineral oil could be generated on the
sample surface. The formed layer could only provide weak protection against corrosion since

corrosion products were still seen in the unworn and worn areas. When a moving silicon nitride
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ball came into contact with the carbon steel sample, it enhanced corrosion by removing the
corrosion products with more metal surface exposed to the corrosive solution and making the
sample more anodic due to the introduced plastic deformation. On the other hand, corrosion
enhanced wear by turning steel into poor oxide scale and increasing stress concentrations due to
the resultant irregularities (such as pits). The addition of three corrosion inhibitors remarkably
improved the anti-tribo-corrosion capabilities of carbon steel samples immersed in WBE 3, WBE
4-1 and WBE 5. As shown in Fig. 3.6, the presence of corrosion inhibitors caused little sign of
corrosion products on the worn and unworn surfaces of the carbon steel samples. Worn surfaces
of carbon steel samples immersed in WBE 3, 4-1 and 5 depict a smooth appearance with much
fewer defects, indicating the effective presence of corrosion inhibitors in suppressing corrosion
and thus corrosion-wear synergy. This may be correlated to the build-up of a chemisorbed or
physisorbed protective film with high strength on the surface of carbon steel that creates a barrier
effect between rubbing surfaces.

The volume loss that reflects the corrosion-wear action on the surface of steels was
measured using an optical profilometer. Fig. 3.7 illustrates cross-sectional wear track profiles of
samples tested in various solutions.

According to Fig. 3.8, volume loss of the sample immersed in brine solution is much
greater (depth: 4.70 pm; width: 338.6 um) than those of samples immersed in WBEs containing
corrosion inhibitors. The volume losses, depths and widths of wear tracks on samples tested in
WBE 1 and 2 are also large, which can be attributed to easy removal of layer comprised of mineral
oil on the wear track. The lowest volume loss (depth: 1.94 um; width: 170.4 um) was determined
on the sample tested in WBE 4-1 containing PEG-2 oleamide, which forming a protective layer to

minimize the damage to the steel surface caused by wear and corrosion.
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Fig. 3.7. Cross-sectional wear track profiles (a) and volume losses (b) measured by optical

profilometer for 1018 carbon steels immersed tested in the brine solution and various WBEs.

3.3.2.2 Surface characterization of worn surfaces by SEM-EDX

More detailed worn surface analysis was carried out using SEM-EDX to examine the
morphology and composition of wear tracks on samples tested in the brine solution and different
WBEs. Figure 3.8 depicts SEM micrographs and EDS analysis of worn surfaces experienced tribo-

corrosion tests in the brine solution and WBEs 2, 4-1 and 5.
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Fig. 3.8. SEM micrographs and EDS analysis of worn surfaces after tribo-corrosion tests in (a)
brine solution, (b) WBE 2, (c) WBE 4-1, and (d) WBE 5.

Fig. 3.8 shows an evident difference on the wear track appearance between samples tested in
the brine solution and those tested in WBEs containing corrosion inhibitors (WBE 4-1 and WBE
5). Fig. 3.8 (a) reveals the presence of microcracks in the wear track of sample immersed in brine
solution. The signs of corrosion products in worn surfaces are more evident which can be a
consequence of corrosion occurring in the wear track. The EDS analysis confirmed that there was
a significant amount of oxygen (14.80 wt.%), potassium (0.1 wt.%) and chloride (0.84 wt.%)
detected in the wear track, which came from the oxidized material and the presence of corrosive
ions remaining in the tribological contact. A rough appearance with signs of corrosion products

and microcracks were also observed on worn surface of the sample tested in WBE 2 but less severe,
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compared to those on the sample tested in the brine solution. This shows that combination of
mineral oil and surfactant reduced the damage but did not provide an effective barrier to the
corrosive wear attack. However, the corrosion inhibitors, especially PEG 2-oleamide in WBE 4-
1, the worn surface became smoother without signs of corrosion products and cracks. The EDS
analysis of abraded regions revealed a minor amount of oxygen and no presence of corrosive ions
including potassium and chloride in the wear track of the samples tested in WBE 4-1 and WBE 5.
The detected increase in carbon amount should be caused by retaining of adsorbed the corrosion
inhibitor on the worn surface, which helped inhibit corrosion and weaken the corrosion-wear
synergy due to the generation of a protective layer that reduced the access for corrosive chemicals

to reach the metal surface as well as the direct contact between the wearing surfaces.

Based on the results, the best anti-tribo-corrosion performance was obtained for steel samples
immersed in WBE 4-1 containing mineral oil, surfactant and PEG 2-oleamide (see Table 3.2). For
more information, effect of the combination (mineral oil + surfactant + corrosion inhibitors of PEG
2-oleamide) with increasing contents (0.1, 0.5 and 1 g) in brine solution (see Table 3.2) on tribo-
corrosion of the steel sample was also studied. The current-time and COF-time curves measured
for steel samples immersed in WBE 4-1, WBE 4-5 and WBE 4-10 are displayed in Fig. 3.9.

Fig. 3.9 shows the current-time and friction-time curves of steel samples immersed in WBEs
4-1, 4-5 and 4-10, respectively. Different solutions showed more or less different behaviors during
initial stage of the tribo-corrosion test. WBE 4-1 and WBE 4-5 showed lower current and lower
COF values than those of WBE 4-10. During the sliding process, currents of samples immersed in
WBE 4-1 and WBE 4-10 increased, especially WBE4-10, and reached approximate values of 84.9
and 160 nA at the end of sliding test, respectively. The currents of the samples immersed in WBE

4-5, after initial declination, reached a relatively steady state with a value of 54 nA. In addition,
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WBE 4-5 showed superior lubricity performance with its COF around 0.06, compared to WBE 4-
1 and WBE 4-10 which reached average COF values of 0.14 and 0.16, respectively. This indicates
that increasing the concentration up to 0.5 g reduced the current and COF values due to the
formation of a more uniform and stronger protective film, which helped reduce friction, wear,
corrosion, and corrosion wear. However, further increasing the concentration did not further
reduce the current and COF, which could be attributed to lower stability and weaker dispersion of
emulsion droplets into the brine solution. This has been further demonstrated and discussed in

section 3.3.5.

Worn surfaces of 1018 carbon steel samples tested in WBEs 4-1, 4-5 and 4-10 were also
examined using optical profilometer and SEM-EDS. Optical microscopic images of the worn

surfaces of the samples are shown in Fig. 3.10.
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Fig. 3.9 Current-time curves for steel samples in WBE 4 containing the combination (mineral oil
+ surfactant + inhibitor of PEG 2-oleamide) at various concentrations (0.1, 0.5 and 1 g).

Fig. 3.10 shows abrasion lines inside the wear track. Corrosion of the steel samples in both

unworn and worn areas was remarkably suppressed when immersed in the WBEs containing PEG

-2 oleamide. This helped mitigate the corrosion-wear synergy and thus the damage to the steel
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during the tribo-corrosion test. According to Fig.3.10(d), when the concentration of formulated
combinations increased to 0.5 g in 99.5 g brine solution, the volume loss reached the lowest value
(0.4543x 10°um?), consistent with the minimum corrosion current as shown in Figure 3.9(a).
Further increasing in the concentration up to 1 g in 99 g brine solution (WBE 4-10) did not enhance
the benefits but increased the volume loss. At this concentration, the corrosion appeared to be
increased, evidenced by the current measurement as Fig. 3.9(a) illustrates, which should be

responsible for the increase in volume loss.

SEM-EDS was employed to examine the wear track morphologies of the steel samples after

testing in WBEs 4-1, 4-5 and 4-10, respectively, which are shown in Fig. 3.11.

According to Fig. 3.11, no obvious corrosion products can be found on the wear track of
steels after a tribo-corrosion test, confirmed by EDS analysis (no chloride and potassium ions).
Fig. 3.11(a) also depicts that the surfaces become smoother with increasing concentration of the
combination (mineral oil + TERGITOL NP-9 + PEG-2 oleamide) up to 0.5 g in the brine solution.
In addition, the existence of nitrogen element (0.1 wt.%) shows a higher deposition of PEG-2
oleamide, which contains nitrogen, on the worn surface with increasing the carbon content from
14.35 wt.% to 15.55 wt.% and the oxygen content from 6.27 to 7.98 wt.%, respectively. Thus, a
highly coverage protective film was generated on the wear track, leading to marked reductions in
friction, wear, corrosion and corrosive wear. However, with further increasing the amount of the
combination in the brine solution (WBE 4-10), deeper abrasion lines are observed on the worn
surface. This indicates that excessive concentration of the combination affects the tribo-corrosion
behavior of the steel negatively due to weaker dispersion of emulsion droplets and lack of effective

film formation on the worn surface.
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Fig. 3.10 Optical microscopic images of wear tracks on steel samples after tribo-corrosion tests

in (a) WBE 4-1, (b) WBE 4-5, (c) WBE 4-10, and (d) corresponding volume losses.
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Solution Fe O C Mn N K Cl

WBE 4-1 78.83 6.27 14.35 0.55 - - -
WBE 4-5 75.72 7.98 15.55 0.65 0.1 - -
WBE 4-10 73.35 6.06 19.97 0.62 - - -

Fig. 3.11. SEM-EDS worn surfaces of steel samples after tribo-corrosion testing in (a) WBE 4-1,

(b) WBE 4-5, (c) WBE 4-10.
3.3.3 Tribo-corrosion mechanisms of samples immersed in various solutions

Fig.3.12 schematically illustrates the mechanism for tribo-corrosion of carbon steel immersed

in the brine solution and WBESs containing corrosion inhibitor (PEG-2 oleamide), respectively.
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Fig. 3.12. Schematic illustration of the mechanism for tribo-corrosion of steel samples immersed
in (a) the brine solution and (b) WBEs containing PEG-2 oleamide.

When the carbon steel is immersed in the brine solution, a porous oxide layer begins to
form on the metal surface. The formed film is neither protective against the penetration of corrosive
ions nor able to withstand the wearing force during corrosive wear. Through plowing, the silicon
nitride ball caused abrasion lines (stage 1 in Fig. 3.12(a)). The porous oxide layer can be removed
easily, leading to the exposure of fresh surface area of the steel to wear and corrosion. Besides,
micro-scratches and micro-cracks can be generated during wear in the corrosive medium (stage 2
in Fig 3.12(a)). The micro-cracks propagate beneath the worn surface, causing delamination.
Moreover, corrosion can increase the surface irregularity, providing sites for micro-crack initiation
and propagation due to enhanced stress concentrations, leading to more delamination and larger
material loss (stage 3 in Fig 3.13(a)). Wear debris can be generated on the metal surface, which

reacts with the electrolyte to form oxide particles and cause more or less three-body abrasion.

The mechanism for tribo-corrosion of the carbon steel immersed in the WBEs containing PEG-

2 oleamide is summarized in Fig. 3.12(b). During the sliding process, corrosion inhibitor molecules
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can be adsorbed on the steel surface through physical or chemical interactions or both. The physical
adsorption may occur via electrostatic interaction between protonated form of corrosion inhibitor
molecule and the metal surface with negative charge. Furthermore, PEG-2 oleamide can be
adsorbed chemically on the steel surface by the interaction between lone electron pairs of two
heteroatoms (nitrogen and oxygen) and free orbital d of iron, leading to the formation of a
protective film. This protective film does not only reduce the contact between the carbon steel and
the counter-body but also limits the access for corrosive agents to reach the metal surface and

mitigates the hydrogen evolution reaction, thereby reduce friction, wear and corrosion.

3.3.4 Stability of WBEs consisting of PEG 2-oleamide at various concentrations

In order to understand why excessive concentrations of the combination (65% mineral oil +
3% TERGITOL NP-9 + 32% PEG-2 oleamide) in the brine solution caused negative effect on the
resistance to tribo-corrosion, stabilities of WBEs 4-1, 4-5, 4-10 and 4-20 were studied by visual
observation, turbidity measurements, particle size distribution, zeta potential and inverted light

fluorescence microscope.

3.3.4.1 Visual observation
The visual observation of all WBEs containing the combination (65% mineral oil + 3%
TERGITOL NP-9 + 32% PEG-2 oleamide) at different weight concentrations (0.1, 0.5, 1 and 2 g)

versus time is illustrated in Fig. 3.13.
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Fig. 3.13. Visual observation regarding the stability of formulated WBEs containing the
combination (mineral oil + surfactant + PEG 2-oleamide) at various concentrations (0.1, 0.5, 1
and 2 g in the brine solution, forming WBEs of 100 g, respectively): (a) after mixing; (b) 5
minutes after mixing, (c) 2 h after mixing and (d) 6 h after mixing.

Fig. 3.13 shows that all the WBEs were stable after mixing, although the phase separation
occurred over time. A partial phase separation for WBEs having higher concentrations (WBE 4-
10 and WBE 4-20) was observed after 5 minutes. The thickness of the separation layer with
emulsion droplets (the yellowish layer) in the brine solution increased with time, especially after
2 and 6 h. This indicates that the emulsion droplets dispersed in the aqueous phase tend to
accumulate at higher concentrations, leading to phase separation over time and thus negatively
affecting the stability of the WEBs. However, no significant separation was observed after 6 h

were for WBEs with lower concentrations (WBE 4-1 and WBE 4-5).
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3.3.4.2 Turbidity measurement

For quantitative information, turbidity measurements were performed to further evaluate
the effect of the amount of the combination in the brine solution (from 0.1 g to 2 g) on the stability
of the prepared WBEs. Fig. 3.14 presents the determined turbidity values of the WBEs for a period

of 2 h.
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Fig. 3.14 Turbidity values of WBE 4 containing different amounts (0.1, 0.5, 1 and 2 g) of the
combination (65% mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in the brine

solution versus time.

As shown, the turbidity of the WBEs with the combination (65% mineral oil + 3%
TERGITOL NP-9 + 32% PEG-2 oleamide) at different concentrations (0.1, 0.5, 1 and 2 g)
decreases with respect to time. WBE 4-1 and WBE 4-5 show the highest stability due to lower
changes in the slopes of the turbidity curve during 2 h. However, the lowest stability was observed
for WBEs with higher concentrations (WBE 4-10 and WBE 4-20), indicating significant reduction
of 2018 and 5909 NTU in turbidity value for a period of 2 h. Aggregation of emulsion-based

droplets dispersed in the brine solution occurred with excessive increase in the amount (1 g in 99
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g brine solution and 2 g in 98 g brine solution listed in Table 3.2) of the combination. As a result,
the stability of droplets formed in aqueous phase is reduced, evidenced by larger reductions in

slope of the turbidity curves of WBE 4-10 and WBE 4-20.

3.3.4.3 Particle size distribution

The particle size distribution of the emulsion droplets reflects the agglomeration of
droplets. Fig. 3.15 shows the average droplet sizes and distributions in WBEs having the
combination of mineral oil + TERGITOL NP-9 + PEG-2 oleamide at various concentrations (0.1,

0.5, 1 and 2 g) in the brine solution.
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Fig 3.15 Particle size distribution (a) and average particle size (b) of prepared WBEs containing

mineral oil + TERGITOL NP-9 + PEG-2 oleamide at various concentrations (0.1, 0.5, I, & 2 g).

As shown in Figs. 3.15 (a) and (b), the variation in concentration of the combination
(mineral oil + TERGITOL NP-9 + PEG-2 oleamide) in the aqueous solution affected the particle
size distribution profile with remarkable change in average size of emulsion droplets from 198.6
nm in WBE 4-1 to 1226 nm in WBE 4-20. Fig. 3.15 also shows that WBEs with higher

concentrations (1 g for WBE 4-10 and 2 g for WBE 4-20) of the combination were not as stable
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as those with lower concentrations (WBE 4-1 and WBE 4-5). The emulsion droplets tended to
aggregate, and the size of emulsion droplets increased considerably to 352.5 in WBE 4-10 and
1226 in WBE 4-20. In addition, the bimodal particle size distribution with two sharp peaks was
shown by WBE 4-10 and WBE 4-20 due to the aggregation of emulsion droplets with the largest
average particle size, corresponding to poor stability of the WBEs containing larger amounts of
the combination. WBE 4-10 and WBE 4-20 presented a population of emulsion droplets with an
average diameter around 142 and 122 nm, and a major population with 1280 and 1110 nm of mean
diameter, respectively. Micrographs of WBE 4-10 and WBE 4-20 (Figs. 3.15 (a) and (b)) confirm
the presence of larger droplets forming many aggregated droplets, attributed to the formation of
two sharp peaks around 1100 nm. Such two peaks were not observed for WBEs with low
concentrations of the combination (WBE 4-1 and WBE 4-5). Clearly, excessive increase in
concentration (above 0.5 g) of the combination can cause changes in the particle size distribution

and increase the average particle size, leading to reduction in stability of the WBE:s.

3.3.4.4 Zeta potential measurements

The results of measurements of zeta potential of emulsion droplets containing mineral oil,
TERGITOL NP-9, and PEG-2 oleamide at various concentrations are depicted in Fig. 3.16. The
results of zeta potential are consistent with the results of visual observation and turbidity

measurements.

According to Fig. 3.16, the emulsion droplets formed in the aqueous phase have a negative
surface charge due to the presence of non-polar hydrocarbons in the structure of the ingredients.
The zeta potential of emulsion droplets changed significantly with increasing the concentration of

the combination (65% mineral oil + 3% TERGITOL NP-9 + 32% PEG-2 oleamide) in brine
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solution. When the concentration was increased to 0.5 g in 99.5 g brine solution, the zeta potential
of droplets reached the maximum (-71.8mV). The high absolute value generated large repulsive
force between droplets, preventing agglomeration of the emulsion droplets when dispersed in the
brine solution, thus ensuring the stability of emulsion droplets [148]. However, with further
increasing the concentration to 2 g in 98 g brine solution, the zeta potential of emulsion droplets
decreased to a minimum value (-50.4). It is clear that the excessive increase in the concentration
of the combination (1 and 2 g) can lead to aggregation of emulsion droplets in the brine solution,
reducing the stability of the emulsion droplets with the lowest zeta potential for the WBEs having

the high concentrations.
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Fig. 3.16 The zeta potential of formulated WBE containing mineral oil + TERGITOL NP-9 +
PEG-2 oleamide at various concentrations (0.1, 0.5, 1 and 2 g).

3.3.4.5 Observation with inverted light fluorescence microscope

Micrographs of emulsion droplets containing mineral oil + TERGITOL NP-9 + PEG-2
oleamide inside the brine solution at various concentrations (0.1, 0.5, 1 and 2 g) are illustrated in

Fig. 3.17, which were taken with an inverted light fluorescence microscope.
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As Fig 3.17 shows, the microstructures of WBEs with low concentrations (0.1 g for WBE 4-1
and 0.5 gr for WBE 4-5) display small droplets with uniform dispersion in the brine solution.
However, increasing the concentration of combination (mineral oil + TERGITOL NP-9 + PEG-2
oleamide, 1 and 2 g) in the brine solution led to the formation of emulsion droplets with various
sizes, which agrees with the results of particle size distribution (Fig. 3.15). Additionally, WBE 4-
10 and WBE 4-20 display many aggregated droplets which are promoted by reduction in the zeta
potential of emulsion droplets (Fig. 3.16) and electrostatic screening effects [149]. Therefore, a
sharp increasing in concentration causes an intense agglomeration of emulsion droplets into

aqueous phase, resulting in reduced the stability of formulated WBE:s.

Fig. 3.17 Inverted light fluorescence microscopy images of emulsion droplets including mineral

oil + TERGITOL NP-9 + PEG-2 oleamide at various concentrations (0.1, 0.5, 1 and 2 g).

3.4 Conclusions

Effects of three new derivatives of fatty acid-based corrosion inhibitor on tribo-corrosion of
carbon steel in various WBEs and the brine solution were investigated. The effect of the

concentration of the combination (mineral oil+ surfactant + corrosion inhibitor) in the brine
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solution on the protectiveness of the best emulsion system, WBE 4-1, was also studied. Results of

this chapter are summarized as follows:

1.

Based on measurements of zeta potential and particle size distribution, the combination (65%
mineral oil+ 3% surfactant+ 32% corrosion inhibitors) was added to the brine solution with
different concentrations to make WBEs, which are stable.

The WBEs containing the corrosion inhibitors significantly improved the performance of
carbon steel samples during tribo-corrosion; WBE 4-1 containing PEG-2 oleamide performed

the best.

. Effects of three different concentrations (0.1, 0.5 and 1 g) of the combination (65% mineral

oil+ 3% surfactant+ 32% corrosion inhibitors) in the brine solution on tribo-corrosion of the
carbon steel were investigated. It is demonstrated that increasing the concentration of the

combination up to 0.5 g in 99.5 g brine solution resulted in the highest effectiveness.
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Chapter 4 Effect of sliding speed on corrosion and tribo-corrosion of carbon

steel in emulsion-based drilling fluids with green corrosion inhibitors?

4.1Introduction

Tribo-corrosion is the wear of materials in corrosive environments involving synergistic
attacks of wear and corrosion [19, 30, 124, 150-154]. A good example of tribo-corrosion is the
corrosive wear of drilling facilities used in oil and gas drilling operations, where steel components
e.g., drill bits, drill pipe, and drill collar, are in dynamic contact with rock or metals in corrosive
environments, leading to their premature failure caused by the mechanical attack and corrosion-
induced material degradation [30, 54, 56, 120, 155]. Therefore, it is important to evaluate the tribo-
corrosion performance of materials under different conditions to clarify underlying mechanisms.

The tribo-corrosion of metallic equipment in the drilling environment is influenced by
temperature, pressure, drilling fluid, applied load, sliding speed, and additives in the drilling fluid
[155-156]. The above-mentioned factors may considerably change the nature and degree of
material damage. Among these factors, the sliding speed is a controllable parameter, which could
be adjusted to influence the kinetics of tribo-corrosion attack on materials. The sliding speed can
change the lubrication regime from boundary lubrication to mixed or full-film hydrodynamic
lubrication. As the sliding speed increases, the boundary lubrication regime decreases drastically,
leaving a thicker lubricant layer between the moving surfaces where both surface asperities are

separated. Besides, the change in the sliding speed is expected to vary the momentum transfer in

3 A version of this chapter has been published. M.j. Palimi, V. Alvarez, E. Kuru, W. G. Chen, D.Y.
Li, Effects of sliding speed on corrosion and tribo-corrosion of carbon steel in emulsion-based
drilling fluids with green corrosion inhibitors, Journal of Bio- and Tribo-Corrosion 9, 2 (2023).

https://doi.org/10.1007/s40735-022-00722-9.
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a normal direction, thus providing an upward force on the upper surface. As a result, a reduction
in the real area of contact between two sliding surfaces can take place, which may reduce the tribo-
corrosion attack. Thus, controlling the sliding speed may lead to improved drilling effectiveness
and minimized tribo-corrosion of the drilling facilities [34,157].

Modification of the drilling fluid with additives such as organic corrosion inhibitors is another
feasible approach to improve the drilling effectiveness and service life of drilling facilities via
mitigating encountered corrosion and wear [158-161]. The corrosion inhibitors can be adsorbed
on a metallic surface and generate a thin layer that protects the metal surface from corrosive
dissolution and wear [161-164]. Recent advances in metallic substrates’ corrosion protection are
largely focused on low cost and eco-friendly effective corrosion inhibitors or “green corrosion
inhibitors,” which are basically organic substances [161, 165-166]. Among organic corrosion
inhibitors, plant extracts have found increasing applications as green corrosion inhibitors due to
their abundance and presence of non-polar and polar phytochemicals in their structures. The
adsorption of the phytochemicals on the steel surface may result from physisorption and
chemisorption, leading to the form of a protective film on the metal surface which is mainly
responsible for enhancing tribo-corrosion behavior of metallic materials [162-164, 167-172].

Although some studies can be found in the literature, which report the effect of sliding speed
on the tribological behavior of metals [34, 54, 173-178], there is very little information about the
kinetic response of steels to tribo-corrosion in the drilling fluids containing green corrosion
inhibitors, or about how the sliding speed influences the effectiveness of the green inhibitors in
protecting the steels. Such information is of importance for the effective application of the green
inhibitors in suppressing tribo-corrosion of metallic equipment used in the oil industry since tribo-

corrosion is a dynamic process, and the inhibitor-induced lubricating film involves growth,
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damage, and re-growth processes. Obtaining the information and elucidating the underlying
mechanism are the main objectives of this study.

This chapter is focused on investigating the kinetic response of 1018 carbon steel to pure
corrosion (without wear) and tribo-corrosion (wear-corrosion synergy) in emulsion-based drilling
fluids containing three green corrosion inhibitors at low sliding speeds (as crucial factor which
significantly influences the tribo-corrosion of drilling equipment) under the boundary lubrication
condition. The low speeds with resultant relatively stable sample-counterpart contact facilitated in
Situ measuring corrosion potential, current, and corrosion rate during corrosion and tribo-corrosion
processes, which would help obtain the information on the kinetic response with desired
preciseness. As for the effects of high speeds on the kinetic response in other lubrication regimes,
they would be arranged in follow-up studies. The emulsion-based drilling fluids under study
contained three fatty acid-based corrosion inhibitors, respectively: Glycerol linoleate (GL),
Polyethylene glycol-2 oleamide (PEG-2 oleamide), and Glycerol myristate (GM). Samples of 1018
carbon steel were tested in the drilling fluids using a pin-on-disc tribometer integrated with an
electrochemical system to investigate their dynamic corrosion and tribo-corrosion at various
sliding speeds. Potentiostatic and potentiodynamic polarization techniques were employed to
monitor OCP, current density, corrosion potential, and corrosion current under the influence of the
sliding speed with and without sample-pin contact. For tribo-corrosion evaluation, COF, volume
loss, and specific wear rate samples at different sliding speeds were measured. A scanning electron
microscope (SEM) equipped with the energy dispersive X-ray spectroscopy (EDX) was used to
investigate the worn surface morphology, and composition of the layer adsorbed on the worn

surface to understand the synergistic wear-corrosion attack at different sliding speeds.
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4.2 Experimental procedure
4.2.1 Material and water-based emulsions (WBEs) preparation

Coupons of 1018 carbon steel with dimensions 2 x 2 x 0.5 cm?® were prepared in a standard
manner using mechanical grinding and polishing before tribo-corrosion tests. Before immersion
in a tribo-corrosion cell, the sample was mounted in epoxy-polyamine glue, leaving a surface area
of 1 x 1 c¢cm? uncovered for testing. To prepare water-based emulsions (WBEs), mineral oil,
surfactant (TERGITOL NP-9) and three green corrosion inhibitors including PEG-2 oleamide,

GM, and GL were added to the base fluid, a 5% KCI aqueous solution.

As explained in chapters 2 and 3 (turbidity, zeta potential and DLS measurements), a
combination of 65 % mineral oil, 3 % surfactant, and 32 % corrosion inhibitor has opted as the
highly stable composition for making the drilling fluids. Table 2.6 lists the formulated water-based

emulsions (WBEs) as the drilling fluids for this chapter.

4.2.2 Tribo-corrosion and corrosion tests

The tribo-corrosion and corrosion experiments were performed using a pin-on-disc
reciprocating tribometer. A three-electrode electrochemical cell was connected to the tribometer,
having an Ag/AgCl as the reference electrode, a platinum plate as the counter electrode, and the
carbon steel sample (1 cm?) as the working electrode. The electrochemical cell was placed above

the stage of the tribometer to perform the tests in linear reciprocating motion with and without
contact between the sample and the counterpart. A Si;N, ball of 4 mm in diameter was used as the

counterpart. A normal force of 10 N and a reciprocating displacement of 3 mm was applied to the
carbon steel sample. The experimental set-up for the tribo-corrosion tests is schematically shown

in Fig. 3.1.
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To investigate the effects of linear reciprocating motion with and without sample-counterpart
contact on corrosion and tribo-corrosion, the tribo-corrosion and corrosion tests were carried out
under the following conditions:

1- Tribo-corrosion study:
Linear motion of the Si; N, ball pin at various sliding speeds (2, 3.5, 5, and 10 mm/s) under

aload of 10 N.
2- Corrosion study:

Static module: no linear motion and no contact between the pin and the sample.

Linear motion (dynamic) module: linear motion of sample at different speeds (2, 3.5, 5,

and 10 mm/s) without contact between the pin and the sample.
The tests were performed at room temperatures for a period of 1200s with in sifu monitoring
changes in COF, OCP, potentiostatic, and potentiodynamic polarization (PDP). Potentiostatic tests
were performed at an applied anodic potential of +1mV from the OCP in 400 mL of the prepared
WBEs. The current (I, pA), open circuit potential (OCP), and COF were measured concerning
time before, during, and after the sliding test. The PDP curves were recorded in the range of 250
mV concerning the OCP of each sample at a scan rate of 0.4 mV/s. All experiments were triplicated

to ensure the reproducibility of the measurements.
4.2.3 Surface characterization

Surface examination, including morphology and composition, is vital for analyzing the
effectiveness of the green corrosion inhibitors and their interactions with the steel sample surface.
Surfaces of samples that experienced tribo-corrosion tests in different solutions were cleaned with
distilled water and subsequently dried with air pressure. Optical microscopy was employed to

observe different samples’ surface morphology and wear track. In addition, a 3D optical

84



profilometer (Zegage 3D, Middlefield, US) was used to study the total volume loss of worn
surfaces immersed in various WBEs. The total volume loss caused by the tribo-corrosion test was
determined from the cross-section profile of the wear track in which values of depth and width
were measured in various locations along the wear track. The following formula was used to obtain

the specific wear rate (W) in pm3/Nm [180].

W=— (1)

where V, d, and F are the total volume loss (um?), the total sliding distance (m), and normal load

(N), respectively.

The surface morphology and chemical composition of carbon steel samples after corrosion and
tribo-corrosion tests in different WBEs were examined by Scanning electron microscope (SEM)
equipped with the energy dispersive X-ray spectroscopy (EDX), Zeiss Evo M10, Oberkochen,

Germany.

4.3 Results and discussion
4.3.1 Corrosion of steel under static and dynamic conditions

When steel samples are immersed in a corrosive environment under static and dynamic
conditions, the material degradation may be evaluated by measuring current over time and the
potentiodynamic behavior of the samples. The curves of current over immersion time monitored
in static and linear motion (dynamic) modules (2, 5, and 10 mm/s) without sample-pin contact in

the brine solution and various WBEs are depicted in Fig. 4.1.
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Fig. 4.1. Variations in current versus time recorded in range of +1mV at the OCP for the brine

solution and various WBEs under (a) static module, and linear motion (dynamic) module at

different speeds of (b) 2 mm/s, (c) 5 mm/s and (d) 10 mm/s.

Fig. 4.1 (a) illustrates variations in current for steel samples immersed in different solutions

in the static module where there was no motion during the test. Figs 4.1 (b) - (d) show variations

in current at different speeds (linear motion module) in three regions: before, during, and after

running linear motion. At the low speed (2 mm/s), variations in current show similar trends

compared to those of measurements in the static module (Fig.4.1(a)). The current continuously
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increased before, during, and after the test in the linear motion, indicating little influence of the
low speed on the current evolution versus time. However, the situation changed when testing at
higher speeds. As shown in Figs.4.1 (c¢) and (d), at higher speeds (5 and 10 mm/s), the current
quickly increased before the pin started to move, especially in the brine and WBEs solutions
without the corrosion inhibitors. Once the pin started to move, a sharp decrease in current occurred.
It was noticed that for samples immersed in WBEs containing corrosion inhibitors (WBE 3, 4, and
5), the currents became negative. The sliding speed of 5 mm/s led to the lowest current over time,
corresponding to the lowest dynamic corrosion of the steel at this speed. After the linear motion
was stopped, the values of current re-increased. The above phenomena indicate that the movement
of the steel sample at the higher speeds dynamically affected corrosion of the steel in the drilling
fluids by influencing the diffusion rate of oxygen and the formation of more effective protective
films (for steel tested in WBE 3, 4 and 5) on the metal surface which can occur at higher speeds.
The presence of the corrosion inhibitors in WBE3, WBE 4, and WBE 5 remarkably reduced the
currents under all tested speeds and made them saturated quickly. WBE 4 containing PEG-2
oleamide showed the most superior corrosion performance, especially at 5 mm/s, with an
approximate value of -76 pA at the end of linear motion, which was a result of the formation of a

more protective layer to protect the steel from corrosion cathodically.

Polarization curves of steel samples immersed in brine solution and WBE 4 were
determined under the static condition (no motion) and dynamic (linear motion) conditions at four
different speeds. Obtained curves from the corrosion tests are presented in Fig. 4.2. According to
Fig. 4.2(a), the curves of steel samples immersed in the brine solution shifted to more positive
potentials (more anodic potentials) when the test condition was changed from the static state to

linear motion. However, polarization curves of samples tested in WBE 4 moved to more negative
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potentials by varying the speed from 0 to 10 mm/s, as shown in Fig. 4.2(b). In addition, both anodic
and cathodic branches of the polarization curves of samples immersed in WBE 4 were affected by
the speed, shifting towards lower current densities, especially at higher speeds. It was noticed that
the curves were influenced considerably by the addition of corrosion inhibitor in WBE 4, compared
to the situation of brine solution. The electrochemical parameters, including corrosion potential
(Ecorr), corrosion current density (icorr), corrosion rate, anodic Tafel slope (Ba), and cathodic

Tafel slope (Bc), were determined from polarization curves and are given in Table 4.2.
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Fig. 4.2. Potentiodynamic polarization curves of steel samples immersed in (a) brine solution
and (b) WBE 4 under the static condition (no motion) and linear motion condition at different

speeds of 2, 3.5, 5, and 10 mm/s.

From Table 4.1 it is clear that Ecorr for samples immersed in the brine solution increased
from -0.512 V in the static condition to more positive values of Ecorr and reached -0.450 V at 10
mm/s. However, an opposite trend was observed when tested in WBE 4, which showed that Ecorr
shifted from -0.497 V to -0.567 V as the speed was increased. The icorr and corrosion rate of steels
immersed in the brine solution and WBE 4 under static conditions (0 mm/s) were higher than those
determined in the linear motion condition. The icorr and corrosion rate of steels immersed in tested

solutions declined with increasing the speed up to 5 mm/s. However, continuously increasing the
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speed did not further reduce icorrand corrosion rate. This indicates the noticeable influence of speed
on the improvement of corrosion resistance of steels immersed in both brine solution and WBE 4

which are consistent with results shown in Fig. 4.1.

Compared to those tested in the brine solution, samples immersed in WBE 4 containing
corrosion inhibitor exhibited the lowest icorr and corrosion rate at all speeds; especially at 5 mm/s
icorr and corrosion rate reached the minima of about 0.0011 pA/cm? and 0.0005 mpy, respectively.
This remarkable improvement in corrosion resistance would be ascribed to the generation of a
molecular protective layer at the electrode/electrolyte interface to protect the steel from corrosion
[33]. Such protection appeared to be enhanced at higher speeds. More discussions on the effects
of speed on corrosion rate in both the brine solution and WBEs are given in section 4.4

(Discussion).

Table 4.1. Values of corrosion current density, corrosion potential, cathodic and anodic Tafel
slopes, the corrosion rate of steel sample immersed in the brine solution, and WBE 4 under the

static condition and linear motion condition at different speeds 2, 3.5, 5, and 10 mm/s

Solutions Ecorr (V) icorr (WA/cm?) Corrosion rate (mpy) pa (V/decade) Be (V/decade)
Brine- 0 mm/s -0.512 6.46 2.96 0.062 0.192
Brine- 2 mm/s -0.504 6.05 2.77 0.031 0.245

Brine- 3.5 mm/s -0.492 5.74 2.63 0.047 0.124
Brine- 5 mm/s -0.474 2.89 1.32 0.015 0.021
Brine- 10 mm/s -0.450 4.55 2.09 0.028 0.057
WBE 4- 0 mm/s -0.497 2.88 1.32 0.046 0.078
WBE 4- 2 mm/s -0.508 2.06 0.94 0.028 0.046
WBE 4- 3.5 mm/s -0.551 1.93 0.88 0.225 0.243
WBE 4- 5 mm/s -0.493 0.0011 0.0005 0.032 0.032
WBE 4- 10 mm/s -0.567 0.11 0.05 0.064 0.064
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4.3.2 Tribo-corrosion

We investigated tribo-corrosion of the steel samples immersed in various WBEs at various

sliding speeds with in situ monitoring changes in current, OCP, and COF versus the sliding time.

In addition, potentiodynamic polarization tests were performed to evaluate corrosion rate of steels

at the different sliding speeds.

4.3.2.1

Effect of sliding speed on corrosion during tribo-corrosion tests

Fig. 4.3 displays the continuous evolution of OCP and current before, during, and after the

sliding processes at four sliding speeds in the brine solution and different WBE:s.
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Fig. 4.3. Variations in OCP and current versus sliding time for the brine solution and various

WRBEs at different sliding speeds (a) 2 mm/s, (b) 3.5 mm/s, (c) 5 mm/s and (d) 10 mm/s.

As shown in Fig. 4.3, the current and OCP curves show fluctuations during the sliding process,
especially at higher sliding speeds, which should be related to the protective layer generation,
breakdown, and re-forming during tribo-corrosion tests. As illustrated, in general, there was an
initial increase in current and a sharp drop in OCP before the sliding process was started. Once the
sliding process started, an increase in the current value and a reduction in OCP at lower sliding
speeds (2 and 3.5 mm/s in Fig. 4.3a and 4.3b) were observed due to the damage or removal of the
oxide film (in the brine solution) or lubricating film (in the WBEs) by the counterpart i.e. the
silicon nitride ball pin, leading to the exposure of bare material to the electrolyte and counterpart.
During sliding action at lower speeds, the current was increased gradually while OCP decreased

towards more negative values, which are more obvious for samples immersed in the brine solution
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and WBEs 1 and 2. The results reflect the occurrence of wear-accelerated corrosion. In contrast,
at higher sliding speeds, 5 and 10 mm/s, a rapid drop in current and a large up-shift in OCP
occurred at the beginning of the sliding process, followed by stabilization during the subsequent
sliding process shown in Figs. 4.3 ¢ and 4.3 d. The observed phenomena indicate a positive effect
of sliding speed on the improvement in the tribo-corrosion performance of the steel. The speed of
5 mm/s led to the best performance with the lowest current and most positive OCP during the
sliding process. The improvements were however less for the tests at 10 mm/s. After the sliding
process was stopped, the current showed a slight increase, and values of OCP shifted towards more
negative potential with time, which could be ascribed to the reaction of a fresh metal area on the

worn surface with electrolyte, leading to further corrosion of the worn surfaces.

Results also demonstrated superior tribo-corrosion performance of steel samples immersed
in the solutions with the corrosion inhibitors, where the current showed the lowest values and OCP
exhibited the most positive values at all sliding speeds. Among three corrosion inhibitors, PEG-2
oleamide demonstrated the greatest effectiveness in suppressing corrosion and thus corrosion-wear
synergy. As shown, the current reduced from around +80 nA at 2 mm/s to -57 pA at 5 mm/s as

well as OCP shifted from around -0.61 V at 2 mm/s to about -0.45 V at 5 mm/s.

4.3.2.2 Effect of sliding speed on polarization curves

Polarization curves during tribo-corrosion at different sliding speeds were obtained for
steel samples immersed in the brine solution and WBE 4. Fig 4.4 shows the polarization curves
for steel samples at four sliding speeds and under an applied load of 10 N. Figs. 4.4(a) and (b)
display that sliding action made the curves for samples tested in both brine and WBE 4 move to
more anodic potentials, where the greater shift devotes to higher sliding speeds. For samples

immersed in WBE 4 with the corrosion inhibitor, increasing the sliding speed remarkably affected
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both cathodic and anodic branches with significant shifts towards lower current densities, which

are more profound at 5 and 10 mm/s. In addition to the sliding speed, the presence of a corrosion

inhibitor changed the shape of polarization curves. The electrochemical data determined from the

polarization tests are provided in Table. 4.2.
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Fig. 4.4. Polarization curves of steels immersed in (a) brine solution and (b) WBE 4 at four
different sliding speeds 2, 3.5, 5, and 10 mm/s.
Table 4.2. Values of corrosion current density, corrosion potential, cathodic and anodic Tafel
slopes, the corrosion rate of steel samples immersed in the brine solution, and WBE 4 at various
sliding speeds.
Solutions Ecorr (V) icorr (WA/cm?) Corrosion rate (mpy) Pa (V/decade) Pc (V/decade)
Brine- 2 mm/s -0.684 6.76 3.10 0.093 0.147
Brine- 3.5 mm/s -0.660 6.26 2.87 0.061 0.108
Brine- 5 mm/s -0.597 3.21 1.47 0.039 0.047
Brine- 10 mm/s -0.660 4.88 2.24 0.049 0.047
WBE4- 2 mm/s -0.475 2.61 1.19 0.026 0.045
WBE4- 3.5 mm/s -0.467 2.35 1.07 0.038 0.067
WBE4- 5 mm/s -0.449 0.04 0.02 0.097 0.097
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WBE4- 10 mm/s -0.514 0.19 0.08 0.245 0.234

Table 4.2 shows noticeable reductions in icorr and corrosion rate of steels immersed in both
the brine solution and WBE4 with increasing the sliding speed up to a certain value (5 mm/s). The
elevated tribo-corrosion resistance of samples by increasing sliding speed may be ascribed to the
effective re-formation of lubricating film on the metal surface to inhibit direct contact between the
sample and the pin in the corrosive environment. The lowest corrosion rates were determined for
steel samples immersed in the brine solution (icorr = 3.21 pA/cm?, corrosion rate= 1.47 mpy) and
WBE 4 (icorr = 0.04 nA/cm?, corrosion rate= 0.02 mpy) at sliding speed of 5 mm/s. However, the
excessive increase in sliding speed from 5 mm/s to 10 mm/s caused re-increases in icorr and
corrosion rate, which agrees with the results of OCP and current versus time measurements shown
in Fig. 4.3. The underlying mechanisms are discussed in Section 4.4 (Discussion). The
electrochemical parameters obtained for steel immersed in WBE 4 show that the corrosion
inhibitor shifted Ecorr towards more positive values (range between -0.475 V to -0.514 V) with
lowered icorr, indicating notable reductions in the corrosion rate at different sliding speeds. The
fatty acid-based corrosion inhibitor can build up a protective film on the steel [41], protecting the

steel from corrosion involving wear at any sliding speed.

Comparing corrosion and tribo-corrosion of steel samples under tested conditions, wear
increased icorr and corrosion rate (see Tables 4.1 and 4.2). As mentioned earlier, the increases in
icorr and corrosion rate during tribo-corrosion are due to the mechanical removal of the film formed
on the metal surface, leading to the exposure of the bare metal surface to the corrosive medium. In
addition, wear introduced plastic deformation which made the metal surface more anodic and thus

more prone to corrosion.
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4.3.2.3  Effect of sliding speed on friction

Fig. 4.5 shows the COF ~ time curves and mean values of COFs of steel samples immersed

in different solutions at four sliding speeds under a contact load of 10 N. The mean COF values

were determined for average values during the last 1000 seconds of the tests during which the

frictional curves became stable.
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Fig. 4.5. Variations in COF versus sliding time and average COF values for brine solution and
various WBEs at different sliding speeds (a1 and az) 2 mm/s, (b1 and bz) 3.5 mm/s, (ci and c2) 5

mm/s, and (d1 and dz) 10 mm/s.

As shown in Fig. 4.5 (a1 to d1), all the COF ~ time curves show fluctuations during the
tribo-corrosion tests due to the wear of the sample surface. The COF curves are influenced by the
sliding speed. The highest COF values were determined at the sliding speed of 2 mm/s. The COFs
decreased as the sliding speed was increased to 3.5 mm/s and further dropped to minima at the
sliding speed of 5 mm/s for the brine solution and various WBEs. However, further increasing the
sliding speed (10 mm/s) did not further reduce but slightly raised the COF values.

The COF curves were strongly influenced by the corrosion inhibitors. For all the sliding
speeds, maximum COF values were obtained in solutions without the corrosion inhibitors,
especially the brine solution, which led to the average COF equal to 0.42 at 2 mm/s and 0.17 at 5
mm/s. In contrast, when tested in WBE 4 (PEG-2 oleamide), the COF decreased to 0.13 at 2 mm/s
and 0.06 at 5 mm/s. The decrease in COF by the corrosion inhibitor should benefit from the

formation of a protective layer on a sample surface.
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4.3.3 Wear and worn surface analysis

At the end of tribo-corrosion tests, worn surfaces of the samples tested in the brine solution
and WBEs containing corrosion inhibitors were analyzed using an optical profilometer. Fig. 4.6
depicts microscopic images of the steel samples tested in various solutions at different sliding
speeds. As shown, the wear track width of samples tested in different solutions increased with
increasing the sliding speed, accompanied by more wear volume losses. This happened because a
higher sliding speed would generate a larger force when the asperities strike or plow the target

surface, leading to an increased wear rate.

The presence of PEG-2 oleamide, GM, and GL in WBEs distinctively affected morphological
appearances of the worn and unworn surface areas, as shown in Fig. 4.6. In both the worn and
unworn areas, the sample immersed in brine solution showed severe damage with rough surfaces
and corrosion products inside and outside the wear tracks at different sliding speeds from 2 to 10
mm/s. The lower wear resistance of the steel tested in the brine solution is attributed to the easy
removal of the oxide layer by mechanical force and prone to corrosion. Compared to the brine
solution, WBE 3, 4, and 5 containing corrosion inhibitors considerably reduced wear track width
and surface irregularities with little sign of corrosion products on smooth surfaces, indicating the

high effectiveness of the corrosion inhibitors in suppressing corrosion and the corrosion-wear

synergy.
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Fig. 4.6 Optical microscopic images of wear tracks on steel samples after tribo-corrosion test at
various sliding speeds (al to a4) 2 mm/s, (bl to b4) 5 mm/s and (cl to c4) 10 mm/s.
Cross-sectional profiles of wear tracks were examined using the optical profilometer to

determine volume losses by measuring the depths and widths of wear tracks on samples tested in

different solutions at different sliding speeds, which are plotted in Fig. 4.7. As shown, the depth
and width of wear track and corresponding volume loss increased as the sliding speed was
increased from 2 mm/s to 10 mm/s. At any sliding speed, the sample tested in the brine solution
always had the largest volume losses, and the WBEs containing corrosion inhibitors effectively
reduced the volume loss. The volume losses of samples immersed in WBE 1 and 2 without

corrosion inhibitors are also large. WBE 4 containing PEG-2 oleamide performed the best.
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Fig. 4.7. Cross-sectional wear track profiles and volume losses of steel samples worn in various
solutions at sliding speeds of (a1 and az) 2 mm/s, (b1 and b2) 3.5 mm/s, (c1 and c2) 5 mm/s, and
(d1 and dz) 10 mm/s.

Based on the volume losses and the wear testing condition, the specific wear rates [W,
expressed by eq. (1)] of samples tested in different solutions at various sliding speeds were

calculated and are illustrated in Fig. 4.8. As shown, the specific wear rate increased with increasing
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the sliding speed from 2 mm/s to 10 mm/s, which is valid for all the solutions. The brine solution
resulted in the highest specific wear rates for all the sliding speeds. The specific wear rate was
markedly reduced when tested in WBEs containing corrosion inhibitors (WBE 3, 4, and 5) at any

sliding speed. As illustrated, WBE 4 showed the best performance.
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Fig. 4.8. Specific wear rate concerning the solution at four sliding speeds 2, 3.5, 5, and 10 mm/s.
4.3.4 Further surface characterization by SEM-EDX

The surfaces of samples after the corrosion and tribo-corrosion tests were further characterized
by SEM-EDX to better understand the beneficial effect of the corrosion inhibitors on corrosion
and tribo-corrosion of the samples concerning the linear motion speed.
4.3.4.1 Corrosion

Fig. 4.9 presents SEM-EDX results obtained for steel samples tested in the brine solution and
WBE 4 under static and linear motion (dynamic) conditions. Fig. 4.9(a1) shows that the most
surface area of the sample immersed in the brine solution under the static condition was covered
by corrosion products, showing a rough appearance with large pits and nano-scale pits distributed
on the surface. The EDS analysis detected oxygen (9.10 wt.%), potassium (0.02 wt.%), and

chloride (0.11 wt.%) on the corroded surface of the steel under static conditions, coming from the
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oxidized steel and the electrolyte, which is a consequence of the reaction between the steel and the

solution.

Brine
e B e SO o e e e Mgl 1 1.

WBE4
1 e eemsemen DIOI [ s SO ol e aneiees DU
Solution Fe o C Mn N K Cl
Brine- 0 mm/s 79.70 9.10 10.39 0.68 - 0.02 0.11
Brine- 2 mm/s 85.30 7.36 6.46 0.77 - 0.05 0.06
Brine- 5 mm/s 88.54 3.50 7.09 0.81 - 0.03 0.03
WBE 4- 0 mm/s 90.41 1.12 7.56 0.87 - 0.03 0.01

WBE 4- 2 mm/s 90.55 0.82 7.71 0.91 - 0.01 -

WBE 4- 5 mm/s 88.77 0.60 9.88 0.62 0.12 - 0.01

Fig. 4.9. SEM micrographs and EDS analysis of steel surfaces after corrosion test in the brine
and WBE 4 under the static condition (a1 and az), and linear motion (dynamic) condition at two

speeds: (b1 and bz) 2 mm/s, and (c1 and c2) 5 mm/s.
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Corrosion products and corrosion pits were also presented on the steel surface tested under
linear motion conditions but were less severe compared to the situation of testing under the static
condition. The EDS analysis showed that the oxygen concentration on the steel surface was
reduced to 7.36 wt%, along with potassium (0.05 wt%) and chloride (0.06 wt%), when tested at
the motion speed of 2 mm/s. A further change in the surface morphology and composition of the
sample tested at a higher speed of 5 mm/s [Fig. 4.9(c1)], and detected oxygen had a lower amount

(3.50 wt%), along with chloride (0.03 wt%) and potassium (0.03 wt%).

When tested in WBE 4, fewer defects were observed on the sample surface. The sample
surface was smooth with almost no sign of corrosion pits under different conditions, as shown in
Figs. 4.9 a2 ~ c2. Under the static condition (Fig. 4.9 (a2)), small debris of corrosion products was
observed on the surface with oxygen concentration (1.12 wt%), minor potassium (0.03 wt%), and
chloride (0.01 wt%). The EDS results also revealed the carbon content of 7.56 wt% adsorbed on
the steel surface. Under the dynamic conditions with motion speeds of, e.g., 5 mm/s, the detected
concentrations of oxygen were much lower (0.60 wt% O, 0.01 wt% CI) but more carbon (9.88
wt%) and nitrogen (0.12 wt%), which came from the corrosion inhibitor film, were detected on
the steel sample surface. It is clear that the movement helps mitigate corrosion, since the corrosion
inhibitor forms a protective layer on the metal surface, thus blocking the access of corrosive ions

to reach the metal surface.

4.3.4.2 Tribo-corrosion

The morphology and composition of wear tracks on samples that experienced tribo-corrosion tests
in the brine solution and WBE 4 at different sliding speeds were also examined with SEM-EDS.

Results are illustrated in Figs. 4.10 and 4.11.
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Brine Solution Fe 0 C Mn K Cl
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3.5 mm/s 82.47 7.09 9.68 0.67 0.01 0.08
5 mm/s 86.94 3.70 8.60 0.72 0 0.04
10 mm/s 87.37 3.36 8.49 0.74 0.02 0.02

Fig. 4.10. SEM micrographs and EDS analysis of worn surfaces after tribo-corrosion test in
brine solution at various sliding speeds (a) 2 mm/s, (b) 3.5 mm/s, (c) 5 mm/s and (d) 10 mm/s.
The attached table shows the concentrations (Wt%) of different elements on the worn surfaces.

Fig. 4.10(a) shows a loose oxide layer covering most parts of the wear track when the
sample experienced a tribo-corrosion test at the lowest sliding speed (2 mm/s), which had many
micro-cracks and was partially delaminated during the wearing action. The presence of corrosion
products, corrosion pits, and wear debris resulted from the wear-corrosion synergy. The EDS

analysis confirmed that there was a high oxygen concentration (14.16 wt%) along with chloride
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(0.47 wt%) and potassium (0.01 wt%) on the worn surface. At 3.5 mm/s, the worn surface still
looked rough but showed fewer corrosion products, wear debris, delamination areas, and micro-
cracks. At higher sliding speeds (5 mm/s and 10 mm/s) as illustrated in Figs. 4.10 (c) and (d), no
oxide layer was observed on the worn surfaces, and the worn surfaces were smoother with fewer
corrosion products, micro-cracks, and pits. Based on the EDS analysis, oxygen content and
corrosion products on the wear tracks were reduced significantly (3.70 wt% O, 0.04 wt% Cl at 5
mm/s; and 3.36 wt% O, 0.02 wt% K, 0.02 wt% CI at 10 mm/s). Moreover, worn surfaces during
the sliding process at higher sliding speeds showed lower dissolution rates of iron, corresponding
to higher iron contents on the worn surfaces, e.g., 86.94 wt.% at 5 mm/s and 87.37 wt.% at 10

mm/s.

Fig. 4.11 presents SEM micrographs of worn surfaces that experienced tribo-corrosion tests in

WBE 4 at different sliding speeds.
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WBE 4 Fe O C Mn N K Cl
2 mm/s 84.52 4.20 10.49 0.77 - 0.01 0.01
3.5 mm/s 81.67 5.47 12.04 0.80 - 0.01 0.01
5 mm/s 70.38 1.95 26.82 0.80 0.04 0.01 -

10 mm/s 83.24 3.09 12.87 0.78 - 0.01 0.01

Fig. 4.11 SEM micrographs and EDS analysis of worn surfaces after tribo-corrosion test in
WBE 4 at various sliding speeds (a) 2 mm/s, (b) 3.5 mm/s, (c) 5 mm/s and (d) 10 mm/s. The

attached table shows the concentrations (wt%) of different elements on the worn surfaces.

As shown, the worn surface of samples tested in WBE 4 showed much less damage without
signs of corrosion pits and micro-cracks, compared to those tested in the brine solution at the
different sliding speeds. All the samples showed a similar appearance. Abrasion grooves, more
corrosive ions (chloride and potassium ions), and higher oxygen content can be found (EDS
analysis) on the wear track of samples tested at lower speeds (Figs. 4.11 (a) and (b)). Fig. 4.11(c)
depicts that the abraded region inside the wear track became smoother as the sliding speed was
increased to 5 mm/s. In addition, the presence of nitrogen (0.04 wt.%), increased carbon amount
from 10.49 wt% to 26.82 wt%, and reduced oxygen concentration from 4.20 wt% to 1.95 wt% all
are the indication of higher deposition of the protective layer on the wear track when the sliding
speed increased from 2 mm/s to 5 mm/s. The larger coverage of the protective layer, resulting from

the corrosion inhibitor, on the worn surface, would help reduce friction, corrosion, and corrosive
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wear. However, with further increasing the sliding speed to 10 mm/s, the amounts of oxygen and
corrosion products re-increased while carbon concentration dropped sharply to 12.87 wt% on the
worn surfaces, which could be attributed to a possible factor that the re-growth rate of the inhibitor
film on the worn surface was lower than the damage rate during the tribo-corrosion test as the

higher sliding speed.

4.4 Discussion

The performance of drilling fluids used for oilfield drilling operations can largely benefit from
an additive of corrosion inhibitors, which help reduce friction, corrosion, and tribo-corrosion [181].
This chapter reveals that the performance of the drilling fluid is also influenced by the sliding
speed since it affects the damage and re-growth of the oxide layer or the inhibitor-induced film on
the metal surface, which has been demonstrated by the results of corrosion and tribo-corrosion
tests for the carbon steel samples immersed in the brine solution and various WBE:s. In this section,
further discussions are given for a better understanding of the effect of the sliding speed on

corrosion, friction, and corrosive wear of the steel in the solutions.

4.4.1 Friction

As shown earlier, COFs of steel samples immersed in various solutions decreased with
increasing the sliding speed from 2 mm/s to 5 mm/s (Fig. 4.5). At low speeds, the pin was in
contact with rougher sample surfaces, especially when tested in the brined solution with more
corrosion and more oxide formed (Figs. 4.6 and 4.10), leading to higher COF values. As the sliding
speed was increased, the surfaces became smoother or less rough due to reduced corrosion (Tables
4.1 and 4.2, Figs. 4.6 and 4.10) and increased removal of corrosion products, leading to lowered

COF. However, further increasing the sliding speed re-increased corrosion (Tables 4.1 and 4.2)
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and raised the lateral resistant force or resistance to the pin’s movement associated with elevated
dynamic wearing force, which could be responsible for the re-increased COF and wear volume

loss as illustrated in Figs. 4.5 and 4.7, respectively.

4.4.2 Tribo-corrosion

As shown in Fig.4.3, at lower sliding speeds (2 and 3 mm/s), the more negative the OCP value,
the larger the corrosion rate and corrosion current density (Table 4.2). During slow sliding, there
is more time for the oxide layer to develop on the worn surface tested in the brine solution. The
common corrosion product formed on the carbon steel immersed in the brine solution is iron
oxyhydroxide (FeOOH), which can be present with two different structures, lepidocrocite (y-
FeO(OH)) and goethite (a-FeO(OH)) [182]. This loose oxide layer cannot effectively protect the
steel from the wearing force in the corrosive medium. Thus, higher currents and corrosion rates
were observed due to the easier damage or removal of the oxide layer, making larger fresh metal
surfaces to corrosion and wear. When tested in WBEs containing the corrosion inhibitors (WBE
3,4, and 5) at low sliding speeds, corrosion was considerably reduced by the corrosion inhibitor-
induced protective film on the sample surface, which consequently reduced the wear-corrosion

synergy and, thus the material loss.

When the tribo-corrosion test was performed in the brine solution, the OCP shifted to a higher
positive value, accompanied with reduced current and corrosion rate as the sliding speed was
increased. However, as the sliding speed increased, much less oxide layer formed on the worn
surfaces at higher sliding speeds confirmed by SEM-EDS analysis (Fig.4.10). As shown, the
amount of oxygen reduced from 14.16 wt% at 2 mm/s to 3.70 wt% at 5 mm/s, which may be
related to a shorter latent time at the higher sliding speed that was insufficient for corrosive agents

to react with the steel to form an oxide layer with large coverage on the worn surface, although the
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reduced oxide amount was also influenced by the removal of oxide scale by the wearing force. A
higher sliding speed may enhance disturbing the penetration of the corrosive agents to reach the
metal surface. The above-mentioned could be the reasons for reduced current and corrosion rate
at higher sliding speeds. However, further increasing the sliding speed may increase the rate of
damage to the oxide layer or scale compared to its growth rate, thus increasing the corrosion rate,

as Table 4.3 indicates.

Fig 4.12 depicts a schematic of the tribo-corrosion mechanism as a combination of abrasion

and corrosion for steel immersed in the brine solution at various sliding speeds.
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Fig. 4.12. A schematic view of the tribo-corrosion mechanism for 1018 carbon steel immersed in

the brine solution at different sliding speeds.

The situation was somewhat similar when the tribo-corrosion tests were performed in
WBEs 3, 4, and 5. As Table 4.3 illustrates, in WBE4, when the sliding speed was increased from
2 mm/s to 10 mm/s, the corrosion rate decreased first, reached the minimum at 5 mm/s, and then
increased as the speed increased to 10 mm/s (1.19 mpy at 2 mm/s, 1.07 mpy at 3.5 mm/s, 0.02 mpy

at 5 mm/s, 0.08 mpy at 10 mm/s). Different from the situation of testing in the brine solution, here
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the surface layer was an inhibitor-induced film. A higher sliding speed appeared to dynamically
promote the absorption of the corrosion inhibitor and form a protective film with a larger coverage
on the sample surface, though it was more or less damaged by wearing force, evidenced by higher
carbon and N concentrations (from the inhibitor film) and reduced iron concentration on sample
surface as shown in the table attached to Fig.4.11. Such an improved film helped reduce the
penetration of the corrosive agents to reach the metal surface, thus decreasing the corrosion rate
and the wear-corrosion synergy. However, continuously increasing the sliding speed may enhance
the damage rate to the inhibitor-induced film by wearing, compared to its re-growth rate, thus
increasing the corrosion rate, as the table in Fig.4.11 indicates. The tribo-corrosion mechanism of

carbon steel tested in WBE 4 is corrosive abrasion, as schematically shown in Fig. 4.13.
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Fig. 4.13. A schematic illustration of (a) the adsorption process of PEG-2 oleamide on the
surface of carbon steel and (b) the tribo-corrosion mechanism for steel immersed in the WBE 4

containing PEG-2 oleamide under different sliding speeds.
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4.4.3 Effect of speed on corrosion

According to Fig.4.1 and Table 4.1, larger corrosion current densities and corrosion rates were
determined as steel samples were tested in various solutions under static conditions. When tested
in the bribe solution under the static condition, more oxygen and corrosive agents such as
potassium and chloride ions were detected on the steel sample surfaces. The linear motion
(dynamic module) of samples at lower speeds (2 mm/s and 3.5 mm/s) played a little role in
affecting the current and corrosion rates during the process. However, the corrosion rates of
samples in the brine solution and WBEs decreased remarkably with increasing speed. As shown,
when tested in the brine solution at a higher sliding speed of 5 mm/s, the corrosion current density
and corrosion rates markedly decreased. The increase in speed could disturb or mitigate the
penetration of oxygen and corrosive ions into the metal surface, thus slowing down the
electrochemical reactions and corrosion rate of carbon steels (2.96 mpy at 0 mm/s, 2.77 mpy at 2
mm/s, 2.63 mpy at 3.5 mm/s and 1.32 mpy at 5 mm/s). However, the speed was sufficiently higher,
and depletion of dissolved metal ions in the vicinity of the sample surface was enhanced, which
could help accelerate the corrosion reaction and increase the corrosion rate to 2.09 mpy at 10 mm/s.

In the tests performed for steels immersed in WBE 3, 4, and 5 at higher sliding speeds (5 and
10 mm/s), current values and corrosion rates decreased considerably, with the lowest values
recorded at 5 mm/s. According to the SEM-EDS analysis (Fig.4.10), the speed of 5 mm/s resulted
in a thicker and more effective corrosion-protective film (higher concentrations of C and N while
the lower concentration of Fe on the sample surface), which blocked the surface from interaction
with surroundings, thus reducing the corrosion rate (1.32 mpy at 0 mm/s, 0.94 mpy at 2 mm/s, 0.88
mpy at 3.5 mm/s, 0.0005 mpy at 5 mm/s and 0.05 mpy at 10 mm/s). However, if the sliding speed

is sufficiently high, the corrosion rate may increase again due to the enhanced depletion of
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dissolved metal ions in the vicinity of the sample surface. This might explain why the corrosion

rate determined at 10 mm/s was higher than that determined at 5 mm/s.

In addition to the sliding speed, the addition of corrosion inhibitors in the emulsion-based fluid
substantially affected its effectiveness in suppressing corrosion and tribo-corrosion of the carbon
steel samples. The corrosion inhibitors can be adsorbed on both worn and unworn surfaces
physically and chemically. The electrostatic interaction between negatively charged metal surface
(FeCl ) and protonated form of inhibitor molecule causes physical adsorption. Simultaneously,
chemical sorption occurs by sharing of electrons between lone pair electrons of nitrogen and
oxygen present in corrosion inhibitors with free orbital d of the steel surface. A protective film is
then produced on the metal surface as a barrier to corrosive solutions, thus retarding
electrochemical attack on the worn and unworn surfaces. In addition, direct contact between metal
and counterpart is reduced due to the formed film on the metal surface, helping reduce friction and
tribo-corrosion. Fig 4.13(a) displays a schematic representation of the adsorption mechanism of

PEG-2 oleamide, which is the most effective corrosion inhibitor among the three inhibitors.
4.5 Conclusions

The objective of this work was to investigate the kinetic response of 1018 carbon steel to
corrosion and tribo-corrosion in emulsion-based drilling fluids with and without green corrosion
inhibitors. Corrosion and tribo-corrosion of steel samples immersed in various solutions under
static and motion conditions were analyzed. Based on the results of this chapter, the following

conclusions can be drawn:

e Corrosion of the carbon steel immersed in solutions with and without the corrosion inhibitor

decreased when tested under the motion condition, compared with the results of tests under the
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static condition. The corrosion behavior of the steel measured during tribo-corrosion tests
showed trends of variations in corrosion rate similar to those observed during the corrosion
tests. The corrosion rate reached the minimum at the speed of 5 mm/s compared to other speeds
in the range of 0 ~ 10 mm/s.

e Although the corrosion rate showed minima at the speed of 5 mm/s, the material volume loss
caused by tribo-corrosion continuously increased as the sliding speed increased from 0 to 10
mm/s, accompanied with decreases in corresponding COF values, when the steel was tested in
both the brine solution and various WBEs.

e All three corrosion inhibitors added to the drilling fluid under study substantially improved the
performance of steel samples during corrosion (both static and dynamic) and tribo-corrosion
tests at various sliding speeds. Among the three corrosion inhibitors, PEG-2 oleamide

performed the best.

Therefore, the results proved that corrosion inhibitors and linear motion at various speeds could
be used as two key factors in improving corrosion and tribo-corrosion resistance of 1018 carbon

steel exposed to WBEs, which makes these factors ready to compete in oilfield applications.
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Chapter S Phosphate-derived green corrosion inhibitors: enhancing anti-tribo-

corrosion properties of carbon steel in emulsion-based drilling fluids*

5.1 Introduction

Tribo-corrosion in drilling operations has received considerable attention since corrosion and
wear can assist each other, significantly increasing damage to materials [183-190]. Wear makes
the surface more anodic and removes surface protective films, thus increasing corrosion. On the
other hand, corrosion introduces surface irregularities, increases stress concentrations, and may
turn the material into poor oxides, leading to faster material removal [191-194]. The tribological
contact may involve sliding, rolling, fretting, etc., which speed up corrosion that, in turn, enhances
the wear, as mentioned earlier. This synergy between wear and corrosion (Vsyn: volume loss
caused by the wear-corrosion synergy) is determined by the difference between the total material
loss (Vtotal) and material losses caused by wear (Vw) and corrosion (Vc¢) [191,192,195-199]:

Vsyn = Vtotal — (Vw + Vc) (D

Vsyn may take a fairly large portion of the total material loss (Vtotal), which could be much larger
than those caused by corrosion and wear separately [ 199-200]. It is important to understand details
in tribo-corrosion of materials used in drilling operations under various conditions to improve their
performance for drilling operations.

There are different approaches to mitigate tribo-corrosion of drilling facilities, including

environmental control, protective coatings, and material modification. These approaches need

4 A version of this chapter has been published. M.j. Palimi, Y. Tang, S. E. Mousavi, W. Chen, V.
Alvarez, E. Kuru, D.Y. Li, Tribo-corrosion behavior of C-steel in water-based emulsion drilling
fluids containing green corrosion inhibitors: experimental and computational studies, 7ribology

international.
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maintenance and monitoring. Among them, adding corrosion inhibitors in drilling fluids is a cost-
effective and the most practical method for protecting metallic components from tribo-corrosion
attacks [43, 201-202]. Corrosion inhibitors contain heteroatoms such as oxygen, nitrogen, sulfur,
and phosphorous with multiple bonds as adsorption centers, showing excellent corrosion inhibition
effects. The inhibitors' function is related to their lower electronegativity and high polarizability.
These atoms and the functional groups can cover the surface area of metallic workpieces through
physical and chemical adsorption between the surface and the inhibitors, which can suppress
corrosion by blocking charge transfer on the metal surfaces, thereby reducing corrosion and tribo-

corrosion of the drilling tools [30, 203-206].

The chapter 5 aims to achieve more significant improvements on the tribo-corrosion
resistance of 1018 carbon steel by employing corrosion inhibitors containing heteroatoms
phosphorous (PEG-6 isotridecyl phosphate) and nitrogen (PEG-2 oleamide). The latter was used
mainly for comparison purposes, as its effectiveness have been explained in chapter 3 and 4 [181].
Particular attention was put on the effect of the phosphate-based corrosion inhibitor on the tribo-
corrosion of the steel with different sliding speeds, since the sliding speed affects damage and
regrowth of the adsorbed protective film on materials during tribo-corrosion, thus influencing the
rate of material loss and wear mechanism. The information on the sliding speed’s influence on
tribo-corrosion would help get an insight into the performance of the inhibitors in drilling fluids
against wear, corrosion, and wear-corrosion synergy. PEG-6 isotridecyl phosphate results from the
reaction of ethoxylated alcohols with a phosphating compound, producing a mono-ester
compound, while PEG-2 oleamide is obtained through reactions to extract fatty acid from
vegetable oils with ammonia. The two inhibitors have high solubility in water, low volatility,

biodegradable and environmentally friendly. Different weight percentages of mineral oil as base
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oil, TERGITOL NP-9 as surfactant and corrosion inhibitors as effective additives were added to a
5% potassium chloride solution to prepare highly stable water-based emulsion drilling fluids
(WBE), which were determined through turbidimetry and zeta potential measurements. The
benefits of the corrosion inhibitors on the tribo-corrosion performance of steel specimens
immersed in the prepared WBEs with and without corrosion inhibitors at different sliding speeds
were evaluated using a pin-on-disk tribometer integrated with an electrochemical workstation. The
impact of corrosion inhibitors in enhancing anti-tribo-corrosion properties of the steel was
analyzed using 3D optical profilometer, potentiostatic and potentiodynamic techniques to
determine current density, corrosion current/rate, coefficient of friction (COF), and thus volume
losses caused by wear, corrosion, and wear-corrosion synergy. The morphology and chemical
composition of wear tracks were examined via SEM-EDS and XPS analyses, respectively. In
addition, the adsorption mechanism for the corrosion inhibitor molecules on iron was studied based

on the changes in Gibbs free energy.

5.2 Experimental

5.2.1 Raw Materials and WBEs preparation

This chapter reports a study on the corrosive wear of carbon steel in water-based emulsion
drilling fluids (WBEs) containing green corrosion inhibitors, PEG-6 isotridecyl phosphate
(provided by Croda) and PEG-2 oleamide (purchased from Triple Point The preparation of WBEs
including mineral oil, surfactant and corrosion inhibitors has been explained completely in
previous chapters. The molecular structures of PEG-6 isotridecyl phosphate and PEG-2 oleamide

are depicted in Fig. 5.1.
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Fig. 5.1 Molecular structures of two corrosion inhibitors under study: (i) PEG-6 isotridecyl

phosphate and (ii) PEG-2 oleamide.

5.2.2 Characterization
5.2.2.1 Tribo-corrosion study

As explained in chapter 3 and 4, tribo-corrosion tests were still carried out in a three-
electrode electrochemical set-up connected to a pin-on-disc reciprocating tribometer. The normal
force applied to the steel sample was 10 N, which moved under a linear reciprocating condition at

different sliding speeds (2, 3.5, 5 and 10 mm/s), respectively, over a distance of 3 mm (Fig. 3.1).

In situ electrochemical techniques, e.g., potentiostatic and potentiodynamic measurement,
were used to investigate the effect of sliding speed and phosphate-based corrosion inhibitor on the
tribo-corrosion behavior of the carbon steel tested in different WBEs. COF as a function of sliding
time was recorded during tribo-corrosion tests. The steel samples were immersed in the brine and
various WBEs for an hour to reach a steady open circuit potential (OCP) before running the tribo-
corrosion tests. Potentiostatic experiments were conducted using a GAMRY instrument at an
applied anodic potential of +1mV versus OCP at room temperature. The potentiodynamic
polarization (PDP) tests were performed at a scan speed of 0.4 mV/s between potentials of -250

mV to +250 mV around the OCP for each sample under tribo-corrosion conditions to investigate
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the electrochemical response of the carbon steel under different testing conditions. Each
experiment was repeated at least three times under the identical condition, from which an average

value was obtained.

5.2.2.2 Surface analysis

Surface morphology and chemical composition of wear tracks after the tribo-corrosion
experiments were investigated with Field-emission scanning electron microscopy (FE-SEM)
incorporated with the energy dispersive X-ray spectroscopy (EDX) from Sigma, Germany. A
Kratos Axis Ultra model x-ray photoelectron spectroscopy (XPS) was employed to investigate the
tribo-corrosion mechanisms of the steel samples tested in different solutions. An optical
profilometer, Zegage 3D Middlefield model, was utilized to measure the volume loss caused by
tribo-corrosion.
5.3 Experimental Results
5.3.1 FTIR analysis

Fig. 5.2 illustrates the FTIR spectra with main peaks and functional groups related to the

corrosion inhibitors.
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Fig. 5.2 FTIR spectra of (a) PEG-2 oleamide and (b) PEG-6 isotridecyl phosphate
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The peaks around 720 cm™! (Fig.5.2(a)) and 779 cm™! (Fig.5.2(b)) are attributed to the vibration
of the C-H group because the corrosion inhibitors contain long hydrocarbon chains. The adsorption
bands for both corrosion inhibitors appeared at 1350 and 1460 cm™, referred to as the C-H bending
vibration of —CH2- and —CH3, respectively. The FTIR spectra of both corrosion inhibitors exhibit
peaks for C-H asymmetric and symmetric stretching vibrations at around 2850 cm™! and 2920 cm-
I, respectively. [145]. The adsorption peaks of C-N stretching vibration at 1190 cm™! and N-H
bending and stretching vibrations at 1540 and 3300 cm™! verified the existence of the nitrogen
atom in the PEG-2 oleamide structure. The stretching bands of C=C and C=0 at 1640 and 1700
cm™!' (Fig.5.2(a)) are ascribed to the unsaturated fatty acid chain in the structure of PEG-2
oleamide, as discussed in the previous work [97,181]. According to Figs. 5.2(b), peaks adsorbed
at 840, 1096 and 1244 cm™! are attributed to stretching vibrations of O-P-O, P-O-C and P=0 bonds,
indicating the presence of phosphorous atom in the structure of PEG-6 isotridecyl phosphate. The
C-O stretching band is visible at 985 cm™!, describing the compound in the corrosion inhibitors.
The FTIR spectra also depict adsorption bands at 1643 and 3420 cm™!, which are related to bending
vibration and stretching vibration of the O-H bond, respectively [209-211]. These results illustrate
those different heteroatoms, such as oxygen and nitrogen in the structure of PEG-2 oleamide and
oxygen and phosphorous in the structure of PEG-6 isotridecyl phosphate, can be adsorbed on the
surface of 1018 carbon steel through donor-acceptor interactions. In addition, hydrocarbon chains
within corrosion inhibitors can improve tribo-corrosion performance by keeping away water

molecules and corrosive ions from the steel surface.

5.3.2 Stability evaluation
As mentioned in previous chapters, Different concentrations of TERGITOL NP-9 (0% to

35%), PEG-6 isotridecyl phosphate (0% to 35%), and mineral oil (65%) were combined with a 5%
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potassium chloride solution to obtain the most effective concentrations of these ingredients for

achieving WBEs with high stability (Table 5.1). Then, turbidity and zeta potential analyses were

carried out to study the stability of the formulated WBEs.

Table 5.1 Prepared water-based emulsions (WBEs)

Solution

Ingredient

WBE (1)
WBE (II)
WBE (I1I)
WBE (IV)
WBE (V)
WBE (VI)

0.1g (65% Mineral oil + 35% TERGITOL NP-9 + 0 % PEG-6 isotridecyl phosphate) in 99.9 g brine solution
0.1g (65% Mineral oil + 30% TERGITOL NP-9 + 5% PEG-6 isotridecyl phosphate) in 99.9 g brine solution
0.1g (65% Mineral oil + 20% TERGITOL NP-9 + 15% PEG-6 isotridecyl phosphate) in 99.9 g brine solution
0.1g (65% Mineral oil + 10% TERGITOL NP-9 + 25% PEG-6 isotridecyl phosphate) in 99.9 g brine solution
0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-6 isotridecyl phosphate) in 99.9 g brine solution
0.1g (65% Mineral oil + 0 % TERGITOL NP-9 + 35% PEG-6 isotridecyl phosphate) in 99.9 g brine solution

5.3.2.1 Turbidity measurement

Fig.5.3 depicts the measured turbidity values of the WBEs over a period of 4 h. As shown,

the turbidity values of the WBEs with a surfactant of high concentrations of [35 % in WBE (1), 30

% in WBE (II) and 20 % in WBE (III)] decreased over time and reached a saturated value after

120 min. However, the low slopes of turbidity ~ time curve were obtained for WBEs with lower

concentrations of TERGITOL NP-9 (<10%), especially WBE (V), which shows a slight reduction

of 8 NTU in turbidity value for 4 h. The slope of the turbidity ~ time curve reflects the emulsion

stability; a smaller slope corresponds to a more stable emulsion. As shown in Fig. 5.3, high

turbidity values (500-600 NTU) were obtained for WBEs (IV, V, VI), which contained corrosion

inhibitors of high concentrations (25 to 35 %) and surfactant of low concentrations of (0 to 10%).

The corrosion inhibitor with high concentrations made the emulsion systems cloudier, leading to

stronger light scattering and, thus, higher turbidity. However, WBEs (I, II, III) showed lower

turbidity (50-100 NTU) since they contained surfactants of high-concentrations but low-
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concentration inhibitors, corresponding to lower turbidity. This observation suggests that
TERGITOL NP-9 and PEG-6 isotridecyl phosphate at the optimum values could be effectively
adsorbed on the surface of emulsion droplets, providing the highest stability and turbidity via
decreasing the interfacial tension between droplets and the aqueous phase and thus increasing the

intensity of scattered light.
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Fig. 5.3 Turbidity values versus NTU for the formulated WBEs over a period of 4 h.

5.3.2.2 Zeta potential

The charge on the surface of oil droplets in WBEs plays a vital role in determining the stability
of emulsion-based drilling fluids. This charge can be accurately assessed through the use of zeta
potential analysis. Particles with a larger absolute value of zeta potential will separate oil droplets
in the emulsion systems more effectively, thus resulting in lesser flocculation and higher stability
[212-213]. Influences of weight concentrations of TERGITOL NP-9 and PEG-6 isotridecyl
phosphate on the zeta potentials of the formulated WBEs are depicted in Fig. 5.4. As shown, the
zeta potentials of all formulated WBEs varied from -22.7 mV to -86.7 mV. Long hydrocarbon
chains in the WBEs with the mineral oil, TERRGITOL NP-9, and PEG-6 isotridecyl phosphate

led to negative zeta potentials for all the prepared WBEs. The emulsion with mineral oil and
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surfactant alone (WBE (I)) illustrates the smallest value of surface charge, which can be considered
as a flocculated and aggregated emulsion [214]. However, the absolute magnitudes of zeta
potential are increased by adding the corrosion inhibitor to the emulsion systems, showing a
positive effect of the inhibitor on the electrostatic repulsion between oil droplets. It is also clear
from Fig. 5.4 that the WBEs with higher percentages of TERRGITOL NP-9 (above 10%) show
lower absolute values of zeta potentials (-45.9 mV in WBE (II), -64 mV in WBE (III) and -69.3
mV in WBE (IV)). Based on the obtained results (turbidity and zeta potential), once the surfactant
concentration exceeds 10%, the aggregation of surfactant molecules, so-called micelles, starts to
occur, which reduces the adsorption of surfactant at the interface between oil and water. This
change in the stability of WBEs can be seen when the surfactant concentration is above 10% (see
Figures 5.3 and 5.4).

The emulsions with the minimum weight percentages of TERRGITOL NP-9 (below 5%) and
the maximum content of PEG-6 isotridecyl phosphate (above 30%) recorded the largest absolute
values of zeta potential (-86.7 mV in WBE (V), -82.5 mV in WBE (VI)). The increased absolute
zeta potentials provided strong electrostatic repulsion between oil droplets, inhibiting the oil
droplets' flocculation and leading to the high homogeneity of the fluid. As Fig. 5.4 depicts, the
highest absolute zeta potential value was recorded for WBE (V) with 65% mineral oil + 5%
TERRGITOL NP-9 + 30% PEG-6 isotridecyl phosphate. This observation shows that adding the
appropriate concentration of TERRGITOL NP-9 and PEG-6 isotridecyl phosphate can
significantly enhance WBEs’ stability. Based on Figs. 5.3 and 5.4, WBE (V) was introduced as
the most stable WBE to formulate WBEs containing two different corrosion inhibitors (Table 5.2)

for tribo-corrosion investigation at different sliding speeds.
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Fig. 5.4 Zeta potentials of the formulated WBEs consisting of mineral oil + TERGITOL NP- 9 +

Zeta potential (mV)

PEG-6 isotridecyl phosphate

Table 5.2 Water-based emulsions (WBEs) for the current research

Solution Ingredient

WBE (A0)  Brine solution as a reference solution: 5 gr KCl in 95 ml DI water [103-104]
WBE (A1)  0.1g (65% Mineral oil + 35% TERGITOL NP-9) in 99.9 g brine solution
WBE (A2) 0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-6 isotridecyl phosphate) in 99.9 g brine solution

WBE (A3) 0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-2 oleamide) in 99.9 g brine solution

5.3.3 Corrosion and tribo-corrosion behavior
5.3.3.1 Effect of corrosion inhibitors on tribo-corrosion

Fig 5.5 shows variations in current density and COF versus the sliding time in the brine
solution and different WBEs, respectively. Corresponding volume losses of the samples are
depicted in Fig. 5.5 (c). Variations in the current density of steel samples immersed in various

solutions were recorded as a function of time before, during and after the sliding test, as shown in
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Fig. 5.5(a). As illustrated, the current density before sliding for all samples tested in the brine and
various WBEs is around 0.038 pA/cm?, indicating a low electrochemical activity of the carbon
steel. When the sliding process started, anodic (positive) current densities of the samples were
detected as 3.99 pA/cm? and 3.78 pA/cm? respectively, for tests in the brine solution and WBE
(A1). In contrast, cathodic (negative) and anodic (positive) current densities of steel samples were
determined to be -6.08 pA/cm? and 0.038 pA/cm? when tested in WBE (A2) and WBE (A3),
respectively. As shown, there were initial sharp increases from 3.99 pA/cm? to 16.3 nA/cm? (brine)
and 3.78 pA/cm? to 6.8 pA/cm? (WBE (A1)), which can be attributed to the damage to the oxide
film (brine solution) or surface thin lubricating layer (WBE (A1)) by the moving counterpart, Si3N4
ball, resulting in bare steel surface exposed to the electrolyte. The 1018 carbon steel is a non-
passive alloy; when immersed in the 5% KCI solution, a porous and loose corrosion product layer
can form, composed of iron oxyhydroxide compound [215-217]. This porous rust layer cannot
resist further corrosion and the wearing force. Thus, as the wear started, the rust layer was removed
quickly, leading to exposure of fresh steel surface to the corrosive solution. This is why current
density increased sharply at the beginning of the sliding process. Other factors could also be
involved, e.g., the plastic strain caused by wear, which made the surface more anodic and thus
further raised the corrosion current. When carbon steel was immersed in WBE (A1) consisting of
mineral oil and surfactant, a thin oily film formed [179, 218-219] appeared as the yellowish areas
on the steel surface at the end of the sliding process. The film can be damaged during corrosive
wear, so the current density increased when the wear process started. Afterwards, the increase in
current density became slower until reaching 17.8 uA/cm? (brine) and 10.8 pA/cm? (WBE (A1))
during the sliding process. The added corrosion inhibitors in WBE (A2) and WBE (A3)

considerably lowered the current density value, especially PEG-6 isotridecyl phosphate in WBE
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(A2). As shown in Fig. 5.5(a), the current density for the sample immersed in WBE (A2) loading
with PEG-6 isotridecyl phosphate was cathodic (negative) and reached an approximate value of -
6.19 pA/cm? at the end of the sliding test. This observation indicates that the dissolution rate of
carbon steel is negligible, and no corrosion occurred on the worn surface of steel immersed in
WBE (A2) during the entire test. Once sliding stopped, without the wear-assisted corrosion, the
current density dropped due to the re-formation of the oxide or corrosion product layer on the wear
track of samples immersed in the brine solution or a thin oily film on that immersed in WBE (A1).
Since the oxide and oily films were porous or non-uniform, it could promote the galvanic effect,
which might be responsible for the slight increase in current density after the sliding process ended.
While in the solution with inhibitor, i.e., WBE (A2), the continuous re-formation or repairing of
the protective layer during sliding could lead to the negative current. Fatty acids and phosphate
esters are effective corrosion inhibitors for oilfield applications via forming protective films [220-
221]. When the sliding was stopped, the negative current approached zero, corresponding to the
completion of the film repairing, showing an increase in current density (from negative to zero) in
Fig. 5.5(a). The formation of the protective film was confirmed by surface characterization using
SEM-EDS and XPS, which showed that the protective lubricating film covered most areas of worn
surface immersed in WBEs with corrosion inhibitors.

Fig. 5.5(b) displays variations in COF of steel samples tested in various solutions, obtained
by simultaneously potentiostatic measurements during the tribo-corrosion tests. The COF values
of all samples immersed in the solutions increased rapidly at the beginning of sliding due to the
running-in between the pin and sample. The COF values became relatively stable over time.
Samples tested in the brine solution and WBE (A1) exhibited higher COF values (0.42 and 0.40)

and much larger volume losses (1.12 x 10 and 1.05 x 10® um?), compared to samples tested in
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Current Density (uA/cm?)

COF

WBEs containing corrosion inhibitors (WBE (A2) and WBE (A3)), which showed lower COF
values (0.19 and 0.28) and small volume losses (0.36 x 10° and 0.82 x 10° um?). The reduction in
COF should result from the lubrication effect of the corrosion inhibitors, which developed a

molecular protective film on the steel surface [222], helping decline the volume loss, as shown in

Fig. 5.5(c).
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Fig. 5.5 (a) Current density and (b) COF evolution versus the sliding time; (c) volume losses of
carbon steel samples immersed in the brine solution and various WBEs.

Fig.5.6 presents potentiodynamic polarization curves of the C-steel samples immersed in

the brine solution and various WBEs during tribo-corrosion experiments. This test was carried out

during the sliding process, which provides the information on the material's electrochemical
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responses and corrosion behavior under the influence of wear with and without corrosion inhibitors

at different sliding speeds.
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Solutions  Ecorr  icorr Corrosion Pa pc
(V) (uA/em?) rate (mpy) (V/decade) (V/decade)
Brine -0.76 5.69 2.61 0.074 0.126
WBE(AL) -0.75 3.56 1.62 0.055 0.088
WBE(A2) -0.67 1.31 0.60 0.052 0.057
WBE(A3) -0.79 2.02 0.92 0.058 0.076
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Fig. 5.6 Polarization curves (a) and electrochemical data (b) for steel samples immersed in the

brine solution and various WBEs during tribo-corrosion tests at sliding speeds 2 mm/s.

The potentiodynamic polarization tests were performed at a scan speed of 0.4 mV/s

between potentials of -250 mV to +250 mV around the OCP for each sample under the tribo-

corrosion condition to investigate the electrochemical response of the carbon steel under different

testing conditions. Fig. 5.6 (a) shows variations in cathodic (lower) and anodic (upper) branches,

influenced by the composition of the drilling fluids (see Table 5.2). For the brine solution, the

cathodic region is localized between -0.987 V and -0.767 V on the polarization curve. Within this

potential range, the current density exhibits a decreasing trend, indicating the occurrence of

reduction reactions at the electrode surface. The anodic branch starts at -0.767 V and extends to -

0.486 V. in this potential range, current density shows an increasing trend, suggesting the onset of
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oxidation reactions at the electrode surface. The situation is similar for WBE (A1), for which the
cathodic and anodic branches are close to those of the brine solution.

For solutions with the corrosion inhibitors, e.g., WBE (A2), the cathodic and anodic
branches moved towards more positive potentials. The cathodic branch is localized between -0.90
V and -0.678 V on the polarization curve, and the anodic branch is localized between -0.678 V
and -0.419 V. Such shift indicates the positive effect of the corrosion inhibitor in mitigating the
cathodic and anodic corrosion processes, thus protecting the surface from corrosion. For WBE
(A3), the cathodic and anodic branches move towards more negative potentials where cathodic
ranch is localized from -0.962 V to -0.797 V and anodic branch is localized between -0.797 V and
-0.474 V. For comparison regarding the inhibitors’ roles, WBE (A2) with PEG-6 isotridecyl
phosphate leads to dominant anodic inhibition with a more positive Ecorr and a lower icorr. While
WBE (A3) PEG-2 oleamide shows a dominant cathodic inhibition with a more negative Ecorr and
a lower icorr.

Relevant electrochemical parameters, including corrosion potential (Ecorr), corrosion
current density (icorr), corrosion rate, and anodic and cathodic Tafel slopes (Pa and fc), were
determined from the polarization curve through Tafel extrapolation techniques [223-225], as
presented in Fig. 5.6(b). As Fig 5.6(b) shows, both corrosion inhibitors, PEG-6 isotridecyl
phosphate in WBE (A2) and PEG-2 oleamide in WBE (A3), make the corrosion potential moved
to more positive and negative values, respectively. For WBE (A2), anodic inhibition was dominant
with a more positive Ecorr [226]. In contrast, a cathodic inhibition was dominant for WBE (A3),
showing a more negative Ecorr than that of the brine solution [227]. It can be seen that carbon
steel samples tested in the brine solution showed much higher icorr (5.69 pA/cm?) and corrosion

rate (2.61 mpy) than ones immersed in WBEs with the corrosion inhibitors. WBE (A2) exhibits
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the lowest icorr (1.31 pA/cm?) and corrosion rate (0.60 mpy) under the tribo-corrosion condition.
This suggests that PEG-6 isotridecyl phosphate, as a more effective corrosion inhibitor than PEG-
2 oleamide, can provide a remarkable capability to help suppress tribo-corrosion of the carbon
steel. When in a corrosive environment, the wear and friction processes can enhance the exposure
of the metal surface to the brine solution. The increased contact between the corrosive ions and
the metal surface accelerates oxidation, leading to higher anodic current densities.

In contrast, the corrosion inhibitors, especially PEG-6 isotridecyl phosphate in WBE (A2),
significantly affected the behavior of current densities where cathodic (negative) currents were
observed during tribo-corrosion tests. This is attributed to the formation of a protective film
induced by the inhibitor, which reduced the electrochemical reaction occurring on the steel surface.
The corrosion inhibitor could affect cathodic reduction reactions by decreasing the rate of electron
transfer via their adsorption onto the cathodic sites or by changing the reaction mechanism through
engaging in chemical reactions with the reactants involved in the electrochemical process, leading
to a cathodic current density during tribo-corrosion experiments. Thus, the cathodic current
detected for WBE (A2) indicates a reduction reaction occurring at the steel surface, where the
inhibitor may act as a cathodic protecting agent, consuming electrons and preventing the oxidation
of the metal.

In summary, the addition of corrosion inhibitors (WBE (A2) and WBE (A3)) markedly
affects both anodic and cathodic branches on the polarization curves, demonstrating strong
inhibition influence on involved corrosion process. This effect was observed through a reduction
in the cathodic and anodic current densities, indicating the retardation of the reduction reactions
and a decrease in the anodic dissolution of steel samples during the sliding process facilitated by

corrosion inhibitors.
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5.3.3.2 Effect of sliding speed on corrosion during tribo-corrosion test

Variations in current density before, during and after the sliding test at different sliding
speeds in the brine solution and various WBEs were measured and are depicted in Fig. 5.7. Figs.
5.7 (a) and (c) show high current fluctuations for samples tested in the brine solution and WBE
(A3), which can be ascribed to the repeated action of formation, destruction, and re-generating of
the loose oxide layer (brine solution) or less durable protective lubricating film (WBE (A3)) during
sliding against the counterpart. However, the fluctuations observed on all curves recorded for WBE
(A2) are smaller, resulting from the formation of a durable protective lubricating layer. From Fig.
5.7, it is also clear that the current densities for samples immersed in all solutions decreased
considerably with increasing the sliding speed, especially in the presence of corrosion inhibitors.
The highest current density value occurred at the lowest sliding speed (2 mm/s), more profound
for steel tested in the brine solution and WBE (A3), which showed anodic currents of +17.8
nA/cm?and +0.093 pA/cm?, respectively, while the cathodic current of -6.19 pA/cm? was recorded
for WBE (A2). Increasing the sliding speed (3.5 and 5 mm/s) resulted in much smaller current
densities for the samples immersed in various solutions. The decrease in current density reflects
lowered electrochemical activation of the steel, leading to deceased dissolution rate during the
sliding test [228]. This phenomenon shows the role of sliding speed in reducing tribo-corrosion of
carbon steel. The adsorption of a protective film on the sample surface (WBEs with corrosion
inhibitors) appeared facilitated by a larger sliding speed. During the sliding process, the best
performance was observed at 5 mm/s, where the current density values reached the lowest values:
+2.3 nA/cm? in the brine solution, -35.3 pA/cm? in WBE (A2) and -46.3 nA/cm? in WBE (A3).

However, further increasing the sliding speed (10 mm/s) did not further reduce the current density
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but showed an opposite effect, which could be attributed to an increase in the rate of damaging the
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Fig. 5.7 Variations in current density versus sliding time for samples immersed in (a) brine

solution, (b) WBE(A2) and (c) WBE(A3) at different sliding speeds: 2 mm/s, 3.5 mm/s, 5 mm/s

and 10 mm/s.
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Fig. 5.8 Polarization curves of steel samples immersed in (a) the brine solution, (b) WBE(A2)
and (c) WBE(A3) at four different sliding speeds, including 2, 3.5, 5 and 10 mm/s.

For further information, polarization curves and electrochemical kinetic parameters
obtained via potentiodynamic tests for carbon steel samples immersed in various solutions under
the tribo-corrosion condition at different sliding speeds (2, 3.5, 5 and 10 mm/s) with a contact load
of 10 N are shown in Fig. 5.8 and Table 5.3, respectively. Potentiodynamic polarization curves
were obtained once sliding action started. As shown, the electrochemical behavior of the steel
samples immersed in all solutions changed markedly with increasing the sliding speed. On the one
hand, the corrosion potential of all samples anodically shifted, where more significant shifts
occurred at higher speeds, but the 5 mm/s led to the largest shift. The more positive corrosion
potential at higher sliding speeds would lower the corrosion susceptibility in the solutions. On the
other hand, the current densities of steel samples tested in the brine, WBE (A2) and WBE (A3),

decreased considerably as the sliding speed increased, which was the most obvious at 5 mm/s.
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Table 5.3 Electrochemical parameters calculated via the Tafel extrapolation method for samples

immersed in the brine solution, WBE (A2) and WBE (A3) at four different sliding speeds.

Solutions Ecorr (V) icorr (WA/cm?) Corrosion rate (mpy) Ba (V/decade) Pc (V/decade)
Brine- 2 mm/s -0.76 5.69 2.61 0.074 0.126
Brine- 3.5 mm/s -0.77 5 2.29 0.054 0.077
Brine- 5 mm/s -0.63 2.88 0.97 0.031 0.020
Brine- 10 mm/s -0.74 3.22 1.26 0.036 0.081
WBE (A2)- 2 mm/s -0.67 1.31 0.60 0.052 0.057
WBE (A2)- 3.5 mm/s -0.60 1.08 0.49 0.010 0.018
WBE (A2)- 5 mm/s -0.35 0.44 0.20 0.011 0.017
WBE (A2)- 10 mm/s -0.37 0.60 0.28 0.011 0.011
WBE (A3)- 2 mm/s -0.79 2.02 0.92 0.058 0.076
WBE (A3)- 3.5 mm/s -0.71 1.83 0.85 0.051 0.058
WBE (A3)- 5 mm/s -0.63 0.97 0.43 0.024 0.019
WBE (A3)- 10 mm/s -0.70 1.18 0.68 0.012 0.013

According to Table 5.3, Ecorr shifted towards more positive values with increasing sliding
speed up to 5 mm/s in all three solutions. As shown later, the sliding speed affects the adsorption
rate of both corrosion inhibitors on the worn surfaces (see Table 5.4 in section 5.3.3.6). When the
speed was low, e.g., 2 mm/s, the protective film caused by the inhibitor formed slowly due to a
low adsorption rate, thus lowering the corrosion resistance, and leading to a positive current
density. As the sliding speed increased to 5 mm/s, the faster formation of the protective film (due
to the increased adsorption rate) reduced the attack by corrosive agents on the worn surface,
resulting in a negative current density. However, if the sliding speed continuously increased, the

current density would increase due to the faster wear action. The shift in Ecorr towards more
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anodic values is more profound for solutions containing corrosion inhibitors, especially PEG-6
isotridecyl phosphate in WBE(A2). In addition, maximum icorr values and corrosion rates were
observed for samples tested at the lowest sliding speed (2 mm/s), showing the poorest tribo-
corrosion resistance. Increasing the sliding speed to 5 mm/s reduced corrosion in all three solutions
with significant decreases in both icorr and corrosion rate, consistent with the results reported in
Fig. 5.8. Again, the sliding speed of 5 mm/s led to the lowest corrosion rate. However, the icorr

and corrosion rate rose again with the sliding speed increased from 5 mm/s to 10 mm/s.

5.3.3.3 The effect of sliding speed on Tribological behavior during tribo-corrosion tests

The obtained information on the influence of sliding speed on corrosion would help understand
how the sliding speed affected friction and wear of the steel during tribo-corrosion tests. COF and
average COF values of steel samples versus time in the brine solution, WBE (A2) and WBE (A3)
at different sliding speeds were determined and are depicted in Fig. 5.9. As shown, with increasing
sliding speed from 2 to 10 mm/s, COF of steel immersed in all tested solutions decreased. This
decrease in COF with increasing sliding speed could be related to surface film damage and re-
growth during tribo-corrosion. It should be mentioned that a higher sliding speed shortens the
contacting time between the target material and the counterpart, which also helped reduce COF
[54, 60, 229]. The COF showed the maximum at the lowest sliding speed (2 mm/s), where steel
samples immersed in the brine solution, WBE (A2) and WBE (A3), with their COF values equal
to 0.42, 0.19 and 0.28, respectively. When the sliding speed was increased to 3.5 mm/s, a
substantial drop in COF was observed, which was further reduced to the lowest values at the
highest sliding speed. At 10 mm/s, COF reached a value of 0.12 for the brine solution compared

to 0.03 and 0.08 for WBE (A2) and WBE (A3), respectively. Fig. 5.9 (a2, b2 and c2) also shows
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the striking effect of corrosion inhibitors, especially PEG-6 isotridecyl phosphate in WBE (A2),

on COF reduction at different sliding speeds.
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Fig. 5.9 Variations in COF as a function of sliding time and average COF values for (a1 and az)

brine solution, (b1 and b2) WBE(A2) and (c1 and c2) WBE (A3) at different sliding speeds.

After the sliding tribo-corrosion tests, volume losses of samples immersed in the brine, WBE

(A2) and WBE (A3) at different sliding speeds were determined using the 3D optical profilometer

(Fig. 5.10). As illustrated, volume loss increased with increasing the sliding speed, which was

valid for all the solutions. The highest volume loss was observed in the brine solution at all sliding

speeds. When tested in WBEs containing corrosion inhibitors (WBEs (A2) and (A3)), the volume
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loss values were significantly reduced at all sliding speeds. Among WBEs containing the corrosion

inhibitors, WBE (A2) with PEG-6 isotridecyl phosphate demonstrated the best performance.
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Fig. 5.10 Volume losses for steels immersed in the brine solution, WBE(A2), and WBE (A3) at
different sliding speeds.

5.3.3.4 Wear-corrosion synergy

The synergy between corrosion and wear may significantly increase the total damage to
materials. The wear-corrosion synergy can be determined by eq. (1), where Vtotal and Vw are
respectively the total volume loss and that caused by wear alone without corrosion involved. To
obtain Vw, a sliding test was carried out in DI water with the best corrosion inhibitor (PEG-6
isotridecyl phosphate). In this solution, corrosion is eliminated or minimized, while COF would
not be affected much when measured in the wet environment. The volume loss was measured using
an optical profilometer. For measuring volume loss caused by pure corrosion (Vc), the steel

samples were immersed in various solutions, and potentiodynamic polarization (PDP) tests were
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carried out for each sample under linear motion (2, 3.5, 5, and 10 mm/s) without sample-pin
contact. icorr was obtained through analyzing the PDP curves for each sample at different
conditions. Vc was then calculated by employing Faraday’s law as follows [230-231]:

v _icorrtM 5
c= nFp (2)

where icorr, t, M, n, F, p present the corrosion current density, experiment time, the atomic mass
of carbon steel, number of electrons that participated in the corrosion process, Faraday’s constant
(C.mol") and density of iron (g/cm?), respectively. Fig. 5.11 depicts Vtotal, Vw, Vc and Vsyn
(caused by wear-corrosion synergy) for samples immersed in the brine, WBE (A2) and WBE (A3)

at the different sliding speeds.
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Fig. 5.11 Total volume losses (Vtotal), volume losses by wear (Vwear or Vw), volume losses by
corrosion (Vcorr or Vc), and volume losses by wear-corrosion synergy (Vsyn) of samples

immersed in (a) brine, (b) WBE (A2), (c) WBE (A3), at different speeds.
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It should be indicated that eq. (2) gives the volume loss caused by pure corrosion without
wear involved. Icorr was obtained via analyzing the PDP curves for each sample under different
conditions, which was used to determine Vc. However, during the tribo-corrosion test, any
increment of corrosion caused by wear comes mainly from the wear track because other areas are
still under non-contact conditions. Thus, the increment in corrosion current during tribo-corrosion
would come from wear-assisted corrosion.

Fig. 5.11 shows Viotal, Vw, V¢, and Vsyn in three solutions at different sliding speeds. The
corrosion inhibitors, especially PEG-6 isotridecyl phosphate, effectively reduced corrosion (Ve),
thus the corrosion-wear synergy (Vsyn) and consequently the total volume loss (Vtotal). The
increases in Vtotal, Vw and Vsyn with increasing the sliding speed are expected since the tests were
performed with a fixed duration, so the sliding distance was longer for higher sliding speed.
However, Vc showed a different trend, which decreased with the sliding speed until 5 mm/s and
then slightly increased at 10 mm/s. The decrease in Vc should be ascribed to the influence of
sliding speed on the adsorption rate of inhibitor molecules on the steel surface as demonstrated in
section 5.3.3.5, where Table 5.4 shows that the higher adsorption of inhibitor molecules on the
steel surface occurred with increasing sliding speed up to 5 mm/s, confirmed by EDS and XPS
analysis that shows an increase in the amount of P and O with the sliding speed. The increase in
the adsorption rate corresponded to faster growth or repair of the protective film (containing

mineral oil + surfactant + corrosion inhibitor). As a result, corrosion could be reduced.

5.3.3.5 Adsorption isotherm

Tribo-corrosion performance of WBEs with corrosion inhibitors at various sliding speeds
is directly related to the adsorption behavior of inhibitor molecules on worn surfaces. To

understand the adsorption process on the metal surface, it is essential to calculate thermodynamic
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adsorption parameters. Langmuir isotherm model was employed to evaluate the adsorption of
corrosion inhibitors on surface of 1018 carbon steel. Fig. 5.12 displays that interfacial adsorption
of both corrosion inhibitors followed Langmuir isotherm (with above 0.99 regression coefficient),
indicating the generation of the single corrosion inhibitor-induced layer at the interface between
solution and carbon steel. Table 5.4 lists the parameters such as adsorption equilibrium constant
(Kads) and standard Gibbs free energy of adsorption (AG’ads), which can play a significant role in
determining the adsorption process (spontaneous or non-spontaneous) and the type of interaction
between corrosion inhibitors and the metal surface (chemisorption, physisorption, or both). The
change in the standard Gibbs free energy of adsorption (AG’ads) can be determined by Kads, which
is obtained from the relationship between corrosion inhibitor (Cinh) and inhibitor surface coverage
(0) as presented by egs. (3) and (4) [30]:

i°corr — icorr

0 = 3)

i°corr

T=p = Kaas X Cinn 4)
where 1°corr and icorr represent the corrosion current densities of samples immersed in the brine
solution and WBEs, respectively. The formula for the calculation of standard Gibbs free energy of
adsorption (AG’ads) is given by eq. (5) [201, 232]:

AG°,4s = —R T Ln (55.5 X Kg45) (5)
where T and R are temperature (K) and universal gas (Jmol-! K!), respectively. Table 5.4 displays

the calculated values of Kads and AG’ads for carbon steel experienced tribo-corrosion tests in WBE

(A2) and WBE (A3) at various sliding speeds, respectively.
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Fig. 5.12 Langmuir adsorption isotherm for carbon steel in (a) WBE (A2) and (b) WBE (A3) at

different sliding speeds.

According to Table 5.4, by increasing the sliding speeds to 5 mm/s, a noticeable
enhancement in Kads can be seen, especially for PEG-6 isotridecyl phosphate in WBE (A2),
suggesting more adsorption of inhibitor molecules on the surfaces during the sliding process. Thus,
a more protective lubricating layer could be generated on the steel surface at higher sliding speeds
within the speed range under study, providing improved tribo-corrosion resistance at higher sliding
speeds (see Figs. 5.7 ~ 5.9). Comparing the two corrosion inhibitors, PEG-6 isotridecyl phosphate
shows a much higher Kadgs value at any sliding speed, implying higher anti-tribo-corrosion
capability. The negative AG’ads values in Table 5.4 reveal that corrosion inhibitor molecules were
adsorbed on the steel surface. According to [233], if the AG’ads value is -20 kJ/mol ™! or less negative,
physisorption takes place between charges of corrosion inhibitor and steel surface; if AG’ads values
are equal to -40 kJ/mol™! or more negative, the adsorption belongs to chemisorption through

electron sharing. According to the AG’ads values for WBE (A2) in Table 5.4, which are between -
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23 and -27 kJ/mol ! at different sliding speeds, active species on the structure of PEG-6 isotridecyl
phosphate may be bound to the metal surface through both physical and chemical adsorption
mechanisms. While AG’ads values are noted to occur between -14 and -18, implying that the active

inhibiting species of PEG-2 oleamide could be bound to steel surfaces through physical reactions

[234-235].

Table 5.4 Langmuir adsorption isotherm parameters for WBE (A2) and WBE (A3) at a different

sliding speed
Solution Speed (mm/s) Kads (M) AG’ a4 (kJ. Mol?)
2 182.6 -23.1
WBE (A2) 3.5 306.1 -24.3
5 849.6 -26.8
10 473.8 -25.4
2 6.70 -14.7
WBE (A3) 3.5 10.1 -15.8
5 28.1 -18.4
10 14.1 -16.7

5.3.3.6 Surface characterization of worn samples

After tribo-corrosion tests, SEM-EDS and XPS techniques were employed to analyze the
worn surface and composition of layers formed on the wear track. Figs. 5.13 and 5.14 depict details

of the wear tracks produced in the brine and WBE (A2) at three different sliding speeds.
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Fig. 5.13 SEM images and EDS data of worn surface experienced test in the brine solution at
different sliding speeds (a) 2 mm/s, (b) 5 mm/s and (c) 10 mm/s.

As shown in Fig. 5.13, at 2 mm/s, the worn surface is covered by a loose and fragile oxide
layer due to the high content of oxygen detected on the wear track (13.66 wt.% to 18.48 wt.%). As
Fig. 5.13 (a) illustrates, the wear track comprises deep grooves, microcracks, wear debris and
agglomeration of corrosion products caused by corrosive wear. The EDS analysis on regions (a1)
and (az) shows that the oxide layer formed on the wear track is rich in oxygen and iron, suggesting
that the oxide layer is composed of iron oxyhydroxide (FEOOH) [215]. The EDS analysis also

reveals high percentages of corrosive ions such as chlorine (0.33 and 0.74 wt.%) and potassium
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(0.03 and 0.05 wt.%). The oxide layer on carbon steel is easily destroyed by wear in the corrosive
solution. According to Fig. 5.13 (b, c), less oxygen was detected on the wear tracks at higher
sliding speeds, which are relatively less rough with fewer signs of corrosion debris and
microcracks. The EDS analysis confirmed that the concentrations of oxygen on the worn surface
are between 4.89 wt.% and 10.72 wt.% with lower amounts of chloride (0.10 to 0.30 wt.%) and
potassium (0.01 to 0.04 wt.%) at 5 mm/s (regions (b1) and (b2)) and 10 mm/s (regions (c1) and
(c2)). The reduced amounts of oxygen and corrosive ions on sample surfaces tested at speeds of 5
and 10 mm/s are consistent with the results shown in Figs. 5.7-5.9, representing lower anodic
dissolution rates of iron at the higher sliding speeds within the speed range under study.

SEM-EDS results for worn surfaces tested in WBE (A2) at three various sliding speeds are

shown in Fig. 5.14.
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Fig. 5.14 SEM images and EDS data of worn surfaces tested in WBE (A2) at different sliding
speeds (a) 2 mm/s, (b) 5 mm/s and (c) 10 mm/s.

SEM-EDS analysis (Fig. 5.14) reveals that a protective lubricating film was generated on
the worn surfaces, and its uniformity and composition varied with the sliding speed. Fig. 5.14 (a)
indicates the formation of a non-uniform and sporadic protective lubricating layer (e.g., regions
(a1), (a2) and (a3)) in different locations of the worn surface tested at the sliding speed of 2 mm/s.
The EDS results show that the three selected regions ((a1), (a2) and (a3)) mainly have iron (79.2 to
83.7 wt.%), oxygen (9.20 to 12.9 wt.%), carbon (6.22 to 7.18 wt.%) with low phosphorous content
(0.08 to 0.21 wt.%), suggesting the formation of a protective lubricating film on the worn surface
during the tribo-corrosion tests. Corrosive ions were also detected on the wear track, which were
more detected in the areas without the protective film (region (a4)). Corrosive agents can penetrate
the material in the regions uncovered by the protective layer (0.01 wt.% P, 0.86 wt.% O and 5.15
wt.% C). As the sliding speed increased to 5 mm/s (Fig. 5.14 (b)), a uniform, relatively smooth,
and continuous protective lubricating film developed, which covered most areas of the wear track,
thus helping reduce corrosion and wear-corrosion synergy. According to EDS results (regions
((b1), (b2) and (b3)), the protective lubricating film resulting from the corrosion inhibitor on the

worn surface showed significant increases in oxygen (23.9 to 25 wt.%), carbon (6.92 to 8.94 wt.%)
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and phosphorous (0.31 to 0.47 wt.%). The higher concentrations of these elements are a sign of
forming a better protective layer at a higher speed (5 mm/s), in accordance with the results obtained
from the adsorption isotherm (Fig. 5.12 and Table 5.4 in section 5.3.3.5), where the adsorption rate
of corrosion inhibitors on the worn surface increased with sliding speed. This consequently
enhanced adsorption, leading to improved protection against wear and corrosion. However, less
coverage of protective lubricating film occurred again with further increasing the sliding speed to
10 mm/s (see Fig. 5.14 (¢)), which may also be confirmed by reduced amounts of oxygen (17.9
and 18.7 wt.%), carbon (7.38 and 7.88 wt.%) and phosphorous (0.26 to 0.40 wt.%) as determined
in regions (c1) and (c2) by EDS analysis.

XPS analysis was performed for more information on the composition of the protective
lubricating layer or film formed on the worn surfaces with respect to the sliding speed. Fig. 5.15
depicts the XPS survey spectra (0-1100 eV) of worn surfaces tested in WBE (A2) containing PEG-
6 isotridecyl phosphate at 2 and 5 mm/s. As shown in Fig. 5.15, the main elemental compositions
of the protective layer formed on the wear tracks at 2 and 5 mm/s include Fe, O, C and P. The
presence of the P 2p signal at both sliding speeds clarifies that the corrosion inhibitor was
successfully adsorbed on the worn surface, improving the tribo-corrosion performance of the steel
during the sliding process. Furthermore, no corrosion products with, e.g., Cl and K elements were
found on the worn surface at two sliding speeds, indicating that corrosion inhibitor effectively
prevented corrosion. A comparison between the situations corresponding to 2 and 5 mm/s indicates
that the intensity of O Is peak was enhanced with increasing the sliding speed; the atomic
percentage of O element detected on the worn surface increased from 23.83 % (2 mm/s) to 26.61%
(5 mm/s). In addition, the atomic percentage of P 2p detected on the worn surface after the tribo-

corrosion test showed an increase from 2.99 % at 2 mm/s to 4.14 % at 5 mm/s. The increase in
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atomic percentages of O and P, because of their presence in the structure of PEG-6 isotridecyl

phosphate, can be considered as an indication of more adsorption of molecules in the protective

layer on the wear track, which occurred with increasing the sliding speed, leading to better

protection for the steel against tribo-corrosion.
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Fig. 5.15 XPS survey spectra of worn surface immersed in WBE (A2) at two different sliding

speeds (a) 2 mm/s and (b) 5 mm/s.
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Fig. 5.16 High-resolution XPS spectra of worn surface tested in WBE (A2) at 5 mm/ for P 2p, C
Is, O Is and Fe 2p.

High-resolution XPS spectra of P 2p, C 1s, O 1s and Fe 2p were also recorded from the worn
surface immersed in WBE (A2) at 5 mm/s to determine the characteristic bonds and related
composition of each element, results of which are depicted in Fig. 5.16.

Using Gaussian—Lorentzian fitting, high-resolution P 2p signal (Fig. 5.16 (a)) can be
deconvoluted into two peaks at 134.34 and 135.38 eV, attributing to P=0O and P-O bonds in the
corrosion inhibitor of PEG-6 isotridecyl phosphate, respectively [236]. Fig. 5.16 (b) depicts four
deconvoluted peaks for C 1s spectra at different binding energies. The peak at a binding energy of
285.54 eV is related to C-C and C-H bonds due to the long hydrocarbon chain in the PEG-6
isotridecyl phosphate molecule. The binding energy of 286.33 eV corresponds to the C-O-P group.
The intense peak with the highest carbon concentration was detected at 287.14 eV, which belongs
to the ether group (C-O-C), while a broad and small peak recorded at 288.59 eV is associated with
C-O bonding, which is a minor contributor to C 1s band [237-238]. The O 1s spectrum of the worn
surface is deconvoluted into four components, as illustrated in Fig. 5.16 (c), which are related to
Fe-O, P=0, O-C and P-OH at the binding energies of 530.27, 532.22, 533.81 and 534.83 eV,

respectively [239-241]. The deconvolution of the Fe 2p region (Fig. 5.16 (d)) shows six peaks at
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lower and higher binding energies. Two peaks at binding energies of 707 eV for Fe 2p3/2 and
720.21 eV for Fe 2p1/2 can be attributed to Fe in the Fe-P bond, representing the grafting of
corrosion inhibitor successfully on the worn surface during the tribo-corrosion test. Moreover, the
peaks obtained from the deconvolution of Fe 2p at binding energies of 711.39 eV (Fe 2p32) and
724.79 eV (Fe 2p12) can be ascribed to iron oxidized species caused by surface oxidation, such as
Fe203 and Fe-OH. Besides, the satellite peaks for Fe 2p32and Fe 2pizat 714.29 eV and 727.53 eV
are identifiable [179, 242-244]. Therefore, XPS data confirm the chemisorption of corrosion
inhibitor on the worn track during the sliding process in the solution, which is consistent with

SEM-EDS results.

In summary, the enhanced physical and chemical adsorption of corrosion inhibitors on the steel
surface with increasing the sliding speed should be ascribed to the increased number of adsorbed
molecules on the surface. As a result, a protective lubricating film could be generated more quickly
than at higher speeds, leading to better protection against tribo-corrosion, which was observed
experimentally (adsorption, morphology, and composition of worn surface; see Table 5.4 and Figs.
5.14 and 5.15). However, such a trend is valid only within a limited sliding speed range. As the
sliding speed exceeds a certain level, the situation is reversed, i.e., the tribo-corrosion is promoted

as the sliding speed is continuously increased.

5.3.4 Tribo-corrosion mechanism of the carbon steel immersed in different solutions

The SEM, EDS, and XPS analyses on the worn surface tested in the brine solution showed that
an oxide layer composed of oxidized iron species such as Fe2O3 and Fe-OH formed on the wear
track of 1018 carbon steel under the tribo-corrosion condition. With the onset of the sliding process

at 2 mm/s, initiation and accumulation of corrosion products and wear debris occurred on the oxide
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layer. During sliding, the layer generated on the worn surface would be damaged or removed easily
because of generally weak and porous iron oxide. This led to fresh metal surfaces being exposed
to wear and corrosion. With increasing the sliding speed, the formation of oxide could be
accelerated, leading to increased coverage of the oxide film, which should be thinner due to the
faster sliding of the counterpart. A thinner film could have stronger adherence to the substrate
since the interfacial mismatch stress between the substrate and the film increases with the film’s
thickness until saturation [245]. This could help maintain a relatively larger coverage, although the
faster sliding of the counterpart may enhance the damage to the film. However, further increasing

the sliding speed can lead to a negative effect as the damage rate exceeds a critical level.

The tribo-corrosion resistance of steels immersed in the WBEs containing PEG-6 isotridecyl
phosphate was considerably enhanced due to the formation of a protective lubricating layer
composed of corrosion inhibitor molecules. The PEG-6 isotridecyl phosphate can be adsorbed
physically (electrostatic adsorption between protonated molecules of corrosion inhibitors and
charged steel surface) and chemically (sharing lone pair electrons of heteroatoms located on
corrosion inhibitors (oxygen and phosphorous) with unoccupied orbitals of iron atoms. Fig. 5.17
schematically illustrates the adsorption of the PEG-6 isotridecyl phosphate molecule on the carbon
steel surface. The corrosive chloride ions (CI ) in the WBE (A2) can be adsorbed electrostatically
on the positively charged steel substrate. With an attractive electrostatic adsorption process, the
protonated molecules of PEG-6 isotridecyl phosphate are attached to the pre-adsorbed anions on
the steel surface; the inhibitor molecule can generate physically adsorbed film on the steel surface.
Besides, according to Fig. 5.1, a PEG-6 isotridecyl phosphate molecule has a number of oxygen
heteroatoms with one phosphorus heteroatom in its structure. These heteroatoms can share their

lone pair electrons with unoccupied orbitals of iron atoms, resulting in the chemical adsorption of
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PEG-6 isotridecyl phosphate molecules on the steel surface via their coordinate covalent bonds
with iron atoms.

Protonated Neutral

1018 carbon steel

Fig. 5.17 Schematic tribo-corrosion mechanism of 1018 carbon steel immersed in WBE (A2)
containing PEG-6 isotridecyl phosphate.

While forming protective films on the steel surface reduces chemical and mechanical
interactions, the sliding speed can affect the kinetics of tribo-corrosion attack on the material. Once
the sliding starts, the protective lubricating film is mechanically damaged, removed, or partially
removed, resulting in increased material loss. The protection capability of the inhibitor film is
influenced by the sliding speed. At low sliding speed, the worn surface was protected by a thin
protective layer which covered some areas of the wear track, as shown in Fig. 5.14 (a). An increase
in sliding speed to 5 mm/s increased the coverage of the protective film, as illustrated in
Fig.5.14(b), and EDS, XPS and Langmuir adsorption isotherm confirmed the increased adsorption
at 5 mm/s. However, as the speed was increased to 10 mm/s, the surface coverage was reduced,
accompanied by a decrease in the tribo-corrosion resistance. The mechanism for the effect of
sliding speed on anti-tribo-corrosion of the steel in WBE (A2) and WBE (A3) could be similar to
the situation of test in the brine solution as discussed earlier (forming a protective layer, breakdown

and re-forming). The only difference is that in the brine solution, the formed film is iron oxide,
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while in WEB (A2) and WBE (A3) containing the corrosion inhibitors, the formed film came from

the adsorbed inhibitor’s molecules (PEG-6 isotridecyl phosphate and PEG-2 oleamide) which

build a protective barrier for the steel substrate.

5.4 Conclusions

The effect of PEG-6 isotridecyl phosphate in emulsion-based drilling fluid on the tribo-

corrosion of 1018 carbon steel was investigated and compared with that of PEG-2 oleamide. Since

the protection of the inhibitor involves damage and regrowth of a protective film, the influence of

the sliding speed during corrosive sliding wear tests on the performance of the inhibitor was

studied experimentally. The following conclusions are drawn:

1-

The study on the turbidity and zeta potential revealed that the most stable emulsion-based
drilling fluid was obtained by adding a small amount of surfactant (5%), PEG-6 isotridecyl
phosphate of a high concentration (30%) and mineral o0il (65%) to the brine solution.
Potentiostatic, potentiodynamic and COF tests demonstrated that the two corrosion inhibitors
in the drilling fluids notably reduced current density, corrosion rate, friction and wear of 1018
carbon steel at all sliding speeds. PEG-6 isotridecyl phosphate performed better than PEG-2
oleamide.

With increasing the sliding speed from 2 mm/s to 5 mm/s, electrochemical parameters such as
the corrosion rate decreased. Continuously increasing the sliding speed to 10 mm/s did not
further reduce the corrosion rate. However, COF values of carbon steel immersed in various
solutions considerably reduced as the sliding speed increased from 2 to 10 mm/s.

PEG-6 isotridecyl phosphate added in WBE (A2) was more influential in suppressing the wear-

corrosion synergy than other solutions due to its effectiveness in reducing corrosion.
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5- The PEG-6 isotridecyl phosphate molecule is adsorbed physically and chemically on the worn
surface, proved by the Gibbs free energy calculation, SEM-EDS and XPS analysis. These tests
also demonstrated that more inhibitor molecules adsorbed on the steel surface with an increase
in sliding speed up to 5 mm/s. This could be the reason for obtaining the best tribo-corrosion

performance of 1018 carbon steel at 5 mm/s.
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Chapter 6 Influence of contact forces and electrochemical potential on tribo-
corrosion protection of 1018 carbon steel in the drilling fluids by in-situ

electrochemical techniques®

6.1 Introduction

Tribo-corrosion, which can negatively affect the durability of drilling equipment, is a severe
concern for the drilling industry [181,246-250]. Wear can exacerbate the corrosion rate of metallic
equipment in drilling fluids by breakdown or eliminating the protective surface layer through
mechanical actions. This can lead to the creation of rough surface areas, which can ultimately
cause the plastic deformation of drilling equipment. Corrosion, on the other hand, can influence
the wear process by facilitating the initiation of pits and propagation of cracks on the steel surface.
The combined impact of wear and corrosion accelerates the deterioration of drilling equipment,
reducing their performance and lifespan, and raising maintenance costs [19-21, 24, 230, 251]. To
tackle this problem, it is crucial to comprehend the tribo-corrosion performance of drilling
equipment under different conditions for optimizing drilling operations and improving equipment

efficiency, resulting in both scientific and economic benefits.

Metallic equipment’s tribo-corrosion performance is affected by multiple interdependent
variables, such as environmental factors (temperature [252], humidity [252], pH [253], and

corrosive ions [254]), material properties (composition [27], microstructure [255], hardness [29]),

> A version of this chapter will be submitted. M.j. Palimi, Y. Tang, S. E. Mousavi, V. Alvarez, E.
Kuru, W. G. Chen, D.Y. Li, Influence of contact forces and electrochemical potential on tribo-
corrosion protection of 1018 carbon steel in the drilling fluids by in-situ electrochemical

techniques, Electrochemical Acta.
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surface finish (roughness [29],), sliding velocity [256], applied forces [31] and electrochemical
potentials [32]. The type and degree of material damage during drilling operations can be
considerably impacted by the aforementioned factors. Among these variables, the sliding force and
electrochemical potentials are controllable parameters which can be adjusted to influence the rate
at which tribo-corrosion occurs and ultimately mitigate damage to the drilling components [31-
32]. Thus, it is imperative to control and regulate these interrelated factors to preserve the

durability and integrity of drilling equipment.

Contact forces play an essential role in the tribo-corrosion resistance of metallic equipment,
leading to mechanical wear and surface deformation. During the sliding process, the contact
pressure between two rubbing surfaces generates a friction force that can lead to the removal of
surface material and the formation of microscopic defects such as cracks, ploughs, and grooves.
The occurrence of such defects can cause a greater surface area to be exposed to aggressive media,
accelerating the corrosion process, and ultimately contributing to the deterioration and failure of
the metallic drilling equipment with fatal consequences. Furthermore, heat can be produced by
friction sliding, which can aggravate the corrosion process by heightening electrochemical
reactions on the surface of drilling equipment. This problem can be further exacerbated by the
creation of abrasive particles or contaminants during sliding wear, which enhances the wear rate
and exposes a larger surface area of metals to the corrosive agents [19,21,24,30, 34-37,249,257].
The applied electrochemical potential determines the direction and magnitude of electron transfer
at the interface between metal and electrolyte, leading to changes in the electrochemical potential
of the electrode. These variations in electrochemical potentials can substantially impact the tribo-
corrosion rate of metallic equipment during drilling operations. Indeed, depending on the

electrochemical potential of the electrode (the electric potential difference between the metal
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electrode and electrolyte solution), metallic drilling equipment may be protected cathodically or
dissolved anodically [39,258-259]. Thus, optimizing the tribo-corrosion resistance of drilling
components and prolonging the material lifespan in harsh environments can be obtained by

controlling the sliding force and electrochemical potential.

As a cost-effective and prospective approach, corrosion inhibitors are introduced into drilling
fluids to increase the tribo-corrosion performance of drilling equipment [30,246, 260-262].
Previous chapters have detailed the adsorption mechanism of corrosion inhibitors and elucidated
how they can generate an inhibitive barrier film at the metal-electrolyte interface through physical
and chemical reactions. Thus, combining corrosion inhibitors and techniques like controlling the
applied force and electrochemical potential can provide superior protection of drilling equipment

against tribo-corrosion.

This chapter investigates the effect of two important parameter such as contact forces and
electrochemical potentials on the tribo-corrosion performance of 1018 carbon steel immersed in
drilling fluids containing corrosion inhibitors through tribo-corrosion experiments. The wear
tracks were then examined using SEM, EDS, XPS, and optical profilometer to evaluate worn

surface morphology, chemical composition, volume loss, and specific wear rate.

6.2 Materials and experiments

6.2.1 Materials and emulsion-based drilling fluids preparation

Chapter 6 reports a study on the effect of sliding force and electrochemical potential on Tribo-
corrosion performance of 1018 carbon steel immersed in water-based emulsion drilling fluids
(WBEs) containing three different corrosion inhibitors Glycerol myristate, PEG-2 oleamide, and

PEG-6 isotridecyl phosphate. Figs 2.1 and 5.1 show the molecular structures of three corrosion
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inhibitors employed in this chapter. In the earlier chapters, we detailed both the ingredients utilized
in formulating WBEs and the process of their preparation. Table 6.1 lists the formulated water-
based emulsions (WBEs) as the drilling fluids for this chapter, which prepared based on the

turbidity values and zeta potential data explained in chapter 5.

Table 6.1 Water-based emulsions (WBEs) for the current research

Solution Ingredient

WBE (B0)  Brine solution as a reference solution: 5 gr KCI in 95 ml DI water [103-104]
WBE (B1) 0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% Glycerol myristate) in 99.9 g brine solution
WBE (B2) 0.1g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-2 oleamide) in 99.9 g brine solution

WBE (B3) 0.2 g (65% Mineral oil + 5% TERGITOL NP-9 + 30% PEG-6 isotridecyl phosphate) in 99.9 g brine solution

6.2.2 Experiments

The tribo-corrosion performance of carbon steel plates immersed in various WBEs was studied
using a linear-reciprocating module of a pin-on-disc tribometer connected to a three-electrode
electrochemical workstation. A schematic illustration of the experimental set-up for the tribo-
corrosion tests can be seen in Fig. 3.1. All the tribo-corrosion tests were carried out under the

following conditions:

1- Linear motion of 4 mm Si3N4 ball on the carbon steel surface (distance of 3 mm) at various
sliding forces (2, 4, 8 and 10N) under anodic applied potential 0.001 V from the open circuit

potential (OCP) and sliding speed 2 mm/s.
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2- Linear motion of 4 mm Si3N4 ball on the carbon steel surface (distance of 3 mm) at the
selected potentials (-0.3, -0.1, 0, 0.1 and 0.3 V vs OCP) following the measured polarization

curves under a load 10 N and sliding speed 2 mm/s.

Before conducting the tribo-corrosion tests, the steel samples were immersed in the brine and
various WBEs, for an hour to reach a steady OCP under their respective conditions. After a stable
OCP, the current density evolution was recorded before, during and after the sliding wear process
to investigate the effect of sliding force and potentials on the tribo-corrosion behavior of the carbon
steel tested in different WBEs. Meanwhile, the evolution of COF as a function of sliding time was
monitored during the tribo-corrosion experiments. EIS technique was employed after conducting
potentiostatic experiments to investigate the effect of mechanical wear on the electrochemical
behavior of steel immersed in different WBEs at various levels of applied forces and potentials.
EIS was carried out at OCP with an alternating current (AC) amplitude of + 10mV over 100 kHz
to 10 mHz. The potentiodynamic polarization tests were performed at a scan speed of 0.4 mV/s
between potentials of -250 mV to +250 mV around the OCP for each sample under tribo-corrosion

conditions.

After the tribo-corrosion tests, the wear tracks of steel plates under various sliding forces and
potentials were checked using an optical profilometer (Zegage 3D Middlefield model) to measure
the total volume of wear tracks caused by tribo-corrosion. The specific wear rate (W) in pm3*/Nm

was calculated using equation (1) [180,263]:

W=— )

where V, d and F represent the total volume loss (um?), the entire sliding distance (m) and the

normal load (N), respectively. All worn surfaces' surface morphological features and chemical
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composition were characterized by field-emission scanning electron microscopy (FE-SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS) from Sigma, Germany. X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra model) was used to analyze further the
chemical composition, chemical bonds and tribo-corrosion mechanisms of the steel samples tested

in different solutions.

6.3 Results and discussion
6.3.1 Tribo-corrosion behavior under different sliding forces
6.3.1.1 Potentiostatic tribo-corrosion tests
Fig. 6.1. displays the current density evolution with time for 1018 carbon steels immersed in

the brine and different WBEs with four various applied loads (2, 4, 8 and 10 N).
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Fig. 6.1. Evolution of the current density versus the sliding time for carbon steel samples before,
during and after potentiostatic tribo-corrosion tests in the (a) brine, (b) WBE (Bl), (c) WBE (B2)
and (d) WBE (B3) at different loads.

As shown in Fig. 6.1, before sliding, the current density values for the samples were negligibly
close to zero over time, so that there was no considerable electrochemical reaction occurring on
the steel surfaces. When sliding started, changes in current density values were observed under
various applied forces for samples immersed in the brine solution and WBEs containing corrosion
inhibitors. As shown in Fig. 6.1a, samples immersed in the brine solution under four applied loads
experienced a sudden increase in current values as the sliding starts, followed by a decrease. The
initial increase in current density values is likely due to the mechanical removal of the pre-formed
oxide layer on sample surface or the anodic dissolution of worn surfaces. In contrast, the decrease
in current density reflects the generation of a new oxide layer on the sample surface that acts as a
barrier to limit further exposure to the corrosive solution. However, as the sliding continued, the
oxide layer could become easily damaged or removed, leading to a second increase in current
values. Conversely, for samples immersed in the solutions containing corrosion inhibitors,

especially PEG-6 isotridecyl phosphate, a sharp decrease in current density values was monitored
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with time, which was more pronounced at lower sliding forces. This observation illustrates the
influential role of corrosion inhibitors in reducing the electrochemical reaction occurring on the
steel surfaces during sliding by forming a protective film on the metal surface. Afterwards, the
currents increased steadily with time due to the localized damage to the protective film during the
tribo-corrosion experiments. Once the sliding stopped, the current density values for samples

immersed in different solutions at four sliding forces approached the initial levels before sliding.

Fig. 6.1a-d also reveal the remarkable impact of sliding force on the tribo-corrosion behavior of
steel samples immersed in the tested solutions. The minimum current density values were recorded
at the lowest applied sliding force (2N) for different solutions. As the sliding force increased from
2 to 10 N, the current density values gradually increased and reached the maximum values: +16.9
HA in the brine solution, +2.06 pA in WBE (B1), +0.09 pA in WBE (B2) and -6.8 pA in WBE
(B3), respectively. This shows that larger contact forces lead to increased corrosion, which can be
attributed to increased mechanical wear and the increased contact area between the steel sample

and the counterpart, resulting in more material loss.

6.3.1.2 Electrochemical impedance spectroscopy characterization

EIS tests were performed before and after applying different sliding forces on the surface
of steel samples immersed in the brine solution and WBEs containing corrosion inhibitors to
acquire useful information regarding the effect of force on the electrochemical behavior of the
carbon steel. Fig. 6.2 exhibits the Nyquist plots measured after 1200 s sliding under applied forces,

compared to non-loaded surfaces.
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Fig. 6.2. Nyquist diagrams for carbon steel plates immersed in the brine solution (a), WBE (B1)

(b), (c) WBE (B2) (c) and WBE (B3) (d), at loading and unloading conditions. The measured

data point is depicted as certain marker styles, while solid curves show the fitted curves.

The recorded impedance spectra for steels immersed in various solutions exhibit imperfect

semicircles with either one capacitive loop (brine solution) or two capacitive loops (WBEs) whose

diameter decreases notably after applying sliding forces during the tribo-corrosion test. This

reduction in diameter is increasingly pronounced, with an increase in contact force recorded during

tests in all tested solutions. This reduction suggests potential damage to the oxide layer (brine

solution), or protective layer (WBEs) formed on the worn surface, increasing the metal surfaces'

active sites and thus decreasing their tribo-corrosion resistance. Comparing different solutions,

only one time constant (double layer) can be observed in the Nyquist plot of steel immersed in a

brine solution. In contrast, a new time constant appeared at a high frequency for samples tested in

different WBEs, indicating a protective layer on the steel surface. The distinctive two times
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constants are visible in Nyquist plots of the steel samples immersed in WBE (B3) for all contact
forces, revealing an effective protective film formed on the worn surface. Different impedance
parameters, including Rs (solution resistance), Ret (charge transfer resistance), R (film resistance),
Rt (total resistance), CPEa (constant phase element of a double layer), CPEr (constant phase
element of a film) and 1 (corrosion inhibition efficiency) were obtained by interpreting the EIS

data with equivalent electrical circuits shown in Fig. 6.2 and are reported in Table 6.2.

Table 6.2 Electrochemical parameters extracted from impedance data for the carbon steel samples

immersed in the brine solution and various WBEs at different sliding forces.

Solution Force (N) Ret CPEa Rr CPE¢ Re=(Ret+ Ry) n
(KQ.cm?) Yo (2 L.em—2) n (KQ.cm?) Yo (Q L.em-?) n (KQ.cm?) %
0 1.78 507.2x10%° 0.79 - - - 1.78 -
2 1.59 636.7x10°¢ 0.81 - - - 1.59 -
Brine 4 1.57 705.7x10°6 0.83 - - - 1.57 -
8 1.38 720.7x1076 0.79 - - - 1.38 -
10 1.13 796.1x106 0.83 - - - 1.13 -
5.14 133.5x10°¢ 0.71 0.030 510.9x10° 0.98 5.17 66
2 4.22 133.1x10°¢ 0.78 0.024 25.2x10°¢ 0.72 4.24 63
WBE (B1) 4 3.49 147.1x10°¢ 0.76 0.020 38.32x10¢ 0.70 3.51 55
8 2.32 263.5%106 0.76 0.017 70.01x107° 0.68 2.34 41
10 1.75 400.6x10° 0.79 0.012 182.8x10°¢ 0.71 1.76 36
0 5.49 100.0x10¢ 0.90 0.040 21.5%10°¢ 0.68 5.43 68
4.87 170.7x10°¢ 0.74 0.030 71.18%x10°6 0.58 49 67
WBE (B2) 4 4.14 187.1x10°¢ 0.72 0.027 26.6x10 0.76 4.17 62
8 2.82 233.3x10°¢ 0.73 0.021 5.1x10°¢ 0.97 2.84 51
10 2.01 355.5x10°¢ 0.79 0.018 76.32x10°6 0.73 2.02 44
0 11.17 65.7x10°¢ 0.70 0.91 1.91x10°¢ 0.72 12.08 85
2 7.92 80.5x10° 0.74 0.86 15.7x10¢ 0.49 8.78 82
WBE (B3) 4 6.22 118.3x10°¢ 0.66 0.81 4.18x107° 0.64 7.03 78
8 5.74 148.6x10°¢ 0.64 0.65 1.90x10¢ 0.73 6.39 78
10 3.70 175.1x10°¢ 0.74 0.67 1.71x10°¢ 0.76 437 74
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Table 6.2 summarizes that how the increase in contact force resulted in the reduction of Ret and Rt
for all samples immersed in the tested solutions. The minimum resistance values (Ret, Rt, Rt) were
obtained at higher contact forces, indicating an increase in the severity of the tribo-corrosion
process due to higher contact pressure between the steel surface and ball in various solutions,
which can lead to increased electrochemical activity. In addition, the highest and lowest inhibition
efficiencies (1) were obtained for samples tested under unloading conditions and a force of 10 N,
respectively. According to Table 6.2, the incorporation of three corrosion inhibitors into the
solutions, compared to the brine solution, resulted in higher resistance values under all contact
forces under study, demonstrating their effectiveness in reducing the severity of the tribo-corrosion
process and providing protection to the steel surface against both mechanical wear and chemical
corrosion. PEG-6 isotridecyl phosphate showed the best performance among the corrosion
inhibitors, with the highest resistance values (Rct, Rf, Rt) and corrosion inhibition efficiency values

obtained.

6.3.1.3 Friction and wear study
Variations in COF and average COF values of the samples under different contact forces

are shown in Fig. 6.3.
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Fig. 6.3. Variations in COF versus sliding time and average COF values for (a) brine solution,

(b) WBE (Bl), (c) WBE (B2) and (d) WBE (B3) under different contact forces 2, 4, 8 and 10 N.

According to Fig. 6.3, COF displayed a similar decreasing trend with increasing sliding forces in
all solutions. Increasing the contact force enhances the contact points between the steel surface
and the S13N4 ball. This leads to a larger contact area and more interactions between two surfaces.
Thus, when more interactions occur between the two surfaces, the interfacial energy barrier can
be reduced, ultimately reducing COF. Fig. 6.3a shows that as the applied force enhanced from 2
to 10 N, the average COF values for the tested samples in the brine solution decreased from 0.49
to 0.42. The addition of corrosion inhibitors largely reduced the average COF values of carbon
steel in various WBEs (Fig 6.3b-d). For WBE (B1), the average COF values decreased from 0.17
to 0.15 as the force increased from 2 to 10 N; while for WBE (B2) and WBE (B3), the average

COF values decreased from 0.33 to 0.28 and from 0.22 to 0.19, respectively.

After tribo-corrosion tests, we utilized the 3D optical profilometer to measure the total
volume losses and specific wear rate of the steel samples tested in the different solutions under
applied forces (Fig. 6.4). The results present that the total volume loss and specific wear rate of
steels immersed in the WBEs containing corrosion inhibitors, especially WBE (B3), were

noticeably lower compared to those tested in the brine solution alone. This finding may be ascribed
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to the robust lubrication effect of the corrosion inhibitors, which facilitate the development of a

molecular protective film on the surface of the steel. This protective film can reduce the volume

loss and wear rate, as depicted in Figure 6.4a-d. Similarly, the best anti-wear performance was

observed at the lowest contact force of 2 N, with the minimum values of total volume loss and

specific wear rate. The results confirm that the wear resistance of samples immersed in all tested

solutions can be weakened by increased contact forces, as indicated by the increased volume loss

and wear rate. This observation is likely due to the higher contact pressure between the sliding

surfaces at higher applied forces, leading to more significant deformation and damage to the worn

surface. Therefore, the electrochemical reactions between the surfaces and the environment can be

intensified, causing an increase in the material removal or wear, and corrosion rate, which is

consistent with the electrochemical data recorded in Figures 6.1 and 6.2.
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Fig. 6.4 Total volume losses (um®) and specific wear rate (um*/Nm) of samples worn in the brine

solution (a), WBE (B1) (b), WBE (B2) (c), and WBE (B3) (d) under four different contact forces.
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6.3.1.4 Wear-corrosion synergy
The combined effect of corrosion and wear can markedly impact material removal. Eq. (2) can be

used to examine the synergy between wear and corrosion [264].

Vt=Vw+Vc+Vs (2)
Where the total volume loss of steel samples (Vt) is determined as the sum of material loss caused
by the pure wear (Vw), the material loss caused by the pure corrosion (Vc), and the material loss
resulting from synergism (Vs), Vt and Vw were obtained by optical profilometer after test in
various solutions (Table 6.1) and a solution like WBE (B3) where DI replaced the corrosive brine
component to remove electrochemical reaction occurring within wear track, respectively;
meanwhile, Faraday’s law according to Eq. (3) was employed to calculate Vc [259, 265].

itM
nFp

(3)

Ve =

where 1, t, M, n, F, p is defined as the current density (A), sliding time (s), the atomic mass of the
metal, charge number that participated in the corrosion process, Faraday constant (C.mol!) and

density of iron (g/cm?), respectively. Table 6.3 lists the calculated results for each component.

Table 6.3 Summary of various volume loss components for 1018 carbon steel caused by tribo-

corrosion tests under applied forces (2, 4, 8 and 10 N) in different solutions.

Solution  Force  Vtx10° Vw x10¢ Vex10¢ Vs x10° Ve/Vw Dominated degradation
(N) (um?) (um?) (nm?) (um?) mechanism
2 0.128 0.014 0.007 0.107 0.5 Wear-corrosion
Brine 4 0.266 0.040 0.007 0.219 0.18 Wear-corrosion
8 0.713 0.057 0.007 0.649 0.12 Wear-corrosion
10 1.12 0.230 0.007 0.883 0.03 Wear
2 0.069 0.014 0.003 0.052 0.21 Wear-corrosion
WBE (B1) 4 0.165 0.040 0.003 0.122 0.08 Wear
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8 0.417 0.057 0.003 0.357 0.05 Wear

10 0.868 0.230 0.003 0.635 0.01 Wear

2 0.067 0.014 0.002 0.051 0.14 Wear-corrosion
WBE (B2) 4 0.135 0.040 0.002 0.093 0.05 Wear

8 0.396 0.057 0.002 0.337 0.03 Wear

10 0.826 0.230 0.002 0.594 0.008 Wear

2 0.028 0.014 0.001 0.013 0.07 Wear
WBE (B3) 4 0.058 0.040 0.001 0.017 0.02 Wear

8 0.119 0.057 0.001 0.061 0.01 Wear

10 0.367 0.230 0.001 0.136 0.004 Wear

According to Table 6.3, at an applied force of 2 N, the lowest value of Vs component was
obtained for the steel sample immersed in different solutions: 0.107 for brine, 0.052 for WBE (B1),
0.051 for WBE (B2), and 0.013 for WBE (B3). The increased contact force enhanced the
synergistic effect for all tested solutions. The corresponding values of the increment in Vs due to
the synergy effect between wear and corrosion at 10 N are 0.883, 0.635, 0.594, and 0.136 for brine,
WBE (B1), WBE (B2), and WBE (B3), respectively. As for the Vc/Vw ratio [30, 266], it is
observed that at the lowest contact force, the dominant mechanism for the material loss is
corrosion-accelerated wear for brine solution, WBE (B1) and WBE (B2). This suggests that the
corrosion reactions at the steel-environment interface was active, which accelerated the wear
process. However, for WBE containing PEG-6 isotridecyl phosphate, the dominant mechanism
was mainly wear, since PEG-6 isotridecyl phosphate effectively reduced the corrosion reaction of
the steel surface with the corrosive environment, which is consistent with the results of the
potentiostatic test (Fig. 6.1). As the contact force increased, the material loss in brine solution,
WBE (B1) and WBE (B2) were more caused by wear. This is attributed to the fact that, under

higher forces, the mechanical wear increased and became dominant over corrosion. For WBE (B3),
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the dominant mechanism under different contact forces remained wear, since the PEG-6 isotridecyl
phosphate was effective in suppressing corrosion, while Vw, due to greater contact pressure, was
also increasing. As a result, the Vc/Vw ratio decreased with increasing the contact force as shown

in Table 6.3.

6.3.1.5 Surface morphology and elemental composition analysis of wear track

The morphology and elemental composition of the wear tracks after tribo-corrosion tests in the
brine solution and WBE (B3) under different applied forces were examined by SEM-EDS. Fig.
6.5 and 6.6 present the SEM micrographs and EDS analysis taken from the wear track after tribo-
corrosion experiments on samples immersed in brine solution and WBE (B3) under different forces

of 2,4, 8 and 10 N.
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Brine solution Fe O C AMn K 1
Area 1 87.38 3.75 8.34 0.37 0.14 0.04
2 . . .92 . . .
Force — 2 N Area 88.93 1.24 8.9 0.66 0.10 0.14
Area 3 88.76 1.02 .35 0.73 0.00 0.14
Area 4 87.27 2.79 Q.56 0.17 0.15 0.06
Area 1 86.91 4.71 8.03 0.13 0.13 0.10
Force =4 ™N Arca 2 85.90 6.41 6.99 0.40 0.27 0.03
Area 3 R86.82 3.42 7.35 0.38 0.08 0.15
Area 1 75.59 13.72 .95 0.14 0.08 0.52
Area 2 72.43 14.70 11.38 0.34 0.03 1.12
Force =8N
Area 3 77.31 11.50 10.51 0.19 0.23 0.25
Arca 4 77.10 12.53 .06 0.18 0.00 1.13
Area 1 80.9 11.60 6.84 0.05 0.00 0.62
Area 2 83.35 0.29 6.69 0.13 0.11 0.42
Force =10
Areca 3 70.45 17.74 10.04 0.46 0.10 1.21
Area 4 T5.75 16.07 7.35 0.10 0.16 0.57

Fig .6.5 SEM images and EDS data of worn surfaces tested in brine solution at different sliding

forces (a) 2N, (b) 4 N, (c) 8 N, and (d) 10 N.

For the sample tested in the brine solution at 2 N, visible minor grooves can be seen in the wear
track, indicating the occurrence of abrasive wear, which was caused by asperities on the Si3N4 ball
and particles of wear debris inside the wear track. The results also display that fewer corrosion
products were present on the worn surface under a force of 2 N, as shown in Fig. 6.5a. However,
as the contact force was increased, deeper grooves, microcracks, ploughing, more obvious
abrasion, and plastic deformation were observed on the worn surface. The widened area of wear
track covered by corrosion products and oxide layer, which was more pronounced when tested
under 10 N (Fig. 6.5b-d). The morphology of cracks showed that the oxide layer formed on the
worn surface was brittle, making it more susceptible to flaking-off. In addition, the width of wear
track increased from 254.5 um to 392.8 um as the contact force was increased from 2 to 10 N,
showing an increase in the contact area which can considerably affect the tribo-corrosion behavior

of steels. The obtained SEM micrographs are consistent with the data presented in sections 3.1.1
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to 3.1.4. The EDS analysis of the regions identified in Fig. 6.6a-d reveals that the oxide layer
formed on the wear track is mainly composed of iron oxyhydroxide (FeOOH) due to its high
concentration of oxygen and iron [267]. The amount of oxygen on the worn surface increased with
increasing the contact force (from 1.02-3.75 wt.% at 2 N to 9.29-17.74 wt.% at 10 N), indicating
that more worn surface area was oxidized during the tribo-corrosion test. This oxide layer formed
within the wear track is highly vulnerable to wear-induced damage in a corrosive medium.
Moreover, the content of chloride and potassium as corrosive ions also increased with increasing
the contact force, suggesting that more corrosive ions were gathered as the contact force increased.
Thus, it can be inferred that the increase in the contact force can promote the tribo-corrosion
process with more severe material degradation.

SEM-EDS results for the worn surfaces immersed in WBE (B3) under various sliding forces are

presented in Fig. 6.6.
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WEBE (B3) Fe O L& | o Min K 1
Area 1 75.52 11.67 12.25 0.55 0.00 0.00 0.02
Area 2 88.76 4.20 6.29 0.32 0.41 0.01 0.00
Force =2 NN
Area 3 88.93 2.52 7.39 0.33 0.81 0.02 0.00
Area 4 91.88 1.73 5.41 0.24 0.75 0.00 0.00
Arvea 1 83.40 7.50 8.04 0.54 0.45 0.00 0.06
Force = 4 N Area 2 89.35 2.20 7.12 0.43 0.86 0.01 0.03
Area 3 89.48 1.87 7.91 0.13 0.61 0.00 0.00
Area 1 85.63 3.66 9.84 0.17 0.57 0.04 0.10
Area 2 91.62 0.76 7.14 0.13 0.22 0.00 0.12
Force =8 NN
Area 3 88.70 0.88 9.18 0.21 0.92 0.00 0.12
Area 4 83.34 4.68 11.43 0.25 0.17 0.00 0.14
Area 1 86.26 3.47 9.46 0.27 0.38 0.12 0.04
Area 2 86.05 4.36 8.69 0.26 0.42 0.02 0.20
Force = 10N
Area 3 91.92 0.61 6.40 0.14 0.78 0.04 0.10
Area 4 88.28 2.71 8.77 0.05 0.40 0.00 0.04

Fig .6.6 SEM images and EDS data of worn surfaces tested in WBE (B3) at different sliding

forces (a) 2N, (b) 4 N, (c) 8 N, and (d) 10 N.

Fig. 6.6 demonstrates a remarkable improvement in the anti-tribo-corrosion properties of the steel
by adding the PEG-6 isotridecyl phosphate to the WBE. The wear track analysis revealed smooth
surfaces with no signs of microcracks, ploughing, or deformation at all sliding forces. Additionally,
the EDS data showed fewer corrosive ions inside the wear track, compared with those in the brine
solution, indicating that the corrosion inhibitor protected against mechanical and chemical wear.
According to the results, under lower applied forces, more considerable coverage of protective
film was present on the worn surface of the steel, confirmed by higher concentrations of oxygen
and phosphorous, compared to the situation under higher forces. Despite this, PEG-6 isotridecyl
phosphate remained effective even under higher applied forces and provided marked protection
against tribo-corrosion, as shown in Figs. 6.6¢ and 6.6d. It is also worth noting that with increasing
the contact force, deeper grooves occurred on the wear track, and the width of the wear track

increased from 183.1 um at 2 N to 300.4 um at 10 N. This may be ascribed to increased contact
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pressure between the steel and the counter-face, which can lead to more material removal from the

wear track.

To obtain detailed information on the chemical composition and functional group of the film
resulting from PEG-6 isotridecyl phosphate, XPS analysis was conducted on the worn surface
immersed in WBE (B3) under different forces after the tribo-corrosion test. Figs. 6.8 and 6.9
display the overall XPS spectra and the high-resolution deconvoluted spectra of P 2p, C 1s, O 1s,
and Fe 2p3/ signals from wear track obtained in WBE (B3) at 2 N and 10 N. The overall XPS
spectrum of the worn surface immersed in the WBE (B3) reveals that the protective layer generated
on the wear track includes P 2p, C 1s, O 1s, and Fe 2p. As shown in Fig. 6.7, the intensity of P 2p
and O 1s peaks decreased with increasing the contact force, where the atomic percentage of P and
O elements detected within the wear track decreased from (3.22% and 24.72%) at 2 N to (2.99%
and 23.83%) at 10 N. This suggests that the increased contact force damaged the protective layer

generated on the worn surface, thus decreasing the surface protection against wear and corrosion.
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Fig. 6.7 XPS survey spectra of worn surface immersed in WBE (B3) at two different sliding
forces (a) 2 N and (b) 10 N.
From Fig. 6.8a, it can be observed that deconvolution of P 2p region resulted in P=0 (134.01 eV)
and P-O (135.10 eV) bonds, which are indicative of the presence of phosphate compound formed

in the wear track [236]. The C 1s spectrum (Fig. 6.8b) was deconvoluted into four peaks at binding
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energies of 285.44, 286.19, 287.03, and 288.31 eV, corresponding to C-C, C-O-P, C-O-C, and C-
O bonds, respectively. This observation confirms that the organic compounds in the PEG-6
isotridecyl phosphate successfully adsorbed onto the wear track during tribo-corrosion tests
[237,268]. As presented in Fig. 6.8c, the peaks detected at binding energies of 530.31, 532.19,
533.70 and 535 eV in the O 1s spectrum also confirm the presence of Fe-O, P=0, C-O, and P-OH
bonds on the worn surface [240,269]. Six peaks at different binding energies were identified after
deconvolution analysis of the Fe 2p signal. The grafting of the corrosion inhibitor on the steel
surface tested in WBE (B3) was verified by detecting the Fe-P bond at 707 eV for Fe 2p3, and
720.21 eV for Fe 2p12. In addition, the appearance of two peaks at binding energies of 711.39 eV
(Fe 2p312) and 724.79 eV (Fe 2p112) can be ascribed to the presence of iron oxidized species, such
as Fe2O3 and Fe-OH, resulting from surface oxidation during sliding process. Two satellite peaks

for Fe 2p32and Fe 2pi/2 can be observed at 714.29 eV and 727.53 eV, respectively [114,270].
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Fig. 6.8 High-resolution XPS spectra of worn surface tested in WBE (B3) at 2 N for P 2p, C Is,

O Is and Fe 2p.
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6.3.1.6 Tribo-corrosion mechanism under different forces

Fig. 6.9 depicts a schematic representation of the tribo-corrosion mechanism of 1018
carbon steel in a brine solution and WBE (B3), studied through SEM-EDS and XPS analysis of
wear track. When the steel samples were tested in the brine solution, an oxide film of Fe2O3 and
Fe-OH formed on the carbon steel surface under the static condition. However, once the sliding
process starts, the oxide film on the steel can be damaged or removed, exposing a new metal
surface to tribo-corrosion. As shown in Fig. 6.9a, shallow abrasion lines and minor grooves formed
inside the wear track at a sliding force of 2 N. As the contact force applied on the steel surface
increased to 8 and 10 N, the mechanical stress on the surface intensified, leading to plastic
deformation and different forms of surface damage to the steel, such as microcracks, ploughing,
deep groove, and abrasive lines (Fig. 6.9a). These surface damages can act as active sites to
promote corrosion in the wear track. As depicted in Fig. 6.9a, more chloride ions can penetrate
exposed metallic areas on the worn surface under higher contact forces, generating and
accumulating corrosion products, consistent with SEM-EDS results (Figs. 6.8c and 6.8d). The
increased mechanical stress can increase wear debris formation, which reacts with the electrolyte
to form oxide particles that act as abrasive particles, causing more damage to the steel surface. In
addition, the width of the wear track increased with increasing contact force, providing more sites
for corrosion, resulting in an increase in the wear track's electrochemical activity. Consequently,
the combined actions including increased mechanical wear, changes in electrochemical activities,
and increased exposure surface area under larger contact forces can cause more delamination,
increased material loss and a decrease in the corrosion resistance of the carbon steel in the brine

solution (Figs. 6.1, 6.2 and 6.4).
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The presence of corrosion inhibitors in the drilling fluid, particularly PEG-6 isotridecyl
phosphate, can notably improve the tribo-corrosion performance of steel under different applied
forces due to the generation of a protective layer on the steel surface. As shown in Fig. 6.9b, PEG-
6 isotridecyl phosphate can be adsorbed on the steel surface through physisorption (electrostatic
interaction) or chemisorption (share their lone pair electrons of heteroatoms such as N, O, and P
with unoccupied orbitals of iron atoms). This corrosion inhibitor-induced protective film not only
restricts the penetration of corrosive ions to the surface of carbon steel but also decreases the direct
contact between mutual surfaces, where no signs of plastic deformation, ploughing, and
microcracks were observed under different applied forces (Fig. 6.6). Moreover, the number of
corrosion products detected within the wear track was considerably lower than those immersed in
the brine solution.

However, increasing the contact force can harm the tribo-corrosion resistance of carbon steel
immersed in WBE (B3) as it can lead to more severe mechanical wear and damage to the protective

film formed on the worn surface.
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Fig. 6.9 Schematic diagram of the tribo-corrosion mechanism of carbon steel immersed in (a)

brine solution and (b) WBE (B3) under different applied forces.

6.3.2 Tribo-corrosion behavior under different applied potentials
6.3.2.1 Potentiodynamic measurements

Fig. 6.10a displays variation in OCP for carbon steels immersed in brine solution and various
WBESs under a sliding speed of 2 mm/s and a force of 10 N. Before sliding, the OCP values of all
tested solutions depicted the steady state and the values for WBE containing corrosion inhibitors
were more positive than that for the brine solution. During sliding, the OCP values for samples
immersed in the brine, WBE (B1) and WBE (B2) dropped towards more negative values due to
the damage or removal of protective film by the SizNa ball. However, a shift toward a positive

direction was detected for the steel sample tested in WBE (B3), indicating the positive role of
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PEG-6 isotridecyl phosphate in improving the tribo-corrosion resistance of carbon steel. After the
sliding process, the OCP values shifted positively, which can be correlated to reforming the oxide

layer (brine) or inhibitor-induced protective film (WBEs) within the wear track.

Fig. 6.10 The (a) OCP and (bl to b4) potentiodynamic polarization curves for 1018 carbon steel

in different solutions under 2 mm/s and 10 N.

As Fig. 6.10bi1-bs shows, tribological conditions and the addition of corrosion inhibitors affected
the overall polarization behavior of steel samples in different solutions. Under corrosion
conditions, corrosion inhibitors in different WBEs shifted the polarization curves towards more
positive potentials (more anodic potentials) and lower current densities by affecting both anodic
and cathodic branches of polarization curves. Therefore, corrosion inhibitors can reduce chloride
ions' activity and permeability, enhancing carbon steel's corrosion resistance. Under tribo-

corrosion conditions, the corrosion potentials monitored in different solutions moved towards
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cathodic potentials with increased corrosion current density, compared to the state without sliding.

This reveals the accelerated anodic dissolution rates of 1018 carbon steel in tested solutions due to

wear-induced corrosion, characterized by a sliding process. Based on the results recorded in Fig.

6.10, various ranges of potentials from cathodic to anodic (-0.3, -0.1, 0, 0.1 and 0.3 V vs OCP), as

pointed by the arrow, were selected for further tribo-corrosion investigation.

6.3.2.2 Potentiostatic measurements

The variation in current density over time for steel immersed in different solutions under

selected constant cathodic and anodic potentials (-0.3 to 0.3 V vs OCP) are plotted in Fig. 6.11.
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Fig.6.11 Current density versus the sliding time before, during and after sliding for carbon steel

samples immersed in (a) brine solution, (b) WBE (Bl), (c) WBE (B2) and (d) WBE (B3) under

different applied potentials.
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At the lowest applied potentials (-0.3 and -0.1 V vs OCP), where the steel samples
immersed in all tested solutions were cathodic under corrosion and tribo-corrosion conditions,
negative current densities were recorded before sliding due to the dominant cathodic reduction
reaction of dissolved oxygen. The measured current density values remained negative during and
after sliding, confirming that no corrosion occurred, and material loss measured can be ascribed to
pure mechanical wear. From Fig. 6.11a-d, more negative current values were detected for samples
immersed in WBESs containing corrosion inhibitors, especially PEG-6 isotridecyl phosphate, than
in brine solution. This demonstrates that corrosion inhibitors can affect cathodic reduction
reactions in two different ways: by decreasing the rate of electron transfer through their adsorption
onto the cathodic sites or by changing the reaction mechanism through engaging in chemical
reactions with the reactants involved in the electrochemical process, resulting in a more negative
current density. With the applied potential approaching 0 V (OCP), the current density increased
positively and became positive during sliding for the steel specimen immersed in the brine
solution. while a negative current density was also recorded for samples tested in the solutions
loaded with corrosion inhibitors. This indicates that corrosion inhibitors could form an effective
protective film on the metal surface at OCP, suppressing the anodic dissolution of the metal. When
the potential was shifted towards anodic potentials (0.1 and 0.3 V), the onset of the sliding process
led to a gradual increase in current density values, followed by stabilization during the subsequent
sliding process, as presented in Fig. 6.11. The maximum current density values were measured at
0.3 V vs OCP, implying that anodic dissolution rate of samples was the highest at this potential.
Furthermore, the increased current density values during the sliding process suggest the synergistic
effect of wear and corrosion, resulting in more severe tribo-corrosion damage. However, the

addition of corrosion inhibitors in the WBE caused a reduction in the anodic dissolution rate, thus
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mitigating the tribo-corrosion damage, as confirmed by the lower current densities compared with

that of samples tested in the brine solution.

6.3.2.3 EIS study
EIS experiments were conducted to investigate the change in the electrical properties of
the electrode-electrolyte interface under controlled tribo-corrosion conditions. Fig. 6.12 illustrates

the Nyquist plots of steel samples tested in different solutions at varying potentials.
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Fig. 6.12 Nyquist diagrams for carbon steel coupons immersed in the brine solution (a), WBE
(B1) (b), (c) WBE (B2) (c) and WBE (B3) (d), at different applied potentials. The measured data
point is depicted as certain marker styles, while solid curves show the fitted curves.

Fig. 6.12 shows that Nyquist plots are all semicircle arcs whose diameters depend on the
applied potentials and the solution chemistry. The notable increase in arc diameters as the applied
potential shifted from anodic to cathodic regions and in the presence of corrosion inhibitors

indicates an increased impedance value of the steels under tribo-corrosion conditions. From Fig.
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6.12, two time constants fitted into two RC equivalent electrical circuits were employed for steels
immersed in different WBEs, demonstrating a protective film was generated at the steel-electrolyte
interface due to the adsorption of corrosion inhibitor molecules. However, it was found that the
steel sample tested in the brine solution had only one time constant, indicating the occurrence of a
singular charge transfer process during the anodic dissolution of the carbon steel. Table 6.4

presents the quantitative electrical parameters extracted from EIS data for samples subjected to

different applied potentials in the brine and various WBE:s.

Table 6.4 Fitted results of EIS spectra for the carbon steel samples exposed to the brine solution

and various WBEs at different applied potentials, force=10 N and sliding speed=2 mm/s.

Solution Potential Ret CPEa Rr CPE¢ Re&= (Ret+ Ry)
VM KQem) y,(Q lem—?) n KQem) Ty (O Tem-?) n KQ.cm?) 1%
-0.3 6.91 625%10° 0.79 - - - 6.91 -
-0.1 6.24 593x10¢ 0.70 - - - 6.24 -
Brine 0 4.40 837x10¢ 0.79 - - - 4.40 -
+0.1 3.10 654x107 0.90 - - - 3.10 -
+0.3 2.20 591x10¢ 0.87 - - - 2.20 -
-0.3 9.12 124x10¢ 0.86 3.29 82.87x10¢ 0.55 12.41 443
-0.1 6.18 19210 0.78 3.40 107.5x10°¢ 0.66 9.58 349
WBE (B1) 0 3.20 257x10% 0.86 1.78 173.5x10¢ 0.60 4.98 11.6
+0.1 3.01 252x10% 0.98 0.80 191.2x10¢ 0.70 3.88 20.1
+0.3 2.65 325x10¢ 0.90 0.002 477.8%106 0.82 2.65 16.9
-0.3 14.89 80x10¢ 0.78 0.041 144.0x10¢ 0.55 14.93 53.7
-0.1 10.85 10410 0.71 0.020 40.40x10°° 0.71 10.87 42.6
WBE (B2) 0 6.34 184x10¢ 0.80 0.014 51.14x10¢ 0.70 6.35 30.7
+0.1 4.82 232x10® 0.79 0.008 80.96x10¢ 0.76 4.82 35.7
+0.3 2.86 277x10% 0.90 0.003 241.4x10°° 0.74 2.86 23.1
-0.3 16.17 47x10¢ 0.60 0.97 35.76x10¢ 0.48 17.14 59.7
-0.1 14.28 52x10%¢ 0.67 0.95 104.0x106 0.33 15.23 59.1
WBE (B3) 0 9.92 65x10°¢ 0.62 0.74 10.38x106 0.69 10.66 58.8
+0.1 8.36 81x10¢ 0.67 0.68 45.40x10°° 0.50 9.04 65.7
+0.3 4.51 167x10% 0.88 0.005 80.79x10¢ 0.66 4.51 51.2
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According to Table 6.4, the highest R« values were observed for samples polarized at cathodic
potentials (-0.3 and -0.1 V vs OCP), suggesting that reduction reactions of various species, such
as dissolved oxygen, occurred in the electrolyte. The reduced concentration of dissolved oxygen
in the electrolyte causes a decrease in the rate of corrosion reactions occurring on the steel surface.
This is because reduction reactions of various species in the electrolyte consume electrons, which
diminish their availability for other electrochemical reactions and ultimately slow down the
corrosion process. However, as the applied potential increased, resistance values (Ret, R, Rt) and
corrosion inhibition efficiency () of steel specimens immersed in all the solutions decreased. The
minimum corrosion resistance of steel samples was obtained at the highest applied anodic
potentials (0.1 and 0.3 V vs OCP), implying that anodic reactions, such as metal oxidation,
occurred rapidly on the surface of the steel. This leads to the breakdown of the oxide layer in brine
solution or protective lubricating film in WBEs, increasing the corrosion rate of 1018 carbon steel.
Table 6.4 also reveals that the addition of corrosion inhibitors in WBEs resulted in much higher

corrosion inhibition of carbon steel in an aggressive environment.

6.3.2.4 The effect of electrochemical potential on wear and friction behavior
Fig. 6.13 shows the recorded changes in COF values during the tribo-corrosion tests, including the
evolution of COF with sliding time and the average COF values at different applied

electrochemical potentials.
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Fig. 6.13 Variations in COF versus sliding time and average COF values for (a) brine solution,
(b) WBE (Bl), (c) WBE (B2) and (d) WBE (B3) at different applied potentials.

According to Fig. 6.13, once sliding started under tribo-corrosion conditions, the COF
values abruptly increased and reached a steady state with local fluctuations. Electrochemical
potentials significantly affected the COF of carbon steels immersed in different solutions. The
lowest COF values were achieved under the anodic potentials (0.30 in brine, 0.12 in WBE (B1),
0.19 in WBE (B2), and 0.14 in WBE (B3) at 0.3 V vs OCP, respectively). This reduction can be
attributed to the release of ions during sliding at anodic conditions, which may lead to tribofilm
deposition inside the wear track, thus preventing direct contact between rubbing surfaces.
Furthermore, the roughness of the steel surface caused by corrosion and the formation of the pits,
ploughs, and corrosion products decreases the real contact area between the steel and Si3N4 ball,

giving lower friction at anodic potentials. Fig. 6.13 also illustrates that average COF values of steel
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samples immersed in the tested solutions increased with the decrease in the applied potentials,
where the maximum average COF was provided under cathodic potentials (0.45 in brine, 0.14 in
WBE (B1), 0.34 in WBE (B2), and 0.20 in WBE (B3) at -0.3 V vs OCP, respectively). This may
be due to the suppression of ions released under cathodic conditions, which prevents the formation
of tribofilm on the worn surface.

After potentiostatic tribo-corrosion experiments, wear tracks generated under all the tested
conditions were examined to measure total volume loss and specific wear rate, as shown in Fig.
6.14. The results illustrate that both total volume loss and specific wear rate gradually increased
with applied potentials and the carbon steels tested in different solutions exhibited the lowest total
volume loss and specific wear rate at the cathodic potentials (-0.3 and -0.1 V). This can be
correlated to the negligible corrosion dissolution of steel samples at cathodic potentials, resulting
in minimal wear rate and volume loss through mechanical wear. However, the corrosive attack
during OCP and anodic potentials (0.1 and 0.3 V) caused an increase in material loss; thus, the

combined effect of corrosion and wear resulted in a notable increase in volume loss and wear rate.
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Fig. 6.14 Volume losses (um?) and specific wear rate (um3/Nm) of steel samples worn in the
brine solution (a), WBE (B1) (b), WBE (B2) (c), and WBE (B3) (d) at different applied

potentials.

6.3.2.5 Synergistic effect

As mentioned, increased electrochemical potential can contribute to the synergistic effect between
wear and corrosion. Table 6.5 presents the quantitative calculation of various volume losses for
1018 carbon steel under different experimental conditions.

Table 6.5 Summary of different volume loss components for 1018 carbon steel at applied

potentials of -0.3, 0, 0.1, and 0.3 V vs OCP after tribo-corrosion test in various solutions.

Solution Potential ~ Vtx10¢ Vwx10% Ve x10®  Vsx10®  V¢/Vw  Dominated degradation

(VvsOCP)  (um®) (um?) (um?) (um?) mechanism
-0.3 0.699 0.379 ~0 0.32 0 Wear
Brine 0 (OCP) 1.070 0.379 0.065 0.626 0.17 Wear-corrosion
0.1 1.330 0.379 0.093 0.858 0.25 Wear-corrosion
0.3 1.705 0.379 0.179 1.147 0.47 Wear-corrosion
-0.3 0.672 0.379 ~0 0.293 0 Wear
WBE (B1) 0 (OCP) 0.762 0.379 0.022 0.361 0.06 Wear
0.1 1.089 0.379 0.039 0.671 0.10 Wear-corrosion
0.3 1.326 0.379 0.078 0.869 0.20 Wear-corrosion
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-0.3 0.627 0.379 ~0 0.248 0 Wear

WBE (B2) 0 (0CP) 0.772 0.379 0.019 0.374 0.05 Wear
0.1 1.003 0.379 0.038 0.586 0.10 Wear-corrosion
0.3 1.318 0.379 0.073 0.866 0.19 Wear-corrosion
-0.3 0.379 0.379 0 0 0 Wear
WBE (B3) 0 (OCP) 0.507 0.379 0.007 0.121 0.01 Wear
0.1 0.553 0.379 0.016 0.158 0.04 Wear
0.3 0.924 0.379 0.038 0.507 0.10 Wear-corrosion

In this study, Vw was obtained with a cathodic potential of -0.3 V and in the presence of PEG-6
isotridecyl phosphate (WBE (B3)) because the anodic corrosion reactions on the steel surface were
inhibited and volume loss occurred by basically pure wear. The volume loss caused by pure
corrosion at the cathodic potential (-0.3 V) can be neglected due to the minimal corrosion rate at
this potential. However, when the applied potential was shifted towards the higher values, an
increase in the magnitude of Vc was observed, especially in the brine solution. This is likely due
to carbon steel's accelerated anodic dissolution rate at anodic potentials, intensifying the corrosion
damage. Table 6.5 displays that the synergistic effect was enhanced by changing the potential from
cathodic to anodic regions. This suggests the accelerated corrosion process under anodic potentials
led to a more severe synergistic effect, resulting in greater total material loss. Regarding Vc/Vw
[30,266], wear and corrosion-assisted wear played a dominant role in the tribo-corrosion
performance of steel at different potentials. At -0.3 V, wear mainly dominated the degradation
process of steels tested in all solutions. At OCP, the overlooked degradation mechanism for steel
immersed in the brine solution changed to corrosion-accelerated wear. At the same time, there was
no change in the degradation mechanism for WBEs, indicating the influence of corrosion inhibitors

in suppressing corrosion inside the wear track at OCP. At the anodic applied potential of 0.3 V,
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wear corrosion was determined as the dominant mechanism during the tribo-corrosion process for
all tested solutions. It is worth noting that the terms Vc and Vs contributed to 0.10 % and 0.67 %
of Vt for the brine solution, while these contributions were significantly reduced in the presence

of corrosion inhibitors, to 0.05 % and 0.65 % for WBE (B2 and B3), 0.04 % and 0.54 % for WBE

(B3), respectively.

6.3.2.6 Morphologies and component analysis of the worn surfaces
Figs. 6.15 and 6.16 show the SEM images and chemical composition taken of the wear tracks of

steel samples in the brine solution and WBE (B3) at different applied potentials.
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Fig. 6.15 SEM images and EDS data of worn surface experienced test in the brine solution at

different applied potentials (a) -0.1 V, (b) 0 (OCP) and (c) +0.1 V.
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The surface analysis of the abraded sample under -0.1 V cathodic potential showed that corrosion
dissolution at this condition was negligible, and the rubbing effects on the worn surface were more
pronounced than corrosion effects. This indicates that the steel degradation of carbon steel under
cathodic polarization is mainly due to mechanical wear. In Fig. 6.15a, signs of scratches/grooves
parallel to the sliding direction can also be observed in the wear track, indicating the wear
mechanism at cathodic potential includes abrasive wear, which is induced by the asperities of Si3N4
ball or wear debris within the wear track. According to Fig. 6.15b, several microcracks were
detected on the worn surface obtained under OCP conditions. The formation of microcracks can
provide a diffusion channel for corrosive agents such as chloride and potassium ions, which
accelerate the corrosion process inside the wear track, causing the formation of corrosion products
in the wear track. This observation is confirmed by EDS results where high percentages of chloride
(0.34 to 0.52 wt.%) and potassium (0.02 to 0.10 wt.%) ions were detected on the worn surface. A
closer examination of SEM-EDS data performed on the wear track showed that most areas of the
wear track were covered by a uniform oxide layer which is rich in oxygen (13.1 to 18.1 wt.%) and
iron (73.67 to 79.77 wt.%). Fig. 6.15c depicts that the worn surface at 0.1 V was covered with a
broken oxide layer, which can be correlated to the breakdown and repair of the oxide layer during
the sliding process at the anodic potential. Many corrosion products, microcracks and ploughs can
be observed inside the wear track. The EDS analysis of the determined areas within the wear track
at 0.3 V revealed higher weight percentages of oxygen (16.34 to 22.53 wt.%), chloride (0.39 to
0.67 wt.%) and potassium (0.06 to 0.13 wt.%) elements than at other potentials. The formation of
broken oxide film at 0.3 V was insufficient in providing steel corrosion protection during tribo-
corrosion tests. This observation is consistent with the electrochemical data shown in Fig. 6.11 and

6.12. However, the oxide film generated on the worn surface acted as an intermediate layer
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between the steel and Si3N4 ball to reduce their contact area, providing the lowest COF values at
anodic potentials (Fig. 6.13).

Fig. 6.16 demonstrates the remarkable effect of PEG-6 isotridecyl phosphate on improving the
tribo-corrosion resistance of carbon steel at different applied potentials. Under the condition of
cathodic polarization (-0.1 V), no corrosion indication can be found on the worn surface (Fig.
6.16a), which was consistent with the recorded negative current density during the whole testing
process (Fig 6.11d). EDS data revealed a small percentage of oxygen element (1.85 to 5.53 wt.%)
and no signs of corrosive ions inside the wear track of steel immersed in WBE (B3). A smooth
surface with much fewer signs of corrosion products was observed at OCP condition, indicating
that the corrosion inhibitor provided significant protection against corrosion, as shown in Fig.
6.16b. It is worth noting that sliding wear was identified as the leading cause of material loss in
both cathodic and OCP conditions and was recognized as the dominant degradation mechanism.
In contrast, at high potential (Fig. 6.16c), more corrosion products scattered over the wear track.
At anodic potential, the protective film could be damaged or even removed because of
electrochemical reactions occurring on surface of steel, leading to the breakdown of the protective
layer. This observation can be confirmed by EDS analysis, which depicted a reduction in the
amount of phosphorous (from 0.32 to 0.42 wt.% in the cathodic potential to 0.17 to 0.38 wt.% in
anodic potentials). The EDS analysis also showed an increase in the weight percentages of oxygen
(5.44 to 17.01 wt.%), chloride (0 to 0.2 wt.%) and potassium (0 to 0.02 wt.%) on the wear track,
resulting from the anodic dissolution of metal and the penetration of corrosive ions towards the

worn surface at the anodic potential.
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Fig. 6.16 SEM images and EDS data of worn surface experienced test in the WBE (B3) at

different applied potentials (a) -0.1 V, (b) 0 (OCP) and (c) +0.1 V.

Fig. 6.17 displays the high-resolution XPS spectra of P 2p, C 1s, O 1s, and Fe 2p recorded from

the wear track of carbon steel immersed in WBE (B3) at different potentials.
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Fig. 6.17 XPS survey spectra of worn surface immersed in WBE (B3) at two different applied
potentials (a) -0.1 V and (b) +0.1 V.
As shown in Fig. 6.17, P 2p spectra at both applied potentials are composed of two peaks at binding
energies of 133.84 eV and 134.79 eV representing P=0 and P-O bonds, respectively [236]. This
indicates that corrosion inhibitor adsorbed on the worn surface during the tribo-corrosion process
at two different applied potentials. The peaks at binding energies of 285.38 eV (C-C), 286.32 eV
(C-O-P), 286.67 eV (C-O-C), and 289.23 eV (C-0O) in C 1s spectra also confirm the presence of
organic compounds existing in the PEG-6 isotridecyl phosphate onto the wear track [237,268].
The O 1s spectra reveal the formation of different bonds within the wear track, including Fe-O
(530.34 eV), P=0 (531.77 eV), and C-O (532.91 eV) at both applied potentials [240,269]. Fig.

6.17 shows that the composition percentage of Fe-O increased while the composition of P=0O and
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C-O decreased with increasing potential from cathodic to anodic. This suggests that the protective
layer induced by the corrosion inhibitor was damaged by applying anodic potential, leading to an
increase in the oxidation of iron. In addition, the OH bond (532 eV) only appeared under an anodic
potential (0.1 V), illustrating the participation of water molecules during the tribo-corrosion
process [39, 152]. This involvement causes the generation of hydroxyl radicals which can degrade
the protective film, thereby increasing carbon steel's tribo-corrosion rate. After deconvolution
analysis of Fe 2p spectra at both cathodic and anodic potentials, the curves were divided into four
different peaks ascribed to Fe-P (707.07 and 720.06 eV) and Fe2O3 (711 and 724.08 eV) [114,270].
Upon comparing these peaks, a decrease and increase were observed in the composition percentage
of Fe-P and Fe203 with increased applied potential, respectively. A new peak corresponding to
Fe** (713.40 eV) was identified on the wear track under an anodic potential of 0.1 V, suggesting
a change in the oxidation state of iron during the tribo-corrosion process [39, 152]. According to
XPS data, it can be confirmed that at cathodic potential, tribo-corrosion products are composed of
Fe-O and Fe20s3, produced through chemical reactions as follows:

2Fe + 0, — FeO + heat (D

4Fe0 + 0, — 2Fe,05 + heat (2)
However, when the potential applied shifts towards anodic potential, tribo-corrosion products are
more diverse, originating from both the above reactions and corrosion electrochemical reactions

as mentioned:

Fe - Fe?* + 2e 3
0, + 2H,0 + 4e — 40H"™ (4)
Fe?* + 20H™ - Fe(OH), (5)

2Fe(OH), + 0, + 2H,0 — 2Fe(OH)5 + 20H™ (6)
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Therefore, OH™ and Fe** peaks were detected in O 1s and Fe 2p spectra with potential increasing,
leading to accelerating electrochemical reactions and a decrease in tribo-corrosion resistance of

steel in tested solutions.

6.3.2.7 Tribo-corrosion mechanism under different potentials

Fig. 6.18 schematically depicts the tribo-corrosion mechanism of 1018 carbon steel in WBE (B3)
containing PEG-6 isotridecyl phosphate in three electrochemical states. Under the condition of
cathodic polarization, the anodic reaction's driving force declined, limiting carbon steel's
dissolution rate. As a result, the reduction reaction of dissolved oxygen (reaction (4)) is known as
the dominant reaction, leading to a reduction in the corrosion rate of steel specimens in aggressive
media. At cathodic potential, an inhibitive barrier film formed on the metal surface through
physisorption, or chemisorption of PEG-6 isotridecyl phosphate, impeding the access of corrosive
agents such as chloride ions to the surface of carbon steel. In addition, oxidation reactions which
could damage the inhibitive barrier layer are less likely to occur. Thus, the protective layer
generated on the steel surface could provide significant protection against corrosion, consistent
with potentiostatic and EIS measurements (Fig. 6.11 and 6.12). XPS and SEM-EDS studies
confirmed the presence of PEG-6 isotridecyl phosphate on the worn surface at cathodic potential
through the formation of various chemical bonds such as P=0, P-O, and Fe-P. Therefore, when
steel is cathodically polarized in WBE (B3), corrosion is restrained, and the tribo-corrosion process
is dominated by mechanical wear with no synergistic effect between wear and corrosion (Fig.
6.18a).

As depicted in Fig. 6.18b, in OCP condition, where the rate of anodic and cathodic reactions is
equal, the steel specimen experienced some degree of corrosion. Nevertheless, the protective layer

induced by the corrosion inhibitor still offered high corrosion resistance, as evident in Fig. 6.11
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and 6.12. However, during the tribo-corrosion process, some corrosion products appeared on the
worn surface due to anodic reactions, reducing the effectiveness of the protective layer.

At anodic potential, as shown in Fig. 6.18c, the dominant reaction is the oxidation of iron (reaction
(3)), leading to an accelerated dissolution of iron. This can damage the protective layer, as
supported by a decrease in the amount of phosphorous element detected in EDS analysis (Fig.
6.16). As the applied potential increases, corrosive chloride ions can penetrate the carbon steel
surface, reducing its corrosion resistance. Indeed, aggressive chloride ions can react with the
protective layer formed on the steel surface, breaking its protective performance, and promoting
further corrosion. Moreover, the penetration of these ions leads to the generation of complex ions,
such as FeCls, which can be more aggressive on the steel surface, further decreasing its corrosion
resistance. The change in the steel surface impedance and the electrochemical response of the
system with increasing the applied potential is confirmed by EIS results (Fig. 6.12). It is worth
mentioning that when the applied potential exceeds OCP, the hydroxyl ions (OH") are generated
through reaction (4), and then migrate towards the anode site. In reaction (5), hydroxyl ions react
with ferrous ion (Fe?*) to form ferrous hydroxide (Fe (OH)2), which is unstable and undergoes
further oxidation to generate ferric hydroxide (Fe (OH)3), as presented in reaction (6). XPS data
confirms the presence of this new layer of ferric hydroxide (Fig. 6.17). Although this new oxide
layer cannot provide sufficient protection against corrosion, it decreased the COF of carbon steel

at anodic potentials by preventing direct contact between carbon steel and Si3N4 ball (Fig. 6.13).
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Fig. 6.18 Schematic diagram of the tribo-corrosion mechanism of 1018 carbon steel immersed in

WBE (B3) at (a) cathodic potential, (b)OCP, and (c) anodic potential.

6.4 Conclusions

In the study reported, the tribo-corrosion performance of 1018 carbon steel immersed under

different sliding forces and electrochemically applied potentials was investigated in brine solution

and WBESs containing corrosion inhibitors by in-situ electrochemical methods, tribological, SEM-

EDS, and XPS tests. Based on the results obtained in the present paper, the following conclusion

can be made:

1. The corrosion resistance of carbon steel tested in different solutions decreased at higher
contact forces and potentials. It is attributed to higher contact pressure between the surfaces
in contact and higher CI' penetration through the protective film, weakening its

protectiveness and increasing electrochemical activity on the worn surface.
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2. The total material loss during the tribo-corrosion process increased with applied forces and
potential, in which pure mechanical wear and corrosion-accelerated wear were determined
as the dominant damage mechanism.

3. With the increased applied force and potential, the average COF value reduced and reached
the lowest values at 10 N and +0.3 V vs OCP. This reduction in COF with force was
ascribed to increased contact points between the steel surface and the ball, leading to a
larger contact area and increased interactions between the two surfaces. The reduction in
COF with potential can be correlated to the formation of a new oxide layer (Fe (OH)3) and
defects such as ploughs, which reduce the contact area between steel and ball.

4. Three corrosion inhibitors, especially PEG-6 isotridecyl phosphate, in WBEs, enhanced the
tribo-corrosion behavior of steel at different applied forces and potential.

5. SEM-EDS and XPS results showed that the corrosion inhibitors were successfully adsorbed
on the surface of carbon steel; however, their effectiveness was reduced with increases in

force and potential.
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Chapter 7 Conclusion and Recommendations

7.1 Conclusions

This study is conducted to comprehensively investigate the stability of emulsion-based drilling

fluids containing various concentrations of mineral oil, surfactant, and corrosion inhibitors to make

highly stable WBEs that can significantly improve drilling fluid’s performance. The effect of

various green corrosion inhibitors on carbon steel's corrosion, tribological and tribo-corrosion

behavior in different solutions was investigated under various conditions. The main findings are

summarized as follows:

1-

Emulsion-based drilling fluids with lower surfactant concentrations and higher
concentration of green corrosion inhibitors enhanced the stability of drilling fluids with a
remarkable decrease in interfacial tension between droplets and the aqueous phase. This
work identified the combination of (65% mineral oil + 3-5% surfactant + 30-32% corrosion
inhibitor) as an emulsion-based drilling fluid with remarkable stability.

Corrosion inhibitors in WBEs effectively mitigated CO2 corrosion of carbon steel by
forming protective films through adsorption interactions with the steel's surface. PEG-6
isotridecyl phosphate and PEG-2 oleamide demonstrated superior anti-corrosion
performance.

The presence of corrosion inhibitors, particularly PEG-6 isotridecyl phosphate,
substantially improved carbon steel's resistance to tribo-corrosion. This was evident in
reduced corrosion rate, wear rate, and friction coefficient. These results unequivocally
affirm that our study has effectively met the objectives we set forth in our thesis,
demonstrating the significant advancements made in enhancing the resistance of carbon

steel to tribo-corrosion through the application of corrosion inhibitors.
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4-

Sliding speed exerted a significant influence on the kinetic response of carbon steel to
corrosion and tribo-corrosion behavior. Electrochemical parameters and friction
coefficients decreased with increasing sliding speed, primarily due to increased adsorption
of corrosion inhibitors. However, volume loss increased with higher sliding speeds.

A decrease in contact force led to a increase in carbon steel's tribo-corrosion performance
against a Si3N4 ball, as observed in increased Rct and Rt values. The wear resistance of
samples was declined by lower applied forces, resulting in lower volume loss and wear
rates. Conversely, friction coefficients increased with decreasing contact forces.

The tribo-corrosion resistance of carbon steel samples immersed in drilling fluids exhibited
a notable improvement as the electrochemical potential transitioned from anodic to
cathodic conditions. This improvement is evidenced by a significant reduction in both the
corrosion rate and wear rates. Intriguingly, it's worth noting that the lowest coefficients of
friction (COF) were achieved under anodic potentials.

The presence of green corrosion inhibitors, notably PEG-6 isotridecyl phosphate added to
Water-Based Emulsions (WBEs), exerted a more pronounced influence in mitigating the
wear-corrosion synergy compared to other solutions. This heightened effectiveness can be
attributed to its remarkable corrosion reduction capabilities.

Analysis through SEM-EDS, XPS, and Gibbs free energy calculations confirmed the
physical and chemical adsorption of corrosion inhibitors on the steel surface. The quantity
of inhibitor molecules adsorbed increased with sliding speed but decreased with higher

contact force and potential.

In summary, adding corrosion inhibitors to WBEs significantly increased the resistance to

corrosion, wear, and tribo-corrosion for 1018 carbon steel immersed in drilling fluids. Besides,
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increasing speed and decreasing contact force and electrochemical potential in the ranges under
study further improved the performance of the steel samples during tribo-corrosion tests in the
tested solutions. These results effectively align with the core objectives we set out to achieve
in our study, which aimed at enhancing the tribo-corrosion resistance of carbon steel in drilling
fluid following the incorporation of green corrosion inhibitors under a variety of controlled

conditions.

7.2 Recommendations for Future Studies

This study comprehensively investigated the the tribo-corrosion behavior of carbon steel in
emulsion-based drilling fluids containing green corrosion inhibitors. These investigations were
carried out under controlled laboratory conditions, which allowed us to isolate and study the
fundamental aspects of tribo-corrosion. Future research endeavors should focus on conducting
experiments that closely mimic the actual working conditions of drilling equipment. Thus, the

following studies are suggested for possible near future work:

1. Future research could be conducted to search for more green corrosion inhibitors, which
may have higher capability to improve the performance of the drilling fluids in protecting
steel from wear, corrosion, and tribo-corrosion under more realistic conditions.

2. Extend the ranges of various factors, e.g., the sliding speed, contact force, and temperature
on the tribo-corrosion performance of the modified drilling fluids under field-like
consitions, enabling us how drilling equipment change in the real world.

3. Conduct a comprehensive examination of the damage and re-growth of the inhibitor-
induced protective film on steel surfaces during tribo-corrosion, particularly in the context
of the actual operating conditions encountered in the drilling industry. This investigation

will help us identify the critical factors that influence the performance of green corrosion
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inhibitors and develop strategies to either modify existing inhibitors or identify new green
inhibitors that can be effectively applied in the challenging real-world conditions of drilling
operations. Understanding how these protective films evolve and interact under realistic
drilling conditions is vital for enhancing the long-term durability and corrosion resistance

of drilling equipment
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