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Abstract

The boosting energy demand has propelled the increasing utilization of oil and gas
resources, but severe corrosion occurs on traditional carbon steel materials. Driven by the
harsh service conditions in steam-assisted gravity drainage system (SAGD) operations, a
promising corrosion-resistant coating, electroless Ni-P coating, has attracted growing
attentions due to its good balance between satisfactory performance and reasonable cost.
Therefore, in this thesis, the corrosion behavior and mechanism of Ni-P coating in SAGD-
related environments were elucidated, and further coating optimization approaches were

made to meet diverse requirements under service conditions.

First, the electrochemical corrosion behavior of Ni-P coating in CO2/H>S/CI" brine was
investigated. The added H>S enhances the corrosion of Ni-P coating by affecting both
anodic and cathodic processes. The well-accepted H2PO>™ adsorbed layer only exists in the
early stage of corrosion and barely improves the anti-corrosion performance. The
formation of NiO and Ni3S; renders temporary protection during immersion, but the
addition of HaS accelerates the diffusion process at the electrolyte/coating interface and
promotes the electrolyte penetration through the coating, causing severe localized
corrosion and coating disbondment. A corrosion model was proposed to illustrate the

corrosion and degradation process of Ni-P coated steel in the CO2/H>S/Cl” environment.

Secondly, the effects of Ca?" on the corrosion behavior and film characteristics of N80
carbon steel and electroless Ni-P coating at high temperature and high pressure were
studied. The corrosion of N80 steel is significantly influenced by Ca®" concentrations,

which not only alters the corrosion film microstructure, but also changes the water
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chemistry of the aqueous phase. Meanwhile, Ni-P coating exhibits exceptional corrosion
resistance regardless of Ca®' concentration, owing to the protection of the formed

NiO/Ni(OH); film and the absence of scale formation.

The optimization methods of Ni-P coating were then developed to acquire better anti-
corrosion properties. The electroless Ni-Mo-P/Ni-P composite coating was successfully
applied on N80 carbon steel, and the effects of Mo addition and heat treatment on the
corrosion resistance enhancement in CO2/H>S/CI" brine were studied. The Mo addition in
the as-deposited Ni-P coating causes the microstructural transformation from amorphous to
crystalline due to the reduced P content, thereby suffering severe corrosion. Nonetheless,
the heat-treated Ni-Mo-P/Ni-P coating exhibits desirable corrosion resistance. Heat
treatment facilitates the formation of NisMo phase and the growth of an oxide film
consisting of nickel and molybdenum oxides with better passivation properties, which

accounts for the remarkable corrosion resistance improvement.

In addition, a smart electroless Ni-P composite coating incorporated with pH-responsive
benzotriazole-loaded nanocapsules was successfully fabricated and applied on N80 carbon
steel, and the improved corrosion resistance was evaluated. The coating incorporated with
the functionalized nanocapsules exhibits excellent anti-corrosion performance. It is
primarily originated from the filling of nanocapsules into intrinsic micropores of the
coating that impairs the electrolyte penetration, and the release of BTA when triggered by
the local acidification of the micropores due to penetration of aggressive medium. The
incorporated nanocapsules endow the smart coating with good anti-corrosion stability,

showing a maximum inhibition efficiency of nearly 80%, as well as a well-protected
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coating surface with much less corrosion pits and the absence of lateral coating

disbondment at the coating/substrate interface.
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at high temperature and high pressure.

Chapter 6 has been published as J. Li, C. Sun, M. Roostaei, M. Mahmoudi, V. Fattahpour,
H. Zeng, J.-L. Luo. Characterization and corrosion behavior of electroless Ni-Mo-P/Ni-P
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1 Introduction

1.1 Introduction of SAGD

The energy demand has become an increasingly significant issue with the globalization and
economic development in recent decades. It was reported that Canada has the largest
amount of heavy oil and bitumen reserves (Figure 1.1), and Alberta’s oil sands account for
a large proportion of the total deposits. Among the several existing oil recovery methods
that deal with the relatively deep resources with large gravity and viscosity, steam assisted
gravity drainage (SAGD) is widely considered as one of the most promising and efficient

methods.

Conventional Heawy Crude Oil and
Crude Oil Reserves Natural Bitumen Deposits

1.0 trillion barrels 5.4 trillion barrels

““Middie
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)
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Urited
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Figure 1.1 Worldwide distributions of conventional oil and heavy crude oil reserves [1].

SAGD process was firstly introduced and developed by Dr. Butler and his colleagues in the
late 1970s [2]. A typical SAGD configuration involves the drilling of two parallel
horizontal wells for each well pair. Steam is injected through the upper well to heat the
bitumen and sands in the reservoir, and the bottom well, which is placed a few meters

below the injection well, is used as the production well. The injected steam heats up the



sands and bitumen in the reservoir, which decreases the bitumen viscosity so that it can be
easily pumped to the surface for further treatment and utilization. The schematic

illustration of SAGD configuration are shown in Figure 1.2.

Figure 1.2 Schematic diagram of SAGD configuration [3].

1.1 Corrosion concerns in SAGD operations

During the SAGD operation, the aquathermolysis process takes place and gives rise to the
formation of acidic gases (e.g., CO2 and H»S) [4,5], which causes severe corrosion damage
of downhole completions and tubular materials when dissolved in water. In addition, the
elevated temperatures (>200 °C) and high pressures (>3 MPa) in SAGD operations greatly
intensify the corrosivity. Take Athabasca reservoirs as an example, it was reported that up
to 75 L of H,S and 10000 L of CO; per m? of the bitumen were produced at 240 °C [6].
More essentially, growing corrosion concerns emerge in long-term SAGD operations due
to the high susceptibility to CO2/H2S corrosion of carbon steel materials in HTHP

corrosive environments.



CO: corrosion (sweet corrosion) and H>S corrosion (sour corrosion) are the most common
corrosion forms in oil-related environments. Theoretically, in CO, and H>S corrosion of
steels, species such as H, CO;*, HCOs, H2COs, S*, HS", and HS are involved in the
electrochemical reactions, which makes the corrosion mechanism complicated. The

cathodic process mainly includes the following reactions [7]:

2H,C05 + 2e~ - 2HCO;™ + H, (Eq. 1.1)
2HCO;™ + 2e™ - 2C05% + H, (Eq. 1.2)
2H,S + 2e~ - 2HS™ + H, (Eq. 1.3)
2HS™ + 2e~ > 252~ + H, (Eq. 1.4)
2H* 4+ 2e™ - H, (Eq. 1.5)

The anodic process is primarily the steel dissolution and corrosion product formation,

which can be represented by the following reactions [7]:

Fe — Fe?t + 2e~ (Eq. 1.6)
Fe + Hy,CO3 —> FeCOs + 2H* + 2~ (Eq. 1.7)
Fe + H,S - FeS + 2H* + 2e~ (Eq. 1.8)

CO2/H2S corrosion highly depends on several factors, such as pH, temperature, partial
pressure, and the properties of the formed corrosion film. The variation of pH indicates the
H" concentration and directly alters the acidity of the corrosion medium, thereby affecting
corrosion. The cathodic reaction is controlled by the reduction of H" at lower pH (pH<4)
and lower partial pressures, while at higher pH (pH>5) and higher partial pressures, the

direct reduction of HoCO3; and H>S dominates the cathodic reaction [8,9]. The effect of



temperature mainly depends on the formation of corrosion films. Corrosion rates increase
with temperature when protective films are not formed, but decline as temperature rises in
the presence of corrosion film because the accelerated precipitation rate favors the

formation of corrosion film with better protection [10].

The corrosion behavior in the co-existence of CO; and H»S is much more complicated than
that in the sole presence of either one due to their synergy, and it is generally believed that
the domination of CO; corrosion or H>S corrosion relies on the ratio of CO; pressure to
H>S pressure, pco,/Pu,s, as shown in Figure 1.3 [11]. Besides, the formed corrosion
product film plays a vital role in the corrosion rate and corrosion form (general or localized
corrosion), which can be attributed to the precipitation rate, stability, compactness, and the

adhesion with steel substrate.

pH,S [ pcopHs=20 | )

H,S REGIME
SOUR

CO, + H,S REGIME

MIXED
pCO,/pH,S=500
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——» pCo,

Figure 1.3 Corrosion regimes in CO»/H,S corrosion [11].
In addition, diverse distributions of species are found in the produced fluid and gas from a
SAGD well, as shown in Tables 1.1 and 1.2 [12,13]. The high salinity of the produced
water and the enrichment of certain ions (such as Ca** and CI', etc.) impacts the corrosion

behavior notably due to the complicated interactions between these ions and the materials.



Such corrosion concerns lead to the huge economic loss and impair the production
efficiency. According to a NACE study [14], the total annual cost of corrosion in the oil
and gas production industry is estimated to be $1.372 billion, $463 million of which is the
downhole tubing expense. In this regard, new approaches should be made to prevent the
tubular materials from being attacked, especially in highly corrosive SAGD operations. To
date, several mainstream methods have received growing attentions, such as cathodic
protection, corrosion inhibitors, corrosion resistant alloys (CRAs) and anti-corrosion
coatings. CRAs, such as stainless steels and Ni-based alloys, usually exhibit great
corrosion resistance, but their applications are considerably limited because of the high
cost and the potential risk of suffering severe localized corrosion. The efficiency of
corrosion inhibitors in SAGD operations is relatively low, and the caused contamination of
oil productions is also a critical concern. For anti-corrosion coatings that efficiently
provide a physical barrier to isolate the metal substrate from direct contact with corrosive
medium, most of organic coatings cannot survive in HTHP environments of SAGD.
Therefore, among all the candidate methods, a type of metallic coating, electroless Ni-P
coating, outcompetes other methods owing to its excellent corrosion resistance, good
mechanical properties and low cost, and extensive investigations have been conducted

related to its corrosion performance and properties.

Table 1.1 Typical concentration range of species in the produced water in SAGD operations [12].

Species Concentration range (ppm)
Calcium (Ca?") 1-52

Magnesium (Mg?") 1.6-14

Sodium (Na*) 130-3000



Chloride (CI) 484800

Potassium (K*) 14-240
Ammonia (NHs) 11-64
Silica (SiO») 11-260
Alkalinity (as CaCOs) 140-1400
Total organic carbon (TOC) 170430

Table 1.2 Average produced gas compositions from a typical SAGD well in Athabasca [13].

Compound Concentration (mol fraction %)
CH4 40-70

CO, 35-55

H,S 1-15

N <L.5

H» <1

1.2 Fundamentals of electroless Ni-P coating

Electroless Ni-P coating (hereinafter referred to as “Ni-P coating”) is an electrochemical
method to deposit metallic nickel onto metal surfaces without electric current supply. It
was first initiated by Wurtz in 1844, who discovered that nickel ions could be reduced to
produce porous metallic nickel. A century later, Ni-P coating was first prepared

successfully in laboratory by Brenner and Riddell [15].

As compared to iron, nickel displays a slower oxidation rate in the corrosive environment,
which makes it more resistant to corrosion. However, since the volatile price of nickel in
the global market significantly limits the massive applicability of Ni-based alloys, Ni-P

coating, as a comparable alternative, has been widely used as protective coatings in many

6



industrial fields because of its excellent corrosion resistance and mechanical properties and

relatively low cost.

The mechanism of Ni-P coating formation has been studied systematically by many
researchers. It is defined as a spontaneous reaction in which nickel ions are reduced and
deposited on the metal surface with the assistance of the reducing agent. For Ni-P coating
systems, hypophosphite bath is one of the most commonly used baths, and the overall

reactions for Ni-P coating formation in the hypophosphite bath can be expressed as below

[16]:
H,P0,” + H,0 + Ni?* > H,P0;~ + 2H* + Ni (Eq. 1.9)
3H,P0,” + 2H* - H,PO;~ + 3H,0 + 2P (Eq. 1.10)

where Eq. 1.9 represents the reduction of nickel and Eq. 1.10 corresponds to the
phosphorus reduction. Several reaction mechanisms have been proposed to elucidate the
Ni-P coating deposition, such as atomic hydrogen mechanism [17], hydride transfer
mechanism [18], electrochemical mechanism [15] and hydroxyl ion coordination
mechanism [19], among which the atomic hydrogen mechanism is the most accepted one.
It is believed that the actual nickel reductant in the plating bath is the atomic hydrogen
which is produced by the reactions of the hypophosphite ion with water. According to this

mechanism, the overall reactions can be divided into several separate reactions as follows:

H,PO,™ + H,0 = H,PO5™ + 2H 45 (Eq. 1.11)
Ni?* + 2H,4s = Ni + 2H* (Eq. 1.12)
H,PO,” + Hyys = H,0 + OH™ + P (Eq. 1.13)
Ni?* + HP0;*>~ - NiHPO, (Eq. 1.14)



H,P0,” + H,0 » H* + HP03*™ + H, (Eq. 1.15)

According to the schematic illustration in Figure 1.4 [20], Egs. (1.11-1.13) correspond to
the deposition process, where the adsorbed hydrogen atoms generate and reduce Ni** and
H>PO> to the elemental Ni and P. Besides, some side reactions also occur, leading to a
lowered deposition efficiency and coating property. In Eq. 1.14, the formation of nickel
orthophosphate results in the impoverishment of Ni*" in the bath and a rougher coating
surface [20]. Eq. 1.15 indicates the formation of hydrogen gas molecules instead of atomic
hydrogen, which decreases the concentration of the reducing agent and more importantly,
the presence of hydrogen gas “bubbles” in the coating leads to the formation of pinholes

(named as “micropores”) in the coating and greatly impairs the corrosion resistance.

......................... ) i
(1) Atomic hydrogen (H,4,) formation and adsorption H H H/,‘ ~ (3) More atomic H,,, formation and adsorption
on the metallic surface produced by the reaction of H w on the metallic surface produced by the reaction
the hypophosphite ions (H,PO,7) with water. Metal H of H,PO," ions with water.

HPO + H,O» H PO +1H substrate [ HPO +H0—+HPO +21H,,

- (2) Reduction for H,y, by reacting with Ni** and
¢ H,PO;" ions, co-deposition of Ni-P and new
. formation of H,4, on the deposit of formed Ni-P.

@ (4) New reduction for H,,, by reacting with N1**
and H,PO," ions, co-deposition of Ni-P on the Ni- |
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Figure 1.4 Schematic illustration of electroless Ni-P coating deposition process [20].

Several key parameters, such as bath temperature, pH, bath composition and loading
capacity, etc., affect the deposition rate and the elemental compositions in the coating,
which directly reflect on the coating microstructure and properties. Generally, Ni-P coating
can be classified into three categories based on the P content: low-P coating (1-4 wt.%)
with crystalline microstructure, medium-P coating (5-8 wt.%) with mixed microstructure
and high-P coating (9—12 wt.%) with amorphous microstructure [21]. High-P coating

exhibits better resistance to corrosion attack in acidic environments because of less active



sites of the amorphous microstructure in the absence of grain boundaries, while a multi-
layered protective passive layer is formed on top of low-P and medium-P coatings in

alkaline solutions and accounts for good corrosion protection [22].
1.3 Content of the thesis

There are totally 8 chapters in this thesis. Chapter 1 begins with a brief introduction of
SAGD and corrosion problems in SAGD, and then presents the fundamentals of Ni-P
coating. Chapter 2 reviews the previous literatures on the corrosion studies of Ni-P coating
and the existing optimization methods for corrosion resistance enhancement. Chapter 3
introduces the employed experimental methodologies. Chapter 4 discusses the corrosion
behavior and corrosion mechanism of Ni-P coating in CO2/H2S/CI” environment. Chapter 5
reports the effect of Ca** on the HTHP corrosion behavior and corrosion film
characteristics of N80 carbon steel and Ni-P coating in sweet brines. Chapter 6 describes
the effects of Mo addition and heat treatment on the characterization and corrosion
behavior of Ni-Mo-P/Ni-P coating in CO2/H2S/CI" brine. Chapter 7 develops a smart Ni-P
composite coating embedded with pH-responsive corrosion inhibitor-loaded nanocapsules
and evaluates its improved corrosion resistance. Finally, the main conclusions and future

prospects are summarized in Chapter 8.

To get a clearer image of the corrosion issues in SAGD environments, a failure analysis of
underground carbon steel pipes in a water production well in Athabasca oil sands reservoir

is conducted and presented in Appendix 1.
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2 Literature review on corrosion studies of electroless Ni-P

coating

2.1 Corrosion behavior and mechanism of Ni-P coating in acidic

environments

2.1.1 Effect of P content

The anti-corrosion properties of Ni-P coating have attracted much attention in the past few
decades since it was successfully prepared, and extensive investigations suggest that the
coating displays a better corrosion resistance than the carbon steel substrate, offering good
protection by isolating the substrate from corrosive environments [1-10]. In general,
elemental Ni in the coating reacts preferentially in acidic media, leading to the enrichment
of P on the coating surface. As mentioned above, amorphous Ni-P coating with higher P
content shows better corrosion resistance in acidic environments due to the absence of

grain boundaries.

To date, a few anti-corrosion mechanisms have been proposed to explain the satisfactory
corrosion resistance of Ni-P coating in acidic environments. First, the enriched P due to the
preferential dissolution of nickel reacts with H2O to form a layer of adsorbed H>POxz,
which inhibits the further hydration of Ni by blocking the electrolyte transfer. This
“chemical passivity” model was initiated by Diegle et al. [11], and their findings reported
the enrichment of elemental P and the presence of H2PO»™ ions from XPS results of Ni-P
coating after anodic polarization in 0.2 N HCI solution. Authors claimed that elemental P
may contribute to corrosion inhibition at lower anodic overpotentials, but the primary
passivation role was ascribed to HoPO;™ ions because of the beneficial effect on passivity
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by adding NaH>PO, to the electrolyte. Similarly, the second model suggests the formation
of P-rich film at the coating/solution, and the dissolution of Ni is controlled via the
diffusion through this P-rich layer. The existence of the P-rich layer was confirmed by the
Elsener group [12,13] and a current decay following a square root law with time was
observed, indicating a diffusion-limited electrochemical process controlled by the P-rich
layer. The third model states that the dissolution of amorphous alloys depends on the alloy
constituent having a lower dissolution rate, therefore the anti-corrosion properties of Ni-P
coating are attributed to the lower dissolution rate constant of P [14]. Fourth, the cathodic
reaction rate is influenced by the P content because P has a much smaller exchange current
density for hydrogen combination reaction than Ni. Therefore, the P-rich layer suppresses
the cathodic reaction kinetics and slows down the anodic reaction. This mechanism was
proposed by Zeller III and his colleagues [15]. Among these mechanisms, the “chemical

passivity” model has gained the most popularity in recent years.
2.1.2 Effect of coating porosity

Except for the notable effect of P content on the corrosion performance of Ni-P coating,
the coating porosity also plays an influential role. As mentioned above in Chapter 1,
micropores are present inside Ni-P coating due to the hydrogen formation in the coating
deposition process, which is inevitable for electroless plating. Once the micropores are
formed, they allow the electrolyte penetration and form corrosion pathways, which causes
coating degradation and loses protection for the substrate underneath. Research has shown
that coatings with larger porosity exhibited higher corrosion current densities than those
with smaller porosity [16,17]. Therefore, better control of coating porosity is beneficial to

the corrosion resistance of Ni-P coating.
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Based on the previous studies, the porosity of Ni-P coating can be adjusted by the
following methods. First, an appropriate deposition rate can be maintained by adding
stabilizers, which moderate the deposition process, to avoid the excess formation of
micropores due to the fast reactions. Pb?>" and thiourea have been proved to be the effective
stabilizers, and the coating obtained in the Pb?>*-containing bath showed a smoother surface
with lower porosity and better corrosion resistance than that obtained in the bath containing
thiourea [18]. Second, H" concentration can be controlled via the buffering agent in the
coating bath to regulate the hydrogen gas formation and reduce the porosity of the coating.
Ying et al. [19] investigated the effects of NH4F as buffering agents on the porosity and
corrosion resistance of Ni-P coating, and it was shown that the variation of pH value of the
plating bath with NH4F after 1 h coating was much lower than that without NH4F,
indicating a good buffering effect. This further led to a more uniform and homogenous
coating surface and better corrosion performance. Similar buffering effects of (NH4)2SO4
[20] and CH3COONa [21] were also reported. Third, nanoparticles can be co-deposited
with Ni-P coating and fill in the micropores to form less porous coatings. Figure 2.1 shows
the schematic illustration of corrosion paths in Ni-P coatings before and after adding
dispersed diamond particles (DNP) [22]. Nanoparticles fill the vacancies of the coating and
block the corrosion paths, thereby effectively hindering the electrolyte penetration. As
compared to the first two methods that modify coating bath recipes, the incorporation of
nanoparticles gains most popularity due to its simpler applicability and multiple functions
brought by the introduced nanoparticles. More systematic explanations and previous

studies will be included in Chapter 2.2.

15



corrosion paths corrosion paths

|_» DNP
[«1s]
£ 4
b 4 =
423 . T
8 NI;_OPU:;J:ter 8 % Ni-P cluster
v boundary
substrate substrate

Figure 2.1 Schematic of corrosion paths in Ni-P coating and Ni-P-DNP coating (Figure reproduced from ref

[22)).

2.1.3 Effect of environmental factors

The corrosion of Ni-P coating also highly relies on the environmental factors, such as
corrosion medium and service time, etc., the variation of which may lead to huge
difference in corrosion rates and mechanism. Although extensive studies suggest the good
corrosion resistance of Ni-P coating in common acids (e.g., HCl and H2SO4 solutions)
[7,8,23,24], limited research has been conducted in CO2/H>S-containing environments. Xu
et al. [25] studied the corrosion behavior of Ni-P coated 20# carbon steel in H»S (1 psi)/CI”
environment at 0.07 MPa and 80 °C, and demonstrated that its corrosion resistance
outcompeted 316L stainless steel without further explaining the reason for the improved
corrosion resistance. The corrosion and degradation of Ni-P coating in CO-saturated NaCl
solution were investigated, and authors claimed that corrosion occurred at the micropores
and extended towards the inside of coating after 6 d of immersion, but coating
disbondment was not observed [26]. Recently, Sun et al. [27] reported the effects of CO>
and/or H2S on the corrosion behavior of Ni-P coating at HTHP, and proposed that the
coexistence of two dissolved gases caused a COsz-enhanced H2S corrosion effect,

synergistically accelerating corrosion and changing the corrosion film characteristics.
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The anti-corrosion performance of Ni-P coating weakens after long-term service because
of the gradual penetration of corrosive electrolyte through the micropores. Wang et al. [28]
demonstrated that corrosion pits formed on the Ni-P coating surface after immersion in
NaCl solution for 1 month, while severe coating disbondment was observed after 10 d
exposure in COy/HaS-saturated NaCl solution [29]. A case study showing the failure of Ni-
P coated slotted liner in a SAGD production well can interpret the long-term coating
stability in CO2/H2S/CI” environment clearly. As shown in Figure 2.2, a thick layer of
corrosion product composed by Ni and S is formed above the damaged coating after 18
months of service. Besides, the presence of a double-layered corrosion product (Ni-Fe-S
layer close to coating and Fe-O layer near the substrate) between coating and carbon steel
substrate indicates the full penetration of aggressive medium and the substrate degradation

accordingly.
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Figure 2.2 (a) SEM cross-sectional backscattered electron image and (b—f) the corresponding elemental
distributions of (b) Ni, (c) P, (d) Fe, (e) S and (f) O of the slotted liner with Ni-P coating after 18 months of

service in the production well of SAGD system containing CO», H»S and CI" [29].
2.2 Optimization methods of Ni-P coating for corrosion resistance
enhancement
From the abovementioned literatures and case study, even though Ni-P coating shows

excellent corrosion resistance, it still suffers severe corrosion in some harsh environments.

Therefore, it is highly desirable to optimize Ni-P coating and acquire better anti-corrosion
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performance. Three mainstream methods are introduced in this chapter: heat treatment, co-

deposition with alloying elements and nanoparticle incorporation.
2.2.1 Heat treatment

It is generally known that the mechanical properties of Ni-P coating, such as
microhardness and wear resistance, can be improved by heat treatment, which is attributed
to the formation of fine Ni crystallites and hard intermetallic NisP phase precipitated
during the crystallization of the amorphous phase above 300 °C [30]. Meanwhile, the
enhanced corrosion resistance caused by heat treatment was reported as well. Ashassi-
Sorkhabi et al. [1] reported that the heat treatment at 400 °C for 1 h significantly decreased
the icorr Values of high-P coating in aerated 3.5% NaCl solution, while medium-P coating
experienced intergranular corrosion. Rabizadeh et al. [31] accredited the enhanced
corrosion resistance of heat-treated low-P Ni-P coating to the reduced grain boundaries
because of the grain growth of crystalline Ni. In addition, NiO tends to form on the coating
surface upon annealing at elevated temperatures and acts as a passivation layer to inhibit

corrosion [32,33].
2.2.2 Co-deposition with alloying elements

Considerable amount of work has been conducted in the development of Ni-P coating by
co-depositing one or more alloying elements to further enhance the coating properties.
Metals, such as cobalt [34], molybdenum [35,36], tungsten [37,38], copper [38,39], zinc
[40], tin [41], can be deposited in Ni-P matrix. The findings of Gao et al. [34] indicated
that the enhancement of corrosion resistance of Ni-P deposit reached the maximum when
Co content was 8.3 wt.%, above which the structure of Ni-P deposits changed from
amorphous to mix-crystal. Lu et al. [42] compared the corrosion resistance of ternary Ni-P
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based coatings by the addition of Mo and W, and suggested that added W slightly
improved the corrosion resistance, whereas the Mo addition had no obvious beneficial
effect on the anti-corrosion performance. However, opposite conclusions were made by
Song et al. [43], who claimed that Ni-Mo-P displayed better corrosion resistance due to its
compact surface and low porosity. Cu element led to the enrichment of P and hindered the
further dissolution and diffusion of Ni**, thereby enhancing the corrosion resistance of Ni-
Cu-P coating [44]. Moreover, some quaternary Ni-P composite coatings were also
developed [38, 45]. These results demonstrate the great potential of alloying elements as
the promising approaches to enhance the coating properties, despite controversies in the
contributions of alloying elements on the corrosion resistance improvement and limited

explanations of the anti-corrosion mechanism.
2.2.3 The incorporation of nano-scale components

As stated above, the anti-corrosion ability of Ni-P coating diminishes after long-term
service because of the gradual penetration of corrosive electrolyte through the micropores
in the amorphous coating. Such imperfection can be mitigated to some extent by the
addition of inorganic nanoparticles by filling in the micropores and blocking the electrolyte
penetration. Ni-P-TiO2 nanocomposite coating had superior corrosion resistance in 3.5
wt.% NaCl solution as compared to Ni-P coating due to the co-deposition of TiO»
nanoparticles [46]. The anticorrosion property and passivity were improved in the CeO»-
containing coating due to its less liability to undergo local-cell corrosion at the nodule
boundaries than its CeO,-free counterpart. During the co-deposition process, Ce™ (n=3, 4)
ions may be adsorbed to the metal/solution interface, hindering the crystal-typed deposition

of Ni and promoting P deposition [47]. In a recent study, the ZrO,-containing Ni-W-P
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composite coating showed excellent resistance to CO2/HoS corrosion [48]. Some other
nanoparticles, such as WC [49], SiC [50], WS» [51], Fe304 [52], AL2Os [53], TiC [54], etc.,
were also reported as the promising materials to be incorporated into Ni-P composite

coating.

In addition, some organic components, such as carbon nanotubes (CNT) [55],
polytetrafluoroethylene (PTFE) [56], reduced graphene oxide (rGO) [57], etc., also exhibit
good compatibility with Ni-P coating, and their incorporation promotes the mechanical and
tribological properties and corrosion resistance. The good compatibility between organic
components and Ni-P coating offers the possibilities for various functional additives to be
incorporated to endow with specific functionality. From this perspective, nano-scale
capsules loaded with corrosion inhibitors can be considered as an encouraging material that
is suitable to be incorporated into Ni-P coating to achieve an enhanced anti-corrosion

performance for longer lifespans.

The method of nano-/micro-encapsulation refers to the techniques that allow the
entrapment of active species (core material) inside the nanocapsules (shell material), and
has attracted growing interests recently due to the isolation of core materials from the
surroundings and the controllable release upon meeting certain triggering criteria, such as
pH value, temperature, mechanical damage, ion concentration, etc. [58—61]. The core
materials can be self-healing agents, lubricants and corrosion inhibitors, etc. A schematic
example of self-healing effect of microcapsules-contained coatings is shown in Figure 2.3
[62]. The healing agent is trapped in the microcapsules without external stimulus and can
be released from the ruptured microcapsules when triggered, thereby healing the cracks

automatically with or without chemical reactions.
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So far, most research on the incorporation of nanocapsules has focused on organic coatings
with micro-scale thicknesses by direct mixing, while very limited findings have been
reported for metallic coatings, especially thin electroless Ni-P coating. Stankiewicz et al.
[63] developed an electroless Ni-P/alginate microgels coating, and it was proven that the
reduction of Ni*" ions released from the microgels occurred on the steel and Ni-P coating
surface, which displayed a self-healing effect of the composite coating. Xie et al. [64]
reported the synthesis of NaF-loaded mesoporous silica nanocontainers (MSNs) and its
incorporation into Ni-P coating. The release of F~ ions from the nanocontainers facilitated
the formation of a protective MgF, film and enhanced the corrosion resistance of Ni-P

coated Mg alloys.

Broken microcapsules

__ Microcapsules Crack

Epoxy matrix

Healing agent

Healed site
a new film

Figure 2.3 Schematic diagram of self-healing mechanism (Figure reproduced from ref [62]).

2.3 Current status and remaining challenges

Despite extensive studies on the corrosion behavior of Ni-P coating, there are still some
controversies about the anti-corrosion mechanism under debate. The well-accepted
“chemical passivity” model only discussed the enhanced corrosion protection in a very
short time period (less than 1 h), therefore the stability of the adsorbed H,PO;™ layer needs

to be investigated. Furthermore, this model claimed that the “oxide passivity” observed on
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pure nickel could be ruled out due to the non-existence of nickel oxide. However, the
formation of nickel oxide and nickel hydroxide was clearly detected as corrosion time
proceeded according to our studies, and the ratio of two components significantly impacted
the anti-corrosion performance [27,29]. Therefore, the true anti-corrosion mechanism of
Ni-P coating and the effect of corrosion film on the enhanced corrosion resistance need to
be elucidated. In addition, unlike common acids, H>S serves as the cathodic depolarizer
and shows a high chemical affinity to Ni, thereby accelerating corrosion [65,66]. However,
limited research has paid attention to the synergy of CO2 and HzS in the corrosion of Ni-P
coating. Furthermore, even though Ni-P coating has started to serve as downhole tubing
materials in some reservoirs, corrosion studies of Ni-P coating under HTHP conditions are
still lacking. In addition, the effect of Ca®", as a scaling-promoting element, on the
corrosion of carbon steels has been still in debate, and no research has been reported in
regards to the role of Ca®" in the corrosion behavior and corrosion film characteristics of
Ni-P coating in HTHP environments. Therefore, related studies will provide technical
guidance to substantiate the applicability of Ni-P coating in Ca®'-containing SAGD

operations.

For the optimization of Ni-P coating in terms of corrosion protection, most of the published
findings have reported the good corrosion resistance without further elaborating the origin
of the enhanced performance, and none of these developments is specifically focused on
the corrosion resistance improvement in the presence of H>S. From this perspective,
efficient optimization approaches should be made to enhance the anti-H>S corrosion
performance of Ni-P coating and the anti-corrosion mechanism needs further exploration.

In this work, Mo was selected as the alloying element because it has been well-accepted to
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show good anti-H>S corrosion performance in stainless steels and Ni-based alloys, but

none of similar studies has been reported to Ni-P coating.

Moreover, inspired by the various properties brought by the incorporated functionalized
nanocontainers in organic coating systems, the development of new smart Ni-P coatings
with adjustable functionalities needs to be further pursued due to the growing applications
of Ni-P coating under more complicated service conditions. However, there have been very
limited published reports on the controllable anti-corrosion performance of Ni-P coating so

far.
2.4 Research objectives

Based on the current status and remaining challenges of this topic, the research objectives

of the thesis are as follows:

1) To elucidate the corrosion behavior and mechanism of Ni-P coating in brines
containing CO»/H,S and study the promotion effect of H>S on the CO: corrosion of
Ni-P coating.

2) To demonstrate the effect of Ca®" ions on the corrosion behavior and corrosion film
characteristics of N80 carbon steel and Ni-P coating under HTHP conditions.

3) To optimize Ni-P coating by Mo addition and heat treatment and to investigate their
roles in the corrosion resistance improvement of Ni-P composite coating in H>S-
containing aqueous environment.

4) To develop a smart Ni-P composite coating incorporated with corrosion inhibitor-

loaded nanocapsules that exhibits superior and controllable corrosion resistance.
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3 Methodologies
3.1 Coating fabrication and material synthesis

3.1.1 Fabrication of as-deposited electroless Ni-P coating

In this work, tubing steels, such as L80 steel and N8O steel, with the size of 1 cm X 1 cm x
1 cm, were used as the substrate for electroless Ni-P coating. The chemical compositions
of these two steels are listed in Table 3.1. The substrates were first ground sequentially to
1200 grit with SiC sandpapers, cleaned with deionized water and alcohol, and then dried in
flowing air. Prior to electroless plating, the samples were degreased in the solution
consisting of 3 wt.% sodium carbonate (Na2CO3) + 3 wt.% sodium hydroxide (NaOH) for
20 min at 60 °C and then pickled in 10 wt.% hydrochloric acid (HCI) solution for 50 s for
surface activation. After the treatment, the samples were dipped in the plating bath at
(85+1) °C and at a stirring rate of 200 rpm. The chemical composition of the plating bath is
listed in Table 3.2. A loading capacity of 1 dm?/L was maintained, and the pH value of the
coating bath was adjusted to 5.5-6 by adding NaOH. The total plating time is 2 h. After the
coating process, all coated samples were cleaned with alcohol by ultrasonic dispersion and

dried in flowing air for further testing.

Table 3.1 Chemical compositions (wt.%) of L8O carbon steel and N80 carbon steel.

Material C Mn Si Cr Cu Ni P S Fe
L80 steel 0.32 0.80 0.25 - 0.12 0.016 0.006 0.028 98.46
N8O steel 0.29 1.38 0.25 0.037 0.009 0.002 0.002 0.002 98.028
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Table 3.2 Chemical compositions of electroless Ni-P plating bath.

Reagent Concentration
Nickel sulphate (NiSO4- 6H,0) 25 g/L
Sodium hypophosphite (NaH,PO»-H>0) 30 g/L

Lactic acid (C3HsO3) 20 mL/L
Citric acid (CsHgO7) 19 g/L
Succinic acid (C4HsO4) 14 g/L
Saccharin Sodium (C¢H4SO,NNaCO-2H,0) 0.06-0.08 g/L
Sodium dodecyl sulfate (SDS, Ci,H25SO4Na) 0.04 g/L
Lead nitrate (Pb(NO3),) 1 mg/L

3.1.2 Fabrication of as-deposited and heat-treated electroless Ni-Mo-P/Ni-P coating

The fabrication procedure of the as-deposited Ni-Mo-P/Ni-P coating contains two steps: 1
h of Ni-P coating and 1 h of Ni-Mo-P coating. The chemical compositions of Ni-P and Ni-
Mo-P coating bath are listed in Tables 3.2 and 3.3, respectively. The entire procedure
follows the one described in 3.1.1. Then, the coated samples were heated in a furnace
under air flow condition at 400 °C for 2 h at a heating rate of 5 °C/min, followed by

furnace cooling under air flow condition.

Table 3.3 Chemical compositions of electroless Ni-Mo-P plating bath.

Reagent Concentration
Nickel sulphate (NiSO4 6H,0) 20 g/L
Sodium hypophosphite (NaH,PO,-H,0) 40 g/L
Sodium molybdate (NaxMoO4- 2H,0) 5¢/L

Citric acid (CsHgO7) 10 g/L
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Sodium citrate (Na3;CsHsO7) 20 g/L

Ammonium chloride (NH4Cl) 15 g/L
Sodium dodecyl sulfate (SDS, Ci,H25SO4Na) 0.01 g/L
Sodium fluoride (NaF) 0.004 g/L
Sodium hydroxide (NaOH) 15 g/L

3.1.3 Synthesis of corrosion inhibitor-loaded nanocapsules and fabrication of

nanocapsule-embedded Ni-P coating

The reagents used for nanocapsule fabrication are tetracthoxysilane [TEOS, Si(OC2Hs)4],
cetyltrimethylammonium bromide [CTAB, (CisH33)N(CH3)3:Br] and 1H-benzotriazole
(1H-BTA, CeHsN3). First, 0.2 g of CTAB was added slowly into 200 mL of 0.5 g/LL NaOH
solution at 80 °C under vigorous magnetic stirring, followed by the addition of 0.3 g of
BTA. Then, 2 mL of TEOS was added dropwise to the mixed solution. The reaction was
maintained at 80 °C under vigorous stirring for 2 h. The mixture was centrifuged, washed
twice with deionized water, and dried in furnace at 90 °C for 6 h. The product was then
ground to fine powder for the subsequent coating procedure. As for the coating process, the
substrates were first dipped in the plating bath (Table 3.1), and in the meanwhile, the
prepared nanocapsule powder was mixed with a little amount of plating bath solution
(approximately 30 mL) ultrasonically for 1 min to avoid the agglomeration, and then the
mixed solution was transferred into the heated plating bath in which the concentration of
nanocapsules was fixed at 0.1 g/L. All coated samples were cleaned with alcohol by

ultrasonic dispersion and dried in flowing air for corrosion testing.
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3.2 Corrosion testing methods

3.2.1 Electrochemical measurements at room temperature and atmospheric

pressure

The electrochemical measurements at room temperature and atmospheric pressure were
carried out in a three-electrode cell by using a Gamry Interface 1000E Electrochemical
Workstation, with a carbon rod as the counter electrode (CE), the epoxy-sealed sample as
the working electrode (WE) and a saturated calomel electrode (SCE) as the reference
electrode (RE). An area of 1 cm X 1 cm was exposed for electrochemical tests. Initially, the
solution was deoxygenated by purging nitrogen gas for 3 h. Then specific gases (CO:
and/or H2S) were purged into the solution for 2 h to ensure saturation. During the test, CO-
and/or HoS were continuously purged in the solution with a flow rate of 10 mL/min to
maintain saturation. First, the open circuit potential (OCP) was recorded for 1 hour to reach
the steady-state potential. The linear polarization resistance (LPR) was then measured in
the potential range of +10 mV vs. OCP with a scan rate of 0.125 mV/s. Then the
electrochemical impedance spectroscopy (EIS) measurements were conducted with an
alternating current signal amplitude of 10 mV applied in the frequency range from 100 kHz
to 10 mHz at OCP. ZSimpWin software was used to fit the measured data by using
appropriate equivalent circuits. The potentiodynamic polarization curves were recorded
from -0.3 V to 1.2 V vs. OCP at a scanning rate of 0.167 mV/s. At least three parallel tests
were performed for all the electrochemical tests under each test condition to ensure

reproducibility.

The electrochemical noise (EN) measurements were also performed at OCP via ESA 410
software of Gamry Interface 1000E Electrochemical Workstation. Zero resistance ammeter
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(ZRA) mode was used in this work for data acquisition, with two identical samples as the
WE and SCE as the RE. A sampling interval of 0.2 s was selected over 2048 consecutive

data points after different periods. The frequency domain based on the sampling conditions

was between 2.5 Hz (fmax) and 2.4 mHz (fmin) from f, 4, = ﬁ and fiin = ﬁ, where At is

the sampling interval and N is the total number of data points. The power spectral densities
(PSDs) of the signals were calculated by the program psd-detrend_ECG-COMON.exe (free

download on www.ecg-comon.org) based on the fast Fourier transform (FFT) and the

linear detrending of raw electrochemical potential noise (EPN) and electrochemical current
noise (ECN) data to avoid the effect of corrosion potential drift on signal fluctuations

during the tests [1].
3.2.2 Immersion tests

The immersion tests were carried out in a 1 L vessel saturated with specific gases for
certain test periods. The deoxygenating and purging procedure followed that in the
electrochemical tests. After immersion, the samples were taken out from the vessel,
cleaned with deionized water and alcohol, and dried in flowing air for further

characterizations.
3.2.3 HTHP autoclave tests
3.2.3.1 Weight loss tests

The weight loss tests were performed in a 1.5 L autoclave under specific conditions. The
samples were hung in the autoclave to avoid any possible galvanic effects during the
immersion. Four parallel samples were tested under each condition, three of which were

weighed via an electronic balance (0.1 mg precision) prior to the test. Highly purified N
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gas was purged into the autoclave to deoxygenate for 2 h, followed by adding N»/CO
mixed gas to reach the required partial pressure. The experiment started at the time point
when the required operating temperature was reached. After immersion, the samples were
cleaned with deionized water and alcohol and dried in air. Three of the four samples were
descaled in the pickling solution. The descaled samples were weighed again, and the

corrosion rate (CR, mm/y) was calculated by the equation given below:

__ 8.76x10*(Wo—Wy)
CR = Spt (Eq. 3.1)

where W, and W, are the masses of the samples before the test and after descaling,
respectively, g; S is the total exposed area, cm?; p is the density of the material, g/cm?; t is

the immersion time, h.
3.2.3.2 In-situ electrochemical measurements at HTHP

In-situ electrochemical tests were performed under HTHP conditions in the autoclave by
using a Gamry Interface 1000E Electrochemical Workstation, with the specimens as the
WE, a carbon rod as the CE and an Ag/AgCl electrode as the RE. The exposed area of each
sample is 1 cm?, and the deoxygenating and purging process and test solution followed the
same procedure for the weight loss tests. The samples were first immersed for 24 h to
achieve the pre-filmed surface and a steady-state OCP. The EIS test procedure follows the

one in Chapter 3.2.1.
3.3 Material characterizations

The material characterization methods used in this work are summarized as follows:
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(1) Scanning electron microscopy (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS): The surface and cross-sectional morphologies of studied specimens
before and after corrosion tests were observed by using Tescan Vega-3 SEM, and the
elemental distribution was examined by EDS. The morphology of nanocapsules were

observed by a Zeiss Sigma 300 VP field emission-SEM (FE-SEM).

(2) Transmission electron microscopy (TEM): The morphologies of nanocapsules were

observed by using a JEOL JEM-2100 TEM.

(3) Optical stereo microscopy (OSM): The corrosion morphologies and the depth profiles

of surfaces were observed by OSM.

(4) X-ray diffraction (XRD): XRD (Rigaku Ultima IV) was employed to identify the phase
compositions. XRD was performed with a Cu K, X-ray source operated at 40 kV and 44

mA, and the patterns were recorded from 20° to 80° at a scanning rate of 4°/min.

(5) X-ray photoelectron spectroscopy (XPS): The chemical valence was examined by XPS
(Kratos AXIS Ultra). The C 1Is peak at the binding energy of 284.6 eV was used to

calibrate the shifted XPS data.

(6) Nuclear magnetic resonance (NMR): 'H NMR spectra was obtained by using an
Agilent Inova 400 MHz spectrometer to verify the release of corrosion inhibitors from the

nanocapsules.
3.4 References
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4 Insights into the electrochemical corrosion behavior and
mechanism of electroless Ni-P coating in the CO2/H2S/CI

environment

ABSTRACT: The electrochemical corrosion behavior of Ni-P coating in 3.5 wt.% NaCl
solution-containing CO; and H»S was investigated using electrochemical methods and
surface characterization techniques. The results show that the presence of H>S can enhance
the CO: corrosion of Ni-P coated carbon steel by affecting both anodic and cathodic
processes. The HoPO>™ adsorbed layer only exists in the very early stage of corrosion and
barely improves the anticorrosion performance of the coating. The formation of corrosion
products (NiO and Ni3S;) renders temporary protection during immersion, but the addition
of H»S accelerates the diffusion process at the electrolyte/coating interface and promotes
the electrolyte penetration through the coating, causing severe localized corrosion and
coating disbondment. A corrosion model is proposed to illustrate the corrosion and

degradation process of Ni-P coated steel in the CO»/H>S/CI” environment.
4.1 Introduction

Carbon steel has been widely utilized in the oil and gas industries in the past decades due
to its good mechanical and chemical properties and relatively low cost. However, corrosion
of carbon steel becomes a non-negligible problem, especially in some harsh environments
containing acidic gases such as COz and H.S, which deteriorates the materials and thus
causes failure in the oil and gas applications. Therefore, several anticorrosion methods
have been applied under service conditions to mitigate the corrosion of carbon steel.!™

Among these methods, coating is regarded as an efficient way to improve the physical and
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chemical properties of carbon steel substrate. The electroless Ni-P coating, due to its
satisfactory corrosion resistance, good mechanical properties, and reasonable cost, has
been considered as a promising approach in the oil and gas applications and thus received

widespread attention.>”

The anticorrosion performance of electroless Ni-P coating has been studied in recent years,
and the findings indicate that the coating steel performs much better than uncoated in the
acidic environments.%!%12 It is generally believed that the formation of an adsorbed layer
of H2PO; would retard the further hydration of nickel and the corrosive medium
transport.'*'* However, localized corrosion of Ni-P coating has been reported by some

1.15

researchers. Crobu et al. > observed the localized corrosion features on the Ni-P alloys after

1'10

prolonged polarization in chloride and sulfate solutions. Wang et a reported the

localized corrosion behavior of Ni-P coating in the Cl-containing solution after immersion

for 1 month. Recently, Sun et al.'®

investigated the effect of coating defects on the
corrosion behavior of Ni-P coating in the CO;-saturated solution and found that the

localized corrosion of the coating occurred after the corrosion was accelerated by cathodic

polarization.

Based on the research on CO2/HaS corrosion of carbon steel and stainless steel, it is widely
acknowledged that H>S plays a notable role in affecting the corrosion process. As reported,
H>S can either promote CO; corrosion by controlling the electrochemical reaction process
or inhibit the corrosion by the formation of sulfur-containing corrosion products on the
surface.!”?® However, limited research has focused on the effect of CO2/H2S on the
corrosion behavior of Ni-based coatings. Yin et al. investigated the CO2/H>S corrosion of

Ni-based alloys at 80 °C, showing that H>S served as the cathodic depolarizer and
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accelerated the corrosion.?! Moreover, Zhao et al. found that the presence of H»S could
cause the change in chemical composition of the corrosion film and result in the localized
corrosion of Ni-based alloys.??> Recently, Sun et al. reported the synergistic effect of CO,
and H>S on Ni-P coating at high temperature and high pressure and proposed that the co-
existence of two gases led to a COz-enhanced HzS corrosion mode.?®> However, to date, the
role that CO> and/or H»S plays in the electrochemical behavior and mechanism of Ni-P
coating is still unclear, and the effect of H2S on the CO; corrosion of Ni-P coated steel in

the aqueous environment at room temperature has not yet been fully investigated.

Hence, in this study, the electrochemical corrosion behavior of Ni-P coating on L80 carbon
steel in CO2/H2S/Cl” environment was investigated and the effect of H2S on CO> corrosion
was clarified by electrochemical techniques. The surface morphology and corrosion
product were observed and characterized by using surface analysis techniques such as
scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) and X-
ray photoelectron spectroscopy (XPS). Furthermore, a corrosion model was proposed to
illustrate the corrosion and disbonding process of Ni-P coating under the specific

conditions.
4.2 Experimental

4.2.1 Coating fabrication

L8O steel, with the chemical composition (wt.%) of 0.32 C, 0.80 Mn, 0.016 Ni, 0.12 Cu,
0.25 Si, 0.006 P, 0.028 S, and balance Fe, was used as the substrate for the electroless Ni-P
coating. The samples were first cut into 10 mm % 10 mm X 5 mm, ground to 1200 grit,

degreased with acetone and alcohol, and rinsed with deionized water. Prior to the coating
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process, the samples were cleaned in 3 wt.% sodium carbonate (Na,COs3) and 3 wt.%
sodium hydroxide (NaOH) solution for 20 min at 60°C and then etched in 10 wt.%
hydrochloric acid (HCI) solution for 50 s for surface activation. After the treatment, the
samples were dipped in the plating bath with a stirring rate of 200 rpm at 85+1°C for 120
min. The chemical compositions of the plating bath are listed in Table 4.1. After the
coating process, the coated samples were cleaned with alcohol by ultrasonic dispersion for

10 min for plating solution removal.

Table 4.1 Chemical compositions of electroless Ni-P plating bath.

Reagent Concentration
Nickel sulphate (NiSO4-6H,0) 25 g/L
Sodium hypophosphite (NaH,PO,-H,0) 30 g/L

Lactic acid (C3H¢O3) 20 mL/L
Citric acid (CsHgO7) 19 g/L
Succinic acid (C4HsO4) 14 g/L
Saccharin Sodium (C¢H4SO;NNaCO-2H,0) 0.06-0.08 g/L
Sodium dodecyl sulfate (SDS, Ci,H25SO4Na) 0.04 g/L
Lead nitrate (Pb(NO3)2) 1 mg/L

4.2.2 Solution preparation and test conditions

The test solution used in this study was 3.5 wt.% sodium chloride (NaCl) solution.
Initially, the solution was deoxygenated for 3 hours by purging nitrogen gas. Then CO>
and/or H>S were purged into the solution for 2 hours to ensure saturation. The combined
pressure is 0.1 MPa. During the test, CO2 and/or H2S were continuously purged in the

solution with a flow rate of 10 mL/min to maintain saturation. The pH values of CO>-
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saturated and CO»/H;S-saturated NaCl solution were 4.01 and 4.10, respectively. The bulk
solution, which only contained 3.5 wt.% NaCl, was chosen as the control group for
electrochemical tests. For the control group, nitrogen gas was purged continuously before
and during the electrochemical tests. The pH value of all four kinds of solution was

adjusted to 4 by adding HCI.
4.2.3 Electrochemical measurements

The electrochemical measurements were conducted at room temperature by using the
Gamry Interface 1000E electrochemical workstation in the three-electrode cell with the
epoxy-sealed sample as working electrode (WE), a carbon rod as counter electrode, and
saturated calomel electrode (SCE) as reference electrode. The exposed area of WE for
electrochemical tests was 1 cm?. The open-circuit potential (OCP) measurements were first
performed for 1 h to monitor the corrosion potential and make sure that a steady-state
potential has been reached. The linear polarization resistance (LPR) was then measured in
the potential range of £10 mV vs. OCP with a scan rate of 0.125 mV/s. The corrosion
current density (icorr, LA/cm?) and the corrosion rate (LPR-CR, pum/year) were calculated

according to Egs. 4.1 and 4.2:2%%

. _ B __ BaBe
leorr = Ry - 2.3Rp(Ba+Be) (Eq. 4.1)

3.27icorrEW

LPR — CR = (Eq. 4.2)

where B is the Stern-Geary coefficient, mV; f. and fc are anodic and cathodic Tafel
constants, respectively, mV/decade; R, is the polarization resistance, kQ-cm?; EW is the

equivalent weight, g and p is the density, g/cm?.
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4.2.4 Immersion tests and surface characterizations

To further evaluate the stability of Ni-P coating, immersion tests were performed ina 1 L
vessel in CO; and CO2/H2S environments for 5 d and 10 d. The deoxygenating and purging
process followed the electrochemical tests. After immersion, the samples were cleaned
with deionized water and alcohol and dried in air. The surface morphology before and after
immersion test was observed by SEM and the composition of the corrosion film was
examined by EDS and XRD. The XRD analysis was carried out with Cu K, radiation and
the patterns were recorded from 10° to 80° at a scanning step of 0.02° and a scanning rate
of 4°/min. XPS was then employed to analyze the chemical valence of corrosion product
after immersion test. The C 1s peak at the binding energy of 284.6 eV was used to calibrate

the shifted spectra.

4.3 Results

4.3.1 Structure and morphology of electroless Ni-P coating

Figure 4.1a shows the SEM surface morphology of electroless Ni-P coating, and it displays
the nodule-like microstructure. The coating is uniformly deposited and closely attached on
the carbon steel surface, and the thickness is around 20 pm (Figure 4.1b). The EDS line
scan results in Figure 4.1c indicate the uniform distributions of Ni and P elements. The
XRD pattern in Figure 4.1d displays a broad diffraction peak of nickel around the 26

position of 45°, which demonstrates the amorphous phase structure.
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4.3.2 Corrosion rates from LPR tests

The LPR corrosion rates of Ni-P coating under different test conditions are shown in
Figure 4.2. S, and f. are maintained at 40 mV/decade based on the polarization sweep
results. The corrosion rate is only 6.0 um/year in the bulk solution, and it increases to 11.1
um/year with the addition of saturated CO,. The corrosion rate of Ni-P coating further
increases to 16.8 um/year with the coexistence of COz and H»S. This indicates that the
added CO increases the corrosion rate of the coating as compared to the bulk solution, and

the co-presence of the two gases further promotes the electrochemical reaction process.
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Figure 4.1 Characterization results of as-deposited electroless Ni-P coating: (a) surface morphology; (b)

cross-sectional morphology; (c) elemental distribution; (d) XRD patterns.
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Figure 4.2 LPR corrosion rates of Ni-P coating under different test conditions.

4.3.3 Polarization curves

Figure 4.3 depicts the potentiodynamic polarization curves of Ni-P coating at different
environments. Different potential regions are divided to clearly illustrate the
electrochemical behaviors. Direct HO reduction occurs in Region 1 (lower than -1.0
Vsce). When the potential range increases to around -0.5~-1.0 Vsce (Region 2), the
cathodic current density notably increases in CO> environment and reaches the maximum
with the co-existence of CO2 and HaS as compared to the bulk solution, revealing that the
added acidic gases significantly facilitate the cathodic reactions because of the extra
reactions of direct HoCO3; and H»S reduction. Nevertheless, HCO3™ and HS™ may also

contribute to the cathodic current increase. 6%’
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Figure 4.3 Potentiodynamic polarization curves of Ni-P coating under different test conditions.
As for the anodic branches in the potential range from -0.1 Vscg to 0.2 Vsce (Region 3),
the current densities increase slowly and, therefore, this region can be regarded as a
pseudo-passivation region. This mixed controlled electrochemical process can be attributed
to the formation of a thin protective P-rich layer on the coating surface and the
microstructure and P content of Ni-P coating®’-*8, Compared to the bulk solution and CO,-
saturated solution, the anodic branches display a more obvious current plateau region in the
solutions containing H>S. The same phenomenon was also found on Ni-based alloys in
CO»/H,S-containing environment??. The high affinity of sulfide species to Ni facilitates the
formation of the nickel sulfide film, and thereby gives rise to an enhanced “pseudo-
passivation” property. In Region 4 (higher than +0.2 Vscg), all the samples undergo the

rapid anodic dissolution, and the anodic current density in CO2/H2S environment is close to
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that in CO; environment, both of which exceed that in the bulk solution. In this potential

range, nickel undergoes rapid dissolution as the equation below:
Ni - Ni?* + 2e~ (Eq. 4.3)

Meanwhile, the P species also participate in the electrochemical reactions and are oxidized

to HoPO,™ and H3PO5:272%30

P+ 2H,0 - 2H* + e~ + H,PO,~ (Eq. 4.4)
H,P0,” + H,0 - H;PO; + H" + 2e~ (Eq. 4.5)
4.3.4 EIS analysis for immersion tests

Figure 4.4 depicts Nyquist and Bode plots of Ni-P coating exposed to COz and CO2/H>S
environments for different time durations, respectively. Only one time constant is found in
the CO; environment, while both Bode plots and Nyquist plots show two time constants in
the CO2/H2S environment, demonstrating a changed corrosion mechanism after
introducing H>S. As the immersion time proceeds, the shape of the semicircles at both
conditions does not change, revealing that the corrosion mechanism remains the same in
the test duration. The radii of the semicircles first increase and then decrease with time
under both conditions, demonstrating that the corrosion resistance of the coating reaches its

peak value after immersion for a specific period.

The equivalent electrical circuits used for fitting the EIS data are shown in Figure 4.5a and
4.5b, representing the CO, and CO2/H2S environments, respectively, where Rs is the
solution resistance, Qa and R are the double layer capacitance and charge-transfer
resistance, Or and Ry are the capacitance and resistance of the formed sulfide film on the

coating surface. In this electrochemical system, constant phase elements (CPE) designated
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as Qa and QOr are used in the fitting instead of pure capacitance, and the impedance of CPE

is given by the following equation:*!

Z = Ylo(jw)-n (Eq. 4.6)

where Z is the impedance; Yo is the admittance constant; j is the imaginary number; ® is
the angular frequency; » is the empirical exponent. The fitted data of main electrochemical
parameters in CO; and CO>/HoS environments are listed in Table 4.2 and Table 4.3,
respectively. The quality of fit is indicated by ¥* values obtained via ZSimpWin software,
which represent the discrepancies between the measured data and the fitted data. All y?
values in Tables 4.2 and 4.3 are no larger than 3 x 1073, suggesting that the fitted data fit

well with the measured ones.

4000 200060
(a) = ih (b} LI
4 9h A4 Gh
w I3h * 23h
30060 b < Wk 150 | PRETN
» Oih » 6lh
~ * ‘3; k el S * §5h
=2 — fitting line o b
5 00k : £ oo |- Gtting fine
<] %4 o
= Y e
N ST e
! v 'y
30069 5000 |
50 1
il £ ) 1 £ 1 i £
20000 30000 000G SO0 GODGY it S000 Heeed 15008 20000 23000 30006
Z, {frcm’) Z,_{Qcmy
1060 | {e) » ih £d} mIh
4 9h - 50 A Oh - R
¥o2Eh toenn L A v 25h
4 499 4 490
10060 b *» S5ih * 6lR
LI *x 85D 1% T
fining line & ; E
1 s " fiuzng line by
- o owwf E
g 1w du 22 i %
) s i
e 2= 2
N
= = ‘ :
HICR A 2
100 | EE £ Jw0 &
e =44
H S v 10 b
d d 1] 1. ni £ i il
8.1 6.1 : 15 106 1608 106008 150006 0.0§ 0.1 1 w0 106 1606 10080 109000
Freguency (Hz) Frequency {Fiz)

Figure 4.4 Nyquist plots of Ni-P coating in (a) CO; and (b) CO2/H,S environment and Bode plots of Ni-P

coating in (c) CO; and (d) CO»/H,S environment at different immersion times.
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Figure 4.5 Equivalent electrical circuit models used for EIS data fitting: (a) CO» environment in Figure 4.4a

and 4.4c; (b) CO»/HsS environment in Figure 4.4b and 4.4d.

According to the fitted data, the R, values (R, = Rt + Rr) under CO2/H>S condition after the
same immersion time are smaller than those under CO> condition (R, = Rc), suggesting a
decline of corrosion resistance with the addition of H2S. In the CO» environment, R first
increases and then decreases and reaches the maximum at 25 h, implying an enhanced
resistance to the mass transport at this stage. Meanwhile, Yo(Quai) keeps almost stable in the
early stage and starts to increase with time after 49 h, indicative of a promoted
electrochemical reaction process as immersion time prolongs. In the CO2/H)S
environment, Rp-Or corresponds to the corrosion product in high frequency (HF), and R
Qua represents the contribution of charge transfer process at the corrosion film/coating
interface in low frequency (LF). The R values in the CO2/H>S environment are about one
third of those in the CO; environment, suggesting the acceleration effect of H»S. Ry
increases in the first 25 h and then decreases, revealing a rapid film formation in the early
stage and the opposite tendency of QOr suggests the following decline of film thickness
during immersion. Moreover, Rt in the CO2/H»S case displays a similar variation to that in
the CO» case, and Yo(Qai) increases with immersion time, suggesting the increased exposed

surface area, and thus corrosion of the coating is promoted during immersion.
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Table 4.2 Main electrochemical parameters fitted from EIS data in Figure 4.4a and 4.4c.

Time (h) R (Q cm?) Yo(Qar) (' cm? s") n Rt (Q cm?) Quality of fit

1 6.670 5.326 x 107 0.8836 3.443 x 10* 2.532x 1073

9 6.702 5412 x 107 0.8808 5.276 x 10* 1.522 x 1073

25 6.698 4931 x 10 0.8922 5.790 x 104 0.947 x 1073

49 6.701 5.593 x 107 0.8928 4.447 x 10* 1.125 x 1073

61 6.705 6.149 x 10 0.8955 3.856 x 10* 1.159 x 1073

85 6.832 6.567 x 107 0.9216 2.683 x 104 1.530 x 10

Table 4.3 Main electrochemical parameters fitted from EIS data in Figure 4.4b and 4.4d.
Time (h) R (Qcm?)  Yo(Qa) (Q'ecm?s") Ry (Qcm?) Yo(Op) (' em™?s7) R (Q cm?) Quality of fit
1 8.490 7.498 x 10 1.170 x 10*  4.794 x 10°® 1.270 x 10*  3.595 x 10*
9 8.699 5.639 x 104 1.703 x 10*  4.134 x 107 1.874 x 10*  6.808 x 10
25 8.782 6.443 x 104 1.517 x 10*  5.146 x 107 1.937 x10*  1.219 x 10
49 8.923 1.202 x 1073 8.456 x 10° 5938 x 10°° 1.376 x 104 1.117 x 107
61 8.488 1.286 x 1073 9.421 x 10°  6.464 x 10 1.202 x 10*  7.804 x 10
85 8.339 5.506 x 10+ 1.223 x 10+ 1.093 x 10 8.128 x 10°> 5252 x 10*

4.3.5 Morphologies and chemical compositions of corrosion products

4.3.5.1 SEM morphologies and EDS analysis

Figure 4.6 shows the surface morphologies and EDS results of as-deposited Ni-P coating

and the Ni-P coating immersed in the solution saturated with CO;. A small number of

“dots” in nano-scale, namely the “micropores” (due to the coating process), are observed

on the as-deposited Ni-P coating surface as shown in Figure 4.6a. After immersion in the

CO»-saturated solution for 5 d (Figure 4.6b), more pits appear on the surface, especially at
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the nodule boundaries, indicating that the corrosive medium has started to penetrate from
some active sites of the coating. However, no noticeable corrosion product is found on the
surface. After 10 d of immersion (Figure 4.6¢), the top layer of coating is damaged along
the nodule boundaries where corrosion pits aggregate, and even more corrosion pits are
found under the damaged coating, implying that the corrosion process continues
downwards through some corrosion pathways inside the coating. Moreover, the corrosion
product is detected on the coating surface and consists of Ni, P, Fe, C and O elements from
the EDS results in Figure 4.6d. Since the detection depth of the electron beam is no larger
than 3 um, much smaller than the coating thickness (approximately 20 pum), the existence
of Fe is an evidence that the corrosion electrolyte has penetrated to the coating/substrate
interface and caused the corrosion of carbon steel substrate. Fe ions then diffuse outwards

through the corrosion pathways, forming the corrosion products on the coating surface.

The coating degradation in the CO2/H2S case is much more intense. As seen in Figure 4.7a,
the corrosion of coating occurs obviously and the formed corrosion product film peels off
along the nodule boundaries only after 5 d of immersion, which further facilitates the
electrolyte penetration and initiates localized corrosion. Moreover, small amount of
corrosion product is observed in some severely corroded regions. After 10 d of immersion
(Figure 4.7b), the coating damage and peeling continue to take place downwards, leading
to the formation of more corrosion products on the surface. The EDS results show higher
contents of Fe and O than that in the CO, case, demonstrating an accelerated corrosion

process on the substrate with the addition of H»S in the corrosive medium.
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Figure 4.6 SEM surface morphologies of (a) as-deposited Ni-P coating; (b—c) Ni-P coating in CO,

environment for 5 d and 10 d, respectively; (d) EDS analysis of corrosion product denoted by red box in (c).
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Figure 4.7 SEM surface morphologies of Ni-P coating in CO»/H»S environment for (a) 5 d and (b) 10 d,

respectively; (c) EDS analysis of corrosion products denoted by the red box in (b).

55



Figure 4.8 depicts the cross-sectional images of Ni-P coated steel after the different times
of immersion that better illustrate the electrolyte penetration process through the coating.
In the CO> case, as shown in Figure 4.8a, some minor corrosion pathways are formed
inside the coating after 5 d of immersion, suggesting that the corrosive medium starts to
penetrate downwards. However, the average length of these visible corrosion pathways is
only around 2 um to 3 um. Therefore, the substrate is still free from corrosion attack,
which can also be proved by the good adhesion of the coating and substrate. Moreover, the
flat coating surface indicates a relatively slight corrosion at this condition. After immersion
for 10 d, the average length of the visible corrosion pathways increases, meaning that the
electrolyte continues to penetrate downwards. Also, the presence of the gap between the
coating and the substrate is an implication that the corrosion medium has reached the
interface and resulted in the corrosion of steel substrate. The EDS line scan analysis
(Figure 4.8e) shows that the corrosion product contains trace amount of O and CI elements

in this gap, confirming the occurrence of localized corrosion at the interface.

The cross-sectional images of Ni-P coated steel after immersion in the CO2/H;S-saturated
solution for 5 d and 10 d are depicted in Figure 4.8c and 4.8d, respectively. From Figure
4.8c, the corrosion pathways can be obviously found, and the average length of these
pathways is larger than that in the CO> case (shown in Figure 4.8a). Furthermore, slight
localized corrosion is also observed at the coating/substrate interface, initiating the coating
disbondment after about 5 d of immersion. Since the corrosion of coating itself is
insignificant during the entire period and the galvanic corrosion leads to the severe
corrosion of substrate, the coating thickness hardly changes, as shown in the cross-

sectional images. As prolonging the immersion time to 10 d, the propagation of corrosion
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pathways allows more electrolyte to diffuse, and a large localized corrosion region is
observed under the coating. Meanwhile, the disbondment propagates laterally along the
interface, confirmed by the shape of the localized corrosion region at the edge. The
elemental composition of corrosion product in this region is obtained from EDS line scan
results. Besides Fe and O, the presence of Cl element indicates that these anions have

penetrated and reached the interface.
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Figure 4.8 (a—d) SEM cross-sectional images of Ni-P coating and (e—f) EDS line scan analysis: Ni-P coating
(a) (b) in CO; environment for 5 d and 10 d, respectively, and (c) (d) in CO2/H,S environment for 5 d and 10

d, respectively; (e) (f) elemental distributions denoted by the black arrow line in (b) and (d), respectively.
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4.3.5.2 XPS analysis

Figure 4.9 shows the high-resolution XPS spectra of corrosion products on Ni-P coating in
CO2/H»S environment for various time lengths of immersion. Four time lengths (1 h, 24 h,
48 h and 10 d) were chosen to represent the corresponding corrosion stages: 1 h represents
the initial stage of immersion, 24 h the occurrence of the highest corrosion resistance, 48 h
the stage that the coating gradually loses the protection, and 10 d the maximum length of
immersion in this study. The fitted binding energies and the corresponding species are

summarized in Table 4.4.

Ni’ and Ni?* from the native oxide film are detected on the surface of the as-deposited
sample. After 1 h of immersion, the signal of Ni° decreases and Ni species converts to Ni*"

and Ni** due to the electrochemical reactions on the coating surface®’.

Ni® signal
disappears after 24 h, indicating that the entire surface has participated in the
electrochemical process. With immersion time prolonging to 48 h, the Ni**/Ni** ratio
remains quite stable. However, the intensity of Ni** signal dramatically weakens after 10

days of immersion, implying that Ni*" species transform to Ni**.33

The P 2p spectrum of the as-deposited sample is composed of two P® peaks and a peak of
oxidized P. The spectrum almost keeps unchanged after 1 h. However, from 24 h to 10
days of immersion, no obvious P peaks can be discerned, revealing that all P species on the
coating surface are involved in the electrochemical reactions and dissolved in the solution.
It is worth noting that the absence of P peaks after 24 h means that the P-rich layer has
been completely consumed at this stage, i.e., the corrosion resistance is not rendered by

this layer.
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From the O 1s and S 2p spectra, it is concluded that the corrosion product is mainly
composed of NiO, Ni(OH),, NiS, Ni3S; and FeS. The ratios of NiO to Ni(OH)> and NisS to
Ni3S; vary as the immersion time proceeds, and the intensity of NiO and Ni3S> reach the
maximum at 24 h, implying that NiO and Ni3S; might be responsible for the corrosion
resistance increase. The NiO peak disappears after 10 days of immersion, leaving Ni(OH)>
as the main corrosion product. As for S species, the presence of FeS after 10 days reveals
that corrosion has occurred at the coating/substrate interface, causing Fe ions to diffuse

outwards to the electrolyte.>*4°
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Figure 4.9 XPS spectra of corrosion product on the Ni-P coating surface after immersion in CO»/H,S

environment for different times: (a) Ni 2p; (b) P 2p; (¢) O 1sand (d) S 2p.
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Table 4.4 Summary of fitted binding energies of the spectra in Figure 4.9 and the corresponding species of

corrosion products.

Element Binding energy (eV) Fitted species
Ni 2psp 852.3 Ni° 16

856.1, 852.9 Nj2t 16,33

855.4 N3+ 32
P2p 129.0, 129.9 po 34

132.7 Oxidized P**
O ls 531.0 NIO*

531.9 Ni(OH),Y

532.8 Chemically adsorbed O3#
S2p 161.8 NiS®

162.9 NS,

161.5 FeS*0

4.4 Discussion

4.4.1 Effect of H2S in the corrosion of Ni-P coating in the CO2/H2S/Cl" environment

In the CO2/H2S aqueous environment, both acidic species will dissolve in water to form
acids which partially dissociate in several steps to provide H' ions. For COy, it is widely
acknowledged that carbonic acid will be ionized to form HCOs™ and CO3*.*'*> When HS
is introduced in the CO»-saturated solution, aqueous H»S will also form anions such as HS

and S*°. 4

The addition of H»,S can affect both anodic and cathodic processes. For the cathodic

process, H2S can provide an additional cathodic reaction (direct reduction of H>S) and thus
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promote corrosion, which was also reported by some previous results.** According to the
findings of Dickinson et al., nickel exhibits a passivation behavior in the acidic
environment, and the main chemical compositions of the passive layer are NiO and
Ni(OH)>, which implies that the dissolution of nickel is ascribed to OH™ concentration on
the metal surface.®® Since sulfide species have strong chemisorption ability on nickel,*
they will substitute OH™ and form the nickel sulfide thin film on the surface. Although this
film acts as a temporary physical layer to achieve a passivation feature, its formation

process accelerates the dissolution of Ni.

To further confirm the promoting effect of H>S in the corrosion process and the
protectiveness of sulfides, 500 ppm of H>S (N2 balance) was twice purged in the CO;-
saturated solution for a very short time (10 min). The EIS data were recorded at different
immersion times, and Figure 4.10 shows the fitted R, variation with the addition of H>S.
Figure 4.5a and 4.5b are chosen as the equivalent circuit before (1 h—4 h) and after purging
(4 h-96 h), respectively. The corrosion resistance increases at first 4 h, implying the
formation of corrosion products. However, the resistance dramatically drops after first HS
purge at 4 h, which indicates that the added H>S accelerates the electrochemical process on
the coating surface significantly. After the first purge, the corrosion resistance first
increases, and then rapidly decreases until the second purge. This increase is attributed to
the continuous formation of nickel sulfides and oxides/hydroxides, and the further
dissolution of nickel and the electrolyte penetration leads to the resistance decline. H2S was
purged again at 48 h when the electrolyte penetration becomes more influential. It is
evident that the corrosion resistance increases obviously after the second purge, further

confirming the protectiveness of the newly formed sulfide. As corrosion proceeds, the
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electrolyte penetration continues to be dominant, thus the resistance gradually declines

after immersion for 80 h.
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Figure 4.10 R, variation of Ni-P coating in CO, environment with the addition of H»S.

4.4.2 Corrosion model of Ni-P coated steel in the environment containing

CO2/H2S/CI

Based on all the results, a corrosion model is established to illustrate the corrosion process
of Ni-P coated steel in CO2/HaS environment, as depicted in Figure 4.11. It can be divided
into five stages. In the early stage (Figure 4.11a), the dissolved ions (such as H*, HS", S,
HCOs, COs*, CI, etc.) diffuse and adsorb at the coating/electrolyte interface, initiating
corrosion of nickel. Therefore, the P-rich layer forms due to the dissolution of nickel and
attenuate the further corrosion. However, this layer oxidizes and loses the protection
capability very quickly, and thus the corrosive electrolyte, especially some anions with
higher chemisorption ability such as CI’, starts to penetrate inwards through the micropores
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at the nodule boundaries, which leaves corrosion pathways in the coating and gives rise to
localized corrosion, as exhibited in Figure 4.11b. It was reported that both H»S (Egs. 4.7—

4.9) and CI" (Egs. 4.10—4.12) can induce the hydration of Ni and thus accelerate the anodic

dissolution: 64

Ni+ H,S + H,0 - NiHS 4 + H;0 + e~ (Eq. 4.7)
NiHS,4s —» NiHS* + e~ (Eq. 4.8)
NiHS* + H;0% - Ni?* + H,S + H,0 (Eq. 4.9)
Ni+ Cl~ + H,0 - [NiCl(OH)]gqs + HT + e~ (Eq. 4.10)
[NiCl(OH)]qqs = NiCIOH + e~ (Eq. 4.11)
NiClOH + H* - Ni?** + Cl™ + H,0 (Eq. 4.12)

Subsequently, excessive Ni ions generated by the dissolution of Ni can react with S
species, forming NiS and Ni-rich Ni3S;.*® In the meantime, nickel oxide and nickel
hydroxide are also formed on the coating surface.?®*® Therefore, the corrosion film
composed of sulfides, oxide and hydroxide renders extra corrosion inhibition, and it
exhibits the best performance as the proportions of Ni3S> and NiO reach the maximum at
around 24 h. In Stage 3 (4872 h) (Figure 4.11c), more sulfur species participate in the
reactions, thereby leading to the transformation from Ni3S; to NiS by releasing the Ni**

ions.>?

Concurrently, NiO serves as nucleation sites and adsorb H,O molecules to form Ni(OH),.”"!
The electrolyte penetration continues through the corrosion pathways. As immersion time
extends to about 5 d (Figure 4.11d), the further penetration of corrosive medium with the
aid of CI” ions reaches the coating/substrate interface and gives rise to the initial localized
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corrosion. The cracking of the formed corrosion film can be observed on the coating
surface, which is more likely due to the dehydration after the sample is taken out of the

solution for the SEM preparation.
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Figure 4.11 Schematic diagram of the corrosion process and coating disbonding mechanism of Ni-P coated
steel in CO,/H,S/Cl" environment: (a) diffusion and adsorption of ions; (b) localized corrosion initiation; (c)
corrosion product transformation; (d) further electrolyte penetration and (e) lateral coating disbondment and

substrate consumption.

In the later stage (10 d or longer) (Figure 4.11e), more electrolyte reaches the

coating/substrate interface, and thus creates more corrosion pathways and intensifies the
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localized corrosion. The corrosion process is governed by the rapid dissolution of the
substrate due to the galvanic effect between Ni-P coating and Fe substrate, and the lateral
penetration of electrolyte at the interface gives rise to the coating disbondment.
Meanwhile, dissolved Fe ions diffuse outwards through the corrosion pathways and form
FeS on the coating surface. Since the corrosion of coating itself is insignificant during the
entire period and the galvanic corrosion leads to the severe corrosion of substrate, the
coating thickness hardly changes, as shown in the previous SEM cross-sectional image

(Figure 4.8d).

4.5 Conclusions

The corrosion rate of electroless Ni-P coating in CO2/H2S environment is higher than that
in CO; environment because H>S can promote corrosion by affecting both anodic and
cathodic processes. The adsorbed H>PO>" layer only exists in the very early stage of
corrosion and hardly contributes to the corrosion resistance of Ni-P coating. The corrosion
resistance of Ni-P coating first increases and then decreases under both conditions and
reaches the maximum values at around 24 h, and the temporary corrosion resistance
improvement is ascribed to the formation of corrosion products (NiO and Ni3S) formed on
the coating surface. The presence of H»S facilitates the electrolyte uptake of the coating,
and dramatically reduces the stability of Ni-P coating, resulting in faster coating
consumption, faster propagation of corrosion pathways and electrolyte penetration, and
more severe localized corrosion and coating disbondment at the coating/steel interface. A
corrosion model is proposed to interpret the corrosion and degradation process of the
coating. The electrolyte penetration leaves corrosion pathways in the coating and initiates

the localized corrosion. As corrosion proceeds, the formed NiO and Ni3S; provide extra
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corrosion resistance, which declines with the transformation to other species. The corrosion
process is then governed by the governed by the rapid dissolution of the substrate as the
corrosive medium penetrates to the coating/substrate interface, and the lateral coating

disbondment occurs afterwards.
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5 Role of Ca*' in the corrosion behavior and film
characteristics of N80 steel and electroless Ni-P coating at

high temperature and high pressure

ABSTRACT: The effects of Ca?* on the corrosion behavior and film characteristics of
N80 carbon steel and electroless Ni-P coating at high temperature and high pressure were
investigated by immersion tests, in-situ electrochemical measurements, surface
characterization techniques and water chemistry analysis. The results demonstrate that the
corrosion of N80 steel is significantly influenced by Ca®" concentrations, which not only
alters the corrosion film microstructure, but also changes the water chemistry of the
aqueous phase. Meanwhile, Ni-P coating exhibits exceptional corrosion resistance
regardless of Ca?" concentration, owing to the protection of the formed NiO/Ni(OH); film

and the absence of scale formation.
5.1 Introduction

Calcium (Ca*") ions are commonly present in the formation brines in oil and gas fields. As
the fundamental element of scale formation, the presence of Ca poses a significant risk to
the metal constructions applied in oil and gas industries owing to the close relation
between scaling and corrosion [1-5]. A recent case study reported the failures of slotted
liners in the production wells of a steam-assisted gravity drainage (SAGD) system in
Northern Alberta, Canada, and it was validated that slots suffered plugging and corrosion
after exposed in the Ca-containing brine environment, which notably decreased the

production efficiency [6]. Hence, it necessitates the need to elaborate the role of Ca®" in the
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corrosion behavior and scale formation of oil country tubular goods (OCTG) in oil and gas

industry.

In recent decades, the effects of Ca** on the corrosion of carbon steel has drawn growing
attentions [7—13], and some controversies also arise due to the discrepancies in the test
conditions and studied materials, which remains as an obstacle in understanding the actual
corrosion mechanism in light of the influence of Ca** and providing guidance for corrosion
prevention in the SAGD system. Some researchers believed that the added Ca?" promoted
corrosion [7,12], while others stated that corrosion rates were reduced by the introduction
of Ca%* [9,10,13]. Nonetheless, it has been well-accepted that the effect of Ca** is primarily
accredited to the corrosion product film on carbon steel surface, therefore the corrosion
film characteristics play a decisive role in the corrosion behavior of carbon steels.
Researchers have proposed that Ca®" concentration can affect the chemical composition of
the corrosion film, where a protective FeCO3 and/or FexCa,CO3 layer is formed when Ca?*
concentrations is lower, whereas high Ca** concentrations lead to the formation of non-
protective CaCOs [8]. However, most of the research correlated the corrosion resistance
with the corrosion film properties without further explanation, and few efforts have been
devoted to the change of the corrosion film microstructure (e.g., crystallinity, porosity,
etc.) caused by Ca?* concentrations. From this perspective, it is highly desirable to explore
the microstructural variations of the corrosion product film in the presence of Ca’*. In
addition, the precipitation of corrosion product greatly relies on the water chemistry
factors, such as pH, saturation degree and ion concentration, etc. Hence, the influence of
water chemistry should also be taken into consideration. Moreover, SAGD systems are

typically operated under high temperature/high pressure (HT/HP) conditions, however,
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most of Ca-related researches only focus on the corrosion behavior below the boiling
temperature and the results cannot be extrapolated to predict corrosion in HT/HP oil-
related environments. Besides, vast majority of studies have evaluated the corrosion rates
by using weight loss method, which only provides a general tendency of corrosion, but
cannot precisely reflect the electrochemical process at the corrosion product film. In this
regard, it necessitates the need to perform in-situ electrochemical measurements of carbon
steels under HT/HP conditions to correlate the corrosion rate with the electrochemical
process and further reveal the effect of Ca?" on the corrosion behavior of carbon steel from

an electrochemical point of view.

To mitigate corrosion in oil/gas related environments as mentioned above, to date,
effective approaches such as corrosion-resistant alloys (CRAs) and protective coatings,
have been proposed to mitigate the corrosion in oil/gas related environments [12—14].
CRAs are normally considered as a good option because of their outstanding corrosion
resistance, but the likelihood of undergoing localized corrosion and the high cost limit its
broader applications. Protective coatings have gained much popularity due to the efficient
protectiveness and increasing applications. In this regard, electroless Ni-P coating,
recognized as one of the most promising metallic coatings, has been utilized in oilfields on
account of the satisfactory anti-corrosion and mechanical properties, reasonable cost, and
simplified fabrication process [15-18]. Related research indicates that Ni-P coating
exhibits good corrosion resistance in brines in the presence of CO> and CI" both at room
temperature [19,20] and elevated temperatures [21]. It is generally believed that the
satisfactory corrosion performance is credited to the formation of the adsorbed H>PO>

layer which serves as a physical barrier and retards the diffusion of corrosive electrolyte
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into the inside of coating [22,23], but recent reports have pointed out that the formed
nickel-rich corrosion film contributes to the excellent corrosion resistance [24]. In light of
the abundant presence of Ca element in oilfield environments, the influence of Ca on the
coating properties is one of factors that determines its extensive applications in the future.
Nevertheless, as of this writing, studies addressing the corrosion behavior of Ni-P coating
in Ca*’-containing environments under HT/HP conditions have not been reported yet.
Therefore, an in-depth understanding of Ca?’-dependent corrosion behavior of Ni-P
coating is highly necessitated, and the interaction between Ca** ions and the formed nickel-
rich corrosion film needs to be explored, to validate the applications of Ni-P coating in

Ca?*-rich oil-related environments.

Hence, in this study, the corrosion behavior and film characteristics of N80 carbon steel
and electroless Ni-P coating in Ca*'-containing CO»-saturated HT/HP environments were
investigated by means of immersion tests, in-situ electrochemical measurements and
surface analysis techniques. The role of Ca** in the film forming process, together with its
impact on the corrosion protection performance, was discussed in detail with water
chemistry taken into consideration. This study is anticipated to provide new insights into
the Ca-induced corrosion behavior of carbon steel and further address the feasibility of Ni-

P coating in oil and gas applications in the existence of Ca*".
5.2 Experimental

5.2.1 Material preparation

N8O tubing steel, with the composition (wt. %) of 0.29 C, 0.25 Si, 1.38 Mn, 0.002 P, 0.002

S, 0.037 Cr, 0.002 Ni, 0.009 Cu and Fe balance, was used in this study. The samples were
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machined to the dimension of 35 mm X 10 mm X 3 mm. Prior to tests, all the surfaces were
ground sequentially to 1,200 grit, degreased with acetone and alcohol and cleaned with
deionized water. Electroless Ni-P coating was coated on the cleaned N80 steel samples.
The coating procedure, including degreasing, surface activation and electroless plating, is
illustrated in Figure 5.1 (See details in Supporting Information), and Table 5.1 lists the

chemical composition of the coating bath and plating conditions.

Degreasing Activating Ni-P coating
. 60°C 50 s 85+1°C
20 min |3 % Na,CO 0 2h
., 10 % HCI
N80 sample 3 % NaOH 200 rpm

A~

Figure 5.1 Schematic of electroless Ni-P coating procedure.

Table 5.1 Chemical composition of electroless Ni-P coating bath and plating condition.

Reagent Concentration Plating condition

Nickel sulphate (NiSO4 6H,0) 25 g/L Temperature: (85+1) °C
Sodium hypophosphite (NaH,PO,-H,0) 30 g/L Plating time: 120 min
Lactic acid (C3HgO3) 20 mL/L Stirring rate: 200 rpm
Citric acid (C¢HsO7) 19 g/L pH: 5.5-6.0

Succinic acid (C4HeO4) 14 g/L Loading capacity: 1 dm%L
Saccharin (CsH4SO,NNaCO-2H,0) 0.06-0.08 g/L

Sodium dodecyl sulfate (Ci12H25SO4Na) 0.04 g/L

Lead nitrate (Pb(NO3),) 1 mg/L

Sodium hydroxide (NaOH) 28 g/LL
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5.2.2 Weight loss tests

The immersion tests were performed in a 1.5 L autoclave under the test conditions listed in
the test matrix (Table 5.2). The test solution is NaCl/CaCl, solution with a fixed CI°
concentration of 22,009 ppm to avoid Cl” impact. The samples were hung in the autoclave
to avoid any possible galvanic effects during the immersion. Four parallel samples were
tested under each condition, three of which were weighed via an electronic balance (0.1 mg
precision) prior to the test. Highly purified N> gas was purged into the autoclave to
deoxygenate for 2 h, followed by adding N2/CO2 mixed gas to reach the required partial
pressure. The experiment started at the time point when the required operating temperature
was reached. After the immersion tests, the samples were cleaned with deionized water and
alcohol and dried in air. Three of the four samples were descaled in the pickling solution.
A solution of 500 mL hydrochloric acid, 500 mL deionized water and 5 g
hexamethylenetetramine was used for N8O steel, and the Ni-P coated samples were
descaled in the solution consisting of 150 mL hydrochloric acid and 850 mL deionized
water. The descaled samples were weighed again, and the corrosion rate (CR, mm/y) was

calculated by the equation given below:

_ 8.76x10*(Wo—-Wy)
- Spt

CR (Eq. 5.1)

where W, and W, are the masses of the sample before the test and after descaling,
respectively, g; S is the total exposed area, cm?; p is the density of the material, g/cm?; t is

the immersion time, h.
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Table 5.2 Immersion test matrix.

Solution Ca?" concentration (ppm) Temperature (°C) Pressure (MPa) Time (d)

0
100

NaCl/CaCl, 1000 150 3.8 (2 COx+1.8 Ny) 7
2000

10000

5.2.3 In-situ electrochemical measurements

In-situ electrochemical tests were performed under HTHP conditions in the autoclave by
using a Gamry Interface 1000E Electrochemical Workstation, with the specimens as the
working electrode (WE), a carbon rod as the counter electrode (CE) and an Ag/AgCl
electrode as the reference electrode (RE). The exposed area of each sample is 1 cm?, and
the deoxygenating and purging process and test solution follow the same procedure for the
immersion tests. The samples were first immersed for 24 h to achieve the pre-filmed
surface and a steady-state open-circuit potential (OCP). The findings of Shamsa et al.
indicated that most of the corrosion products had precipitated in COs-saturated Ca?’-
containing brines after 24 h at 150 °C due to the extremely fast kinetics [11], therefore the
corrosion protection characteristics of the corrosion film can be evaluated by
electrochemical impedance spectroscopy (EIS), which was carried out at OCP with an
alternating current (AC) amplitude of 10 mV in the frequency range from 100 kHz to 10
mHz. The measured EIS data were then fitted with appropriate electric equivalent circuits
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(EEC) by ZSimpWin software. All the electrochemical tests were carried out at least three

times to ensure the reproducibility.
5.2.4 Surface characterizations and water chemistry analysis

The surface morphologies of corrosion film and the pitting profile of the substrate were
observed by scanning electron spectroscope (SEM) and optical stereo microscope (OSM)
after the autoclave tests. The chemical composition, phase structure and chemical valence
were characterized by energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS), respectively. XRD was performed
with a Cu K, X-ray source operated at 40 kV and 44 mA, and the patterns were recorded
from 20° to 80° at a scanning rate of 4°/min. The C 1s peak at the binding energy of 284.6
eV was used to calibrate the shifted XPS data. The pH value and ion concentrations under
each condition was calculated by using OLI Analyzer software using the “Aqueous (H"

ions)” thermodynamic model.
5.3 Results

5.3.1 Morphological and chemical characterizations of Ni-P coating

Figure 5.2 shows the morphologies and chemical compositions of the as-deposited Ni-P
coating. A nodular structure is observed from Figure 5.2a, and the weight ratio of Ni/P is
around 88/12, indicating a high-phosphorus Ni-P coating. As shown in Figure 5.2b, the
coating is uniformly and closely attached on the steel substrate with homogenous
distributions of Ni and P elements, confirmed by EDS line scan results. Moreover, the
coating displays an amorphous structure due to the relatively high P elements, verified by

the broad Ni peak at 26~44° in Figure 5.2c.
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Figure 5.2 (a) SEM surface morphology and corresponding EDS results, (b) SEM cross-sectional

morphology and EDS mapping analysis and (c) XRD pattern of as-deposited Ni-P coating.

5.3.2 Corrosion rates of N80 steel and Ni-P coating

Figure 5.3 exhibits the general corrosion rates of N80 steel and Ni-P coating under
different test conditions. The corrosion rate of N8O steel is relatively low (0.0180 mm/y) in
the solution without Ca?". The addition of 100 ppm Ca?" leads to an increase by nearly 6
times (0.1059 mm/y), and the corrosion rate greatly increases to 0.2874 mm/y with the
addition of 1,000 ppm Ca?'". The maximum corrosion rate appears at 2,000 ppm Ca**
(0.3589 mm/y) and reduces slightly to 0.3070 mm/y as Ca®" concentration rises to 10,000
ppm. Unlike N80 steel, the corrosion rate of Ni-P coating increases with the Ca®"
concentration and reaches its maximum of 0.0284 mm/y at 10,000 ppm Ca?*, indicating a

significant corrosion inhibition of the coating. The corrosion inhibition efficiency (CIE) is
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further calculated to evaluate the corrosion resistance performance of Ni-P coating

following the given equation:

CIEY = “XNSCENEL 5 100 (Eq. 5.2)

N80

where CRngo and CRni.p are corrosion rates of N80 steel and Ni-P coating, respectively. As
presented in Figure 5.3, the CIE values increase from 74.21 without Ca" to higher than 90
after introducing Ca?*, suggesting that Ni-P coating exhibits even better resistance to
corrosion in the presence of Ca**, and Ca?" concentration barely influences the corrosion

protection effectiveness of the coating.
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Figure 5.3 Corrosion rates and corrosion inhibition efficiency of N80 steel and Ni-P coating immersed in

CO,-saturated brines with different Ca?* concentrations at 150 °C and 3.8 MPa for 7 d.
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5.3.3 Corrosion film characteristics of N80 steel and Ni-P coating
5.3.3.1 XRD and XPS analysis of corrosion products

The XRD patterns of corrosion products for N80 steel were shown in Figure 5.4. The XRD
patterns indicate that FeCO; is the predominant corrosion product at lower Ca?*
concentrations, while the corrosion film in the 10,000 ppm Ca?* case is mainly composed
by CaCOs3 and FeCOs. In fact, Ca atoms tend to incorporate into FeCOs3 crystal lattices by
substituting Fe atoms, thereby forming FexCai1.xCOs compound [5,8,9]. The most intense
diffraction, with respect to the ikl (104) Bragg peak, for FeCO3; and CaCOj are positioned
at 26 values of 32.07° and 29.42°, respectively. As shown in Figure 5.4(a—d), the addition
of Ca?" leads to a gradual shift of FeCO3 peaks towards CaCOj3 with the increase of Ca**
concentrations. Furthermore, Fe peak can be found under all conditions, but the intensity
increases with Ca®" concentrations, which reveals that the thickness of corrosion film
declines so that the X-ray beam reaches the steel substrate. The XRD pattern of Ni-P
coating still displays a sole broaden Ni peak (see Figure S5.1), similar to the as-deposited
coating, highlighting that trace amount of corrosion product was formed on the coating

surface exposed to 10,000 ppm Ca®" for 7 d, which is credited to the superior anti-

corrosion and anti-scaling performance of the coating.
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Figure 5.4 XRD patterns of N8O steel exposed to CO,-saturated brines with different Ca?" concentrations of

(a) 0 ppm; (b) 100 ppm; (c¢) 1,000 ppm and (d) 10,000 ppm at 150 °C and 3.8 MPa for 7 d.

Since XRD pattern of Ni-P coating provides limited information on the thin corrosion film,
XPS analysis was performed to elucidate its chemical composition, as seen in Figure 5.5.
The peaks at 856.2 €V (2p3.2) and 874.0 €V (2p12) suggest the presence of Ni*" along with
their satellite peaks at 861.5 eV and 879.8 eV, respectively [25,26]. The Ca 2p spectra
contain 2p3» and 2pi» doublets at the binding energy of 347.1 eV and 350.7 eV,
respectively, indicative of Ca?’-containing compounds [27]. The detailed peak

deconvolution results of C 1s and O 1s spectra and the corresponding species are
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summarized in Table 5.3 [28-31], and the results reveal that the corrosion film on the
coating surface mainly consists of NiO and Ni(OH) with trace amounts of carbonates. The
weak signal of Fe?* peaks implies that the electrolyte penetration through the coating to the
steel substrate is limited after 7 d of immersion, and the absence of P peaks is ascribed to

the complete dissolution of P species in the coating [21,24].
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Figure 5.5 XPS patterns of corrosion product on the surface of Ni-P coating after 7 d of immersion in CO»-
saturated brines with 10,000 ppm Ca?" at 150 °C and 3.8 MPa: (a) Ni 2p; (b) Fe 2p; (c) Ca 2p; (d) C 1s; (e) O

Is; (f) P 2p.

84



Table 5.3 Summary of fitted binding energies and the corresponding species of the XPS spectra in Figure 5.5.

Element Binding energy (eV) Fitted species

Cls 284.6 Adventitious C, C-C
286.2 Adventitious C, C-O [30]
289.0 COs* [31]

Ols 530.3 0% [32]
531.1 OH [27]
532.3 COs* [33]

5.3.3.2 Morphological observations and EDS analysis after immersion tests

The SEM surface morphologies of N80 steel after immersion tests with various Ca**
concentrations are shown in Figure 5.6. It can be seen obviously that the morphological
structure of corrosion product is greatly influenced by Ca®" concentrations. At lower
concentrations (less than 2,000 ppm), FeCOs crystals are formed on the surface, and the
crystal size reduces upon increasing the Ca** concentration. Besides, increasing number of
lamellar structures appears on the FeCOj crystals as Ca®" concentration rises, and apparent
defects on the crystal edges can be observed at 2,000 ppm, as seen in the magnified image
in Figure 5.7a. These phenomena are due to the replacement of Ca atoms into the FeCO3
lattice, which gets more intense with the increase of Ca?* concentrations, as revealed from
the Ca contents in the corrosion film by EDS in Table 5.4. As Ca?" concentration further
increases up to 10,000 ppm, the crystalline structure is no longer observed and transforms
amorphously. To further determine the critical Ca®*" concentration that causes the
microstructure transformation and elucidate the film forming mechanism, additional

concentrations (2,500 ppm, 3,000 ppm and 5,000 ppm) were also introduced, as seen in
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Figure 5.6(e—g). Morphological change is observed when Ca?" concentration is higher than
2,500 ppm, implying that the critical concentration that triggers this structural variation lies
between 2,000 and 2,500 ppm. It is also worth noting that the porosity of corrosion film
declines with increasing Ca?" concentration, implying that the substitution of Ca can fill
the gap between collapsed FeCOs crystals, thereby enhancing the protectiveness of the
corrosion film. Furthermore, the corrosion film gets more compact at higher Ca®'
concentrations, and the local enrichment of Ca is detected at 10,000 ppm Ca?" from the
EDS results in Figure 5.7b.

Table 5.4 Elemental compositions (at.%) of corrosion product on N80 steel exposed to CO,-saturated brines

with different Ca®* concentrations at 150 °C and 3.8 MPa for 7 d.

Ca?" concentration (ppm) Fe Ca C o

0 26.91 - 18.35 54.74
100 30.02 0.94 17.54 51.50
1,000 32.71 4.36 15.99 46.95
2,000 25.27 6.99 13.25 54.49
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Figure 5.6 SEM surface morphologies of N80 steel after immersed in CO,-saturated brines with various Ca**
concentrations at 150 °C and 3.8 MPa for 7 d: (a) 0 ppm; (b) 100 ppm; (¢) 1,000 ppm; (d) 2,000 ppm; (e)

2,500 ppm; (f) 3,000 ppm; (g) 5,000 ppm; (h) 10,000 ppm.
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Figure 5.7 Magnified images in the red box in (a) Figure 5.6d and (b) Figure 5.6h.

Figure 5.8 presents the SEM cross-sectional images of N8O steel at various Ca®"
concentrations and the corresponding EDS line scan results. A thick layer of FeCOs;
corrosion film is formed and well attached to the substrate without Ca®>*. When Ca**
concentration increases to 1,000 ppm, the corrosion film becomes thinner and more porous,
along with the initiation of localized corrosion. As Ca®" concentration further rises to
10,000 ppm, the corrosion film layer gets denser and more compact due to more
involvement of Ca atoms, and a Ca-rich layer can be observed in the outer layer of the
corrosion film, which is also validated in a previous study [5]. Moreover, a higher Ca**
concentration also results in more severe localized corrosion of the steel substrate. The
depth profiles of corrosion pits on the surfaces of N8O steel after 7 d of immersion were
evaluated by OSM as presented in Figure 5.9. Under 1,000 ppm Ca?’ condition, many
localized active sites emerge on the surface and evolve as shallow corrosion pits. The
number of pits notably decreases with the increase of Ca** concentration, but the pit depth
rises significantly, indicative of a higher localized corrosion susceptibility in the Ca**-

richer environment.
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SEM surface and cross-sectional morphologies of Ni-P coating and the corresponding EDS
analysis are shown in Figures 5.10 and 5.11, respectively. The coating displays an obvious
nodular structure with no noticeable corrosion product when the added Ca** concentration
is less than 1,000 ppm. A thin corrosion film layer is formed at 10,000 ppm Ca?*, and some
cracks can be found at the nodular boundaries, which may be caused by the dehydration
during the SEM preparation process. This layer is also substantiated by the EDS line scan
results in Fig. 11b, which contains Ca element besides Fe, C and O elements. Furthermore,
the coating is well attached to the substrate and no apparent corrosion pathways or
localized corrosion of the substrate is detected, implying that the coating exhibits
outstanding corrosion resistance in the COz-saturated HT/HP environment abundant with

Ca?" as compared to N8O steel.
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Figure 5.8 SEM cross-sectional morphologies of N80 steel after immersed in CO»-saturated brines with
different Ca®" concentrations at 150 °C and 3.8 MPa for 7 d: (a) 0 ppm; (b) 100 ppm; (c) 1,000 ppm; (d)
10,000 ppm; (e) (f) elemental distributions of the cross-section denoted by the red arrow lines in (a) and (d),

respectively.
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Figure 5.9 OSM morphologies of descaled N80 steel exposed in CO,-saturated brines with different Ca?*
concentrations at 150 °C and 3.8 MPa for 7 d: (a) 1,000 ppm and (b) 10,000 ppm (The insets indicate the

depth profiles along the black arrow line in each image).

2+

Figure 5.10 SEM surface morphologies of Ni-P coating exposed to CO,-saturated brines with different Ca

concentrations at 150 °C and 3.8 MPa for 7 d: (a) 0 ppm; (b) 100 ppm; (c) 1,000 ppm; (d) 10,000 ppm.
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Figure 5.11 (a) SEM cross-sectional morphologies of Ni-P coating immersed in CO;-saturated brines with
10,000 Ca®* concentrations at 150 °C and 3.8 MPa for 7 d; (b) elemental distribution of the cross-section

denoted by the red arrow line in (a).

5.3.4 In-situ electrochemical performance of N80 steel and Ni-P coating

Figure 5.12 depicts the Nyquist and Bode plots of uncoated and coated N80 steel with
various Ca®" concentrations to reveal its effect on the protectiveness of the formed
corrosion film. For N8O steel, one conductive loop is revealed at high-medium frequencies
corresponding to the corrosion film and a second incomplete conductive loop is present at
low frequencies related to the electric double layer at film/substrate interface. The shape of
the curve does not change with Ca®" concentrations, an indication of unchanged corrosion
mechanism, but the variation of radius implies the fluctuated protectiveness of the
corrosion film. The coating exhibits much higher impedance than N8O steel, and its
Nyquist plots can be characterized with a capacitive loop at high frequencies representing
the thin NiO/Ni(OH), film, and the superposition of a medium-low-frequency capacitive
loop, ascribed to the electric double layer at film/coating interface, and the Warburg
impedance (W) in low frequencies, indicated by a straight line, suggesting the diffusion-

limited corrosion process.
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Figure 5.12 (a) Nyquist plot and (b) Bode plot of N8O steel and Ni-P coating exposed to CO,-saturated brines

with various Ca?" concentrations at 150 °C and 3.8 MPa for 24 h.

The EIS data are fitted by using the EECs in Figure 5.13, and the fitted parameters are
listed in Table 5.5. In the circuit, Rs is the solution resistance, R is the charge transfer
resistance, and Qa 1is the capacitance of the electric double layer. Rr and Qr are the
resistance and capacitance of the corrosion film on the surface. The constant phase element
(CPE) is introduced in the ECCs (designated as Qai and Q) to replace pure capacitance for

a better fitting, and its admittance is given as [32]:
Y(Q) =% (@) (w)" (Eq. 5.3)

where Yo(Q) is the admittance constant of CPE; j is the imaginary number; w is the angular
frequency; n is the empirical exponent. Zy is the Warburg impedance, and its definition is

[32]:

1 . —
Zw = 7 (w)™0> (Eq. 5.4)

where Yo(W) is the admittance constant of W. It is found in Table 5.5 that results obtained

in the 2,000 ppm Ca®" test show the lowest Rr and Re and highest Yo(Qa), followed by
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those in 10,000 ppm and 0 ppm, suggesting that the incorporation of Ca from 0 to 2,000
ppm reduces the scale resistance and promotes the electrochemical process, and the
resistance increases as the concentration rises to 10,000 ppm, inhibiting corrosion
consequently. As compared to N80 steel, the coating is regarded as “substrate” in the EEC
and the electric double layer is located at film/coating interface, because the electrolyte
penetration cannot reach the coating/steel interface after pre-filming for 24 h before the
electrochemical tests. The coating exhibits much higher Rt and lower Yo(Qr), implicative of
good isolation property of the NiO/Ni(OH), film between the corrosive electrolyte and the
coating, which results in the retarded electrochemical process, as confirmed by the
declined Yo(Qa) and increased R in the coating system. The coating still displays
comparative corrosion resistance with the addition of 10,000 ppm Ca**, despite a slight
decrease of Ry and Re. In addition, an increase of Yo(W) from 1.80 x 107 Q!-cm?-5%3 to
2.29 x 102 Q!-cm-s% indicates a faster diffusion rate with the existence of 10,000 ppm

Ca*"

Figure 5.13 Equivalent electrical circuit models for EIS data fitting: (a) N80 steel and (b) Ni-P coating.
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Table 5.5 Fitted electrochemical parameters from EIS data in Figure 5.12.

Specimen-[Ca®'] R Yo(Or) R¢ Yo(Qu) R Yo(W) Quality of fit
(ppm) (Qcem?) (Qcm?s) (Q-em?) (Qlem?s")  (Q-ecm?) Q1 em?s%9)

N80-0 ppm 3.36 425 %1073 109.7 0.10 26.9 - 1.29 x 1073
N80-2000 ppm 3.13 6.47 x 1073 83.31 1.56 8.68 - 3.76 x 104
N80-10000 ppm  3.13 6.60 x 103 99.84 0.77 12.3 - 1.10 x 10
Ni-P-0 ppm 3.18 8.92 x 107 440.6 7.98 x 10 1.47 x10> 1.80 x 1073 3.45 x 107
Ni-P-10000 ppm 3.16 1.51 x10* 351.3 5.32 x 107 604 2.29 x 107 1.55 %107

5.4 Discussion

5.4.1 Dependence of Ca?* on the corrosion film formation and the resulting

corrosion behavior of N80 steel

FeCOs is the most observed corrosion product in oil and gas applications containing CO»

and generally regarded to offer certain protection against corrosion in many cases [33]. It

forms and precipitates due to the release of Fe ions during the corrosion process, and the

precipitation occurs when the product of iron ions and carbonate ions exceeds the solubility

limit (Ksp) of FeCOs [34]. Calcium, as a widely distributed element in oilfield industry,

favors the precipitation of CaCOs3 in the formation brines. Both iron and calcium carbonate

precipitations are significantly dependent on their saturation degrees in the bulk solution

with different pH, temperature and ion activities [35,36]. As proposed by Bénézeth et al.

[37] and Plummer et al. [38], the K, of siderite and calcite is given in Egs. 5.5 and 5.6,

respectively:

log Ksp reco, = 175.568 + 0.0139T —

6738.483

95

—67.898logT

(Eq. 5.5)



l0g Kspcaco, = —171.9065 — 0.077993T + ===+ 71,595 log T (Eq. 5.6)

where T is the temperature in Kelvin. K¢y, reco, is calculated to be 1.55 X 10713 at 150 °C,
nearly two orders of magnitude lower than K, cqco, (6.99 % 10'"), an implication that
FeCO; reaches saturation prior to CaCOs. Furthermore, before calcite precipitation occurs,
the presence of Ca®" leads to the formation of mixed carbonates (FexCaixCOs) due to the
isostructurality of iron and calcium carbonate, which potentially results in morphological

and chemical changes.

In this work, Ca?" ions have been identified to remarkably affect the corrosion behavior of
N8O steel in the HT/HP CO»-containing environment, which is manifested by altering the
corrosion film protectiveness and affecting the water chemistry of the aqueous phase.
Without the presence of Ca?’, the formed FeCOs corrosion film exhibits relatively good
corrosion resistance, confirmed by the lowest corrosion rate among all the conditions of
N8O steel. This can also be seen from the thick and well adhered FeCO3 layer in Figure
5.8a, which serves as a barrier layer to inhibit further metal dissolution evidenced by the
impedance data. When Ca®' is introduced in the solution, the corrosion rate starts to
increase rapidly with the Ca®" concentration, suggesting an accelerating effect on the
corrosion process of N80 steel. As seen in Figure 5.6, the incorporation of Ca atoms into
FeCOs lattice gets more intense as Ca®'" concentration further increases to 2,000 ppm,
leading to the decrease of crystal size, and, more importantly, the crystal fragmentation.
Despite the isomorphism of the two types of carbonates, Ca involvement gives rise to
larger lattice distortion because of the larger atomic radius of Ca. When the substitution of
Fe atoms by Ca atoms exceeds the critical value, the FeCO3 lattice collapses due to the
relaxation of the atomic-level stress and a more topologically stabilized and disordered
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structure is generated instead of the crystalline structure [39], thereby leaving gaps between
the damaged crystals. The crystal damage and microstructural transformation can be
evidenced by the broadening FeCOs peaks as Ca*>* concentration increases shown in Figure
5.4. These defects on crystal edges facilitate the penetration of corrosive electrolyte
through the corrosion film, resulting in the promoted corrosion process. Moreover, the
addition of Ca®" considerably increases the solubility of FeCOs, and the effect is
aggravated with higher Ca®" concentrations [9,40]. Figure 5.14 presents the concentrations
of H", HCOs and COs?" in the aqueous phase and the corresponding pH calculated by OLI
Analyzer software with the addition of various Ca*" concentrations (See the detailed
information in Tables S5.1 and S5.2). It is observed that the presence of Ca*" ions causes
the augmentation of H' ions and the reduction of HCOs™ and CO3* ions consequently, and
this tendency is more accentuated at higher Ca®* concentrations. Therefore, the more acidic
electrolyte with the depletion of anions postpones the formation of FeCO3 film with the

presence of Ca?*, enhancing corrosion process.
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Figure 5.14 Concentrations of H, CO32 and HCOs™ and pH values calculated using OLI Analyzer software

with the addition of different Ca®>* concentrations.

Generally, the protectiveness of corrosion film is notably related to its structure (i.e.,
microstructure and porosity) and precipitation rate. As Ca®" concentration rises, the
corrosion rate of N8O steel starts to decrease, also verified by the additional mass loss test
at 2,500 ppm Ca?*, showing a corrosion rate of 0.3486 mm/y, slightly slower than 2,000
ppm. As some previous research has reported, the Ca-enriched corrosion film results in a
better anti-corrosion performance [5,41,42]. In this study, the higher impedance with the
addition of 10,000 ppm Ca?" demonstrates that the further incorporation of Ca*" enhanced
the protectiveness of the corrosion film. Moreover, the porosity of corrosion film
considerably decreases with the increase of Ca?* concentration from 2,500 ppm to 10,000

ppm in such a way that the newly formed Ca-rich corrosion product fills the gaps between
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collapsed crystals, as presented in Figure 5.6 (e—h). Wang et al. [10] discovered that the
precipitation of CaxFeixCO3 can fill the pores in the corrosion film and improve the
“pseudo-passivation” of 3Cr steel by isolating the steel from the corrosive medium.
However, the high Ca*" concentration also gives rise to more severe localized corrosion,
which can be seen from the severe pit propagation in SEM (Figure 5.8d) and OSM (Figure
5.9b) images. Although the compactness is enhanced by Ca** incorporation, the corrosion
film still exhibits inhomogeneity, as evidenced by Figure 5.7b. Region A with compact
corrosion film is more Ca-enriched than Region B with loose scale, and it can be
hypothesized that Region A effectively isolates the corrosive medium from the steel, but
Region B serves as active sites and allows the electrolyte to penetrate, thereby facilitating
the localized corrosion. Similar localized attack caused by carbonate scaling has also been
reported earlier in real service cases [43]. Therefore, the corrosion mode is transformed
from general corrosion to localized corrosion at higher Ca®" concentration, which
nevertheless cannot be reflected from the mass loss test and the impedance data because

they only interpret the overall protectiveness of the corrosion film.

In general, Ca®>" ions play an influential role and its effect is concentration dependent,
which is mainly divided into two ranges. At a lower concentration below 2,000 ppm, the
corrosion of N80 steel is dominated by Ca®" altering the crystalline microstructure and
postponing the FeCOs precipitation. After the Ca concentration reaches or goes beyond the
critical value that causes the crystal collapse, more involvement of Ca atoms into the
corrosion film improves its density and compactness by filling the gaps, inhibiting the

uniform corrosion rate form further increasing. However, in the meantime, the scale
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heterogeneity promotes the occurrence of localized corrosion and eventually intensifies the

degradation of the steel.

5.4.2 The origins for the superior resistance to corrosion and scaling of Ni-P coating

in Ca?*-containing environments

Electroless Ni-P coating with high P content exhibits superior corrosion resistance in acidic
environments benefiting from its amorphous and chemically homogenous microstructure
with limited active corrosion sites at nodular boundaries [44—46]. In this study, the
excellent performance is again substantiated by the low mass loss and high impedance, and
the presence of Ca®" does not pose considerable influence on the corrosion rate of the
coating. Generally, the passive film of Ni metal and Ni-based alloys is majorly composed
by NiO and Ni(OH); [47,48] in the acidic environment, and our previous study [20,49]
revealed that the formed protective NiO/Ni(OH); film could inhibit corrosion in the CO»-
saturated solution at room temperature and supercritical CO; environments. Likewise, in
this study, the corrosion film mainly composed of NiO/Ni(OH), with little amount of
CaCOs precipitation efficiently blocks the penetration of corrosive medium and
consequently retards the corrosion process under the HT/HP condition with saturated CO».
Moreover, the less distributed Fe element on the coating surface and no sign of coating
disbondment from the cross-sectional SEM image and XPS results also demonstrate the
outstanding isolating effect of the coating. Our earlier research [24] showed that corrosion
paths appear after 5 d of immersion, leading to the electrolyte penetration and lateral
coating disbondment after 10 d in the CO;-saturated solution at room temperature.
Comparatively, no noticeable corrosion path is observed for Ni-P coated steel after

immersion for 7 d in this study. This discrepancy potentially highlights the enhanced
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corrosion resistance of NiO/Ni(OH), film under HT/HP conditions, which requires further
experimental investigation. Nonetheless, the corrosion rate of the coating still moderately
rises with Ca?" concentration based on the mass loss results, irrespective of the
phenomenal corrosion resistance under all conditions. It implies that the presence of Ca*"
advances the formation of nickel-rich corrosion film and weakens the isolation property of
the film, as proved by the increased Yo(W) at 10,000 ppm Ca**. It can be inferred based on
the water chemistry calculations that the addition of Ca®" leads to the accumulation of H*,
which facilitates the hydration of Ni and further consumption of the coating, thereby

increasing the corrosion rate consequently.

Moreover, the thin Ca-rich layer (see Figure 5.11b) suggests the limited scale formation on
the coating surface even at high Ca®" concentrations, which considerably alleviates the
localized corrosion due to the non-uniform deposition of corrosion film for carbon steels.
Scale formation results from the precipitation from solution containing sparingly soluble
salts on the surface, and occurs in steps of ion pairing, nucleation, crystal growth and
eventually scale agglomeration [50]. The deposition process is influenced not only by
various environmental factors, such as pH, temperature, hydrodynamic conditions, etc., but
also by surface properties, e.g., surface energy and surface roughness. Surfaces with lower
surface energy, such as electroless coating, exhibit lower adhesion strength between
crystals and the surface, thereby prolonging the induction time for nucleation and resulting
in a lower scaling rate [51]. Furthermore, the presence of NiO/Ni(OH), passive film
drastically reduces active corrosion sites which usually serve as the initiation sites of
nucleation. Surface roughness also greatly affects the scale formation process, which is

reflected in impairing the heterogeneous nucleation when scale grows on pre-existing
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surface defects such as rough spots and scratches [52]. Since Ni-P coating owns smoother
surfaces than carbon steel due to the intrinsic characteristics of electroless plating that can
fill the polishing trace of steel (Figure 5.2a), the rate of heterogeneous nucleation is
declined accordingly, which slows down the scale formation rate. Overall, the formed
NiO/Ni(OH), corrosion film, along with the relatively low surface energy and smaller
roughness, endows Ni-P coating with superior anti-corrosion and anti-scaling performance

in CO»-saturated HT/HP environments containing Ca?".
5.5 Conclusions

In summary, the corrosion behavior of N80 steel and electroless Ni-P coating under HT/HP
CO,-saturated condition was investigated, and the effect of Ca®" was further explored. The
2+

results show that corrosion of N8O steel is remarkably promoted with the addition of Ca

ions, however Ni-P coating exhibits outstanding corrosion resistance.

The presence of Ca?* leads to the change of corrosion film microstructure of N80 steel and
subsequently affects the corrosion behavior. The incorporation of Ca atoms into FeCOs3
lattice results in smaller crystal sizes with more defects, which consequently enhances the
electrolyte diffusion and promotes the corrosion process. The critical Ca®" concentration
above which the microstructural transformation takes place is between 2,000 ppm and
2,500 ppm. The addition of Ca** at concentrations higher than the critical value strengthens
the corrosion film by improving its compactness. However, the localized corrosion of the
steel is accelerated at higher Ca®" concentration due to non-uniformity of corrosion film
where the region of loose corrosion film allows the electrolyte penetration. Meanwhile, the
introduction of Ca*" also impacts the water chemistry of the aqueous phase, resulting in the
accumulation of H and consequently postpones the precipitation of FeCOs.
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The protection effectiveness of Ni-P coating is barely impacted by Ca?" concentrations.
The corrosion film, mainly composed by NiO and Ni(OH),, offers superior corrosion
resistance by isolating the electrolyte from coating underneath, which is evidenced by
satisfactory impedance results and the absence of corrosion pathways and coating
disbondment. Furthermore, the less tendency of scale formation on the coating surface also
mitigates the localized corrosion due to the heterogeneous distribution of corrosion film for

carbon steels.
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5.7 Supporting information

5.7.1 Details of electroless coating procedure

The samples were first degreased in 3 wt.% sodium carbonate (Na;CO3) and sodium
hydroxide (NaOH) at 60 °C for 20 min, followed by etched in 10 wt.% hydrochloric acid
(HCI) for 50 s to activate the surface. Subsequently, the samples were dipped in the plating
bath with a stirring rate of 200 rpm at (85+1) °C for 2 h. The coated samples were then

ultrasonically cleaned in alcohol for 10 min and dried in flowing air for future use.
5.7.2  XRD analysis of Ni-P coating after immersion

Figure S5.1 shows the XRD pattern of Ni-P coating after 7 d of immersion with the
presence of 10000 ppm Ca?". A sole broaden peak, indicating amorphous Ni, is observed
from the pattern, an implication that tiny amount of corrosion product is formed on the
surface. This further confirms the superior anti-corrosion and anti-scaling properties of the

coating.
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Figure S5.15 XRD pattern of Ni-P coating exposed to CO,-saturated brines with 10000 ppm Ca** at 150 °C

and 3.8 MPa for 7 d.

5.7.3 Water chemistry analysis

Table S5.1 Compositions of the fluids in the autoclave calculated based on Table 5.2 for water chemistry

analysis.

Conditions H»0 (g) CaCly 2H,0 (g) NaCl (g) CO; (g)* N> (g)*
0 ppm Ca** 1000 0 36.268 12.71 7.27
100 ppm Ca? 1000 0.368 35.976 12.71 7.27
1000 ppm Ca?* 1000 3.675 33.343 12.71 7.27
2000 ppm Ca** 1000 7.35 30.418 12.71 7.27
10000 ppm Ca?* 1000 36.75 7.018 12.71 7.27

* The calculated densities of CO; and N> at 150 °C and their partial pressures based on the thermodynamic

model proposed by Bakker et al. [1,2] are 25.41 kg/m? and 14.53 kg/m?, respectively.
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Table S5.2 Concentrations of species in the aqueous phase and pH values calculated using OLI Analyzer

software with the addition of different Ca?" concentrations.

Species (mol/L) 0 ppm Ca** 100 ppm Ca** 1000 ppm Ca?>" 2000 ppm Ca?* 10000 ppm Ca?"

CO2 () 0.10 0.10 0.10 0.10 0.10
N2 (ag) 9.15x 1073 9.15x 1073 9.14 x 1073 9.13 x 1073 9.04 x 107
HCI (a9 9.97 x 10? 1.01 x 108 1.08 x 108 1.15 %108 1.51 x 10
H* 2.20 % 10* 2.22 x10* 2.41 % 10* 2.60 x 10 3.69 x 10
HCOy 2.17 x 10* 2.14 x 10* 1.96 x 10+ 1.81 x 10* 1.19 x 10*
COs* 9.21 x 10 9.00 x 1010 7.49 x 10710 6.29 x 1071 2.58 x 10710
OH- 4.54 <10 4.50 x 107! 4.15x 10! 3.85 x 107! 271 x 10!
Na' 0.59 0.58 0.54 0.49 0.11
Cr 0.59 0.59 0.59 0.59 0.58
Ca? 0 2.34 x 1073 0.02 0.05 0.23
pH 3.82 3.81 3.78 3.75 3.63
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6 Characterization and corrosion behavior of electroless Ni-
Mo-P/Ni-P composite coating in CO2/H2S/CI" brine: effects of

Mo addition and heat treatment

ABSTRACT: The electroless Ni-Mo-P/Ni-P composite coating was applied on N80
carbon steel, and the effects of Mo addition and heat treatment on the corrosion resistance
enhancement in CO2/H>S/Cl™ brine were studied by electrochemical measurements and
surface analysis techniques. The Mo addition in the as-deposited Ni-P coating causes the
microstructural transformation from amorphous to crystalline due to the reduced P content,
thereby suffering severe corrosion. The impaired corrosion performance of as-deposited
Mo-incorporated coating is also originated from the absence of the oxide film on the
coating surface. Nonetheless, the heat-treated Ni-Mo-P/Ni-P coating exhibits desirable
corrosion resistance, which is reflected by the outstanding corrosion inhibition efficiency
(7=96.1%). Heat treatment facilitates the formation of NisMo phase and more importantly,
the growth of an oxide film consisting of nickel and molybdenum oxides (H2S-immuned
MoOs3) with better passivation properties, which accounts for the remarkable corrosion

resistance improvement, as compared to as-deposited coatings.
6.1 Introduction

Growing energy consumption worldwide and dwindling light oil resources have prompted
the recovery of heavy oil, and thus caused severe corrosion problems of carbon steels due
to the extremely harsh environment containing acidic gases (e.g., CO> and HaS).
Electroless Ni-P coating, as an advantageous metallic coating with good mechanical

properties, low cost and extraordinary corrosion resistance, has been adopted as a
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promising candidate for carbon steels in oil and gas industries [1-4]. Although decent
corrosion performance in CO;-containing environments or other acidic media has been
reported by researchers [5—7], HaS still severely impedes the further application of Ni-P
coating due to the high chemical affinity of S species to Ni, causing the acceleration of
corrosion and electrolyte penetration [8,9]. Therefore, it is desirable to develop a Ni-P

composite coating that displays superb anti-H»S corrosion performance.

To date, several methods have been identified to improve the corrosion performance of Ni-
P coating, for instance, introducing alloying elements [10—-13] and incorporating functional
nanoparticles [3,14-17]. The primary contribution of nanoparticles in the corrosion
resistance enhancement is to fill in the intrinsic micropores formed due to the hydrogen
evolution reaction during the coating deposition process, thereby hindering the penetration
of corrosive electrolyte. Luo et al. [3] reported the increased microhardness and improved
corrosion resistance of Ni-P/nano-WC composite coating in 3.5 wt.% sodium chloride
(NaCl) solution. The study on the incorporation of carbon nanotubes (CNTs) into Ni-P
coating showed that added CNTs led to the formation of a denser and more homogeneous
coating by filling in coating defects and accelerated the chemical passivity of the coating
due to their high chemical stability [14]. However, very limited research has been devoted
to the corrosion resistance improvement by nanoparticle incorporation in CO2/HoS
environments. Recently, ZrO, nanoparticles were added into Ni-W-P/Ni-P coating and
proved to reduce the corrosion rate in CO2/H>S/CI™ brine [18], however the inhibition
efficiency is relatively low. In this regard, the co-deposition of Ni-P coating and suitable

alloying elements owing good anti-H»S properties would be a better option.
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Among all the alloying elements that are compatible with electroless Ni-P coating,
molybdenum (Mo) element is believed to exhibit satisfactory anti-H2S corrosion
performance, which has been substantiated in corrosion-resistant alloys and stainless steels
with alloyed Mo [19-21]. Several theories have been proposed on the roles of Mo in
enhancing the corrosion resistance: (1) formation of insoluble Mo-containing compounds,
e.g., molybdates, molybdenum oxides and molybdenum sulfide [22-24], (2) inhibition
effect of molybdate ions [25,26], (3) cation selectivity of molybdenum sulfide, specifically
in sour environments [19]. Pardo et al. [22] discovered the presence of molybdenum
trioxide in the outer layer of the passive film of 304 and 316 stainless steel with alloyed
Mo, proposing that the decreased dissolution rate was ascribed to this Mo-rich oxide film
which acted as a barrier against the diffusion of dissolution species. Similar findings about
molybdates and molybdenum sulfide were also reported [23,24]. Denpo et al. [25] studied
the effect of MoO4*" ions on the passivity of Ni-Cr-Mo-Fe and reported that the formation
of MoO4* on the surface of passive films improved the passivity in H,S/CI" environments.
Moreover, MoO4> ions facilitate the formation of a bipolar film together with CrO4* ions,
which provides ion selectivity and repels Cl” ions penetrating through the film [26]. The
cation selectivity of molybdenum sulfide was proposed by Tomio et al. [19], who claimed
that the cation-selective stable molybdenum sulfide promoted the protectiveness of inner
chromium-rich oxide film by retarding the dissolution reaction caused by CI" ions and
attenuating the activity of dissolved H»>S. Therefore, Mo addition in the electroless Ni-P
coating is expected to exhibit more desirable corrosion performance in CO2/H>S/CI" brine.

Recently, ternary Ni-Mo-P coating has received growing attention in terms of its good
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mechanical properties and corrosion resistance in neutral solutions [27-29], but the effect

of Mo has not yet been elucidated in H>S-containing environments.

Moreover, heat treatment has been widely regarded as a favorable approach to improve the
mechanical properties and corrosion resistance of Ni-P coating [30—33]. The precipitation
of Ni3P and Ni crystals because of heat treatment contributes to the enhanced mechanical
properties [30,34], and the corrosion resistance of crystalline Ni-P coating can be improved
via heat treatment by reducing grain boundaries because of the grain growth of crystalline
Ni [33]. Furthermore, NiO tends to form on the coating surface upon air annealing at
elevated temperatures and acts as a passivation layer to inhibit corrosion [34,35].
Moreover, as stated above, the superb protection by Mo element is mainly accredited to the
formation of Mo-containing compounds or ions, which may be obtained by proper heat
treatment procedures. In addition, since most underground oil and gas applications are
operated at elevated temperatures, it is desirable to study the effect of heat treatment on as-
deposited coatings in sweat/sour brines. However, limited studies have focused on the
phase transformation and microstructural changes of heat-treated Ni-Mo-P coating and the

corresponding variations in terms of corrosion resistance.

Herein, we fabricated a duplex outer Ni-Mo-P/inner Ni-P electroless coating in this work,
evaluated the corrosion resistance by various electrochemical measurements, and
characterized the chemical compositions of corrosion product via surface analysis
techniques. This study aims at optimizing electroless Ni-P composite coating to achieve the
outstanding anti-H>S corrosion performance and elucidating the role of Mo addition and

heat treatment in the corrosion resistance advancement.
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6.2 Experimental methods

6.2.1 Electroless coating preparation

N8O carbon steel substrates with a size of 10 mm x 10 mm x 10 mm were used for
electroless coatings, and the chemical composition of N80 steel is as follows (wt.%): 0.29
C, 1.38 Mn, 0.25 Si, 0.037 Cr, 0.009 Cu, 0.002 Ni, 0.002 P, 0.002 S and Fe balance. The
substrates were first sequentially ground up to 1200 grit, cleaned with deionized water and
ethanol, and dried with flowing air. The electroless composite coating process contains two
steps: 1 hour of Ni-P coating and 1 hour of Ni-Mo-P coating. The chemical compositions
of both coating baths are listed in Table 6.1. Prior to coating deposition, the substrates were
degreased in the solution consisting of 3 wt.% sodium carbonate (Na>CO3) and 3 wt.%
sodium hydroxide (NaOH) at 60 °C for 20 min, and then pickled in 10 wt.% hydrochloric
acid solution for 1 min for surface activation. The inner Ni-P coating and the outer Ni-Mo-
P coating were then sequentially fabricated in water bath (851 °C) at the stirring rate of
200 rpm. Finally, the as-deposited coating (denoted as “Ni-Mo-P/Ni-P coating”) was
cleaned ultrasonically with ethanol to remove coating bath residue. For comparison, single-
layered Ni-P coating (denoted as “Ni-P coating”) was also prepared using the same plating
parameters for 2 h to maintain a comparable coating thickness as the double-layered Ni-
Mo-P/Ni-P coating. For heat-treated coatings, the coated samples were heated in a furnace
under air flow condition at 400 °C for 2 h at a heating rate of 5 °C/min, followed by

furnace cooling under air flow condition.
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Table 6.1 Chemical composition of Ni-P coating and Ni-Mo-P coating baths.

Reagent

Concentration

Ni-P coating

Ni-Mo-P coating

Nickel sulphate (NiSO4-6H,0)

Sodium hypophosphite (NaH,PO»-H>0)
Sodium molybdate (Na;MoOs4 2H,0)
Lactic acid (C3H¢O3)

Citric acid (CsHgO7)

Succinic acid (C4sHeO4)

Sodium citrate (Na3;CsHsO7)
Ammonium chloride (NH4Cl)
Saccharin (C¢H4SO,NNaCO-2H,0)
Sodium dodecyl sulfate (Ci2H25SO4Na)
Lead nitrate (Pb(NO3),)

Sodium fluoride (NaF)

Sodium hydroxide (NaOH)

25 g/L

30 g/L

20 mL/L
20 g/L

14 g/L

0.06-0.08 g/L
0.04 g/L

1 mg/L

28 g/L

20 g/L

40 g/L

5¢/L

10 g/L

20 g/L

15 g/L

0.01 g/L

0.004 g/L

15 g/L
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6.2.2 Electrochemical measurements and immersion tests

The test solution for both electrochemical tests and immersion tests is 3.5 wt.% NaCl
solution saturated with CO> and H»S. Prior to the tests, nitrogen gas was initially purged
into the test solution for 2 h for deoxygenation, followed by purging CO> and H»S till
saturation. The two gases were continuously supplemented into the solution to maintain the
saturation during the tests. The electrochemical measurements were carried out in the
three-electrode cell by using a Gamry Interface 1000E Electrochemical Workstation, with
a carbon rod as the counter electrode, the epoxy-sealed sample as the working electrode
and a saturated calomel electrode (SCE) as the reference electrode. An area of 1 cm x 1 cm
was exposed for electrochemical tests. First, the open circuit potential (OCP) was recorded
for 1 h to reach the steady-state potential. Then the electrochemical impedance
spectroscopy (EIS) measurements were conducted with an alternating current signal
amplitude of 10 mV applied in the frequency range from 100 kHz to 10 mHz at OCP.
ZSimpWin software was used to fit the measured data by using appropriate equivalent
circuits. The potentiodynamic polarization curves were recorded from -0.3 V to 1.2 V vs.

OCP at a scanning rate of 0.167 mV/s.

The electrochemical noise (EN) measurements were also performed at OCP via ESA 410
software of Gamry Interface 1000E Electrochemical Workstation. Zero resistance ammeter
(ZRA) mode was used in this work for data acquisition, with two identical samples as the
working electrodes and SCE as the reference electrode. A sampling interval of 0.2 s was
selected over 2048 consecutive data points after different periods. The total test time is 24

h. The frequency domain based on the sampling conditions was between 2.5 Hz (fmax) and

2.4 mHz (fmin) from fr,,q, = ZLM and frnin = NLM, where At is the sampling interval and N is
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the total number of data points. The power spectral densities (PSDs) of the signals were
calculated by the program psd-detrend_ECG-COMON.exe (free download on www.ecg-
comon.org) based on the fast Fourier transform (FFT) and the linear detrending of raw
electrochemical potential noise (EPN) and electrochemical current noise (ECN) data to
avoid the effect of corrosion potential drift on signal fluctuations during the tests [36]. All
the electrochemical tests were performed at least three times to ensure the reproducibility,
and the representative results were presented. Immersion tests were performed for a period
of 7 d under the same test condition as the electrochemical tests, and the tested samples
were cleaned with deionized water and alcohol, and dried with flowing air prior to the

post-immersion surface characterizations.
6.2.3 Surface characterizations

The surface morphologies and chemical compositions of each coating were examined via
scanning electron microscopy (SEM, Tescan Vega-3) and energy-dispersive X-ray
spectroscopy (EDS, Oxford INCA X-art), and the phase compositions and chemical
valence were identified by X-ray diffraction (XRD, Rigaku Ultima IV) and X-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra), respectively. XRD was performed
with a Cu K, X-ray source operated at 40 kV and 44 mA, and the patterns were recorded
from 20° to 80° at a scanning rate of 4°/min. XPS analysis was conducted with
monochromatized Al K, (hv = 1486.71 eV) at 5 x 107!° Torr. The C 1s peak at the binding
energy of 284.6 eV was used to calibrate the shifted XPS data. The XPS data were then
fitted using XPSPEAK 41 software with a Shirley background subtraction and a Gaussian-

Lorentzian combination function.

120


http://www.ecg-comon.org/
http://www.ecg-comon.org/

6.3 Results and discussion

6.3.1 Characterizations of as-deposited and heat-treated coatings prior to tests

Figure 6.1 shows the surface characterization results of as-deposited coatings. As seen in
Figure 6.1a, the as-deposited Ni-P coating exhibits typical a nodular microstructure with
apparent micropores observed on the coating surface. However, a crystalline
microstructure with a much smaller crystal size is identified on the as-deposited Ni-Mo-
P/Ni-P coating (Figure 6.1c), as evidenced by the XRD pattern showing a sharp Ni (111)
peak (Figure 6.1h), as compared to the broad Ni peak of amorphous Ni-P coating (Figure
6.1g). In addition, micropores are barely detected on the surface of the Mo-incorporated
coating because of the crystalline microstructure. Both coatings are deposited
homogeneously and well adhered on the substrate without any noticeable defects (Figure
6.1b and 6.1d), indicative of good compatibility between layers. The thicknesses of the
inner Ni-P coating and outer Ni-Mo-P coating are about 12 pum, revealing that the Mo

incorporation does not affect the deposition rate.
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Figure 6.1 Characterizations of as-deposited coatings: (a) surface and (b) cross-sectional SEM images of Ni-P
coating; (c) surface and (d) cross-sectional SEM images of Ni-Mo-P/Ni-P coating; (e)(f) EDS line scan
results of the red lines denoted in (b) and (d), respectively; XRD patterns of (g) Ni-P coating and (h) Ni-Mo-

P/Ni-P coating.
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The primary overall reactions of the Ni-Mo-P electroless plating process in the alkaline

bath are listed as below [37,38]:

Ni** + 2H,P0,” + 20H™ — 2H,P05~ + H, + Ni (Eq. 6.1)
3H,P0,” — H,P0;~ + H,0 + 20H™ + 2P (Eq. 6.2)
M00,%> + 6H,P0,” + 4H,0 — 6H,P0;” + 3H, + 20H™ + Mo (Eq. 6.3)

The microstructure and properties of Ni-P coatings are greatly dependent on the P content.
It is generally accepted that high-phosphorus Ni-P coating (P content > 9 wt. %) exhibits
amorphous structure, while crystalline structure appears in low-phosphorus Ni-P coating (P
content < 5 wt. %) [39]. As Mo element is incorporated into the coating, the increase of
metal-to-hypophosphite ratio in the coating bath results in the decline of P co-deposition
from 11 wt.% to 2 wt. % (see Table 2), thereby altering the microstructure and properties

accordingly.

The surface morphologies of heat-treated Ni-P coating and Ni-Mo-P/Ni-P coating and their
corresponding XRD patterns are presented in Figure 6.2. The microstructure of Ni-P
coating transforms from amorphous to crystalline after the heat treatment, confirmed by the
absence of nodular structure and the appearance of grain boundaries (Figure 6.2a).
Comparatively, the fine crystals on the as-deposited Ni-Mo-P/Ni-P coating are not clearly
seen after the heat treatment, which may be ascribed to the formation of the oxide film on
the coating surface. The X-ray diffraction patterns (Figure 6.2c) reveal that the heat
treatment at 400 °C gives rise to the precipitation of NizP phase and residual Ni phase for
Ni-P coating, while NisMo is the major phase of heat-treated Ni-Mo-P/Ni-P coating, along

with trace amount of Ni3P. As shown from the EDS results in Table 6.2, the presence of O
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element indicates the formation of oxides due to the heat treatment, the composition of

which needs to be verified via XPS analysis results.
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Figure 6.2 SEM surface morphologies of (a) heat-treated Ni-P coating and (b) heat-treated Ni-Mo-P/Ni-P

coating; (¢) XRD patterns of Ni-P and Ni-Mo-P/Ni-P coatings after heat treatment at 400 °C for 2 h.

Table 6.2 Elemental compositions (wt.%) of various coatings prior to tests.

Species Ni P Mo (0]
As-deposited Ni-P 88.68 11.32 - -
As-deposited Ni-Mo-P/Ni-P  89.30 2.32 8.39 -
Heat-treated Ni-P 83.46 10.34 - 6.20
Heat-treated Ni-Mo-P/Ni-P 82.64 1.94 7.52 7.91
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Generally, NiO is the predominant compound formed on the heat-treated Ni-P coating
according to previous findings [40]. Therefore, to further clarify the chemical composition
of the oxide film on Ni-Mo-P/Ni-P coating, XPS tests were employed and the results are
shown in Figure 6.3. The Ni 2p spectrum shows two main peaks at the binding energies of
856.2 eV and 873.9 eV, corresponding to Ni*" 2ps» and Ni** 2p12, with their satellite peaks
at 861.5 eV and 880.0 eV, respectively [41,42], suggesting the presence of NiO. The Mo
3d spectrum can be fitted with two species: the doublet peaks at 231.2 eV and 233.8 eV
associated with Mo>* 3ds, and Mo>* 3ds peaks with a 2.6 eV spin-orbit splitting, and a
2.8 eV spin-orbit splitting between 232.6 eV and 235.4 eV are ascribed to Mo®" 3ds2 and
Mo®" 3ds/, peaks [43-45]. It indicates that Mo(0) is oxidized to Mo(VI) and Mo(V) during
the heat treatment but Mo(IV) no longer exists, which is in consistence with the findings of
Laszczynska et al. that Mo(IV) oxide is only present when heated at lower temperatures
(200 °C) and transforms to a higher valence at higher temperatures (400 °C) [46].
Furthermore, P peak is not identified from the spectrum, implying the absence of P element

in the oxide film.
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Figure 6.3 XPS spectra of oxide film on heat-treated Ni-Mo-P/Ni-P coating before corrosion tests: (a) Ni 2p;
(b) Mo 3d; (¢) P 2p; XPS spectra of corrosion product on heat-treated Ni-Mo-P/Ni-P coating after immersion

test for 7 d: (d) Ni 2p; (e) Mo 3d; (f) O 1s; (g) S 2p; (h) Fe 2p.

6.3.2 [Effect of Mo addition on the corrosion resistance of as-deposited Ni-P

composite coatings

The potentiodynamic polarization curves of all the coatings in CO2/H,S/Cl” brine are
depicted in Figure 6.4, and the corresponding calculated corrosion potentials (Ecorr) and
corrosion current densities (icorr) by Tafel extrapolation method are listed in Table 6.3,

reflecting the overall corrosion tendency quantitatively. For as-deposited coatings, the Ecorr
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value of Ni-Mo-P/Ni-P coating (-387.5 mV) is more negative than that of Ni-P coating (-
268.8 mV), suggesting that the coating degradation becomes easier with the Mo addition.
The incorporation of Mo results in an increased icorr (3.35 pA-cm™), which is nearly three
times higher than that of Ni-P coating (1.27 pA-cm™), revealing a higher corrosion rate.
Furthermore, the corrosion kinetics information of coatings corresponding to the
electrochemical processes can be found from the anodic branches. A current plateau (from
-0.1 Vsck to 0 Vscg) is observed for as-deposited Ni-P coating, which is attributed to the
high affinity of S species to Ni [47], along with the formation of a thin protective P-rich
layer on the surface [48]. Similar phenomenon of the current recession is also seen for as-

deposited Ni-Mo-P/Ni-P coating in the same potential range.
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Figure 6.4 Potentiodynamic polarization curves of various coatings in 3.5 wt.% NaCl solution saturated with

COz and HzS.
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Table 6.3 Electrochemical parameters of different coatings obtained from the potentiodynamic polarization

curves.
Species Ecor MV vs. SCE)  icor (MA-cm?) 5 (%)
As-deposited Ni-P -268.8 £ 8.2 1.27 +0.17 -
As-deposited Ni-Mo-P/Ni-P -387.5+12.2 3.35+0.21 -
Heat-treated Ni-P -312.9 £10.5 0.50 = 0.06 60.6
Heat-treated Ni-Mo-P/Ni-P -2763£5.8 0.13£0.02 96.1

EIS tests were then employed to study the changes of electrochemical process caused by
the Mo incorporation. The Nyquist plots of as-deposited coatings (Figure 6.5a) show a
capacitive semi-arc at high-medium frequencies related to the coating, and another
incomplete capacitive semi-arc at low frequencies signifying the charge transfer process at
the electric double layer. The radius of the semicircle decreases with the incorporation of
Mo, indicating a lowered polarization resistance. The appropriate equivalent electrical
circuit (EEC) adopted for EIS data fitting is shown in Figure 6.5¢ [49], and the fitted
parameters are listed in Table 6.4. It consists of solution resistance Rs connected in series
with two time constants Oc(Rc(QaiRct)): Oc and R are the capacitance and resistance of the
coating, respectively; Qa and R are the capacitance of the electric double layer and the
charge transfer resistance, respectively, which are adopted to describe the electrochemical
process at the coating defects (e.g., micropores for amorphous coating; grain boundaries
and crystal defects for crystalline coating). The constant phase element (CPE) (designated
as Q¢ and Qa) is introduced to replace pure capacitance for a better fitting, the admittance

of which is given as below [50]:

Y(Q) = Yo(Q) ()™ (Eq. 6.4)

128



where Yo(Q) is the admittance constant of CPE; j is the imaginary number; w is the angular
frequency; n is the empirical exponent. The addition of Mo results in higher Yo(Q.) and
accordingly lower R, indicating more defects serving as corrosion pathways in the Ni-Mo-
P/Ni-P coating, which is consistent with its crystalline microstructure with more active
sites to facilitate the penetration of corrosive medium, as compared to the amorphous Ni-P
coating. Likewise, the Rct value declines from 4.00 x 10° Q-cm? to 1.00 x 10* Q-cm?, along
with the increase of Yo(Qa), demonstrating that the electrolyte penetration promotes the
coating corrosion and consequently results in an elevated corrosion rate at active corrosion
sites.

With the help of the electrochemical results as stated above, the Mo addition into as-
deposited Ni-P coating poses a detrimental impact on the corrosion performance, which is
closely related to its chemical composition and microstructure. As noted in Section 3.1, the
P content significantly drops after Mo incorporation, which contributes to the degradation
of corrosion resistance. The high-P coating displays better anti-corrosion performance than
low-P coating, especially in acidic environments, while low-P coating possesses high
mechanical performance due to the crystalline microstructure [3]. However, this type of
microstructure owns more active sites for corrosion to take place preferentially. Moreover,
Ni and Mo exist in their metallic states independently in the as-deposited coating, as
confirmed from XRD results, therefore galvanic corrosion is likely to occur because of the
different chemical affinity of Ni and Mo to sulfur species and the reactivity difference of
two metals. Rodriguez et al. [51] reported that metallic Ni greatly enhanced the interaction

of Mo and S, facilitating the sulfidation of Mo. More importantly, the absence of oxide
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film on the coating surface profoundly favors the penetration of corrosion electrolyte

through corrosion pathways and promotes corrosion.
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Figure 6.5 (a) Nyquist plots and (b) Bode plots of as-deposited and heat-treated coatings in 3.5 wt.% NaCl
solution saturated with CO, and H,S; Equivalent electric circuits used for EIS fitting: (c) as-deposited

coatings; (d) heat-treated coatings.

Table 6.4 Fitted and calculated parameters for the impedance spectra in Figure 6.5.

Rs YO(QC) Rc YO(le) Rct Qua]ity of
Species
(Q-cm?) (Q'cm?s")  (Q-cm?) (Q'em?2s")  (Q-cm?) fit

As-deposited Ni-P 6.50 4.80 x 10 1.30 x 10* 1.50 x 10 1.00 x 10*  2.96 x 10

As-deposited Ni-Mo-
7.00 1.67 x 10* 4.59 x 10° 3.05 x 1072 4.00x 103>  2.55x103

P/Ni-P
R Yo(Or) Ry Yo(Qa) Rt Quality of
(Q-em?) (Qlem?sY)  (Qem?) (Qlem?s")  (Q-cm?) fit
Heat-treated Ni-P 6.87 1.96 x 107 125.1 8.16 x 1073 6.66 x 10*  2.21 x103
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Heat-treated Ni-Mo-
P/Ni-P

6.67 1.64 x 10 173.9 2.24 x 10 2.15x10°  1.17 x 107

6.3.3 Effect of heat treatment on the corrosion resistance and oxide film

characteristics of Ni-P composite coatings

Since Mo incorporation into as-deposited Ni-P coating leads to a more severe degradation,
the effect of heat treatment on the corrosion protection enhancement is further evaluated.
As shown from the potentiodynamic curves in Figure 6.4, heat-treated coatings exhibit
lower corrosion activity, as evidenced from the curves shifting to the left direction
(indicating smaller current densities) as compared to as-deposited coatings. Furthermore,
the “pseudo-passivation” behavior is not observed because of the presence of oxide film

blocking the contact of the coating and H>S-containing electrolyte.

To quantitatively characterize the additional anti-corrosion capability contributed by the

heat treatment, the corrosion inhibition efficiency (#) is introduced and defined as:

iGS—deZ’OSited_iélggrt—treated
— -corr 0
n= .as—deposited x 100% (Eq 65)

corr

As seen in Table 6.3, heat treatment does not remarkably shift Ecorr to the positive
direction. Nonetheless, heat-treated coatings display much lower icor than as-deposited
coatings, and an exceptional corrosion inhibition efficiency (7=96.1%) is obtained for heat-
treated Ni-Mo-P/Ni-P coating, signifying the notable corrosion resistance enhancement by
the heat treatment. This superb # value significantly outcompetes the recently published

result (y=47.9%) brought by the ZrO; nanoparticle addition into Ni-W-P/Ni-P coating in
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sweat/sour brine containing CI" [18], which highlights the applicability of Mo addition and

heat treatment in improving the anti-H>S corrosion performance.

The EIS results provide more reliable information on the mass transport of corrosive
electrolyte and the corrosion process of the coating. As presented in the Nyquist plots in
Figure 6.5a, the shape of semicircles for heat-treated coatings differs from those of as-
deposited coatings, indicating the change of corrosion mechanism. The Nyquist plots
exhibit a capacitive semi-arc at high frequencies corresponding to the formed oxide film,
and another capacitive semi-arc at medium-low frequencies representing the electric
double layer, as confirmed clearly from the Bode plots in Figure 6.5b. Therefore, the EEC
for heat-treated coatings can be expressed by Rs(Od{R{QuRct))) in Figure 6.5d, which is
extensively used in stainless steel systems [52]. Besides (QaiRct), (QfRr) stands for the
formed oxide film due to the heat treatment, where Qr and Ry are the capacitance and
resistance of the oxide film, respectively. Heat-treated Ni-Mo-P/Ni-P coating displays
larger Rr and smaller Yo(Qr), an implication of better isolation properties of the oxide film
than that on heat-treated Ni-P coating. The presence of oxide film causes a notable increase
of Rt with respect to as-deposited coatings, with heat-treated Ni-Mo-P/Ni-P coating
exhibiting the highest R., which signifies the robust corrosion resistance of heat-treated
coatings and the co-contribution of Mo addition and heat treatment to the corrosion

performance enhancement.

EN measurements were performed to further investigate the corrosion behavior and the
oxide film characteristics of heat-treated coatings. Figure 6.6 depicts the typical raw EPN
and ECN data of two heat-treated coatings in the CO2/H>S/Cl" brine after immersion for 12

h. The potential noise data show trace fluctuations with the variations in mV scale,
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suggesting the passive state of the surface. The current-time record exhibits very low
amplitude (in nA scale) and high repetition rates, with background noise characteristics
clearly observed, indicating that the electrochemical process is greatly eliminated on the
surface, except for the irregular fluctuations for heat-treated Ni-P coating, which can
presumably be attributed to the occurrence of localized corrosion attack. Similar
oscillations appear randomly on heat-treated Ni-P coating as immersion further proceeds,
but they are not detected for heat-treated Ni-Mo-P/Ni-P coating in the entire immersion

period, implying better anti-corrosion performance of the Mo-containing oxide film.
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Figure 6.6 Typical raw EPN and ECN data of (a) heat-treated Ni-P coating and (b) heat-treated Ni-Mo-P/Ni-

P coating recorded after immersion in CO»/H,S-saturated 3.5 wt.% NaCl solution for 12 h.

Generally, the noise data can be analyzed in time and frequency domains. Noise resistance
(Rn), commonly used as an indicator of corrosion resistance, is calculated by analyzing the

noise data in time domain with the definition given as below:
R, = % (Eq. 6.6)

where ov and o; are the standard deviations of potential and current noise data,

respectively. The variation of R, as a function of time is presented in Figure 6.7. It is seen
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that both coatings undergo a decline of R, value in the early stage (first 4 h), a possible
indication that the oxide film has reached the equilibrium state. Afterwards, R, values of
heat-treated Ni-P coating maintain in the range of 5 x 10* to 8 x 10* Q-cm?, while that of
heat-treated Ni-Mo-P/Ni-P coating increases with fluctuations after 12 h of immersion and
keeps stable at ac. 1.3 x 10° Q-cm?. The difference of R, variations for two heat-treated
coatings further proves the corrosion protection enhancement owing to Mo addition, which

is in good agreement with EIS results.
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Figure 6.7 R, as a function of time for heat-treated coatings immersed in CO»/H,S-saturated 3.5 wt.% NaCl

solution.

To strengthen the analysis of noise data, PSD data were obtained in frequency domain by

FFT, and the calculation of noise PSD is based on the equation given as below [53]:

logPSD = A+ Slogf (Eq. 6.7)
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where A is the noise intensity, and S is the slope of the linear region of PSD plots, also
known as the roll-off slope. The potential PSD plots and the corresponding calculated
parameters of two heat-treated coatings after exposed to CO2/H»S/CI™ brine are shown in
Figure 6.8. The PSD decreases with the increase of the frequency and exhibits a linear
relationship at high-medium frequencies with the slope of Sy, which has been widely
adopted to indicate the corrosion type by many investigators [53,54]. The Sy value of heat-
treated Ni-Mo-P/Ni-P coating shifts positively from -0.95 after 1 h of immersion to -0.32
and -0.52 after 12 h and 24 h respectively, suggesting that the formed oxide film ensures
the passivation on the coating surface. Girija et al. [55] substantiated a low roll-off slope of
-0.3 for 304L stainless steel in 0.1% NaOH solution, which was attributed to the passive
state of the surface. Similar observations of close to zero Sy has been reported by Fukuda et
al. [56], who examined the current transients for pure iron and stainless steels and credited
the low Sy to the presence of white noise due to the passive state. In contrast, heat-treated
Ni-P coating displays more negative Sy values (close to -2 after 1 h), showing weaker
passivation and higher likelihood of localized corrosion. Cheng et al. [53] reported that the
roll-off slope approached -2 with the pitting initiation of inhibited A516-70 carbon steel in
chloride solution, and a low roll-off slope of -0.5 appeared indicating passivation state,
which was caused by the growth of passive film with the addition of 0.05 M CrO4*.
Therefore, based on the electrochemical noise analysis, the Mo-containing oxide film
endows heat-treated Ni-Mo-P/Ni-P coating with better passivation properties and greater

anti-corrosion performance than the heat-treated Ni-P coating.
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Figure 6.8 The potential PSD plots of heat-treated coatings: (a) Ni-P coating and (b) Ni-Mo-P/Ni-P coating

immersed in CO,/H;,S-saturated 3.5 wt.% NaCl solution at different times.

6.3.4 Anti-corrosion stability of heat-treated Ni-Mo-P/Ni-P coating

To further evaluate the corrosion performance of heat-treated Ni-Mo-P/Ni-P coating for a
longer period, 7-day immersion tests were performed in the 3.5 wt.% NaCl solution
saturated with CO2 and H»S, and the SEM surface and cross-sectional morphologies after
immersion are shown in Figure 6.9. As depicted in Figure 6.9a, interlaced corrosion
products with clustered needle-like and clay-like structures are observed with the absence
of noticeable corrosion pits on the surface, thereby constituting a compact corrosion
product layer. The inspection of the coating cross-section shows that the electrolyte
penetration does not reach the coating/coating or coating/substrate interface after 1 week of
immersion, revealing the satisfactory corrosion resistance of heat-treated Ni-Mo-P/Ni-P

coating.
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Figure 6.9 SEM (a) surface and (b) cross-sectional morphologies of heat-treated Ni-Mo-P/Ni-P coating after

7 d of immersion in CO,/H,S-saturated 3.5 wt.% NaCl solution.

XPS analysis was then employed after immersion tests to examine the chemical
composition of corrosion product and investigate the anti-corrosion mechanism, as
presented in Figure 6.3. Besides the Ni*" peaks and their corresponding satellite peaks
depicted in Figure 6.3a, the Ni 2p spectrum exhibits two additional Ni** peaks at the
binding energies of 855.2 eV and 872.8 eV [57,58], which is in accordance with our
previous research of Ni-P coating in H>S-containing corrosive environments [8,9]. 3ps»
and 3ps»2 doublets at 232.5 eV and 235.5 eV are identified for the Mo 3d spectrum,
indicating the sole presence of Mo®*, which predominantly exists in the form of MoOs as
observed from the O 1s spectrum [59]. The Mo>" peaks are no longer detected after
immersion, implicative of the transformation from Mo(V) to Mo(VI) during the corrosion
process, which requires further experimental verification. Besides, the other peak at the
binding energy of 529.5 eV is assigned to NiO [60]. The S 2p spectrum contains two peaks
at 161.9 eV and 163.0 eV belonging to NiS and Ni3S,, respectively [61,62]. It is

worthwhile noting that Fe peak is not found from the spectrum, highlighting no electrolyte
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penetration through the coating to the steel substrate after immersion for 7 d, which is in

good agreement with the cross-sectional SEM image.

The outstanding anti-corrosion property of heat-treated Ni-Mo-P/Ni-P coating in the H»S-
containing brine is not only derived from the desirable corrosion protection of nickel-based
corrosion products (NiO, NiS and Ni3S;), but more attributed to the formed MoOs. As
reported [63,64], Mo®" is the primary oxidized species of Mo in the passive film of
stainless steels alloyed with Mo and plays a critical role in retarding the corrosion process.
Pardo et al. [22] discovered the beneficial effect of Mo®" in the passive film of austenitic
stainless steels against the film breakdown by Cl attack and accredited it to the formation
of Mo insoluble compounds (MoO; and FeMoO4) which favored the repassivation.
Specifically, MoO3; demonstrates phenomenal resistance to corrosion induced by H»>S. The
sulfidation of MoO3 by HaS in aqueous environments mainly follows the reaction below

[65]:
Mo0; + 2HS™ = MoS, + 20H™ + 0, (Eq. 6.8)

The Gibbs free energy (AG) of this reaction at room temperature and atmospheric pressure
is larger than zero showcasing immunity to sulfidation attack, and this is also validated by
the low corrosion rate of molybdenum in corrosive environments containing HoS [65]. The
immunity further coincides with the absence of Mo*" in MoS; from the XPS results in this
study. Ultimately, the Mo addition and heat treatment concurrently endow the coating with
superior corrosion resistance in sweat/sour brine, which is predominantly originated from
the compact nickel-based corrosion product layer and the formation of MoO3 showing

immunity to HS.
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6.4 Conclusions

In summary, the corrosion behavior of electroless Mo-incorporated Ni-P coating was
investigated in CO»/H>S/CI™ brine, and the effect of heat treatment on the corrosion
resistance improvement was further revealed. The results show that Mo addition adversely
affects the corrosion resistance of as-deposited Ni-P coating, while heat treatment

profoundly advances the anti-corrosion performance of Ni-Mo-P/Ni-P composite coating.

The Mo incorporation into the as-deposited Ni-P coating results in the change of
microstructure from amorphous to crystalline due to the declined P content. Heat treatment
of Ni-Mo-P/Ni-P coating at 400 °C for 2 h facilitates the formation of NisMo phase and
trace amount of NizP phase. Furthermore, heat treatment gives rise to the formation of
oxide film on the coating surface, with the primary chemical composition of NiO, Mo(V)
and Mo(VI) oxides. Heat-heated Ni-Mo-P/Ni-P coating displays the best corrosion
resistance, followed by heat-treated Ni-P coating, as-deposited Ni-P coating and as-
deposited Ni-Mo-P/Ni-P coating. A superb corrosion inhibition efficiency (7=96.1%) is
achieved for the heat-treated Ni-Mo-P/Ni-P coating, and the roll-off slopes approach -0.5,
suggesting better passivation properties of the Mo-containing oxide film. The absence of
oxide film, together with the formed crystalline microstructure with more active sites for
corrosion initiation, contributes to the decreased corrosion resistance of as-deposited Ni-
Mo-P/Ni-P coating. Meanwhile, the exceptional corrosion resistance of heat-treated Ni-
Mo-P/Ni-P coating is predominantly originated from the compact corrosion product layer

composed by nickel oxides and sulfides and the formation of the H2S-immuned MoO:s.
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7 Probing the corrosion resistance of a smart electroless Ni-P
composite coating embedded with pH-responsive corrosion

inhibitor-loaded nanocapsules

ABSTRACT: A smart electroless Ni-P composite coating incorporated with pH-
responsive benzotriazole (BTA)-loaded nanocapsules was successfully fabricated and
applied on N80 carbon steel, and the improved corrosion resistance was evaluated by
electrochemical measurements and surface characterization techniques. The coating
incorporated with the functionalized nanocapsules exhibits excellent anti-corrosion
performance in the COs-saturated brine. This is originated from the filling of the
nanocapsules into intrinsic micropores of the coating, which impairs the electrolyte
penetration at the beginning stage of immersion, and the release of BTA when triggered by
the local acidification of the micropores due to penetration of aggressive medium as
immersion further proceeds. Furthermore, the incorporated nanocapsules endow the smart
coating with a good anti-corrosion stability, showing a maximum inhibition efficiency of
over 80%. The well-protected coating surface shows much less corrosion pits and the
absence of lateral coating disbondment at the coating/substrate interface according to the

surface characterization results.
7.1 Introduction

The record-breaking level of energy consumption has driven the rapid development of oil
and gas industries. However, the corrosion of metal structures in oil-related environments
due to the presence of acidic gases (e.g., CO2 and H»S) leads to severe material degradation

and serious safety concerns [1-3]. Recently, an electroless Ni-P metallic coating has
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received rising attentions due to its excellent corrosion resistance and good mechanical
properties [4—7]. Specifically, the high-phosphorus Ni-P coating (P content > 9 wt.%) with
an amorphous microstructure displays an outstanding corrosion resistance in acidic media

[8,9], thereby outperforming other candidates in oil-related applications.

Nevertheless, the anti-corrosion performance of the coating fades after long-term service
because of the gradual penetration of corrosive electrolyte through the micropores formed
due to the hydrogen evolution reaction during the coating deposition process. Such
imperfection can be mitigated to some extent by the addition of nanoparticles, such as WC,
ZrOa, TiOg, etc. [5,8,10-13], which fill in the micropores and consequently block the
electrolyte penetration. Alternatively, corrosion can be retarded by the application of
corrosion inhibitors. From this perspective, nano-scale containers loaded with corrosion
inhibitors are considered as an encouraging supplementary material that can be
incorporated into Ni-P coating to achieve an outstanding anti-corrosion performance for

longer lifespans.

The method of nanoencapsulation refers to a series of techniques that allows the
entrapment of active species (core materials) inside the nanocapsules (shell materials). In
recent years, it has attracted widespread interests in many fields, such as food industry,
agriculture industry and pharmaceuticals [14-16], due to its advantage of isolating core
materials from the surroundings and the controllable release upon meeting certain
triggering criteria. Growing attention has also been paid to the utilization of nanocapsules
in anti-corrosion coatings [17-25]. The encapsulation of corrosion inhibitors avoids the
constant leaching and the direct exposure to the coating matrix, which enables effective

utilization of the inhibitors and eliminates the possible coating degradation caused by the
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continuous interaction between coating and corrosion inhibitors. Furthermore, it also
enables the autonomous self-healing by releasing corrosion inhibitors when triggered by
external stimuli, e.g., pH value [18-20], temperature [21,22], mechanical damage [23], ion

concentration [24,25], etc.

As compared to various reported nanocapsule systems, mesoporous silica nanoparticles
(MSN) has drawn extensive attentions due to their advantages of (1) adjustable particle
size and large area-to-volume ratio assuring high loading content of inhibitors and the
controllable release, (2) good chemical compatibility with multiple coatings and corrosion
inhibitors and (3) high mechanical stability [26-28]. As for the core materials in MSN
systems, benzotriazole (BTA) is a well-known green and compatible corrosion inhibitor
applied in carbon steels, stainless steels, copper and nickel [24,29-32], and the anti-
corrosion performance can be achieved by the chemisorption of BTA on metal surfaces to
form complex films characterized as [Fe(BTA).]n, [Cu'BTAT], and [Ni-BTA],
respectively [32]. Borisova et al. [29] synthesized nanocontainers loaded with BTA
embedded in hybrid SiOx/ZrOx sol-gel coating for the corrosion protection of aluminum
alloy, which demonstrated good pH-dependent release of BTA and improved the corrosion
resistance in chloride-containing solutions. Zheng et al. [24] reported a pH/sulfide ion-
responsive system based on MSNs loaded with BTA and antibacterial agent to achieve
anti-corrosion and anti-fouling performance for copper, and the release system opened
when pH value was lower than 5 or [S?] was higher than 0.02 mM. However, the vast
majority of research is focused on the incorporation of nanocapsules with thick organic
coatings by physical mixing, while limited findings have been reported for metallic

coatings, especially thin electroless Ni-P coating. Therefore, it is desirable to evaluate the
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feasibility of embedding nanocapsules in Ni-P coating and assess its anti-corrosion

performance in oil-related corrosive environments.

Herein, we developed a smart electroless Ni-P coating embedded with pH-responsive
BTA-loaded nanocapsules based on MSNs for the first time. A simplified nanocapsule
fabrication method was employed in this work to simultaneously prepare MSNs and load
inhibitors, with tetraethoxysilane (TEOS) as the silica source and cetyltrimethylammonium
bromide (CTAB) as the template, to avoid the use of poisonous organic solvents [33].
Subsequently, the corrosion behavior and anti-corrosion stability of the smart composite
coating were evaluated in a sweat brine via various electrochemical measurements and
surface characterization techniques. This study is anticipated to point to a promising
direction towards developing smart electroless Ni-P coatings with nanoscale functional

additives.
7.2 Experimental

7.2.1 Materials and preparation

N80 tubing steel samples with the size of 1 cm x 1 cm x 1 cm were adopted as the
substrate for electroless Ni-P coating, and the chemical composition of the samples is
(wt.%): C 0.29, Mn 1.38, Si 0.25, Cr 0.037, Cu 0.009, Ni 0.002, P 0.002, S 0.002 and
balance Fe. The substrates were sequentially polished to 1200 grit with SiC sandpapers,
cleaned with deionized water and alcohol, and then dried in flowing air. The chemical
compositions of the electroless coating bath are as follows: 25 g/L. of nickel sulfate
hexahydrate (NiSO4 6H20), 30 g/L of sodium hypophosphite monohydrate

(NaH2PO2-H20), 20 g/L of citric acid (CsHsO7), 14 g/L of succinic acid (C4HsOs), 20
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mL/L  of lactic acid (C3HeOs3), 0.06 g/L of sodium saccharin dihydrate
(C7H4NNaO3S-2H0), 0.03 g/L of sodium dodecyl sulfate (C12H25SO4Na) and 1 mg/L of
lead nitrate [Pb(NO3)2]. The pH value of the coating bath was adjusted to 6 by adding
sodium hydroxide (NaOH). The reagents used for nanocapsule fabrication are TEOS

[Si(OC2H5s)s4], CTAB [(C16H33)N(CH3)3Br] and 1H-BTA (CsHsN3).

7.2.2 Nanocapsule fabrication

The corrosion inhibitor-loaded nanocapsules were fabricated according to the one-step
synthesis method reported by Xu et al. [33] First, 0.2 g of CTAB was added slowly into
200 mL of 0.5 g/L NaOH solution at 80 °C under vigorous magnetic stirring, followed by
the addition of 0.3 g of BTA. Then, 2 mL of TEOS was added dropwise to the mixed
solution. The reaction was maintained at 80 °C under vigorous stirring for 2 h. The mixture
was centrifuged, washed twice with deionized water, and dried in furnace at 90 °C for 6 h.
The product was then ground to fine powder for the subsequent coating procedure. As a
comparison, as-fabricated nanocapsules without BTA were also prepared, and the
fabrication procedure was kept the same as described above except that BTA was not

loaded.

7.2.3 Deposition of nanocapsule-embedded Ni-P coating

Prior to coating deposition, the steel substrates were first cleaned with alcohol in an
ultrasonic bath for 5 min, degreased with 3 wt.% sodium carbonate (Na;CO3) + 3 wt.%
NaOH solution at 60 °C for 20 min, and pickled in 10 wt.% hydrochloric acid (HCI) for 50
s for surface activation. Then the substrates were dipped in the plating bath at (85+1) °C at
a stirring rate of 200 rpm. Meanwhile, the prepared nanocapsule powder was ultrasonically
mixed with a small amount of plating bath solution (approximately 30 mL) for 1 min to
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avoid the agglomeration, and then the mixed solution was transferred into the heated
plating bath, in which the concentration of BTA-loaded nanocapsules was fixed at 0.1 g/L.
The coating (denoted as “Ni-P-NC coating”) was obtained after 2 h of electroless plating.
For comparison, pure as-deposited Ni-P coating was also prepared following the same
procedure except that no nanocapsules were added (denoted as “Ni-P coating”). All the
coated samples were cleaned with alcohol by ultrasonic dispersion for 5 min and dried in

flowing air for corrosion tests.
7.2.4 Corrosion tests

The corrosion tests in this study include electrochemical measurements and immersion
tests. The test solution for both tests is 3.5 wt.% sodium chloride (NaCl) solution saturated
with COg, and the solution pH is 4.1. The samples were sealed with epoxy, leaving an area
of 1 cm? for electrochemical tests. Figure 7.1 shows the schematic illustration of corrosion
test setup. The electrochemical measurements were performed in a three-electrode system
through a Gamry Interface 1000E Electrochemical Workstation, with a carbon rod as
counter electrode (CE), the epoxy-sealed sample as working electrode (WE), and a
saturated calomel electrode (SCE) as reference electrode (RE). Prior to tests, nitrogen gas
was purged in the test solution for 2 h to deoxygenate, and then CO2 was introduced to
reach the saturation. The saturation status was maintained by continuously supplementing
CO; in the solution during the tests. The open circuit potential (OCP) was first recorded for
1 h to achieve the equilibrium state. Then the electrochemical impedance spectroscopy
(EIS) was measured with an alternating current (AC) amplitude of 10 mV applied in the
frequency range from 100 kHz to 10 mHz at OCP. The EIS data were fitted with a proper

equivalent electrical circuit (EEC) by using ZSimpWin software. The potentiodynamic

154



polarization measurements were performed from -0.3 V to 1.2 V with respect to OCP at a
scanning rate of 0.167 mV/s. The immersion tests were conducted in a 1 L vessel and
followed the same deoxygenating and purging procedure. The total immersion time was 14
d. The tested samples were taken out after immersion, gently cleaned with deionized water

and alcohol, and dried in air for morphological observations.
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Figure 7.1 Schematic illustration of corrosion setup.

7.2.5 Surface observations and characterizations

The morphologies and chemical compositions of nanocapsules were observed by scanning
electron microscopy (SEM, Zeiss Sigma 300 VP), transmission electron microscopy
(TEM, JEOL JEM-ARMZ200CF) equipped with energy-dispersive X-ray spectroscopy
(EDS), and the surface and cross-sectional morphologies of the coating were examined by
SEM (Tescan Vega-3). X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra) was
employed to identify the chemical valence. XPS analysis was performed with
monochromatized Al Ka (hv = 1486.71 eV) at 5 x 107'° Torr, and the C 1s peak at the

binding energy of 284.6 eV was used to calibrate the shifted XPS data. XPSPEAK 41
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software was then used for XPS data fitting with a Shirley background subtraction and a

Gaussian-Lorentzian combination function.

In order to verify the release of BTA from the loaded nanocapsules, the 'H nuclear
magnetic resonance (NMR) spectra was obtained by using an Agilent Inova 400 MHz
spectrometer. The total volume of each NMR sample was 700 uL. Pure BTA was first
dissolved in deuterium oxide (D20) solvent as a control group. For the tested samples, the
test solution (3.5 wt.% NaCl saturated with CO;) was diluted 10 times because of the
limited allowance of salt concentration of the NMR spectrometer, and CO; saturation was
still maintained to match the pH value of the test solution. The tested sample consisted of

500 pL of diluted test solution and 200 pL (D2O) solvent.
7.3 Results and discussion

7.3.1 Characterizations of nanocapsules and nanocapsule-embedded Ni-P coating

The surface morphologies and chemical compositions of BTA-loaded and as-fabricated
nanocapsules are presented in Figure 7.2. As seen in Figure 7.2a, BTA-loaded
nanocapsules display a near-spherical shape with agglomerated distributions, while a more
regular and spherical morphology is observed from as-fabricated nanocapsules (Figure
7.2c). The sizes of both nanocapsules are around 100 nm, and BTA-loaded nanocapsules
are slightly larger than as-fabricated ones. The TEM/EDS analysis provides more
information about the structural and elemental evolution of nanocapsules due to the
loading of BTA. Highly-ordered hexagonal mesopores are formed in the as-fabricated
nanocapsules (Figure 7.2d), whereas a less-ordered worm-like structure is exhibited due to

the loading of corrosion inhibitor in MSNs as shown in Fig. 2b. Both types of nanocapsules
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consist of C, Si, O, N and Br elements, and the relatively stronger signal of N element
reveals the successful loading of BTA (Figure 7.2¢). To summarize, BTA is proved to be
loaded into as-fabricated MSNs, which leads to a significant change of nanocapsule

morphology, structure and elemental distributions.

Figure 7.3 depicts the surface characterization results of Ni-P coatings with and without
nanocapsule incorporation. The as-deposited Ni-P coating exhibits a nodular structure with
some micropores on the coating surface due to the hydrogen evolution reaction during the
electroless plating process. The morphology of the coating is not changed by introducing
the nanocapsules, but the number density of micropores notably declines, as shown in Fig.
3b, signifying the filling effect of nanocapsules. Besides, the doublet peaks at 102.2 eV and
103.1 eV reveal the presence of Si from the XPS spectra (Figure 7.3d) [34], suggesting the
successful embedding of nanocapsules in the coating. The cross-sectional images of Ni-P
coating and Ni-P-NC coating (Figure 7.3c) indicate that the incorporation of nanocapsules
does alter the uniform deposition and good adhesion between coating and substrate. The

thicknesses of both coatings are maintained at approximately 20 um.
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Figure 7.2 (a) SEM and (b) TEM image of inhibitor-loaded nanocapsules.
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Figure 7.3 SEM surface morphologies of (a) Ni-P coating and (b) Ni-P-NC coating; (c) SEM cross-sectional

image of Ni-P and Ni-P-NC coating; (d) Si 2p spectrum obtained from XPS analysis of Ni-P-NC coating.

7.3.2 Effect of embedded nanocapsules on the corrosion resistance of Ni-P

composite coating
7.3.2.1 Effect of filling in the micropores of the coating

First, potentiodynamic polarization measurements were carried out to elucidate the anti-
corrosion effect of BTA-loaded nanocapsules on Ni-P coating quantitatively. The
polarization curves and the corresponding calculated parameters are shown in Figure 7.4.
The corrosion potentials (Ecorr) of fresh Ni-P coating and Ni-P-NC coating are -0.39 V and
-0.25 V, respectively, denoting the lowered corrosion tendency in the presence of

nanocapsules. As corrosion proceeds, Ecorr of Ni-P coating shifts positively to -0.30 V after
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24 h of immersion, while that of Ni-P-NC coating almost maintains the same (-0.23 V).
The corrosion current density (icorr) corresponds to the corrosion rate and thus better
reflects the anti-corrosion performance. The icor of Ni-P coating declines from 0.74
pA-cm? to 0.40 pA-cm after immersion for 24 h, suggesting the additional protection
accredited to the formed corrosion film composed by NiO and Ni(OH), serving as a
physical barrier [4,35]. Intriguingly, fresh Ni-P-NC coating exhibits the icorr 0f 0.46 A -cm”
2 which is lower as compared to fresh Ni-P coating, and it further drops to 0.11 pA-cm™
after exposure for 24 h, highlighting the robust corrosion resistance brought by
nanocapsule incorporation. It is worthwhile noting that the decrement of icor for both
coatings after the first 24 h of immersion is comparable (0.34 pA-cm™ for Ni-P coating vs.

0.35 pA-cm? for Ni-P-NC coating).

The degradation of a metallic coating is primarily governed by the penetration of corrosive
electrolyte through the coating and the subsequent consumption of coating material by the
electrochemical reaction with the aggressive medium. In electroless Ni-P coatings, the
penetration preferentially takes place at the defect sites (mostly intrinsic micropores). As
stated above, our previous findings [4,35] revealed that a compact NiO/Ni(OH), corrosion
film was formed on Ni-P coating surface in acidic solutions, which acted as a barrier layer
and mitigated corrosion by hindering the electrolyte penetration. However, this protective
film only offered temporary corrosion resistance, which reached its maximum after 24 h
and then gradually declined. For Ni-P-NC coating in this study, the limited penetration of
corrosion medium, due to the presence of the NiO/Ni(OH) film, cannot trigger a great
number of nanocapsules to release BTA in the first 24 h of immersion. Therefore, the

decrease of corrosion rate is mainly accredited to the co-contribution of the protective
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corrosion film and the reduced porosity because of the nanocapsules filling in the
micropores. This can be verified from the icor variations of both coatings after 1 d of
immersion. For fresh coatings, the corrosion rate is directly related to the coating porosity
because the electrolyte penetration and corrosion film formation have not started yet,
therefore the lower icorr of Ni-P-NC coating indicates the less porosity due to the micropore
filling. As immersion prolongs to 24 h, the additional protection from the corrosion film

gradually takes effect and results in the icorr drop for both coatings.
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Figure 7.4 (a) Potentiodynamic polarization curves and (b) calculated Ecorr and icorr values of Ni-P coating and

Ni-P-NC coating after exposed to CO;-saturated 3.5 wt.% NaCl solution for different times.
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7.3.2.2  Effect of the release of corrosion inhibitor from nanocapsules

Based on the abovementioned electrochemical results, the effect of micropore filling by
nanocapsules on the improvement of corrosion resistance of Ni-P composite coating in the
beginning stage of corrosion has been confirmed. Next, time-dependent EIS analysis was
carried out to demonstrate the effect of BTA release as electrolyte penetration further
proceeds. Figures 7.5 and 7.6 present the EIS plots of Ni-P coating and Ni-P-NC coating,
respectively, after immersion for different time periods. Only one time constant (TC) is
observed for Ni-P coating, however, Ni-P-NC coating exhibits two TCs as confirmed from
the overlapped capacitance loops in the Nyquist plots. This suggests the change of
corrosion mechanism with the embedding of BTA-loaded nanocapsules. The shape of
semicircles does not vary with time for both coatings, indicating that the corrosion
mechanism remains unchanged during the immersion period.
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Figure 7.5 (a) Nyquist and (b) Bode plots of Ni-P coating exposed to CO»-saturated 3.5 wt.% NaCl solution

for different times.
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Figure 7.6 (a) Nyquist and (b) Bode plots of Ni-P-NC coating exposed to CO,-saturated 3.5 wt.% NaCl

solution for different times.

To further analyze the corrosion processes of both coatings, the EIS data were fitted using
appropriate EECs as shown in Figure 7.7. For Ni-P coating (Figure 7.7a), it is composed by
solution resistance Rs connected in series with one time constant (QaiRct), where Qai and R
are the capacitance of the electric double layer and the charge transfer resistance,
respectively, which are adopted to describe the electrochemical process at the micropores.
The EEC of Ni-P-NC coating (Figure 7.7b) can be expressed by Ry(Q{R{QaRct))), where
Or and Ry are the capacitance and resistance of the chemisorbed protective [Ni-BTA] film
by BTA on nickel [32], respectively. In addition, the constant phase element (CPE,
designated as QOr and Qai), which accounts for the deviation from the ideal dielectric
behavior and is related to interfacial heterogeneity and surface roughness [36,37], is
adopted to replace the pure capacitance for a better fitting, and its admittance is given by

the following equation [38]:

Y(Q) = Yo(Q)Gw)" (Eq.7.1)
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where Yo(Q) is the admittance constant of CPE; j is the imaginary number; w is the angular

frequency; and » is the empirical exponent. The fitted parameters for Ni-P coating and Ni-

P-NC coating are listed in Tables 7.1 and 7.2, respectively. The y* values of fitted data

based on the EEC are no larger than 3 x 1073, implying an acceptable quality of fit.
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Figure 7.7 Equivalent electric circuit used for EIS data fitting: (a) Ni-P coating; (b) Ni-P-NC coating.

Table 7.1 Main electrochemical parameters fitted from EIS data of Ni-P coating in Figure 7.5.

Immersion time Ri(Q-cm?) n Yo(Qa)) (' cm2-s") Ry (Q-cm?)  Quality of fit
Oh 6.67 0.884 5.33 x 107 3.44 x 104 2.53 x 107
8h 6.70 0.881 5.41 x 107 5.28 x 10* 1.52 %107
1d 6.69 0.892 4.93 x 103 5.79 x 10* 9.47 x 10
2d 6.70 0.893 5.59 x 107 4.45 x 104 1.13 x 107
3d 6.78 0.907 6.66 x 107 2.77 x 104 1.32x 107
5d 6.79 0.922 8.20 x 1073 2.15 %104 1.42 x 107
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Table 7.2 Main electrochemical parameters fitted from EIS data of Ni-P-NC coating in Figure 7.6.

R Yo(Qr) R Yo(Qa) R
Immersion time Quality of fit
(Q-cm?) (Qlem?s")  (Q-cm?) (Qlem?s")  (Q-cm?)

Oh 7.00 2.62 x 103 335x10*  7.21x107 321 x10*  7.15x10%
&h 6.86 2.84 x 103 434 x10*  4.52x107 6.01 x 10*  8.17 x 10*
1d 6.94 2.75 %10 538 x10*  4.54 %103 6.54 x 10*  8.75x10*
2d 7.09 2.70 x 10 6.29 x 10*  3.69 x 10 7.01 x 10*  1.61 x 1073
3d 7.04 2.88 x 10 6.93 x10*  3.79 x 10°° 7.26 x10*  7.18 x 10*
5d 7.76 3.02 x 107 597 x10*  5.03 x10° 4.02 x 10*  2.02 x 107

According to the fitted data of Ni-P coating, R first increases and reaches the maximum at
24 h, denoting the enhanced resistance to mass transport at this stage due to the formed
NiO/Ni(OH); film. After 24 h, the ratio of less-protective Ni(OH)> gradually increases due
to the water adsorption of NiO, thereby lowering the corrosion resistance [35,39]. As a
result, the continuous electrolyte penetration and the lowered resistance of corrosion
product notably facilitate the corrosion process, as exhibited in the rapid decrease of Rt

and the increase of Yo(Qur).

As for Ni-P-NC coating, the increase of Ry with immersion time implies the promoted
corrosion inhibition of the surface complex film due to the release of BTA. As compared to
Ni-P coating, R of Ni-P-NC coating does not decrease after 24 h, but keeps augmenting in
the first 72 h of immersion, along with a declining tendency of Yo(Qa), an indication that
the corrosion resistance enhancement is not only derived from the micropore filling, but
also from the release of BTA as immersion continues. Both R and R experience a drop at
120 h, which means that all the loaded BTA in the nanocapsules have been released and

used up. Obviously, the amount of BTA in Ni-P composite coating can be modified by the
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concentration of BTA-loaded nanoparticles in the coating bath and the loading content of
BTA in the nanocapsules. In this study, the nanocapsule concentration is relatively low
(0.1 g/L), therefore the Rt reduction is predictable and acceptable. Also, it should be noted
that Rt of Ni-P-NC coating at 120 h is still much larger than that of Ni-P coating at 24 h,

indirectly demonstrating the beneficial effect of micropore filling on mitigating corrosion.

Furthermore, additional electrochemical parameters derived from the fitted data are
introduced to evaluate the coating properties. Typically, the polarization resistance R, (R, =
Rt for Ni-P coating and Ry = Rr + Rt for Ni-P-NC coating) can represent the resistance to
corrosion attack and is inversely related to the corrosion rate [40]. Besides, the inhibition
efficiency (#) of the nanocapsule-embedded coating can be calculated by the following

equation [41]:

_ (Rp,O_l — Rpne

-1
. )/R . % 100% (Eq.7.2)
p,0

where R, yc and R, o are the polarization resistance of Ni-P coating in the presence and
absence of nanocapsules, respectively. The time dependence of R, and # for both coatings
after immersion is depicted in Figure 7.8. As seen, R, of fresh Ni-P-NC coating (6.56 x 10*
Q-cm?) is not only much higher than that of fresh Ni-P coating (3.44 x 10* Q-cm?), but
also outcompetes the maximum R, of Ni-P coating at 24 h (5.28 x 10* Q-cm?), highlighting
the effective blocking effect of nanocapsules filled in the micropores prior to the
domination of BTA release. As immersion continues, the release of corrosion inhibitor
gives rise to the surge of R, for Ni-P-NC coating and higher # values accordingly. The

maximum # of 80.5% is achieved at 72 h, followed by 78.5% at 120 h, demonstrating that
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the BTA encapsulated Ni-P coating offers an outstanding protection to prevent the coating

degradation.
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Figure 7.8 R, and 7 as a function of immersion time for Ni-P coating and Ni-P-NC coating in CO,-saturated

3.5 wt.% NaCl solution.

As immersion time prolongs, the formed NiO/Ni(OH)> film gradually loses its protection,
thereby allowing aggressive medium to further penetrate inwards. Such penetration tends
to cause the local acidification inside the micropores because of the accumulation of CI°
ions and the hydrolysis of Ni salts which are formed as a result of anodic dissolution of Ni
[42], and thus increases the corrosivity of electrolyte and facilitates corrosion. Besides the
effective hindering of the electrolyte penetration by the micropore filling, the decrease of
local pH trigger the CTAB desorption due to the weakened electrostatic interaction
between CTA" and silica matrix, caused by the protonation of silanol groups in acidic
environments [43—45]. This consequently leads to the consequent release of BTA, which

greatly slows down the electrochemical process and implements the function of pH-
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responsive corrosion protection. The simplified schematic of BTA release from the
nanocapsules is illustrated in Figure 7.9. Even after the corrosion inhibitor is released, the
MSN frameworks are still present in the micropores and impede the penetration of
corrosion medium. This can be substantiated by the much larger R, value of Ni-P-NC

coating in comparison with that of Ni-P coating after 120 h of immersion

Acid solutions &r—

¢ CTAB
® BTA

BTA-loaded nanocapsule MSN framework

Figure 7.9 Schematic illustration of BTA release from the nanocapsules.

To further confirm the release of BTA from the nanocapsules, 'H NMR analysis was
employed and the spectra are shown in Figure 7.10. The chemical shift at 4.7 ppm appears
in each sample and corresponds to H2O/D20 solvent. Two quartets are identified at the
chemical shifts of 7.5 ppm and 7.9 ppm, which are ascribed to BTA [46] in the control
group in Figure 7.10a. Only H2O/D>0O peak is observed for the diluted test solution without
nanocapsules (Figure 7.10b), while the one with BTA-loaded nanocapsules displays two
quartets with the same chemical shifts (Figure 7.10c), verifying the release of BTA from

the loaded nanocapsules in the acidic solutions.
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Figure 7.10 'H NMR spectra of (a) pure BTA solution; (b) diluted test solution without BTA-loaded

nanocapsules and (c) diluted test solution with BT A-loaded nanocapsules.

7.3.3 Anti-corrosion stability of nanocapsule-embedded Ni-P coating

After exploring the co-effect of micropore filling and inhibitor release on the corrosion
resistance enhancement of the smart Ni-P composite coating, it is desirable to investigate
its anti-corrosion stability in acidic environments saturated with CO». Figure 7.11 shows
the SEM morphologies of Ni-P coating and Ni-P-NC coating after 14 d of immersion in the
CO,/CI-containing environment. Apparent corrosion product is observed on the surface of

Ni-P coating with the presence of a large number of corrosion pits generated at the sites of
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micropores, indicating a severe coating degradation facilitated by the gradual penetration
of corrosive medium during the immersion. Moreover, the cross-sectional inspection of Ni-
P coating (Figure 7.11c) shows the corrosion pathways formed throughout the coating,
leading to the lateral coating disbondment at the coating/substrate interface. However, Ni-
P-NC coating undergoes quite slight corrosion without noticeable corrosion product after
immersion for 14 d, and the number density of corrosion pits is much lower than that of
Ni-P coating, signifying the considerably hindered corrosion process. Besides, obvious
corrosion pathways are not detected in the coating, nor is the coating disbondment found at
the coating/substrate interface. This is because a large portion of micropores has been filled
by the embedded nanocapsules, which impedes the penetration of corrosive medium, and
the released BTA triggered by the acidic environment offers the additional corrosion
resistance, thereby remarkably mitigating the coating degradation and the corrosion of

underneath substrate even for an extended experimental period.

In summary, the anti-corrosion mechanism of the functionalized nanocapsules is illustrated
by a schematic model in Figure 7.12. In the beginning stage of immersion (up to 24 h)
(Figure 7.12a), the electrolyte penetration is notably limited because of the protective Ni-
based corrosion product film, so the nanocapsules cannot be triggered to release BTA, and
therefore serve as normal nanoparticles that can only reduce the coating porosity. As
immersion continues, the temporary Ni-based film gradually loses the protection, allowing
more penetration of aggressive medium, which causes the local pH decrease inside the
micropores and triggers BTA release. In acidic environments, the release of BTA does not

affect the outer MSN shell structure, so even after the inhibitor is completely released and
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consumed, the MSN frameworks are still left in the micropore and retard the further

penetration and corrosion efficiently.
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Figure 7.11 SEM (a,b) surface and (c,d) cross-sectional morphologies of Ni-P coating and Ni-P-NC coating,

respectively.
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Figure 7.12 Schematic diagram of anti-corrosion mechanism of Ni-P-NC coating.

7.4 Conclusions

In summary, we described the application of a smart electroless Ni-P composite
coating embedded with pH-responsive BTA-loaded nanocapsules based on MSNs for the
first time, and it exhibits enhanced corrosion protection for N80 carbon steel in aqueous
CO/CI" environment. BTA was successfully encapsulated by a simplified method free of
organic solvents, yielding an average particle size of about 100 nm. The loading of BTA
notably alters the morphology, structure and elemental distributions of nanocapsules. The
functionalized nanocapsules were subsequently incorporated into Ni-P coating, showing
good compatibility and less porosity without changing the coating microstructure or the

adhesion between coating and substrate.

The incorporation of BTA-loaded nanocapsules mitigates the degradation of Ni-P coating
in two aspects: filling in the micropores of the coating and releasing BTA as penetration

occurs. In the early stage of corrosion, micropore filling dominates the corrosion
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protection, together with the formed NiO/Ni(OH), protective film, because of the limited
electrolyte penetration. As immersion continues, intensified penetration of corrosion
medium results in the local acidification in the micropores and hence, triggers the release
of BTA from nanocapsules, which greatly impairs the corrosion process. More
importantly, Ni-P-NC coating exhibits satisfactory anti-corrosion stability, reflected by a
maximum 7 of over 80%. In addition, the successful pH-responsive BTA release is
evidenced by NMR analysis. Surface characterization results demonstrate that much less
corrosion pits and corrosion products are observed on the Ni-P-NC coating surface, and
lateral coating disbondment at the coating/substrate interface is not detected after 14 d of
immersion. In contrast, Ni-P coating exhibits severe localized corrosion and apparent
corrosion pathways that result in the coating disbondment, signifying the rapid electrolyte
penetration and corrosion process in the absence of nanocapsules. This approach opens
new opportunities in the exploration of smart electroless Ni-P coatings with improved

corrosion resistance in oil-related acidic environments.
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8 Summary and future prospects
8.1 Summary

The work presented in this dissertation investigated the corrosion behavior and mechanism
of electroless Ni-P coating in SAGD-related environments and developed the coating
optimization methods for its broader applications and better performance. The corrosion
rate of electroless Ni-P coating in CO2/H,S environment is higher than that in CO>
environment because H>S enhances CO> corrosion by affecting both anodic and cathodic
processes. The adsorbed H2PO;™ layer only exists in the very early stage of corrosion and
hardly contributes to the corrosion resistance of Ni-P coating. The corrosion resistance of
Ni-P coating first increases and then decreases under both conditions and reaches the
maximum values at around 24 h, and the temporary corrosion resistance improvement is
ascribed to the formation of corrosion products (NiO and Ni3S>) formed on the coating
surface. The presence of HoS facilitates the electrolyte uptake of the coating, and
dramatically reduces the stability of Ni-P coating, resulting in faster coating consumption,
faster propagation of corrosion pathways and electrolyte penetration, and more severe
localized corrosion and coating disbondment at the coating/steel interface. A corrosion
model was proposed to interpret the corrosion and degradation process of the coating. The
electrolyte penetration leaves corrosion pathways in the coating and initiates the localized
corrosion. As corrosion proceeds, the formed NiO and NizS; provide extra corrosion
resistance which declines with the transformation to other species. The corrosion process is
then governed by the rapid dissolution of the substrate as the corrosive medium penetrates

to the coating/substrate interface, and the lateral coating disbondment occurs afterwards.
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The corrosion of N8O steel is remarkably promoted with the addition of Ca®" ions, however
Ni-P coating exhibits outstanding corrosion resistance. The presence of Ca®* leads to the
change of corrosion film microstructure of N80 steel and subsequently affects the
corrosion behavior. The incorporation of Ca atoms into FeCOs lattice results in the smaller
crystal sizes with more defects, which consequently enhances the electrolyte diffusion and
promotes the corrosion process. The critical Ca®" concentration above which the
microstructural transformation takes place is between 2,000 ppm and 2,500 ppm. The
addition of Ca®" at concentrations higher than the critical value strengthens the corrosion
film by improving its compactness. However, the localized corrosion of the steel is
accelerated at higher Ca* concentration due to non-uniformity of corrosion film where the
region of loose corrosion film allows the electrolyte penetration. Meanwhile, the
introduction of Ca*" also impacts the water chemistry of the aqueous phase, resulting in the
accumulation of H" and consequently postpones the precipitation of FeCOj3. The protection
effectiveness of Ni-P coating is barely impacted by Ca®* concentration. The corrosion film,
mainly composed by NiO and Ni(OH), offers superior corrosion resistance by isolating
the electrolyte from coating underneath, which is evidenced by satisfactory impedance
results and the absence of corrosion pathways and coating disbondment. Furthermore, the
less tendency of scale formation on the coating surface also mitigates the localized

corrosion due to the heterogeneous distribution of corrosion film for carbon steels.

Mo addition adversely affects the corrosion resistance of as-deposited Ni-P coating, while
heat treatment profoundly advances the anti-corrosion performance of Ni-Mo-P/Ni-P
composite coating. The Mo incorporation into the as-deposited Ni-P coating results in the

change of microstructure from amorphous to crystalline due to the declined P content. Heat
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treatment of Ni-Mo-P/Ni-P coating at 400 °C for 2 h facilitates the formation of NisMo
phase and trace amount of NisP phase. Furthermore, heat treatment gives rise to the
formation of oxide film on the coating surface, with the primary chemical composition of
NiO, Mo(V) and Mo(VI) oxides. Heat-heated Ni-Mo-P/Ni-P coating displays the best
corrosion resistance, followed by heat-treated Ni-P coating, as-deposited Ni-P coating and
as-deposited Ni-Mo-P/Ni-P coating. A superb corrosion inhibition efficiency (#=96.1%) is
achieved for the heat-treated Ni-Mo-P/Ni-P coating, and the roll-off slopes approach -0.5,
suggesting better passivation properties of the Mo-containing oxide film. The absence of
oxide film, together with the formed crystalline microstructure with more active sites for
corrosion initiation, contributes to the decreased corrosion resistance of as-deposited Ni-
Mo-P/Ni-P coating. Meanwhile, the exceptional corrosion resistance of heat-treated Ni-
Mo-P/Ni-P coating is predominantly originated from the compact corrosion product layer

composed by nickel oxides and sulfides and the formation of the H>S-immuned MoO:s.

Finally, I developed a smart electroless Ni-P composite coating for the enhanced corrosion
protection of carbon steel in aqueous CO2/Cl" environment via the embedded pH-
responsive BTA-loaded nanocapsules based on MSNs for the first time. BTA was
successfully encapsulated by a simplified method free of organic solvents, yielding an
average particle size of about 100 nm. The functionalized nanocapsules were subsequently
incorporated into Ni-P coating, showing good compatibility without changing the coating
microstructure or the adhesion between coating and substrate. Moreover, the incorporation
of nanocapsules results in a more hydrophobic coating surface with the reduced formation
of micropores. The extra corrosion resistance originated from the embedded nanocapsules

is substantiated by the decrement of icor with immersion time, which occurs when
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corrosive electrolyte penetrates into micropores and causes the localized acidification that
triggers the nanocapsules to release BTA. More importantly, Ni-P-NC coating exhibits
satisfactory anti-corrosion stability, which is reflected by a maximum inhibition efficiency
of nearly 80%. Surface characterization results demonstrate that much less corrosion pits
and corrosion products are observed on the Ni-P-NC coating surface, and lateral coating
disbondment at the coating/substrate interface is not detected after 14 d of immersion. In
contrast, Ni-P coating exhibits severe localized corrosion and apparent corrosion pathways
that result in the coating disbondment, signifying the rapid electrolyte penetration and

corrosion process in the absence of nanocapsules.
8.2 Future prospects

The suggestions of future work are briefly listed as below, and hopefully they can serve as
guidance and inspirations for researchers who are dedicated to corrosion studies of Ni-P
coating:

(1) Further understandings of localized corrosion of Ni-P coating and the electrolyte

penetration in the coating.

Although the corrosion mechanism of Ni-P coating was explained in this work, the
localized corrosion of Ni-P coating at the micropore has not been clearly investigated.
Techniques such as scanning electrochemical microscopy (SECM) can be used to study the
localized corrosion behavior. In addition, the electrolyte penetration inside the coating is

not well studied, and the effects of penetration rate need further investigation.

(2) Development of smart Ni-P coatings with controllable functionalities.
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In this work, the anti-corrosion performance of the smart nanocapsule-embedded Ni-P
coating under HTHP conditions containing sweat/sour gases is not studied due to the
limited time and needs to be further explored. Besides corrosion inhibitors, other
functionalized nanocapsules can also be incorporated into Ni-P coating to improve multiple

properties, such as wear resistance, lubrication and self-healing.
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Appendix: Investigation on the flow-induced corrosion and
degradation behavior of underground J55 pipe in a water

production well in the Athabasca oil sands reservoir

ABSTRACT: The corrosion behavior of J55 carbon steel pipe was investigated in a water
production well environment in the Athabasca oil sands reservoir. The corrosion
morphologies and the chemical compositions of corrosion products were examined by
surface analysis techniques. The protection performance of the formed corrosion scales
was evaluated using electrochemical measurements. The results show that severe erosion
corrosion occurs on the inner wall of the pipe and causes a significant thinning, which is
the dominant reason for the pipe failure. Likewise, the failure of the thread zone is
originated from the severe corrosion of inner wall as well. Localized corrosion of carbon
steel occurs in the welding zone because of the galvanic effect between stainless steel and
carbon steel. Furthermore, the distributions of corrosion products on the inner wall are
notably affected by the flow. Dense and thick Ca-containing corrosion scales act as a
physical barrier layer and prevent the steel from further corrosion, whereas localized

corrosion occurs in the regions with loose and thin corrosion scales.
A.1 Introduction

Carbon steel has been regarded as the most economic and common material for
applications in oil and gas industry. However, corrosion of carbon steel pipes is reported to
occur frequently because of the harsh environments under the service condition, which
causes huge economic losses and serious safety concerns (Liu et al., 2017; Zhong et al.,

2018; Elgaddafi et al., 2016). Specifically, a large portion of carbon steel pipes is buried
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underground, and the corrosion behavior can be affected by different factors, e.g.,
temperature, pressure, concentrations of corrosive species, flow rate of the fluid around the
pipes, etc. Extensive research has been focused on the effects of various factors on the
corrosion mechanism of carbon steel pipes in service (Nesi¢, 2007; Linter and Burstein,
1999; Cole and Marney, 2012; Cui et al., 2006). In the oil sands reservoirs of Alberta,
Canada, up to 80 % of oil reserves are located deeper than 70 meters below the ground,
which need in-situ recovery methods such as cyclic steam stimulation (CSS) or steam-
assisted gravity drainage (SAGD) (Nasr and Ayodele, 2005). These methods generally
work in such a way that high-temperature steam is injected into the well to heat up the
bitumen in the surrounding area to lower its viscosity, so that the hot bitumen with higher
flowability can be easily transported to the ground. Presently, large-scale operations of
bitumen recovery have greatly boosted the demand for the construction of water
production wells at the locations of reservoirs. In water production wells, high flow rate
together with high salinity creates a harsh corrosive environment and potentially leads to

severe corrosion even after short-term service.

Despite considerable interest in the research of sweet and sour corrosion in the oil and gas
production (Kermani and Morshed, 2003; Song, 2010; Ren et al., 2005; Feng et al., 2016;
Sun and Nesic, 2009), limited attention has been paid to the water production wells. In
general, the corrosion in the water production wells is a complicated process, which is
closely related to physical, chemical and even geological parameters, such as the
constantly changing flow rates of water and sand particles and the concentrations of the
corrosive species. Apparently, it is considerably difficult to simulate the actual production

condition with the lab-scale tests in relatively short test duration, since the corrosion failure
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of the wells is a slow and long-term process in field condition. In order to fully reflect the
true corrosion behavior of carbon steel pipes in the water production wells, it necessitates

the need to conduct the corrosion research under the actual service condition.

This study investigated the corrosion behavior and corrosion scales characteristics of the
underground carbon steel pipes in the water production well in the Athabasca oil sands
reservoir by surface analysis techniques and electrochemical measurements. Typical
locations of the pipe were selected to demonstrate the effect of flow on the corrosion
process. Furthermore, the corrosion mechanism was fully discussed, and a corrosion model
was proposed to illustrate the corrosion and degradation process. This work is to provide a
relevant guidance and reference for corrosion prevention in the actual oil and gas

productions.
A.2 Experimental

A.2.1 Materials and preparation

API J55 carbon steel pipes with stainless steel wire wrap screens were used in a water
production well of a steam-assisted gravity drainage (SAGD) system in the Athabasca oil
sands reservoir in Northern Alberta, Canada. The chemical compositions of the
underground water and main field test parameters are listed in Table A.1. The pipes were

in service in the well for about six months.

Figure A.1 shows the pictures of the pipe after six months of service. The length of one
completed interval of pipes is 100 feet, only 80 % of which is open to the water flow,
producing 1500-2500 m?* of water per day. Each interval contains perforated pipe and non-

perforated pipe, and stainless steel wire wraps are covered on the perforated pipe to block
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sand particles by welding the end of wire wraps on the pipe. The thread zone is located at

one end of the non-perforated pipe. Both the perforated and non-perforated pipe are open

to flow in this case. The original pipe thickness is 0.25 inches (6.35 mm), and the inner

diameter is around 4.1 inches (104 mm).

Table A.1 Chemical compositions of the underground water and main field test parameters of the pipes in the

Athabasca oil sands reservoir.

Ca?* (32.9-81.5) mg/L
Mg?* (11.2-24.5) mg/L
Na* (24.2-185.0) mg/L
Ton concentrations
HCOs5" (410-552) mg/L
Cl (16.0-126.0) mg/L
SO (6.08-54.2) mg/L
pH 7.5-8.4

Main field test parameters

Dissolved oxygen concentration
Temperature

Pressure

Flow rate inside the pipe

Flow rate outside the pipe

Total dissolved solid (TDS)

(0.1-7.1) mg/L
25-45°C
~200 psi
2.0-3.4 m/s
<0.07 m/s

(560-1100) mg/L
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Figure A.1 Schematic of different parts of the pipes after service in the water production well for six months.

Prior to the surface characterizations, the macroscopic corrosion morphologies of the pipes
were first observed. The typical locations that reflect the overall corrosion features were
then selected and the corresponding samples were cut into smaller pieces for scanning
electron microscope (SEM) observation. All the samples were then cleaned with petroleum
ether, acetone and alcohol and dried in air. For the cross-sectional observation, the samples
were sealed with epoxy and ground with 1200 grit silicon paper to ensure surface flatness.
Corrosion products were collected from the pipes, ground to fine powder, cleaned with

petroleum ether, acetone and alcohol and dried in air for X-ray diffraction (XRD) analysis.
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A.2.2 Surface characterizations

The macroscopic morphologies of the pipes at the selected typical locations were
photographed using a digital camera, and the microscopic surface and cross-sectional
morphologies were observed using SEM. The elemental compositions and phase structures
of the corrosion products were then identified by means of energy dispersive X-ray
spectroscopy (EDS) and XRD, respectively. The XRD analysis was carried out with Cu K
radiation and the patterns were recorded from 10° to 80° at a scanning step of 0.02° and a

scanning rate of 4°/min.
A.2.3 Electrochemical measurements

The electrochemical tests were performed to determine the protection performance of
corrosion scales by using a Gamry Reference 3000 electrochemical workstation. The steel
samples covered with thin and thick corrosion scales were taken from the inner wall of the
perforated pipe, and the bare carbon steel was chosen for comparison. The specific areas
(including thick and thin corrosion scales) were first selected and cut into 1 cm X 1 cm
pieces, then the pieces were welded with wire and the edges of the specimens were sealed
with epoxy for electrochemical measurements. For the bare steel, the sample was ground
sequentially up to 1200 grit silicon paper. All samples were rinsed with deionized water,
degreased with petroleum ether, alcohol and acetone and then dried in air. The
electrochemical measurements were conducted in the three-electrode cell system: the steel
samples as the working electrode (WE), a carbon rod as the counter electrode (CE), and a
saturated calomel electrode (SCE) as the reference electrode (RE). The exposed area of
WE was 1 cm?. The open circuit potential (OCP) was first recorded for 1 hour to obtain the

stable state. Electrochemical impedance spectroscopy (EIS) measurements were carried out
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at OCP with AC amplitude of 10 mV in the frequency range from 100 kHz to 10 mHz. EIS
data were then fitted with proper equivalent electrical circuits using ZSimpWin software.
The potentiodynamic polarization curves were recorded from -500 mV to 1000 mV (vs.
OCP) at a sweep rate of 1 mV/s. All the tests were conducted at room temperature (22 °C)
and ambient pressure (0.1 MPa). According to the ionic concentrations of underground
water in Table 1, the test solution with compositions (mg/L) of 262.0 NaHCOs, 46.4
NazS04, 164.0 CaClz, 70.9 MgCl, and 14.6 NaCl was prepared. At least three parallel tests
were performed to ensure the reproducibility under each test condition and the

representative results were reported.

A.3 Results

A.3.1 Macroscopic appearance of corroded carbon steel pipes

The macroscopic corrosion morphologies of the pipes at different locations are shown in
Figure A.2. As seen, corrosion occurs at each location in varying degrees, and both
localized corrosion and general corrosion are observed. The inner wall of the pipes
experiences more severe corrosion as compared to the outer wall. Especially, the corrosion
perforation failure is observably derived from the thinning on the inner wall. From Figure
A.2a and A.2b, it is obviously seen that the shape of perforations changes from circular to
elliptical under the flow impact, indicating that the flow-induced corrosion leads to severe
pipe thinning. Besides, several obvious localized corrosion regions are found on the non-
perforated pipe. In addition, no significant thinning occurs in the welding zone, but
localized corrosion appears near the welds. Some parts of the threads are damaged and fall

off due to the corrosion from the inside out in the thread zone.
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Figure A.2 Macroscopic images of (a) the outer wall and (b) the inner wall of the perforated pipe; (c) the

outer wall and (d) the inner wall of the non-perforated pipe; (e) the outer wall and (f) the inner wall of the

weld zone; (g) the outer wall and (h) the inner wall of the thread zone.

A.3.2 Surface analysis of the corrosion scales

The XRD patterns of the corrosion scales on the inner wall are shown in Figure A.3. It
mainly consists of iron carbonates as well as small amount of iron hydroxides (y-FeOOH
and o-FeOOH), iron oxides (Fe2O3 and Fe3;O4) and SiO.. Figure A.3b depicts the
comparison of FeCO3 peak locations between the experimental and theoretical results in
the 26 range of 20° to 35°. Some of the FeCOj3 peaks shift to the left, implying a lattice
structure change. The same shift occurs in the entire range of the spectra. From the EDS
results shown hereinafter, Ca element is commonly present in the corrosion product, which
suggests the formation of FexCaixCOs. It is attributed to the isomorphic substitution effect
in CO; corrosion process, when Ca ions are present in the medium. After FeCOs is
deposited on the steel surface, a proportion of Fe atoms are replaced by Ca atoms in the
FeCO;s lattice, and FexCaixCOs is formed as a double salt by the given equation as below

(Sun et al., 2016b):
(1 —x)Ca** + FeCO3(5y © (1 — x)Fe®* + Fe,Ca;_,COs( (Eq. A.1)
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Since Ca atoms have a larger size than Fe atoms, the replacement leads to a wider

interplanar spacing and a smaller diffraction angle.

® L s FeCO,
experimental | :
' v FC\Cﬂl XCOE
# v-FeO(OH)
: -
(a » 1
) # FeCO, i {!
vFela 0O | ” i
= s :
# +FeO(OH) 5 Jg o | .
CA IS Sk b
e G-FeO{OH) = i "Lﬁ WHJVIIJ¢|J£VU’\"r i ;hﬁ,«.‘u’w“\lr'f' hm‘h_w'wﬂ‘g'm,[‘w‘;tﬁ
~ * FCPU“ 5’: theoretical le
5 & Fe O E :
& 2 810, |
z ) 3
- 3
= |
3 |
= :
* 1
.l ;i
* % | i
L3N I }l
10 20 30 40 50 60 70 s 20 25 30 35
26 (degree
20(degree) (degree)

Figure A.3 (a) XRD patterns of the corrosion scales on the inner wall; (b) comparison of FeCO3 peak

locations in the 26 range of 20° to 35°.

Comparatively, iron hydroxides (y-FEOOH and a-FeOOH) are the main components of the
corrosion products on the outer wall (Figure A.4). Besides, small amount of iron oxides

(Fe203 and Fe304) and Si0; are detected as well.

Figure A.5 shows the SEM morphologies and EDS analysis of the corrosion product on the
inner wall of the perforated pipe, shown in the white box in Figure A.2b. The corrosion
scales, composed of Fe, Ca, C and O elements, are compact and less porous. The atomic
ratio of (Fe+Ca): C: O 1is roughly 1: 1: 3 based on the quantitative results, further
confirming the formation of FexCa;.xCOs. In addition, small amount of the nodule-like

crystalline FeCOs (Figure A.5b) and fine plate-shaped lepidocrocite (y-FeOOH) (Figure
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A.5c) is also observed. The SEM morphologies of corrosion product on the outer wall of
the perforated pipe, shown in the white box in Figure A.2a, are exhibited in Figure A.6. Fe,
C and O are the main elements; however Ca element is not detected. The corrosion product
on the outer wall mostly displays two typical structures: fine plates (Figure A.6a) and
globular structures (Figure A.6b), which correspond to y-FeOOH and o-FeOOH,

respectively (De la Fuente et al., 2011).
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A e o-FeO(OH)
. FeZO3
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Figure A.4 XRD patterns of the corrosion scales on the outer wall.

Based on the surface analysis results, it is concluded that different corrosion processes take
place on the inner and outer wall due to the varying physical and chemical conditions.
Moreover, it is seen from Figure A.2 that the pipes exhibit different corrosion behaviors at
different locations due to their dissimilar structures. In the next section, some typical

locations on the pipes are selected to analyze the corrosion behaviors and the root cause of

corrosion.
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Figure A.6 SEM morphologies of the corrosion product on the outer wall.

A.3.3 Corrosion behavior of the typical locations on the pipe
A.3.3.1 The perforated pipe

Figure A.7 shows the macroscopic images and cross-sectional SEM images of the

perforated pipe. It is seen that the corrosion pattern conforms to the flow direction
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obviously (see the white dashed box in Figure A.7a), and the pipe thickness dramatically
decreases in the regions impacted by the flow as shown in Figure A.7b, especially on the
right side which is opposite to the flow direction. The thickness here is less than 1 mm
including the corrosion scales. Even in the regions along the flow direction on the left side,
the pipe thickness drops to around 2.7 mm, only 40 % of the original thickness. Besides,
the compactness and thickness of the corrosion scales differ significantly due to the flow
distribution shown in Figure A.7d and A.7e. Three typical regions named D, E and F are
selected to illustrate the corrosion behaviors, and the flow direction during service is
denoted by the blue arrows. At region D, the impact of flow on the pipe along the flow
direction is not quite severe despite a high flow rate, and therefore compact corrosion
product is formed on the surface. Region E suffers the most direct impact of flow, thus
loose corrosion product is formed and flushed away by the flow, which can be verified by
the crack between the metal substrate and corrosion scales. Meanwhile, at region F where
the flow rate is relatively slow on the outer wall, a thick and compact layer of corrosion
product forms on the surface. Fe, C and O elements are detected from all three regions and

the element percentage hardly changes as listed in Table A.2.

Table A.2 Chemical compositions (wt.%) of corrosion product in regions D, E and F in Figure A.7d and

AlTe.

Region Fe C O

D 63.83 8.71 27.46
E 70.05 7.94 22.01
F 64.88 6.32 28.80
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The effect of flow on the corrosion process is further illustrated in Figure A.7c. Three
characteristic regions A, B and C are marked, showing different corrosion features. It can
be noted that the thickness of the rust layer differs at different regions, which is determined
by the non-uniform distribution of physical and chemical factors, such as flow rate and
direction, surface conditions of the metal and environmental deposits (Asami and Kikuchi,
2003). At region A, a thick corrosion product layer which has a good adhesion with the
metal substrate is deposited on the surface, only with some cracks inside the layer. This
type of corrosion scales can block mass transfer and thus retard the corrosion process to
some degrees. In contrast, at region B, the high-velocity flow washes away the deposited
corrosion product, leaving a thin and less-protective corrosion product layer. An obvious
gap is observed between this layer and metal substrate, favoring the corrosion process
remarkably and giving rise to severe consumption of the base metal. At region C on the
outer wall, slight localized corrosion can be found. The difference of the corrosion scale
thickness also corresponds to the perforation location, as seen in Figure A.7a. It is apparent
that the thick corrosion scale displaying a band-like shape is located randomly between the
perforations, and only thin corrosion product layer covers most of the inner surface. This is

due to the non-uniformity of the flow inside the pipe during service.

To further determine the elemental distribution of the corrosion scales, EDS mapping
analysis was conducted in the regions in the white box in Figure A.7b, as shown in Figure
A.8. The corrosion scales are stratified into two sub-layers. At the inner layer, it mainly
contains Fe, C and O elements, together with trace amount of Ca element. High
concentration of Ca element is detected at the outer layer, along with Fe and O elements

and trace amount of C element, demonstrating that Ca ions in the system are involved in
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the formation of corrosion product. Limited distributions of Si and O elements are present
outside the sub-layers, which is attributed to the physical deposition and adhesion of clay
or sand particles. It should be noted that, in some of the Ca-rich regions in Figure A.8e
(shown in white), the Fe content is relatively low as indicated in Figure A.8d (shown in
white). This phenomenon suggests the presence of carbonates with high Ca content, and
therefore it is suspected that CaCOs; forms and precipitates in this environment. As a
comparison, the chemical composition of the corrosion scales on the outer wall is shown in
Figure A.9. The corrosion product with single-layer structure mainly consists of Fe and O
elements, together with small amount of C element only in some localized areas. However,

Ca element does not appear in the corrosion scales.

Figure A.7 (a) Macroscopic image of the perforated pipe; (b—c) cross-sectional SEM images of Region 1 and

2, respectively; (d—e) magnified images of regions in the red boxes in (b).
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Carbon steel

Figure A.8 (a) Cross-sectional image, and (b—f) elemental distributions of the corrosion scales on the inner

wall in the selected region inside the white box in Figure A.7b.

A.3.3.2 The thread zone and the weld zone

The SEM cross-sectional images of the thread zone are depicted in Figure A.10. At the
location denoted by the red arrow line, corrosion perforation occurs and leads to the
complete failure of the threads. It should be noticed that corrosion on the inner wall is

much more severe than that on the outer wall, and the thickness of the corrosion scales on
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the inner wall is larger as well, as seen in Figure A.10b and A.10c corresponding to regions

A and B in Figure A.10a.

Figure A.9 (a) Cross-sectional image and (b—d) elemental distributions of the corrosion scales on the outer

wall.

(©uterwall

100/ um

Figure A.10 (a) Cross-sectional SEM images of the thread zone and (b—c) magnified images of regions

denoted by A and B in (a).
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The macroscopic image, SEM cross-sectional images and corresponding EDS results of the
weld zone on the outer wall are shown in Figure A.11. Localized corrosion occurs at the
interface between stainless steel and carbon steel due to the galvanic effect, marked by
regions A and B. The corrosion of carbon steel is much more severe than that of stainless
steel because of its more negative electrode potential. The corrosive electrolyte gradually
penetrates along the stainless steel/carbon steel interface, leading to the propagation of
localized corrosion between the two materials. Besides, some welding defects are observed
inside the weld zone (Figure A.11d), which is confirmed by Si element from the EDS
results in Figure A.1le. The welding defect decreases the mechanical strength and serves
as potential sites of the localized corrosion. To further investigate the localized corrosion
behavior in the weld zone, EDS line scan analysis was performed at the interface of two
materials, as seen in Figure A.11g. The significant change of Ca content near the interface
also indicates the inward penetration of the corrosion electrolyte. EDS results also reveal
that corrosion product mainly consists of Fe and O elements, but the elemental distribution
varies along the line scan direction. A decrease of Ca content and an increase of Fe content
are observed far from the interface at the carbon steel side, suggesting that the Ca-
containing species deposit on the top of the scales and cannot diffuse deeper. This
transition in chemical composition of corrosion product is in a good agreement with the

two-layer structure mentioned above.

From the above analysis, it is confirmed that the thickness and compactness of corrosion
scales vary at different locations, which influences the corrosion severity notably.
Therefore, electrochemical tests were conducted to further demonstrate the protectiveness

of the corrosion scales.
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Figure A.11 (a) Macroscopic image and (b) (c) SEM images of the weld zone; (d) (f) magnified images of the
welding defect [red box in (b)] and localized corrosion region [region B in (c)]; (e) EDS analysis of the

welding defect region and (g) elemental distributions denoted by the red arrow line in (f).

A.3.4 Effect of the formation of corrosion scales on the corrosion of steel

Figure A.12 exhibits the potentiodynamic polarization curves of the steels with corrosion
scales and the bare steel. Apparently, the overall anodic branches in the polarization curve
of the steel with corrosion scales shift to the region of a lower current density as compared
to that of the bare steel, implying that the formed corrosion scales can obviously inhibit the
corrosion process. The corrosion potential (Ecorr) and corrosion current density (icor) are

calculated by the Tafel extrapolation method for each curve, and the corrosion inhibition
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efficiency (#) of the corrosion scales as compared to the bare steel is obtained by the
following equation:

isteel _:scale

= ZoTr o ¢ 100% (Eq. A.2)

:steel
corr

where i38%¢! and i$%€ are corrosion current densities of bare steel and steel with corrosion

scales, respectively. All the electrochemical parameters are listed in Table A.3. The steels
with corrosion scales display the corrosion potentials between -500 mV and -600 mV,
more positive than that of the bare steel (-760 mV), suggesting the tendency less inclined
to corrosion. The icor Of thin corrosion scales slightly declines as compared to the bare
steel, corresponding to a low # value of 35.3 %. Obviously, the thin scales provide limited
protection for steel substrate. However, the # of thick corrosion scales is up to 83%, an
indication that the compact and thick corrosion scales can provide a better protection for

the steel substrate and thereby retard further corrosion of the steel substrate.
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—e— steel with thin corrosion scale

04 + . . .
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Figure A.12 Potentiodynamic polarization curves of different samples in the simulated solution.
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Table A.3 Corrosion potential (Ecorr), corrosion current density (icorr) and corrosion inhibition efficiency (7)

for the bare steel and the steels with corrosion scales.

Sample Ecorr (mV vs. SCE) icorr (LA/cm?) 7 (%)
Bare steel -760 24.40 -
Steel with thin corrosion scales -518 15.70 35.7
Steel with thick corrosion scales -585 4.16 83.0

Figure A.13 depicts the Nyquist and Bode plots of three samples in the simulated solution.
The bare steel displays an inductive loop in the low frequency region due to the non-
uniform adsorption of FeOH" on steel surface (Liu et al., 2014). The Nyquist plots of steels
with corrosion scales consist of two semicircles in the high and low frequency region,
corresponding to the scale resistance and charge transfer resistance, respectively. In
addition, the Warburg impedance appears in the low frequency region for steels with
scales, an implication that the presence of scales gives rise to a diffusion-controlled
electrochemical process. The steel with thick corrosion scales shows the largest total
impedance (Figure A.13b), followed by the steel with thin corrosion scales and the bare
steel, implying that the corrosion resistance is improved by the corrosion scales, especially
the thick one. The equivalent electrical circuits describing the corrosion system are shown
in Figure A.14 (Liu et al., 2014; Zhao et al., 2016). R; is the solution resistance; Qq is the
capacitance of the double layer, and R is the charge transfer resistance; Ry is the
inductance resistance, and L is the inductance element; Rscale and QOscale 1s the resistance and
capacitance of corrosion scale, respectively; W is the Warburg impedance, which is related
to the diffusion process of the electrolyte in the corrosion scales. The pure capacitance (C)

in the circuit is replaced by the constant phase element (CPE) (designated by Q) to get a
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better fitting, which is a complex impedance with the special property that its phase angle
is frequency-independent or “constant phase angle” (Brug et al., 1984). CPE accounts for
the deviation from the ideal dielectric behavior and is related to interfacial heterogeneity
and surface roughness (Cordoba-Torres et al., 2015; Jorcin et al., 2006). The admittance of

CPE element [ Y(Q)] is defined as (Cao and Zhang, 2002):

Y(Q) =Y (@)Gw)" (Eq. A.3)

where Yo(Q) and n are the admittance constant and empirical exponent, j is the imaginary
number, and o is the angular frequency. Likewise, the admittance of Warburg impedance

[Y(W)] can be expressed as (Cao and Zhang, 2002; Qiao and Ou, 2007):

Y(W) = Yo(W)(jw)'/? (Eq. A.4)
Yow) =22 ;lfl (Eq. A.5)

where n is the number of electrons in the reaction, F' is the Faraday constant, C; is the
electrolyte concentration at the surface, D is the diffusion coefficient, y is the reaction order
of the reactant, Zp is the Faraday impedance without diffusion, and /r is the faradic current.
The fitted data of main electrochemical parameters are listed in Table A.4. It is apparent
that the thick corrosion scales exhibit the largest Re and the smallest Yo(Qu), followed by
the steel with thin corrosion scales and bare steel, revealing that the corrosion scales inhibit
the mass transport of the electrolyte and thus slow down the electrochemical reaction rate.
Moreover, Rscale increases and Yo(QOscare) decreases with the scale thickness, which suggests
that the penetration of the corrosive medium is retarded more significantly by the thick

corrosion scales, causing the decline of the corrosion rate. Furthermore, the thick scales
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lead to a much smaller Yo(W) as compared to the thin scale, demonstrating that the

diffusion process is notably hindered.
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Figure A.14 Equivalent electrical circuits used for EIS data fitting: (a) bare steel; (b) steel with corrosion

scales.

Table A.4 Main electrochemical parameters fitted from EIS data.

YO(le) Rct RL L YO(Qscalc) Rscalc YO(W)
Sample Quality of fit
(Q'em2s") (Qem?) (Qem?) (Hem?)  (Q'em?s?) (Qcm?) (Qlem?s!?)
Bare steel 2.66x10% 470 209 228 - - - 1.04 x 1073
Thin scales  3.23x10° 647 - - 3.24x103 414 1.64x10% 6.78 x 107
Thick scales 3.22x10° 1369 - - 1.51x10°% 532 31.6 5.85x 106
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A.4 Discussion

A.4.1 Corrosion mechanism of carbon steel pipes under service conditions

For the underground pipes in this study, the inner wall and outer wall undergo different
corrosive environments, which results in different corrosion processes. On the inner wall,
the high-velocity fluid with corrosive ions flows into the pipe through the perforations. In
this process, the presence of HCO3™ in the aqueous environment leads to the formation of
H" ions by hydrolysis, and the subsequent corrosion process is mainly controlled by the

following reactions (Zhang and Cheng, 2009):

HCO;~ & H* + C03%~ (Eq. A.6)
Fe?** + HCO;~ - Fe(HCO5), (Eq. A.7)
Fe(HCO03), = FeCO3 + CO, + H,0 (Eq. A.8)
Fe?* + C03*™ - FeCO,4 (Eq. A.9)

Hence, FeCOs is formed on the steel surface, which can render protectiveness against
corrosion if it covers the surface completely. In the regions covered with corrosion scales,
calcium ions in the corrosive medium are readily incorporated into FeCOs lattice and
replace Fe atoms, forming FexCaixCOs on the outer layer of corrosion product. This solid
solution is also widely present in some other failure cases of pipelines in the Ca-containing
medium (Mansoori et al., 2017). As reported, the corrosion rate of steel is significantly
reduced due to the formation of this mixed carbonate at a low concentration of Ca** ions
(less than 100 ppm) (Navabzadeh Esmaeely et al., 2013), and the samples with scales
composed by FexCa;xCOs; exhibited lower current density and corrosion potential
compared to that with pure FeCOs. Therefore, the incorporation of Ca into FeCOj; scale
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enhances the corrosion resistance. Despite that, the presence of calcium leads to porous
corrosion scales, leaving corrosion paths inside the scales and allowing corrosive
electrolyte to penetrate inwards, which causes further corrosion. However, it should be
noted that CaCOj3 cannot form in this system, due to the high saturation degree of CaCO3

and relatively low concentrations of Ca** and COs* (Mansoori et al., 2018).

Comparatively, the outer wall is buried underground and in contact with soil, therefore, the
corrosion characteristics follow the features of soil corrosion. When steel is exposed to
soil, the main electrochemical reactions are the oxidation of iron and the reduction of
oxygen, and the presence of dissolved oxygen retards the formation of FeCO3 and favors
the formation of FeEOOH (Sun et al., 2016a) The initial corrosion product is Fe(OH), which
is then further oxidized to Fe(OH)s. However, due to the instability of Fe(OH)s, it easily
decomposes to FeOOH by dehydration. y-FeOOH is first formed and then converted to o-
FeOOH as time proceeds (Asami and Kikuchi, 2003). Furthermore, FeOOH can also
transform to Fe»Os and Fe3O4 under favorable conditions, but the amount of these two
types of oxides is quite low. All the related reactions in this process are given as below

(Xiao et al., 2008):

Fe — Fe?t + 2e~ (Eq. A.10)
0, + 2H,0 + 4e~ — 40H" (Eq. A.11)
2Fe + 0, + 2H,0 — 2Fe(OH), (Eq. A.12)
2Fe(OH), + 0, + 2H,0 — 4Fe(0OH); (Eq. A.13)
Fe(OH); — FeOOH + H,0 (Eq. A.14)
2Fe00H — Fe,05 + Hy0 (Eq. A.15)
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8Fe00H + Fe®* + 2e~ — 3Fe;0, + 4H,0 (Eq. A.16)

Moreover, the calcium content in the surroundings is much lower than that in the fluid, and
Ca ions cannot incorporate into iron oxides/hydroxides, which explain why Ca element

was not detected in the corrosion product on the outer wall.
A.4.2 Effect of flow on the corrosion process

Erosion-corrosion generally occurs in the environments having the potential to be both
erosive (mechanical component) and corrosive (electrochemical component), with the
interaction between corrosive fluid, solid particles and target materials (Islam and Farhat,
2017). In the form of erosion-corrosion, the electrochemical corrosion is accelerated by
high mass transfer rate and the removal of protective corrosion scales by solid particles; the
mechanical erosion, on the other hand, can be caused by forming loose corrosion product
and roughing the metal surface (Hu and Neville, 2009). Therefore, the total material loss
from erosion-corrosion is larger than the sum of those from pure corrosion and pure
erosion processes, and this interaction between two processes has been reported as the

synergistic effect (Tang et al., 2008; Zhou et al., 1996).

In this study, the corrosion features are significantly affected by the flow. Moreover, the
different flow conditions which the inner and outer walls are subjected to are also the
underlying reasons for having different corrosion processes on both walls and the
formation of different corrosion scales. However, the failure of the pipes is mainly derived
from the erosion-corrosion of the inner wall. Accordingly, a corrosion model is proposed to

interpret the flow-induced corrosion process on the inner wall, as shown in Figure A.15.
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On the inner wall, the high flow rate is the most crucial factor affecting the corrosion
process, revealing that much more ions, such as Ca** and HCOs", can participate in the
corrosion reactions by the fast mass transfer. In the early stage of corrosion (Figure A.15a),
these ions preferentially adsorb onto some regions on the surface where corrosion initiates,
giving rise to the gradual formation of the corrosion product. Subsequently, the high-rate
flow, accompanied by sand particles, favors the removal of the scales in some areas
(named “active sites”). The fresh metal surface can be exposed to the corrosive medium
again, leading to the further corrosion of metal substrate. As the corrosion proceeds, the
thickness of corrosion scales increases, which protects the carbon steel underneath, while
the active sites suffer from continuous erosion-corrosion attack. In addition, micro-
galvanic cells can form on the surface with active sites as anodes and corrosion scales as
cathodes because steel exhibits more negative potential than corrosion scales (Figure
A.15b) (Tan et al., 2011; Zhang et al., 2014). This effect further accelerates the
electrochemical reactions and causes severe consumption of carbon steel on the inner wall,
and eventually gives rise to the typical erosion-corrosion pattern. Furthermore, the
presence of chloride ions in the fluid promotes the flow-induced corrosion (Ilman and
Kusmono et al., 2014). The incorporation of Ca into FeCO; lattices results in the
dominance of carbonates with the enrichment of Ca on the outer layer of the scales (Figure

A.15¢).

233



(a) ®Flow Electrolyte

Coz2 CO,* @= HCO, ® HCO,
L J
s 0 =
>0 S Sl obe b & w» oV e % do e @&
% 7
Fe* Fe* Fe?*

Carbon steel

(b) @ Flow Electrolyte
HCO, HCO, =» CO.> HCO,
4 o R % N
&' e 1
| fe-P%e o @' Fe* ’.QW
(Anode) (Cathode) (Anode)

Carbon steel

(c) & Flow Electrolyte

o HCO, = CO,> HCO,

i I \ ¥

+—— Ca-rich layer ——»
m 0,
Q, ° ’
L% v “oet?

2

Carbon steel

* FeCO, » FeCa, CO, = FeOOH

Figure A.15 Schematic model of the corrosion process and failure mechanism of the pipes on the inner wall.

A.5 Conclusions

Severe flow-induced corrosion occurs on the inner wall of J55 carbon steel pipes and
contributes to a significant decrease of pipe thickness. The pattern of damaged perforations
and the distribution of the corrosion scales inside the pipe correspond to the flow direction
obviously. Dense and thick corrosion scales can prevent the steel from further corrosion,
and localized corrosion occurs in the regions covered with less corrosion products. The
thread zone is severely damaged due to the corrosion originating from the inner wall as
well. The carbon steel in the weld zone suffers severe localized corrosion at the interface

between stainless steel and carbon steel, which is attributed to the galvanic effect.
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Different corrosive environments between the inner and the outer wall result in diverse
corrosion rates and corrosion processes. The high corrosion rate on the inner wall is
attributed to the fast passing-through flow, and the corrosion products on the inner wall are
mainly composed of carbonates. The enrichment of Ca element is found in the outer layer
of corrosion scales to form FexCaixCO3 double salt, providing extra protection against
corrosion. Comparatively, the buried pipes exhibit the features of soil corrosion, and the
corrosion is remarkably limited by the slow mass transfer on the outer wall. In this case, a
thinner layer of corrosion scales forms, which mainly consists of iron hydroxides (y-
FeOOH and a-FeOOH). Lastly, a corrosion model was established to illustrate the

corrosion process and the failure mechanism of the inner wall of the carbon steel pipes.
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