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Abstract

The Steam Assisted Gravity Drainage (SAGD) system is a commonly empolyed method to
extract crude oil in Alberta. The slotted liners of the SAGD system are made of L80 carbon steel,
which is prone to the corrosion attack in the corrosive serving environment containing H>S and
COs.. To reduce the corrosion rate and extend the lifetime of slotted liners, an electroless deposition
of nickel-phosphorous (Ni-P) coating is applied on the carbon steel. Ni-P coating has unique
properties such as remarkably high hardness, wear resistance and exceptional corrosion resistance.
However, there are still some intrinsic defects in the Ni-P matrix, which enables aggressive ions
to reach the substrate. It should be noted that nanoparticles possess many well-known physical and
chemical properties because of their quantum size effect. Therefore, developing Ni-P
nanocomposite coating is an effective strategy to modify the physicochemical property of the Ni-
P coating.

The goal of this study was to develop Ni-P nanocomposite coatings by adding nanoparticles
to the plating solution, thereby filling defects in the Ni-P coating with nanoparticles and improving
the performance of the Ni-P coating.

The Ni-P-WC and Ni-P-Fe3O4 coatings were prepared by electroless deposition methods,
modifying the typical Ni—P coating by adding of different amounts of WC and Fe3O4 nanoparticles,
respectively. The morphology, structure, microhardness, and corrosion resistance of the Ni-P-WC

coating, Ni-P-Fe;O4 coating, and conventional Ni-P coating were analyzed using optical



stereoscopic microscopy (OSM), scanning electron microscopy (SEM), polarization curve and
electrochemical impedance spectroscopy (EIS), X-ray powder diffraction (XRD) and Vickers
hardness tests.

The study showed that WC nanoparticles had an important impact on the microhardness, anti-
corrosion properties and morphology of the coatings. The results of electrochemical tests in the
National Association of Corrosion Engineers (NACE) standard solution containing CO; and H>S
showed that the electroless Ni-P-WC coating exhibited better anti-corrosion ability than the Ni-P
coating. The superior stability of the Ni-P-WC coating was confirmed by long-term immersion
tests in the simulated solution. The Ni-P-WC coating also had an increased hardness than the Ni-
P coating. The coating formed in the bath containing 5 g/ WC particles showed the highest
hardness value and best corrosion resistance.

The results showed that Fe3O4 nanoparticles deposited homogeneously on the Ni-P matrix.
The electroless nanocomposite coatings exhibited an amorphous structure. The results of corrosion
tests in the 3.5 wt. % NaCl solution indicated that the electroless Ni-P-Fe;O4 coating proved to be
much more corrosion resistant than the conventional Ni-P electroless coating. With Fe3O4
concentrations were increased from 0 g/L to 3.0 g/L in the plating solution, the corrosion resistance
of Ni-P-Fe304 coating increased and then decreased. This increasing-and-decreasing tendency was
also observed in thickness of the coating. The coating demonstrated the best corrosion resistance
and maximum thickness when the concentration of Fe3O4 was 0.8 g/L in the plating solution. In

immersion tests, the Ni-P-Fe3O4 coating showed better stability than the Ni-P coating.
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Correspondingly, the rational mechanism behind the improvement of corrosion resistance due to

the addition of Fe3O4 was further discussed.
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1. Introduction

1.1 Steam Assisted Gravity Drainage systems

Oil and gas resources in Alberta play a central role in the Canadian petroleum industry,
supplying not only reliable and stable energy to the world but also making a significant
contribution to the Canadian economy. Alberta's oil sands are the third-largest proven crude oil
reserve in the world, next to those in Saudi Arabia and Venezuela. The crude bitumen production
was as high as 2.5 million barrels per day in 2016 [1]. The main resource for oil production in
Alberta is the oil sands, which consist of a mixture of bitumen, water, sand, and clay [2]. Most
reserves can only be recovered by in-situ methods, rather than surface mining [3].

One of the essential in-situ methods 1s the Steam Assisted Gravity Drainage (SAGD) system
(Figure 1.1), which can pump up the oil sand deposits in the deep position to the ground and
enhance oil recovery. At room temperature, the viscosity of bitumen is such high, prohibiting the
flow of bitumen. The basic working principle of SAGD is to heat up the upper region of the reserve
to reduce the viscosity of oil so that it drains to the lower region under gravity, after which oil is
transported to the ground and stored for further treatment.

In the SAGD process, there are two parallel horizontal wellbores, one over the other. The

upper wellbores are used to inject high-pressure steam, while the lower wellbores are responsible



for collecting heated bitumen and pumping it up to the ground.
A significant component of the SAGD system is the slotted liners (Figure 1.1): Very slender
slots perforate a liner pipe which allows steam to exit along the injection wellbore and filter sands

from the oil entering the collection wellbore.

SAGD Process

Figure 1.1 Steam-assisted gravity drainage system and slotted liner [1].

However, the presence of different corrosive agents which are either in the reserves or are
generated in the oil recovery process can and does lead to extremely severe service conditions.
Corrosion reduces the life of the equipment, such as slotted liners in SAGD, decreasing production
efficiencies and increasing production costs. Corrosion also has a negative effect on production
safety and the environment.

To tackle those corrosion problems, the Faculty of Engineering at the University of Alberta
is collaborating with RGL Reservoir Management Inc., a leading supplier of completion tools for

enhanced oil recovery. The primary objective of the project is to improve the service life of slotted

2



liner by enhancing the corrosion resistance of carbon steels used for slotted liners, thus increasing

overall productivity. This objective is accomplished by developing a corrosion resistant coating.

1.2 Corrosion related problems of the slotted liners

Extremely corrosive substances such as CO2, HoS and chlorine ions in underground fluids
aggravate the corrosion process [3,4]. The major corrosion processes occurring on the slotted liner
of SAGD systems consist of sweet corrosion (CO2 corrosion), sour corrosion (H2S corrosion),
CO»/H;S synergism corrosion, sulfide stress cracking (SSC) and erosion corrosion [5].

A certain level of CO: in the oil and gas production wells induces sweet corrosion. The
electrochemical reaction between CO: and carbon steel can form a corrosion product layer of
FeCOs on the surface of carbon steel. This layer can either protect the carbon steel by blocking the
corrosive media or break under the influence of flowing fluids, highly depending on environmental
conditions such as pH and temperature. The corrosion that occurs when metal degrades after
contacting with H>S and moisture is sour corrosion. H>S can act in two means: (1) dissolved H>S
in aqueous solutions produces hydrogen ions, which increase the corrosion rate. (2) H>S acts as a
hydrogen recombination poison, facilitating the diffusion of atomic hydrogen into steel. The
volume of the corrosion product (iron sulfides) is much larger than that of corroded carbon steel,
clogging the slots and hindering oil transportation. Another corrosion product, hydrogen, is
harmful to the mechanical strength of carbon steel.

The relative motion between the metal surface and a corrosive fluid induces erosion corrosion.



Erosion corrosion results from both electrochemical corrosion and mechanical erosion. When
combines, these forms of corrosion accelerate the rate of material deterioration and cause much

more severe damage to the material.

1.3 Electroless Ni-P coating

Various corrosion protection techniques such as cathodic protection and inhibitors have been
developed to alleviate the corrosion, but for slotted liners protective coatings are more economical
and environmentally friendly.

Applying coatings is a preferred approach to surface protection, and it is widely used in oil-
and-gas production. Many studies have focus on the synthesis of coatings, including coatings based
on Cr [6], Zn-Mg [7], Zn-Mg-Al [8], Ti-Al [9], the Co matrix [10] and the Ni-P matrix [11]. Among
these coatings, the electroless Ni-P coating is a well-known surface modification process, which
has received widespread acceptance in the industry due to its low costs and high resistance to
corrosion [12].

Despite the good performance of electroless Ni-P coating, the coating still has defects such
as pores and dislocations in its structure. The properties of Ni-P coating can be further enhanced
by modification methods to meet different demands and prolong the lifetime of coatings in specific
environments. For example, the co-deposition of metal elements including Cu, and Zu can improve
corrosion resistance and mechanical properties [13, 14]. Another effective method to tailor the

properties of Ni-P coating is to incorporate nanoparticles in the Ni-P matrix [15].



As a type of hard particles, carbon tungsten (WC) has been used in many fields such as
catalysts in chemical and electrochemical reactions [16]. Although there is some literature about
Ni-P-WC coatings [17], most studies have focused on how erosion resistance and mechanical
properties were improved via the co-deposition of WC nanoparticles. Few systematic studies have
looked at how the WC influences the corrosion resistance of coatings in an oil production
environment that contain H>S and COa.

There is limited literature on the incorporation of Fe3O4 nanoparticles in the synthesis of Ni-
P based coating, despite the advantages such as low costs and abundance. The Fe3O4 nanoparticle

is also a decent candidate for Ni-P nanocomposite coatings.

1.4 Objectives

Based on the limited service life of Ni-P coating in the oil sand environment that contains
CO2 and H5S, it is imperative to develop an innovative coating to enhance the corrosion resistance
of Ni-P coating. Two kinds of electroless Ni-P nanocomposite coatings are proposed for
development and investigation: Ni-P-WC and Ni-P-Fe;O4. The study is about the fabrication of
coatings made from Ni-P-WC and Ni-P-Fe304, and about the investigation into the performance
of these two nanocomposite coatings.

(1) The first objective of my work is to is to incorporate WC nanoparticles into the Ni-P
coating. I will then investigate the effect of WC nanoparticles on the morphology, hardness and

anti-corrosion properties of the Ni-P based coatings.



(2) Another goal is to prepare Ni-P-Fe3O4 coatings by electroless deposition. I will study the
morphology, chemical composition, thickness, structure, corrosion resistance and stability of the
Ni-P-Fe;04 coatings and compare them with the Ni-P coating.

(3) Both the Ni-P-WC and Ni-P-Fe3O4 coatings will be synthesized with different
concentrations of nanoparticles in the plating bath. The third objective is to study the effect of the

nanoparticle concentration on the properties of the Ni-P nanocomposite coatings.

1.5 Thesis contents

As shown in Figure 1.2, Chapter 2 will review the literature related to corrosion environments,
Ni-P coatings, and Ni-P nanocomposite coatings. The methodology used in the experimental
procedures will be described in Chapter 3. Chapter 4 and Chapter 5 will describe and discuss the
results of the Ni-P-WC coating and Ni-P-Fe3;O4 coating, respectively. Chapters 7 and 8 are about

general conclusions and future work, respectively.

Thesis contents

Literature survey (1-2)
and Methodology (3)

Ni-P-WC coating (4) Ni-P-Fe;0, coating (5)

Conclusions (6)
and Future work (7)

Figure 1.2 Main contents of the thesis.
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2. Literature review

2.1 The corrosion environments

2.1.1 Corrosive gases

To deal with the high viscosity of bitumen at room temperature, a variety of methods has been
employed to increase the recovery efficiency and enhance bitumen production [18]. The Steam
Assisted Gravity Drainage (SAGD) process is a widely used strategy for producing bitumen out
of oil sands. As mentioned before in Chapter 1, the bitumen is heated by the saturated steam to
above 180°C.

However, at such high temperature, acid gases such as CO», and H>S are generated from the
aquathermolysis process, which is a chemical reaction involving the application of high-
temperature high-pressure steam to break bonds (e.g., the C-S bond) in resins and asphaltenes [19].
The chemical composition of the produced gas is approximately 15% CO> and 0.6% H>S when the
temperatures is 180°C. The generation rate of these gases is strongly influenced by operating
conditions, especially the steam temperature. A higher temperature can produce more CO2 and HoS
gases.

It should be pointed out that the pH of the aqueous phase in SAGD is essentially influenced

by the dissolution of CO; and H»S. The acidic environment will lead to more serious corrosion



compared with the neutral or alkaline environment. The harmful effect of CO; and H>S on the
service time of slotted liners has been discussed by a large number of researchers [3-6].

The corrosion rate of carbon steel in simulated SAGD produced fluids was predicted by Case
et al. [20] through thermodynamic modeling. The results indicated that the corrosion rate was very
low due to the adherent protective layers of Fe2O3/FesOs which formed on the substrate surface,
and that these layers could extend the service life of the liners to and beyond 50 years. Moreover,
the formation of these protective layers was enhanced by high temperatures, which reduced CO»
and H»S gas solubility in produced water.

Whittaker et al. [21] argued that severe corrosion and failure occurred on piping, elbows, tees
and reducers in the SAGD process after only five years of service. The general corrosion rates
were as high as eight mm/year. The main corrosion product, FeCO3, could be removed from the
metal surface under turbulent flow. As a result, stable protective layers would fail to form, leaving
the carbon steel constantly exposed to corrosive media. The significant difference between Case
and Whittaker was a result of the influence of the fluids’ velocity. The model used by Case et al.
only considered thermodynamic equilibrium, while Whittaker et al. pointed out that the
COy/impingement corrosion is the main cause of failures. Dugstad et al. [22] stated that the
corrosion rate in the COz corrosion process could be increased from three mm/y to thirty-three
mm/y when the water flow velocity increased from zero to one m/s. Field data from Whittaker et
al. is more credible.

The high corrosion rate of carbon steel caused by CO2/HzS in the SAGD system indicates the
8



great need to develop protective methods to prevent corrosion in pipelines.

2.1.2 Corrosive ions and solid particles

Another reason that steel pipelines in the SAGD system suffer from erosion-corrosion is
because of an aqueous solution containing corrosive ions such as Na®, Ca?*, Mg*" CI', HCOs,
SO4*, and solid particles such as silica sand and clay [23,24]. A wide variation of ion
concentrations was detected by Liu et al. [25], which can be explained by different oil reserves and
different amounts of in-situ water carried by condensed steam. Some of these ions have a
detrimental impact on corrosion behaviors of steel liners. For example, Cl” could destroy the
corrosion product film and increase the corrosion rate [26]. Also, the impingement of fluids with
a high content of solid particles can cause erosion by destroying the corrosion product scale and
causing plastic deformation [27]. The synergistic attack of erosion and corrosion can lead to much
greater weight loss of pipelines. Thus, the mechanical properties like hardness should also be

regarded as an essential factor in the selection of protective methods.

2.1.3 Line pipe material

Although carbon steels have weaknesses such as worse anti-corrosion properties compared
to stainless steel, they are commonly used in oil and gas production because of their evident
advantages such as fabricability, availability and relatively low costs. L80 carbon steel was

selected as the substrate in this study because it is the material employed in slotted liners [28].



2.2 The corrosion mechanism

The corrosion mechanisms of carbon steel in the field are complicated due to the complex
compositions of corrosive media. Two typical corrosion mechanisms will be briefly discussed in

this section.

2.2.1 Sweet corrosion

CO; corrosion, also known as “sweet corrosion,” has been recognized as the most prevalent
form of corrosion occurring on carbon steel liners in the oil filed [29]. The dry CO. gas itself is
not corrosive in the temperature range of oil and gas production. However, dissolved CO> can
change the pH of the aqueous phase, promoting the electrochemical reaction between the carbon
steel and the corrosive solution. Severe localized corrosion can result from the presence of COzin
the aqueous phase.

Various parameters such as temperature, pH, CO; partial pressure, and fluid dynamics are
interdependent and form an important part of the CO; corrosion mechanism. Different mechanisms
of CO» corrosion in diverse conditions have been proposed by researchers [30,31]. A general
corrosion process will be discussed below. The initiating step is the formation of a weak acid
(H2CO3) [30].

CO, + H,0 < H,CO4 (2-1)

Carbon acid can dissociate [31],



H,CO; & H* + HCO3 (2-2)

HCO;  H*+C0%" (2-3)

There are three cathodic reactions including the reduction of carbon acid and bicarbonate ions,

2H,CO53 + 2e™ < H, + 2HCO3 (2-4)

2HCO3 + 2e~ © H, + 2C02~ (2-5)

and the reduction of hydrogen ions,

2H* +2e” & H, (2-6)

The anodic reaction occurs by the oxidation of iron,

Fe + 2e™ & Fe?* (2-7)

These ions can contribute to the formation of iron carbonate (FeCO3),

Fe?* + CO%~ & FeCO4 (2-8)
Fe** + 2HCO; © Fe(HCO3), (2-9)
Fe(HCO), < FeCOs + CO, + H,0 (2-10)

CO; corrosion of carbon steel highly depends on the corrosion product films formed on the
surface during the corrosion process. It is noteworthy that the films containing the same
components can be either corrosive or protective [31]. Anti-corrosion properties are not influenced

by the thickness of films, but by the morphology and structure. The films should be adherent, fully
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covering the surface to achieve successful protection.

Temperature plays an important role in the growth of the films by influencing iron carbonate
solubility [32]. Films can be divided into four classes in different ranges of temperature:
transparent, iron carbide (Fe3C), iron carbonate (FeCO3), and magnetite (Fe3Os). Researchers
rarely study the transparent film, and its main composition is iron and oxygen. Despite its anti-
corrosion properties, this film is <1 um thick and can be detected only at and below room
temperature.

When the temperature is low (< 60 °C), the solubility of iron carbonate in water is high,
resulting in the low growth rate of FeCOs film. The main chemical constitution of the film is
cementite (Fe3C), which is fragile and porous. Thus, this kind of film is unstable and brittle under
the attack of flowing fluids. Moreover, this film can even aggravate the corrosion process by
promoting galvanic corrosion and causing local acidification.

Above 60°C, the protectiveness of the film increases with the rising temperature because of
the decreasing solubility of iron carbonate. These adherent FeCOs3 scales prevent the corrosion
process and limit the electrochemical activity by covering the defects of carbon steel and reducing
the contacting area between carbon steel and corrosive media. When the temperature reaches
100°C, magnetite (Fe3O4) tends to form a stable scale.

The environmental pH is also essential to the carbon steel ‘s CO: corrosion rate, because the
corrosion rate is influenced by ion concentrations. This, further affects the electrochemical

reactions [33]. The lower pH represents a higher concentration of H', which can initiate and
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accelerate the localized corrosion. In contrast, the increasing pH can slow the reduction of
hydrogen ions, which further decreases the ion’s anodic oxidation rate. A higher pH can also reduce
the solubility of iron carbonate in water, promoting the precipitation of the protective scale and

decreasing the corrosion rate of carbon steel.

2.2.2 Sour corrosion

Hydrogen sulfide corrosion (sour corrosion) is another major type of corrosion. Sulfide stress
corrosion cracking, hydrogen-induced cracking, and hydrogen sulfide corrosion have been
discussed extensively because a high concentration of H>S can result in localized corrosion and
cause construction materials to fail in the oil and gas industry [34]. The mechanism of H>S
corrosion is complex and not well understood [35]. Lucio-Garcia et al. [36] proposed the reactions
between iron and H>S as below:

The dissociation of hydrogen sulfide:

H,S & H* +HS™ 2-11)

HS™ & H* +S?%° 2-12
)

The cathodic reaction is the reduction of hydrogen sulfide:

H,S + 2e~ & H, + S?~ (2-13)

The anodic reaction is still the oxidation of iron:



Fe + 2e” & Fe?* (2-14)

The next step is the formation of iron sulfide, which is of great significance in the H»S
corrosion process by governing the corrosion mechanism. Various iron-sulfur compounds with
different crystal structures can be generated under the effect of some critical factors such as
reaction times, temperature and pH [35].

These solid corrosion products consist of mackinawite (FeS), cubic ferrous sulfide (FeS),
troilite (FeS), pyrrhotite (Fei), pyrite (FeS2), smythite (FeoS11), and greigite (Fe3S4) [36].

Different corrosion products play different roles in the corrosion process due to their diverse
crystal structures and properties. Minor changes in temperature and H>S concentrations can lead
to transformations among these corrosion products, thus contributing to the prevention or
facilitation of iron corrosion. Mackinawite is determined as the initial crystalline corrosion product
[37], and it precipitates in relatively low temperatures and under H»S partial pressure, displaying
a tetragonal crystal structure. The layer of mackinawite is loose and porous, increasing
conductivity but sometimes also increasing the restraint of anodic dissolution. With more exposure
time, the metastable mackinawite film will undergo conversion into other compounds with better
stability and anti-corrosion properties, such as troilite and cubic FeS. Pyrite will appear after much
longer exposure times and exhibit the highest stability among varied forms of FeS. The stability
and compactness of protective films formed by a multilayer of transformed sulfide can lead to an

extensive reduction in the corrosion rate.



2.3 Corrosion mitigation methods

There are many effective methods and strategies to protect a pipeline and reduce the harmful
effect of corrosion in the oil and gas industry. Four primary ways will be briefly introduced below.

They are protective coatings, material selection, inhibitors and cathodic protection.

2.3.1 Protective coatings

Protective coatings are widely used to enhance the wear and corrosion resistance of the
material. Protective coatings can be broadly divided into three categories: metallic coatings,
organic coatings, and inorganic coatings. The protective functions can be performed by chemical
inhibition, physical barrier protection and galvanic protection. An ideal multifunctional coating
system should not only provide corrosion protection but also provide good adhesion and abrasion
resistance.

In oil and gas production, a commonly used coating system is one made from fusion-bonded
epoxy and a three-layer polyolefin on the surface of the material [38]. This type of coating is
produced by heating the relevant power to a liquid form, applying the liquid on the surface of the
material and, finally, solidifying the liquid. However, the coating is not suitable for the slotted liner
of the SAGD system due to technical limitations.

An electroless Ni-P coating has been regarded as an effective approach to provide corrosion
protection to the surface material in a wide range of environments [39]. Other advantages such as

wear resistance, good adhesion, a relatively simple production process, and low costs also broaden
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the industrial applications of Ni-P coatings. The primary goal of this thesis is to develop a novel
Ni-P-based coating with the incorporation of nanoparticles, further improving the performance of

the Ni-P coating.

2.3.2 Other methods

Selecting the appropriate material is essential in corrosion protection. Every kind of metal
and alloy has a different level of corrosion resistance, which is dependent not only on the properties
of the material but is also highly influenced by the corrosion environment. The understanding of
the corrosion environment is also important while selecting the material. When the material of
construction is observed to be prone to corrosion damages, it is essential to alter this material and
choose a suitable one to reduce the corrosion rate [40]. In industrial applications, various alloys
such as stainless steel have been investigated and applied. Combining different elements and
changing the chemical composition gives each kind of stainless steels particular mechanical
property and anti-corrosion ability.

A corrosion inhibitor is a chemical that protects the material by retarding corrosion after being
added to the corrosion environment. The inhibitor can work in different ways: (1) The inhibition
can absorb on the surface of the material, restricting or eliminating the electrochemical process by
blocking active sites on the surface. (2) The inhibition can facilitate the formation of a passive film,
stifling the corrosion reactions on the surface. (3) The inhibition can react with other components

in the environment, changing important conditions such as pH and ion concentrations.
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The anti-corrosion properties of several inhibitors have been evaluated and studied in the
presence of HoS/CO; [3]. The results confirmed the high-level protection provided by these
inhibitions, including fatty amides, imidazolines, and long-chain amines. The volatile corrosion
inhibitor (VCL) also has also come to the attention of researchers because of its good performance
[41]. Unlike conventional inhibitors, VCL can be injected into any part of the working system, and
it will immediately form a physical bond on the surface and create a self-replenishing protective
layer. It is essential to consider some important factors such as environmental issues, toxicity and
costs before applying inhibitors.

The cathodic protection is another corrosion mitigation technique which changes the potential
difference between the cathode and anode. Two major methods to apply cathodic protection
include impressed current cathodic protection (ICCP) and the sacrificial anode. These two methods
differ in how they minimize the potential gap [42].

ICCP is used to protect buried pipelines and shells of ships that come into contact with brine.
An electric current is applied to the metal surface via a complete electrical circuit, and the current
is impressed or forced by a power supply. To complete the circuit, the metal is connected to the
negative terminal of the current source, and the positive terminal is connected to an auxiliary anode.
The anode must be completely separated from the cathode. Once this situation occurs, a true
electric circuit can be established with current flow from the anode to the cathode. Typical anodes
are titanium coated with a mixed metal oxide or silicon iron, platinum, graphite and magnetite.

The principle of the sacrificial anode cathodic protection is to use a more reactive metal in contact
17



with the steel structure to make current flows from the anode to the cathode. When the current
flows, all the corrosions occur on the anode, and the structure can be protected. This technique is

frequently used for offshore oil production platforms.

2.4 Electroless Ni-P coating

2.4.1 Electroless plating

Ni-P coating can be synthesized using electroless plating and electroplating processes. In
electroless plating, metallic ions are catalytically reduced when reducing agent is oxidized without
external energy supply. In the electroplating process, the metal ions are reduced to initiate the
deposition by using external electrical energy. One advantage of electroless plating is that the
coatings that are obtained are of uniform thickness, and exhibit uniform physicochemical
properties all over the plated object. Using electroless plating, this uniform coating can also be
applied to components with complex shapes, which cannot be achieved by electroplating methods.
Another benefit of the electroless coating is that it has better ductility. As a result, electroless

plating has gained wide acceptance in the industry, and was selected as our primary method.

2.4.2 Substances in the plating bath

Electroless Ni-P plating is carried out in a plating bath containing a reducing agent, metal
ions, complexants, stabilizer, buffers and wetting agents. There are also two significant parameters,

pH and temperature, which should be in control during the plating process [43]. Table 2.1 exhibits
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these components and functions.

Table 2.1 Components of electroless nickel plating solutions and their functions.

Component Function Example
Metal Ions Source of metal Nickel Sulfate,
Reducing agents Supply electrons to reduce the metal Sodium
ions hypophosphite
Complexants Prevent excess free nickel ions and act ~ Dicarboxylic acids
as pH buffers
Stabilizers Prevent solution decomposition by Thioureas
shielding catalytically active
deposition
Accelerators Accelerate deposition Fluorides
Buffers Control pH Sodium salt

Wetting agents Increase wettability of plated surfaces

Temperature Energy for deposition

Surfactants

85°C

2.4.3 Mechanism of deposition

The most commonly used reducing agent for electroless Ni-P coating is sodium

hypophosphite. There are two widely accepted mechanisms for the deposition process in the

plating bath containing hypophosphite [44].

The first one is an electrochemical mechanism, in which hypophosphite ions are catalytically

oxidized, providing electrons at the catalytic surface and reducing hydrogen and nickel ions, as

shown as follows.

Anodic reaction:



HPO; + H,0 — H,PO3 +2H* +2e~  (2-15)

Cathodic reaction:

Ni* +2e~ - Ni (2-16)
2H* +2¢~ > H, (2-17)
H,PO; + 2H* +e~ - P+ 2H,0 (2-18)

The other is atomic hydrogen theory, in which hypophosphite is adsorbed on the surface and

is catalytically dehydrogenated, releasing atomic hydrogen, as shown below.

H,PO; + H,0 - HPO3™ +H' +2H,  (2-19)

2Haq4s + Ni2* > Ni+ 2H* (2-20)
2H.4s —» H, (2-21)
H,PO; + H,0 —» H,PO; + H, (2-22)
H,PO; 4+ Hags = H,04+OH™ +P (2-23)

2.4.4 Properties

The electroless Ni-P coatings have been used in different fields because of their remarkable

properties such as high wear, corrosion resistance, and high hardness.
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2.4.4.1 Structure

When the electroless Ni-P coating has a low or medium phosphorus content, the coating is
both microcrystalline and amorphous. A high phosphorus content leads to a fully amorphous
structure. However, heat treatment can significantly change the coating structure [45]. The
structure of the coating can be crystallized from amorphous at a temperature above 220-260 °C.
When the temperature rises to 320°C, nickel phosphite begins appearing. The maximum
crystallization of Ni-P coating can be achieved by heating the coating at 400°C for one hour. The
final crystallized products of Ni-P coating after a heat treatment of 800°C are mixtures of the face-

centered cubic nickel stable phase and Ni3P [46].

2.4.4.2 Microhardness

Microhardness is related to a material’s anti-wear properties. The microhardness of
electroless Ni-P coating ranges from 500-650 HVy.1, which is equivalent to the microhardness of
varied hard alloys and is higher than that of electroplated coating [47]. The hardness can be further
enhanced by heat treatment after crystallization of structure. The maximum value of coating
hardness can be obtained by a 320°C-heat treatment for one hour or 260°C heat treatment for 10

hours.
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2.4.4.3 Corrosion resistance

Corrosion protection is one of the most widespread applications of electroless Ni-P coating.
These coatings can provide construction materials with decent corrosion resistance in different
environments. Both the structure and the composition play important roles in Ni-P coating’s anti-
corrosion properties. Under the corrosion attack, the alloys with an amorphous structure are more
stable than polycrystalline materials. The outstanding corrosion resistance of electroless Ni-P
coating can also be ascribed to the phosphorus content. Previous studies [ 14,48] suggest that when
the Ni-P coating is immersed in the corrosion environment, the nickel in the coating will dissolve
into the solution. After that, the water in the solution can react with the phosphorus, forming

adsorbed hypophosphite anions, preventing the nickel from dissolution.

2.5 Electroless Ni-P nanocomposite coating

Despite various benefits of electroless Ni-P coating, there are still some disadvantages. For
example, hydrogen bubbles generated from the evolution reaction during the electroless deposition
will create pinholes in the Ni-P coating’s structure, which is harmful to the coating’s protective
ability. Thus, some strategies such as duplex coating and composite coating were developed to

further improve the performance of Ni-P coating.

2.5.1 Introduction

Electroless Ni-P nanocomposite coating is produced by the co-deposition of the Ni-P matrix
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with nanoparticles, enhancing the properties of Ni-P coating, such as corrosion resistance and wear
resistance. Nanoparticles possess a quantum size effect and many unique physicochemical
properties. During the plating process, nanoparticles impinge and settle on the working surface,
and are sequentially surrounded by the deposited Ni-P matrix [49]. No molecular bonding is
formed between the incorporated particles and the Ni-P matrix.

In general, the Ni-P nanocomposite coatings can be divided into two categories depending on
the properties of the embedded nanoparticles. The incorporation of some hard nanoparticles such
as diamond ( [50], TiO2 [14], SiC [51], AlxO3 [52], SiO2 [53]) can enhance the Ni-P coating’s wear
and corrosion resistance. On the other hand, lubricant particles such as graphite [54] and carbon
nanoparticles [55] can reduce the Ni-P coating’s friction coefficient.

Adding nanoparticles to the plating bath significantly increases the surface area loading, even
resulting in the decomposition of the bath [56]. Suitable stabilizers have been applied to tackle this
problem.

Some strategies have been employed to achieve a nanocomposite coating with good
properties. The first important factor is choosing the suitable particle size. Large angular particles
can result in rough surfaces. Nanoparticles can better modify the growth mechanism of the Ni-P
matrix compared with micro-particles [57]. This is because when the particles are small, they can
be firmly incorporated into the metallic matrix, leading to better integrity between nanoparticles
and the matrix. Agitation should also be induced to keep the nanoparticles suspended in the plating

bath, thereby regularly presenting these particles to the specimen. Another essential factor that
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influencing the plating process is the orientation of the specimen. The coating deposited on the
surface of a vertically held specimen is more uniform than the coating growing on the horizontally
held surface [58]. Surfactants such as sodium dodecyl sulfate (SDS) also important in the
incorporation of nanoparticles because they make the nanoparticles wetter, thus making it easier
for them to disperse. Other methods for incorporating nanoparticles are ultraviolet-visible (UV-vis)

spectroscopy [59] and the ultrasonic probe [60].

2.5.2 Effect of nanoparticle concentration

The incorporation level of nanoparticles is highly influenced by the concentration of
nanoparticles in the plating solution. For example, the incorporation of some nanoparticles [61]
can be enhanced by increasing their concentrations in the plating bath up to a critical level, beyond
which a continuously increasing concentration will cause saturation. The increase of flux of
nanoparticles to impinge and deposit on the workpiece improves the incorporation level of
nanoparticles. However, beyond the critical concentration, the agglomeration or grouping of
nanoparticles occurs because of the decrease in the mean distance between each nanoparticle. The
aggregation of nanoparticles will not only lead to their settling, it will retard the incorporation,

which will negatively affect the coating’s properties.
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2.5.3 Effect of nanoparticles on coating properties

2.5.3.1 Structure

The incorporation of most nanoparticles such as TiO; [62], SiO> [63], TiN [64], and Al,Os
[65] will not change the amorphous structure of the electroless Ni-P matrix because these

nanoparticles are physically bonded with the matrix.

2.5.3.2 Microhardness

The hardness of composite coating can be improved by hard nanoparticles, and it is also
influenced by the concentration of nanoparticles. = An increased concentration of hard
nanoparticles can increase microhardness. Sadreddini et al. [66] reported that SiO> nanoparticles
were capable of significantly increasing the microhardness to 429 HV by the dispersion-hardening
effect of nanoparticles, while the excessively high concentration of nanoparticles could lower this
effect. Karthikeyan and Ramamoorthy [52] investigated the microhardness of electroless Ni-P-
Al>O3 coating, confirming that nanoparticles could increase microhardness by retaining the
mobility of the matrix dislocations and by retaining the dispersive amplification. The
microhardness of coating can be further increased by heat treatment under 400°C, which results in

the generation of the hard nickel phosphide phase (Ni3P) in the Ni-P matrix.
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2.5.3.3 Thickness

Nanoparticles’ effect on the deposition rate is complex and can be shown by the thickness of
the coating. Rahemi Ardakani et al. [67] argued that when the nanoparticles were concentrated in
a reasonable range, they had sufficient opportunities to incorporate with the Ni-P matrix and
worked as active points during the deposition process. With the nanoparticle concentration
increasing within this reasonable range, the number of entrapped particles on the surface also
increased, providing appropriate zones for coating growth and enhancing the coating’s thickness.
An excessive increase in the concentration of nanoparticles could cause the nanoparticles to
aggregate, resulting in a higher viscosity of the plating bath, and reducing the coating thickness.
However, Afroukhteh et al. [68] observed that a small concentration of TiC nanoparticles (0.01-
0.1 g/L in the plating solution) reduced the deposition rate while a higher concentration (0.3 and
0.5 g/L) enhanced it. A low nanoparticle concentration enabled the cathode surface to be covered
by TiC particles, hindering the diffusion of nickel ions from the solution to the working surface
and retarding the precipitation of Ni-P coating [68]. When the nanoparticle concentration was
higher, these nanoparticles were more likely to be trapped on the surface. The Ni-P coating
deposition was promoted by the trapped nanoparticles on the interface, because they could act as
active sites. Chen et al. [69] indicated that the incorporation of TiO2 decreased the deposition rate
and coating thickness.

In summary, there is no evidence that nanoparticle concentrations influence the precipitation
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rate and coating thickness. Therefore, it is important to investigate this effect because the thickness

is closely related to the coating’s mechanical and electrochemical properties.

2.5.3.4 Corrosion resistance

Structure defects exist in the Ni-P matrix. The corrosion process usually occurs from the
surface to the substrate matrix through the pores or small defects within the coatings, and
boundaries are the main path for aggressive ions during the corrosion process. Nanoparticles can
act as nucleation points during the plating process, reducing the nodule sizes by blocking nodule
boundaries, thus decreasing corrosion rate can be decreased [13]. However, the content of
phosphorus in the coating decreases when the nanoparticle concentration is excessively high,
reducing corrosion resistance of the coating.

Luo et al. [70] increased the corrosion resistance of coating by develop Ni-P-WC coating.
Heakal et al. [71] employed nano-Al,O3 particles to enhance the corrosion resistance of Ni-P
coating on an Mg alloy. The Al2Os nanoparticles embedded in the Ni-P alloy can reduce the
contacting area between coating surface and corrosive media, creating a potential physical barrier
for corrosion in the aggressive sodium chloride environment.

The protective performance of electroless Ni-P/nano-SiC was also investigated by Soleimani
et al. [72]. In a comparison, of electroless Ni-P and Ni-P-SiC coatings, the latter appeared to
provide better corrosion protection. This can be ascribed to a reduction in the effective metallic

area available for corrosion in the Ni-P-SiC coating [73]. SiC nanoparticles could easily fill defects
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and the penetration pathway of aggressive ions through the film to the interface.

Sharma et al. [74] regarded the decreased electrochemically active area as the reason for the
improved corrosion resistance of the Ni-P-ZnO coating. Momenzadeh et al. [75] demonstrated that
when the particles are co-deposited, the incorporation of particles could accelerate the passivation
process of the nickel to improve the corrosion resistance of the composite coatings. Xu et al. [50]
observed that the corrosion resistance of the Ni-P—nanodiamond (ND) coating was superior to that
of the Ni—P coating because co-deposited nanoparticles prevent the corrosion pits from growing
up. Improved resistance against pitting corrosion appears with the increased compactness of the
coating.

In short, there are three main mechanisms behind the higher corrosion resistance of Ni-P
nanocomposite coatings: decreasing the contact area between the coating surface and the corrosive
media; blocking the penetration pathway of ions through the coating to the interface by filling
defects; and increasing the compactness of coatings. However, few systematic investigations have
examined the corrosion resistance of Ni-P nanocomposite coating in the corrosion environment

containing H>S and CO> with high temperatures and high pressure.
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3. Methodology

3.1 Material preparations

3.1.1 Ni-P-WC coating

L80 carbon steel was used as the substrate to prepare the electroless Ni-P based coatings
because L80 is widely used in the SAGD system. The specimen was cut into pieces that were 10
mm x 10 mm x 5 mm. WC nanoparticle powder (Inframat Advanced Materials) with 40-70 nm
average particle size was used for composite coating.

Figure 3.1 shows the detailed steps taken during the electroless plating process. The surfaces
of the sample pieces were ground by SiC paper from 200 to 1200 grit sequentially and degreased
with acetone and distilled water between each grinding step. Before the electroless depositing, the
surface was washed for 20 minutes in an alkaline solution which contained sodium
carbonate/sodium hydroxide at 60 °C. Finally, the surface was pickled in 10 wt.% HCI solution
for 60 seconds, enhancing the subsequent interaction between the activated surface and plating
solution by facilizing the formation of surface active sites and removing the residential oxide. The
main bath composition and electroless plating conditions are shown in Table 3.1. Figure 3.2
demonstrates schematic of the electroless plating process. The Ni-P coating was first deposited on
the surface for 30 minutes, thus preventing the detrimental effect of agglomeration. After this, the
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WC nanoparticles were added to the plating bath for continuous deposition for 90 minutes. Before
being incorporated with Ni-P, the WC nanoparticles had been subjected to ultrasonic dispersion
for 60 minutes. During the plating process, a magnetic motor stirrer was used to agitate the solution

at a speed of 200 rpm.

Grind and polish

Get smooth surfaces
samples

—>
Wash samples by alcohol
and heated alkaline — Degrease the surface
—
—

solution

Form active sites on the
surface

Pre-treat samples by
dipping in HCI solution

Ultrasonically disperse
nanoparticles before
co-depoistion

Avoid agglomeration of
nanoparticles

Figure 3.1 Steps of the electroless plating process.
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Figure 3.2 Schematic of the electroless plating process.
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Table 3.1 Bath composition, functions of each chemical and electroless plating parameters

for Ni-P and Ni-P-WC nanocomposite coatings.

?oa;:tituent Function Quality Plating conditions
NiSO4-6H,0 Nickel source 25gL! PH: 5.5-6.0
NaH>PO,-H>O Reducing agent 30gL! Agitation: 200 rpm
Lactic Acid Complexing agent 20 mg L! Temperature: 85 °C
Citric Acid Complexing agent 18-20 g L Time: ~120 min
Succinic Acid Complexing agent 12-15gL!

Pb* Stabilizer 1 mgL!

SDS Surfactant 10 mg L!

Saccharin Grain growth inhibitor

Nano-WC Additive 0,1,3,5,7,10g L"!

3.1.2 Ni-P-Fe304 coating

From polishing to acid washing steps, the main pre-treatment process of preparing Ni-P-
Fe304 coating was same with that of preparing Ni-P-WC coating. The Fe3O4 nanoparticle dispersed
solution was provided by nFluids Inc. with 12 nm average particle size. In the dispersed solution,
those spherical nanoparticles were capped with citric acid. The composition of the electroless
plating bath and plating conditions are shown in Table 3.2. A different concentration of Fe3O4
nanoparticles was added to the plating solution. Before being incorporated with Ni-P, the Fe3O4
nanoparticles had been subjected to ultrasonic dispersion for 60 minutes. It is necessary to evenly
distribute the nanoparticles within the coating. The final electroless process was performed for 120

minutes at 200 rpm.
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Table 3.2 Bath composition and electroless plating parameters for Ni-P and Ni-P-Fe3O4

nanocomposite coatings.

Bath constituent Concentration Plating conditions
Nickel sulphate 25 g/l pH:5.5-6.0

Sodium hypophosphite 30 g/L Temperature: 90 £ 1 °C
Lactic acid 20 mL/L Plating time: 120 min
Citric acid 18 g/ Loading capacity: 1 dm?/L
Succinic acid 14 g/ Stirring speed: 200 rpm
Saccharin Sodium 0.08 g/L

Sodium dodecyl sulfate 0.03 g/L

Lead nitrate 1 mg/L

Fe304 nanoparticles 0,0.4,0.8,1.5,3 g/L

3.2 Electrochemical measurements

3.2.1 Three-electrode system

The three-electrode cell (Figure 3.3) is the most commonly used setup in electrochemistry.
The three electrodes include the working electrode (WE), the counter electrode (CE) and the
reference electrode (RE).

The working electrode is the electrode being studied and the one in which the concerned
reaction takes place. In the corrosion experiments for this research, the working electrodes were
either carbon steel, Ni-P coating, Ni-P-WC coating, or Ni-P-Fe3;O4 coating.

The counter or auxiliary electrode is an electrode that completes the current circuit in the
corrosion cell. Because the current flows between the CE and the WE, the CE acts as the electron’s

source/sink in most experiments, and the total surface of the CE should be larger than that of the
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WE. This keeps the CE from being a limiting factor in investigated electrochemical reactions.
Moreover, the CE is often fabricated from inert materials, and is usually not involved in the
electrochemical reaction. The counter electrodes in the Ni-P-WC coating study were platinum, and
in the Ni-P-Fes;O4 coating study they were graphite.

The reference electrode works as a reference point for the potential measurements in the
corrosion cell. Therefore, the RE should have a stable potential for the electrochemical
measurements. The stability of the RE is achieved by keeping the current flowing through the RE
close to zero. This is accomplished by using the CE to close the current path. The stability is also
achieved by using well-poised electrodes, where flowing current does not influence the potential.
The well-poised electrodes have a redox system, where the concentrations of participants for the

redox reaction are kept constant. The RE in this research was the silver/silver chloride electrode.

Counter Electrode

Working Electrode

— ) [ Electrolyte

Reference Electrode™ ~N_

Figure 3.3 The schematic of a three-electrode system.
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3.2.2 Potentiodynamic polarization

The potentiodynamic polarization measurements, based on electrochemical concepts, have
been widely used to qualify electrochemical behaviors and determine corrosion rates [76]. This
measurement method can provide important information about the corrosion process by
monitoring the change in both the current and potential. The potentiodynamic polarization curve
is a plot of the log current versus the potential.

Figure 3.4 illustrates a typical potentiodynamic polarization curve in the corrosion process
and the use of a Tafel extrapolation method to obtain corrosion current and corrosion potential [77].
Obviously, the potentiodynamic polarization curve involves two major components: the anodic
polarization curve and the cathodic polarization curve, corresponding to hydrogen evolution and metal
dissolution, respectively. The log current versus the potential shows a linear relationship in both the
anodic and cathodic polarization curves. This linear relationship called Tafel behavior results from the
kinetics controlling the electrochemical reaction in the corrosion.

Extrapolating the liner portions of the anodic and cathodic sections will create a point of
intersection where the corrosion potential (Ecorr) and corrosion current (Icorr) can be obtained. A
high corrosion current represents a high corrosion rate. However, there are sophisticated conditions
that lead to complications which make it difficult/impossible to provide a linear section sufficient
for accurate extrapolation. In this study, a more complicated fit was obtained by using analysis

software from Gamry Instruments.
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Carbon steel has poor corrosion resistance, and as a result, in the corrosive environment the
current density will increase continuously as the potential increases. However, some alloys can
form a passive protective layer on the metal surface during the corrosion process, as illustrated in
Figure 3.5 [78]. In a wide potential range, the current increases only slightly because of the
formation of the passive film, which highly enhances the material’s anti-corrosion properties. In
this study, the Ni-P nanocomposite coatings are expected to have a lower corrosion current, thereby

indicating a decreased corrosion rate and better corrosion resistance.
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Figure 3.4 The Tafel extrapolation method for the potentiodynamic polarization curves to

determine corrosion current and corrosion potential [77].
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Figure 3.5 Potentiodynamic polarization curve for AISI 321 stainless steel in 0.SMH2SO4

[78].

3.2.3 Electrochemical Impedance Spectroscopy analysis

Electrochemical Impedance Spectroscopy (EIS) is a standard characterization method.
Because of its extraordinary sensitivity, EIS has been widely used to evaluate corrosion behaviors
of different materials [79]. Unlike potentiodynamic polarization, EIS is non-intrusive and will not
damage the material’s surface. In this method, various characteristic time constants of different
electrochemical processes in the corrosion cell are shown under the influence of alternating current
(AC) with different frequencies [80]. EIS measures the way in which a corrision cell with an AC
responds to a broad range of frequencies. This reveals useful information about the underlying
complex physical and chemical phenomenon.

Impedance (Z) can be calculated by Ohm’s law as follows:
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E(w)

Z(w) =75

-1

E(w) represents frequency-dependent potential, and i(w) is frequency-dependent current. Z()
is a complicated quantity with a phase shift and magnitude, and it varies with changes in signal

frequency. In the complex plane, the impedance can also be given by Equation 3-2:

Ziotat = Zreal T Zimag (3-2)

Zreal 18 the real part of impedance and Zimag 1s the imaginary part of impedance. The absolute
value of impedance can reflect a tested material’s resistance to AC.

EIS data can be shown as a Nyquist plot (Figure 3.6) and a Bode plot (Figure 3.7) [80]. The
Nyquist plot represents the real and imaginary parts of impedance, which are shown in the X axis
and Y axis, respectively. The Bode plot illustrates the phase shift and absolute value of impedance
in response to frequency. In this study, most EIS data was presented by Nyquist plots, because
Nyquist plots could provide a quick overview and qualitative interpretations.

Equivalent circuit modeling consisting of well-known electrical components (e.g., capacitors
(C), inductors (L), and resistors (R)) and distributed components (e.g., constant phase element
(CPE) and Warburg impedance) can be used to further interpret the EIS analysis data and extract
meaningful information about the corrosion cell. A typical equivalent circuit to explain the EIS
data of carbon steel in the corrosive environment is shown in Figure 3.8. There are three electrical
elements: the solution resistance (Rs), the constant phase element (CPE), and the charge-transfer

resistance (R¢t). By comparing the EIS response of the equivalent circuit with the actual response
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of the corrosion cell, and obtaining a good fitting, the value of these elements can be determined.
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Figure 3.6 A typical Nyquist plot [80].
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Figure 3.7 A typical Bode plot [80].
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Figure 3.8 A typical Randles equivalent circuit for fitting the EIS data.
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3.2.4 Electrochemical test conditions for Ni-P-WC coating

The electrochemical behaviors of the Ni-P coating and Ni-P-WC nanocomposite coatings
were investigated in a National Association of Corrosion Engineers (NACE) standard TM0177-96
solution with H2S and CO; (5 wt% NaCl+0.5 wt% acetic acid). N> gas was bubbled to the standard
solution for three hours to remove the oxygen before introducing CO; and H»S. After this, the CO»
and H>S were blown into the corrosion cell continuously for three hours to ensure that the solution
was saturated with CO> and H»S. During the testing, corrosive gases were also continually purged
into the corrosion cell to supply the consumption of gases during the corrosion process. The
corrosion cell used in this test is shown in Figure 3.9. The corrosion cell consisted of a three-
electrode system, two inlet pipes, and an outlet pipe. The Gamry electrochemical workstation was
used to conduct the electrochemical tests. A three-electrode system was constructed to perform the
tests. The system consisted a platinum counter electrode, a saturated calomel electrode (SCE)
reference electrode, and the sample as the working electrode. Prior to measurements, the samples
were subjected to open circuit conditions for one hour until reaching a steady-state potential. The
stable potential value obtained was considered the open-circuit potential (OCP). The EIS
measurements started after the OCP was stable. The frequency was selected between 100 kHz and
10 mHz, with an applied AC amplitude of 10 mV. The impedance data were obtained by the
equivalent electrical circuit using Zsimpwin software. The potentiodynamic polarization curves

1

were measured with a scanning rate of 0.5 mV s~ in the potential range of -0.3 V to 1 V with
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respect to the OCP. Each experiment was repeated more than three times under the same conditions

to ensure reproducibility.

Figure 3.9 Electrochemical cell for corrosion tests.

The stability of coatings was also evaluated before and after being immersed for seven days.
The coatings with different concentrations of WC nanoparticles had been immersed in a corrosion
cell filled with 2500 ml 107 mol/L Na»S>0s3 + 0.5% acetic acid + 5 wt.% NaCl solution at room
temperature for seven days. This solution can simulate the low concentration H>S sour
environment. This method was proposed for a study on the stress corrosion cracking of low alloy
steels in the sour environment, and its reliability has been proved. The EIS measurements were
conducted at an open-circuit potential with the frequency between 100 kHz and 10 mHz and an
applied AC amplitude of 10 mV. The EIS tests were carried out after immersion for zero and seven

days, respectively. The surface morphologies of coatings after immersion tests were also
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characterized by SEM.

3.2.5 Electrochemical test conditions for Ni-P-Fe3O4 coating

The coatings’ electrochemical behavior was investigated by potentiodynamic polarization and
EIS. The corrosion tests were conducted using a Gamry electrochemical workstation in a 3.5 wt.%
NaCl solution. The set-up consisted of a conventional three-electrode cell with a carbon rod as the
counter electrode and a saturated calomel electrode (SCE) as the reference electrode. Prior to
measurements, the samples were subjected to open circuit conditions for one hour until they
reached a steady-state potential. The EIS was measured at OCP, and the frequency selected was
between 100 kHz and 10 mHz, with an applied AC amplitude of 10 mV. The impedance data were
analyzed using an equivalent electrical circuit and Zsimpwin software. The potentiodynamic
polarization curves were measured with a scanning rate of 0.5 mV s!, starting from —0.5 vs. OCP
to +0.5 V vs. OCP potential. Each experiment was repeated more than three times under the same

conditions to ensure reproducibility.

3.3 Immersion tests

The stability of the Ni-P-Fe;O4 coatings was evaluated using immersion tests at room
temperature under normal pressure and autoclave tests at high temperature under high pressure.
The coating chosen for the examination of coating stability was the one that had delivered the best

performance in previous electrochemical tests. In the immersion tests, the specimen was mounted
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in epoxy (with an exposed area of one cm?) and immersed in the 3.5 wt.% NaCl solution. The
sample surfaces were cleaned before and after the test using acetone and distilled water.
Morphologies of the coating surface were detected before and after immersion.

The capsule test was designed to tentatively evaluate the stability of the Ni-P coating and Ni-
P-Fe;04 coating, and it was conducted at 150°C in the 3.5 wt.% NaCl solution saturated with CO>
gas for 240 hours. As shown in Figure 3.10, samples were sealed on a Teflon holder and placed in
a capsule, which was heated by the furnace with the pressure kept at 0.48MPa. The samples were
cleaned with deionized water and acetone, and weighed before being installed in the capsule. After
10 days, they were rinsed with deionized water and acetone and observed using OSM.

The high-temperature, high-pressure corrosion test was conducted at 120 °C in the 3.5 wt.%
NaCl solution saturated with CO> gas for 192 hours. As shown in Figure 3.11, the samples were
hung on a holder in the autoclave, which was heated with a total pressure kept at four MPa (0.8
MPa CO; and 3.2 MPa N3). The samples were cleaned with deionized water and acetone before
being installed in the autoclave. After eight days, they were rinsed with deionized water and
acetone, and their surfaces were examined using SEM. Before and after the corrosion test, the
weight of the specimen was accurately measured using an electronic balance with an accuracy of

0.1 mg.
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Figure 3.10 Schematic diagram of the apparatus for the capsule test.
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Figure 3.11 Schematic diagram of the apparatus for the corrosion test under high

temperature and high pressure.

3.4 Material characterization

The surface morphologies and cross-sections of Ni-P, Ni-P-WC and Ni-P-Fe;O4 coatings
were evaluated using OSM and SEM. The composition of coatings was investigated by EDS. The

crystalline structure of coatings was characterized by XRD with Cu Ka radiation.
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3.4.1 Morphology

An optical stereoscopic microscope (OSM) and scanning electron microscope (SEM) were
used to record the highly magnified images of surface morphologies on the specimen. The light
source of OSM is visible light, and OSM employs a series of lenses to magnify images of small
features. A camera will capture and collect the images. OSM can also provide surface topography
information via a three-dimensional visualization of a specimen, which is accomplished by using
separate objective lenses and eyepieces.

However, the max magnification of OSM is only 1000X. When a more detailed image of the
surface morphology is expected, SEM is a more useful technique. Unlike OSM, a SEM is a type
of electron microscope. It generates images of a specimen by scanning the surface with an electron
beam.

In SEM, the electrons are generated from the gun and accelerated to a range of energy [81].
The beam is focused by electron lenses, producing a sharp image. The beam passes through the
final lens into the specimen chamber, where it interacts with the specimen at various depths on the
surface, producing signals that contain important topography information. When the emitted
electrons interact with atoms, different types of signals such as secondary electrons (SE) and back-
scattered electrons (BSE) are generated on the surface. In general, a SE emerges from a very
shallow depth beneath the specimen surface, while a BSE is involved with elastic scattering and

is generated from a deeper location. The SE images were used in this thesis due to their better
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resolution.

3.4.2 Energy-Dispersive X-ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDS or EDX) is an analytical technique used to
characterize the chemical composition and element distribution of a specimen, and is usually
coupled with SEM. Under the effect of a high energy beam, the electrons of the inner shell of an
atom will be excited and escape from the shell, simultaneously forming an electron hole. The
electrons from outer and high energy shells will drop to the inner shell and fill the hole. The energy
difference between the outer and inner shells will be released in the form of an X-ray. By measuring
the energy of the characteristic X-rays, the presence of elements and their relative concentrations

can be determined.

3.4.3 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive characterization technique that can be used to
investigate the crystallographic structure and chemical composition of a specimen. The working
principle of XRD is to record the X-ray diffraction caused by impacting the crystalline atoms. The
angles and intensities of these beams can reveal significant structural information, such as defects
and dislocations. The two major modes of XRD are powder diffraction and thin film diffraction.
The incident angle of the X-ray beam in powder diffraction is in a larger range (0° to 90°), while
the angle of the incident beam in thin film diffraction is fixed within a smaller range (< 5°).
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3.4.4 Microhardness tests

The microhardness of the Ni-P-WC coatings was analyzed by a Vickers microhardness tester.
The employed loading weight was 100 grams and the load time was 10 seconds. The results were
calculated from the average of five measurements.

The indenter is the essential component of the tester. It is made from material that is highly
resistant to self-deformation. A diamond in the shape of a square-based pyramid is commonly used.
An example of the indentation formed during the testing process is shown in Figure 3.12. The
hardness can be calculated automatically by the instrument itself through an equation as follows:

_ 18544F

HV = =2

(3-3)

F represents the weight load in kilogram force and d is the average, in millimeters, of two

diagonals caused by the indenter.

Figure 3.12 The indentation generated by the Vickers microhardness indenter on the Ni-P

coating surface.
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4. Influence of WC nanoparticles on hardness and corrosion

resistance of electroless Ni-P coating

4.1 Introduction

Carbon steel can be used as engineering material in the petroleum industry. However, it is
likely to suffer from degradation as a result of corrosion, wear, friction, and erosion, which results
in significant financial losses. Therefore, different surface treatment methods are applied to
improve carbon steel’s corrosion resistance and extend its service life. Effective surface
modification methods include anodization protection, electroplating, electroless plating, and PVD.
Of these, electroless plating and electroplating are the two most common processes. Unlike
complex electroplating, electroless plating is relatively simple and can be used to create a uniform
deposition on irregularly shaped components.

The electroless deposition of Ni-P is an autocatalytic reduction on metals and alloys. Ni-P
acts as a barrier to isolate the substrate from the outside corrosive environments and shows high
corrosion and wear resistance as well as uniform coating thickness. The coating's structure and
property are mainly dependent on the concentration of deposited P. The structure of Ni-P-related
coatings can be transformed from amorphous to nano-crystalline after heat treatment, improving

the microhardness and wear resistance. Thus, Ni-P coating is considered an effective method to
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modify the physical and chemical properties of substrates.

There are also several methods to further improve the properties of the coating to meet special
demands. For example, introducing metallic elements such as Cu, W, Mo, and Zn into the Ni-P
coating can significantly impact the microstructures and properties of coatings. Developing duplex
coating can also enhance mechanical and anti-corrosion properties.

Co-depositing nanoparticles (e.g., SiC, Al2Os3, SiO; and SizNs) [82] is a good method to
further improve the performance, such as wear resistance, of Ni-P coatings. The WC is a type of
hard particle with superior physical and chemical properties. WC can be employed in many fields.
Incorporating WC nanoparticles has been reported to improve erosion resistance, thermal
conductivity, and mechanical properties. However, few systematic studies have investigated the
effect of adding WC to facilitate corrosion resistance. The goal of my research is to study how the
concentration of WC nanoparticles influences the morphology, hardness, and corrosion properties
of Ni-P- based coatings in order to better understand the role that WC nanoparticles play in the Ni-

P matrix.

4.2 Results and discussion

4.2.1 Surface characterization

Figure 4.1 shows the surface morphologies of the electroless Ni-P coating and Ni-P/nano-
WC coatings with different concentrations of WC nanoparticles, which indicates that the

morphologies were strongly influenced by the amount of WC nanoparticles. As presented in Figure
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4.1(a) and (b), the surface of the Ni-P coating was relatively smooth, and typical spherical growth
features of the Ni-P coating could be observed.

However, the surface of the coating tended to be rougher after the WC nanoparticles were
added. From Figure 4.1(b) to (h), with increasing nanoparticle concentration, the density of
spherical nodular structures also increased.

When the concentration of the WC nanoparticles was 1 g/L, the surface of the Ni-P coating
was not sufficiently covered by overlapping packages caused by WC particles. When the nano-
WC concentration reached 5 g/L, the distribution of particles was uniform, and the surface was
fully covered by the Ni-P/nano-WC composite coating. Nevertheless, with the further increase of
the nanoparticle concentration to 10 g/L, the agglomeration of the packages was obvious, and the
surface was much more porous. The agglomeration was not effectively prevented even in the
presence of magnetic agitation and surfactant because the WC concentration in the bath solution
exceeded a critical level. Beyond this level, the WC nanoparticles will be aggregated due to the
decreasing mean distance between each other, causing the nanoparticles to settle. Moreover, as
nanoparticles can act as nucleation centers of the package during when the electroless Ni-P coating
is forming, the spherical nodule on the coating surface will also aggregate.

Fig. 4.2 shows the uneven surface of the Ni-P/nano-WC (10 g/L) composite coating as seen
through the 3D function of the OSM. The agglomeration of nanoparticles resulted in the formation
of peaks, suggesting the harmful effect of aggregation on surface uniformity.

The elemental composition of the electroless Ni—P coating and Ni-P/nano-WC (5 g/L)
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composite coating is shown in Figure 4.3. As shown in Figure 4.3 (b), the peak for W was detected,

confirming that the WC was incorporated in the Ni-P matrix.
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Figure 4.1 SEM images of electroless (a) Ni-P coating, (b) higher magnified image of Ni-P

coating, (c) Ni-P-WC (1 g/L) composite coating, (d) higher magnified image of Ni-P-WC (1
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g/L) composite coating, (¢) Ni-P-WC (5 g/L) composite coating, (f) higher magnified image

of Ni-P-WC (5 g/L) composite coating, (g) Ni-P-WC (10 g/L) composite coating, (h) higher

magnified image of Ni-P-WC (10 g/L.) composite coating.

Figure 4.2 (a) OSM morphologies of the Ni-P-WC (10 g/L) composite coating, and (b) 3D-

OSM morphologies of Ni-P-WC (10 g/L) composite coating.
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Figure 4.3 EDS analysis of the (a) Ni-P coating and the (b) Ni-P-WC (5 g/L) composite

coating.
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4.2.2 Electrochemical behaviors

4.2.2.1 Potentiodynamic polarization curves

To evaluate the electrochemical behaviors of the Ni-P coating and the Ni-P-WC
nanocomposite coatings, potentiodynamic polarization curves were measured in the NACE
standard TM0177-96 solution with H>S and CO3, as shown in Figure 4.4. The corrosion current
density was obtained using Tafel’s extrapolation method. The fitting values of corrosion current
density and the corrosion potential of coatings are listed in Table 4.1.

As shown in Figure 4.4, the corrosion potential of Ni-P-WC nanocomposite coatings showed
different degrees of positive shift, compared with that of the Ni-P coating, suggesting that the
corrosion tendency was reduced when the WC nanoparticles were incorporated. Correspondingly,
the corrosion current densities decreased noticeably, suggesting an increase in corrosion resistance.
No passivation process was seen in any of the polarization lines. The Ni-P coating revealed the
highest corrosion current density of ~4.04 x 10 A-cm™. When the concentration of nanoparticles
increased to 5 g/L, the corrosion current density decreased noticeably to 4.93 x 10 A-cm?,
suggestion the highest inhibition efficiency. Nevertheless, adding more WC nanoparticles slightly

increased the corrosion current density.
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Figure 4.4 Potentiodynamic polarization curves of coatings in the NACE standard

TMO0177-96 solution with H2S and COa.

Table 4.1 Corrosion current density and corrosion potential of Ni-P and Ni-P-WC

nanocomposite coatings in the NACE standard TM0177-96 solution with HzS and CO:s..

ECOI'I' ICOI'I'
Samples
(V vs. SCE) (A-cm?)
Ni-P -0.709 4.04 x 107
Ni-P-1g/L WC -0.585 1.17 x 107
Ni-P-5g/L WC -0.553 4.93 x 10°
Ni-P-10g/L WC -0.563 5.72 x 10

It is well known that Ni-P can protect a substrate from corrosion media by acting as a physical
barrier, which can block corrosive media. Furthermore, Ni in the coating can be preferentially
dissolved in corrosive media, enrichening phosphorus on the surface. A HoPO>" layer is formed
from the reaction between enriched phosphorus and H>O, blocking the access of water to the

coating and inhibiting nickel hydration.
54



However, there are still defects such as small pores and grain boundaries within the Ni-P
coating. These are harmful to the coating’s anti-corrosion properties. Incorporating WC
nanoparticles could fill up the tiny pores in the Ni-P coating, forming a more compact coating,
cutting the corrosion path, and minimizing the contact of aggressive ions. Moreover, the
nanoparticles work as nucleation points during the plating process, which cuts off the nodule
boundaries and decreases the nodule sizes. The nodule boundaries are main corrosion paths. This
suggests that the structure with co-deposited WC can remarkably improve the Ni-P coating’s
corrosion resistance.

However, excessive nanoparticles will lead to the aggregation and settlement of joint particles.
The agglomeration of nanoparticles will not only destroy the uniformity of the coating surface but
also increase the contact area between the surface and corrosive media, as seen in Figure 4.2. This
can explain why the corrosion resistance showed a decrease when the nanoparticle concentration

reached 10 g/L.

4.2.2.2 EIS analysis

Figure 4.5 shows the EIS spectra of different coatings in the NACE standard TM0177-96
solution with H>S and CO». As shown in Figure 4.5, the Nyquist plots for Ni-P coatings with
different concentrations of WC nanoparticles displayed a similar shape of a single semicircle with
different scales in the investigated frequency range, indicating that a similar electrochemical

process occurred on the coating surfaces. The diameter of the capacitance loop is associated with
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the polarization resistance of the coating. The diameters of all Ni-P-WC nanocomposite coatings
were larger than that of Ni-P coating, which demonstrated better corrosion resistance in the
corrosion environment. When the nanoparticle concentration rose from 1 g/L to 5 g/L, the
diameters of the capacitive arcs also increased. This occurred because more nanoparticles were
deposited with Ni-P coating with the increasing WC concentration. However, a greater increase in

nanoparticle concentration caused a slight decrease in the diameters of the capacitive arcs.
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Figure 4.5 Nyquist plots for the Ni-P coating and Ni-P-WC nanocomposite coatings in the

NACE standard TM0177-96 solution with H2S and COa.

Different models have been proposed to explain the EIS spectra for Ni-P-related coatings
[83,84]. The corresponding equivalent circuit shown in Figure 4.6 was used to fit EIS results and
determine relevant electrochemical parameters. Rs corresponds to the resistance of the solution

between the reference electrode and the working electrode. Rcoating is the resistance of the coating
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and R represents the charge transfer resistance. CPE| corresponds to the capacitance of the double

layer formed on the surface, and CPE is the coating capacitance.

CPE,

11
CPE,
_l Rl:nating : : :

Figure 4.6 The equivalent circuit for the Ni-P coating and Ni-P-WC nanocomposite

coatings in the NACE standard TM0177-96 solution with H2S and CQOa:.

The best fitting values of electrochemical parameters are listed in Table 4.2, which shows that
the values of CPE; and CPE; for all the coatings varied consistently. The CPE; and CPE; of the
Ni-P-WC coatings reduced significantly compared with that of the Ni-P coating. The decreased
CPE| demonstrated a lower porosity and a more compact coating. The lowest value was generated
by the Ni-P-WC coating formed in the plating solution containing 5 g/L. WC nanoparticles.

Rp (ReoatingtRet) can represent the polarization resistance of the coating during the corrosion
process, which was inversely related to the corrosion rate. The highest Reoating and Ret also came
from the Ni-P-5g/L WC coating, suggesting that this coating had the highest corrosion resistance
and the lowest corrosion rate. The EIS results were consistent with the results from the

potentiodynamic polarization curves.
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Table 4.2 The electrochemical parameters fitted from EIS data by using the equivalent

circuit.
Rs CPE\ Recoat CPE» Rt
Coatings (Qcm?) (Q'em?s™) (Qcem?) (Q'em?s™) (Q-cm?)
Ni-P 5.343 3.74 x 10 167.8 3.23 x 1073 1556
Ni-P-1g/LWC 5.417 2.18 x 10 1554 1.60 x 1073 643.2
Ni-P-5g/L WC 5.415 1.63 x 10 5534 1.04 x 10* 3558
Ni-P-10g/L WC 5.248 2.55 %107 5401 1.50 x 10 3205

4.2.3 Stability in the stimulated solution

4.2.3.1 EIS analysis

Figure 4.7 shows EIS plots obtained for the Ni-P and Ni-P-WC nanocomposite coatings with
different WC contents before and after the immersion test. As showed in Figure 4.7(a), before the
immersion the Nyquist curves for all coatings consisted of a semicircle and appeared similar
shapes but different sizes. This implies that same fundamental corrosion process occurred on the
surfaces of all these coatings, but that the effective area in each case differed. The size of the
semicircle was proportional to the anti-corrosion property of the coating [85]. Apparently, when
the nanoparticle concentration increased from 0 to 5 g/L, the size of the semicircle also increased
noticeably. However, when the concentration exceeded 5 g/L, the higher number of nanoparticles
caused a decrease in the size of the semicircle. This trend was also observed in Nyquist plots for
all coatings after being immersed for seven days, as depicted in Figure 4.7(b). It is noted that sizes

of the semicircles reduced slightly after seven-day immersion.
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The equivalent circuit used to explain the Nyquist plots and determine the relevant parameters
in the stimulated solution was the same as the equivalent circuit in Figure 4.6. The values of R,
(Reoating™ Ret) are listed in Table 4.3.

As mentioned before, the R, was the sum of the coating resistance (Rcoat) and charge transfer
resistance (R¢), and a higher R, could represent the better anti-corrosion ability of the coating. It
is clear that adding the WC nanoparticle led to the significant increase of Ry, indicating that the
corrosion resistance improved. However, the anti-corrosion ability of all of the coatings
deteriorated under the destructive ions in the simulated solution. Although R, for some Ni-P-WC
coatings changed more significantly than R, for the Ni-P coating, the R, values of most Ni-P-WC
coatings were still much higher than that of the Ni-P coating, further confirming that the Ni-P-WC
coatings were more stable in the long-term corrosion process. The Ni-P-WC nanocomposite

coating with 5 g/L still exhibited the best stability, consistent with the previous results.
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Figure 4.7 Nyquist plots for Ni-P and Ni-P-WC coatings in the simulated solution (a)before

and (b)after seven days immersion.
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Table 4.3 The values of Ry, fitting from EIS data by employing the equivalent circuit model.

Samples Rp (Q-cm?) Rp (Q-cm?)
before immersion after immersion
Ni-P 423 369
Ni-P-1g/L WC 1765 743
Ni-P-3g/L WC 2356 1058
Ni-P-5g/L WC 7603 6017
Ni-P-7g/L WC 6633 2980
Ni-P-10g/L WC 5595 2553

4.3.3.2 Surface morphologies

Morphologies of coating surfaces are shown in Figure 4.8. The long-term corrosion had an
obvious impact on the coating surfaces. As shown in Figure 4.8 (a), Ni-P coating was subjected to
severe localized corrosion. A large number of corrosion pits were induced, and they even
contributed to the rupture of the Ni-P coating. This indicates that the Ni-P coating was susceptible
to localized corrosion. Conversely, the deposition of corrosion products was observed around the
nodule structures on the surface of the Ni-P-WC coating, and no obvious localized corrosion was
found, suggesting that the Ni-P-WC coating had better corrosion resistance. This protective layer
formed by the corrosion product could make the coating more stable, preventing the Ni from

dissolving further.

60



Figure 4.8 Surface morphologies of (a) the Ni-P coating, and (b) the Ni-P-WC (5 g/L)

coating after seven-days immersion in the simulated solution.

4.2.4 Microhardness of the coating

Hardness is an important mechanical parameter that contributes to how effectively a material
resists scratches and dents. According to the literature, heat treatment can play a significant role in
the microhardness of Ni-P-related coatings [86,87]. Hence, Ni-P and Ni-P-WC coatings were
heated at 400 °C, 500 °C and 600 °C for one hour in a nitrogen atmosphere. The values of
microhardness are shown in Figure 4.9.

Figure 4.9 shows that the Ni-P-WC nanocomposite coatings generally had higher
microhardness than the Ni-P coating, suggesting that the incorporation of the WC nanoparticles
enhanced the microhardness. The co-deposited WC particles can be the second phase in the Ni-P
matrix, and work as a barrier to obstruct the plastic deformation and retard the dislocation motions.
The enhanced microhardness of the Ni-P-WC coating could also be due to the dispersion hardening
effect resulting from the high hardness of the WC nanoparticles. In the concentration range of 0
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g/Lto 5 g/L, the microhardness of the coating increased as the concentration increased. However,
the microhardness of the coatings decreased with nanoparticle concentrations larger than 5 g/L,
due to the harmful effect of agglomerated nanoparticles.

After being annealed at high temperatures, all the coatings exhibited higher microhardness.
The precipitation hardening occurred during heat treatment when the amorphous Ni-P transformed
into crystallites of Ni3P [88]. However, some literature reported that excessively high temperatures

might cause aggregating and coarsening of the grain size, decreasing the coating’s microhardness.
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Figure 4.9 The microhardness of as-prepared Ni-P and Ni-P-WC coatings and those

annealed at 400 °C, 500 °C, 600 °C.

4.3 Conclusions

The concentration of WC nanoparticles had an impact on the morphologies, microhardness,
and electrochemical properties of the coatings.

(1) When the concentration was higher than a critical level, aggregation was induced and
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created a porous surface.

(2) In the H»S and CO; environments, the Ni-P-WC coatings were more resistant to corrosion
than the Ni-P coating.

(3) Adding WC increased the hardness of the coating. Heat treatment also significantly
improved the microhardness.

(4) The optimized concentration of WC in the plating bath for microhardness and
electrochemical performance was 5 g/L. A higher nanoparticle concentration was harmful to the

coating properties.
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5. Development and characterization of electroless Ni-P-Fe3O4

nanocomposite coating

5.1 Introduction

Carbon steel be used to produce slotted liners in the Steam Assisted Gravity Drainage (SAGD)
system. However, carbon steel is susceptible to severe corrosion in a complex high- temperature
environment containing CO2, H>S, and brine. A wide range of surface modification methods have
been developed to improve carbon steel’s corrosion resistance and extend the material’s service
time, thereby reducing production costs.

Using electroless plating to obtain nickel-phosphorous (Ni-P) coating is the most
predominantly used method in many engineering applications due to its inherently unique
properties such as high corrosion resistance, wear resistance, uniform thickness, and high hardness
[48,89,90]. Another significant benefit of electroless plating is that it can be suitable even for
components with complex shapes [91]. According phosphorous content in the coating, these Ni-P
coatings can be classified into three types: low, medium, and high [14, 92]. Low phosphorus
coatings possess high hardness whereas coatings with high phosphorus content exhibit good
corrosion resistance [93].

Nevertheless, there are many pinhole defects in electroless Ni-P coating due to the hydrogen
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bubbles that evolve during the deposition process. These bubbles have a harmful effect on the
corrosion resistance of coatings [72]. An effective method to solve this problem and further
improve the physical and chemical properties of the coating is to incorporate nanoparticles in the
matrix [73]. Nanoparticles possess many well-known and unique properties because of their
quantum size effect. Nanoparticles co-deposited with Ni-P coating can be divided into two
categories. Hard nanoparticles such as WC, SiC, Al>O3, B4C, SiO», and TiO> have been used to
increase hardness, wear resistance, and corrosion resistance [69, 72, 94, 95]. Soft nanoparticles
such as MoS> and WS> can also be added to the plating bath to produce lubricating composite
coatings [96, 97]. Selecting appropriate nanoparticles can lead to composite coatings with highly
specific characteristics and desirable service parameters.

The Fe;04 1s a type of hard particle with favorable properties such as high corrosion resistance,
nontoxicity, low cost, environmental friendliness, and natural abundance. Hence, Fe3;Os4
nanoparticles are widely used for therapeutics [98, 109], battery material [100], and as catalysts
[101]. However, limited investigations have been conducted to examine the design of embedding
Fe304 particles in high phosphorous electroless coating. This study focuses on the fabrication,
properties, and performance of Ni-P-Fe3;O4 coatings on an L80 carbon steel substrate. The
properties of the Ni-P coating and Ni-P-Fe3O4 coating with different nanoparticle concentrations
in the bath were analyzed by SEM using EDS, XRD, potentiodynamic polarization, and EIS. The
influence of the nanoparticle concentration on the morphology, thickness, and corrosion resistance

of the coating was discussed in this report, and an optimized concentration was obtained. The anti-
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corrosion properties of the Ni-P coating and the optimized Ni-P-Fe3Os coating were further

compared by a long-term corrosion test, and the corrosion mechanism was investigated.

5.2 Results and discussion

5.2.1 Surface morphology and composition of the coatings

The morphologies of Ni-P coating and Ni-P-Fe;O4 coatings with different amounts of
nanoparticles are depicted in Figure 5.1. All of the coatings showed a crack-free surface. Their
surface morphologies were closely related to the concentration of Fe3O4 in the plating solution.
Figure 5.1 (a) shows the pores distributed on the smooth surface with some spherical nodules,
especially at the boundaries. When the nanoparticle concentration was low (0.4 g/L), there was no
significant change in the morphology. Most nanoparticles can be observed at the boundary of
nodules, where they block some coating defects. FesO4 nanoparticles had been embedded in the
Ni-P matrix via co-deposition. Figure 5.1 (c¢) shows that when the concentration reached 0.8 g/L,
the surface was almost fully covered by the coating, and few defects could be observed. The
surfaces became rougher, and nano-Fe3O4 particles were distributed randomly. The grain size
decreased to a smaller value as Fe;O4 could act as new growth zones. When the concentration of
Fe;04 was less than 0.8 g/L, the surfaces of the coatings were relatively smooth. However, large
nodular structures were found when more Fe3;O4 was added. Increasing the concentration of Fe3O4
nanoparticles (1.5 g/L) and incorporating them changed the surface morphology significantly.

Some spherical globules overlapped each other. The magnified image in Figure 5.2 (d) showed
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that the grain size of coating was also much larger. The contact area between the coating surface
and corrosion media increased, which created a problem because localized corrosion is more likely
to occur on a non-uniform surface. In addition, there were cracks around the edge of nodular parts,
which is problematic because the cracks expose the material to more corrosion. When the Fe;O4
concentration exceeded a certain level (0.8 g/L), the agglomeration of nanoparticles played an
important role [102], even with ultrasonic dispersion and magnetic agitation, and coating grew

around the agglomeration sites and made the surface an uneven.
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Figure 5.1 Morphologies of coatings investigated by SEM (a) Ni-P, (b) Ni-P-Fe304(0.4 g/L),

(¢) Ni-P-Fe304(0.8 g/L), (d) Ni-P-Fe304(1.5 g/L), (d) Ni-P-Fe304(3.0 g/L).

To further confirm the existence of Fe3O4 in the nano-composite coating, an EDS analysis of
coating surfaces was carried out. Fig. 5.2 shows the spectra. The iron peak was detected with a
nickel peak and phosphorous peak, confirming the presence of Fe3O4 nanoparticles in the Ni-P
matrix. Table 5.1 shows the composition of nickel and phosphorous in the coatings. The addition

of Fe30g4 slightly reduced the phosphorous content, but the nanocomposite coating was still highly

phosphorus.
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Figure 5.2 EDS spectra of (a) Ni-P coating, and (b) Ni-P-Fe304(0.8 g/L) coating.

Table 5.1 Composition of Ni-P coating and Ni-P Fe3O4 coating determined by EDS.

Type of coating Nickel (wt%) Phosphorous (wt%)
Ni-P 84.19 15.71
Ni-P-Fe304 (0.8g/L) 87.19 12.8

Figure 5.3 shows the XRD results of the Ni-P-Fe3O4 nanocomposite coating with the Fe3O4
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concentration of 0.8 g/L. There was a broad diffraction peak at the 40~50° angle due to the
amorphous status of the Ni-P coating [103]. No crystalline Fe3O4 characteristic peak could be
recognized because of the superposition of amorphous Ni-P peaks and the extremely low amount
of Fe3O4 within the coating [60,104]. However, SEM images (Figure 5.3) and EDS results (Figure

5.4) showed the existence of Fe3O4 in the nanocomposite coating.
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Figure 5.3 XRD spectra of (a) Ni-P, (b) Ni-P-Fe304(0.8 g/L) coating.

5.2.2 Thickness of the coatings

Figure 5.4 shows that the surfaces of Ni-P, Ni-P-Fe;04 (0.4 g/L), and Ni-P-Fe;04 (3.0 g/L)
coatings were smooth and uniform. However, with a higher concentration of nanoparticles, uneven
surfaces occurred, which was consistent with results of previous surface morphology studies. No
obvious Fe3O4 nanoparticles can be observed in Figure 5.4, likely because they are too small to
see.

Table 5.2 shows the values of thickness for different coatings. The concentration of
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nanoparticles significantly influenced the deposition rate of the coating. The deposition rate for
the Ni-P coating was measured at 7.6 pm/h. When the concentration of Fe3O4 was lower than 0.8
g/L, the addition of a nanoparticle to the plating solution increased the deposition rate. The highest

co-deposition rate, 9.5 pm /h, was obtained from the specimen co-deposited with 0.8 g/L.

Figure 5.4 Cross-section of Ni-P-Fe3O4 composite coatings plated from baths with different

concentrations of nanoparticles: (a) 0 g/L, (b) 0.4 g/L, (c) 0.8 g/L, (d) 1.5 g/L (e) 3.0 g/L.
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Fig. 5.5 shows the electroless plating process on the substrate surface as a way of explaining
the difference in thickness and surface morphologies between the Ni-P coating and Ni-P-Fe304
nanocomposite coatings. As shown in Figure 5.5 (a), the electroless deposition of the Ni-P coating
is accomplished by nickel and hypophosphite ions. Figure 5.5 (b) shows that when the nanoparticle
concentration is not excessively high, particles have sufficient opportunity to be embedded in the
coating and these entrapped particles can work as active zones, increasing the deposition rate and
coating thickness. Nevertheless, the deposition rate drops dramatically with the further addition of
Fe304 and decreases steadily as the concentration of Fe3Os in the system increases, as depicted in
Figure 5.5 (c). One explanation is that when the nanoparticle concentration exceeds a level (0.8
g/L), nanoparticles are more likely to cover the cathode surface, which suppresses the diffusion of
Ni?* ions from the solution to the substrate, decreasing the co-deposition rate. A higher
nanoparticle concentration can also lead to agglomeration and a higher viscosity of the solution,
lowering the deposition rate. [40, 89]. Furthermore, the aggregation of nanoparticles could destroy

the uniformity and smoothness of the surface.

Table 5.2 Difference in thickness of coatings with varied nanoparticle concentration.

Fe304 concentration (g/L) Thickness (um)

0 15.2
0.4 17.6
0.8 18.9
1.5 11.8

3 10.9
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Figure 5.5 The coating formation process in plating solutions with different Fe3O4

nanoparticle concentrations (a) 0 g/L, (b) 0.8 g/L, (¢) 3 g/L.

5.2.3 Electrochemical corrosion performance

5.2.3.1 Potentiodynamic polarization curves

The effect of the Fe3O4 concentration on the coating’s corrosion behavior was evaluated using
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potentiodynamic polarization curves. Figure 5.6 shows potentiodynamic polarization curves of Ni-
P-Fe304 nanocomposite coatings containing different amounts of nano-Fe3;O4 particles. Table 5.3
shows the results calculated using the Tafel extrapolation method.

As shown in Figure 5.6, the corrosion potential was shifted toward a positive direction in the
presence of nano-Fe3O4 particles. Also, according to the polarization curve, the Ni-P-Fe3O4
composite coatings had lower corrosion current density than the Ni-P coating. This suggests that
they possess better corrosion protection in salty environments.

As seen in Table 5.3, adding Fe3O4 nanoparticles increases the corrosion potential, promoting
a more positive potential value and decreasing the corrosion current density. Moreover, the Ni-P
coating revealed the highest corrosion current density of ~3.24 pA-cm™. This indicates that all the
nanocomposite coatings showed higher corrosion resistance than the Ni-P coating. When the Fe304
nanoparticle concentration was below 0.8 g/L, the lcorr gradually decreased as the concentration in
the plating solution increased. Furthermore, the I.orr decreased noticeably to its minimum value
(0.693 pA cm™) when the Fe3O4 content increased to 0.8 g/L. Nevertheless, with the increase of
the Fe3O4 concentration to 1.5 g/L, the e slightly increased to 0.922 pA-cm™. When the
concentration of Fe3Ox4 reached 3.0 g/L, the Leorr further increased to 1.1 pA-cm, showing that the
coating’s corrosion resistance had decreased. Among all nanocomposite coatings, the most
efficient inhibition was obtained for the coating that formed in the plating bath containing 0.8 g/L

nano-Fe3O4 particles.
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Figure 5.6 Potentiodynamic polarization curves of coatings in the 3.5 wt.% NaCl solution.

Table 5.3 Corrosion characteristics of Ni-P coating and Ni-P-Fe30O4 coatings in 3.5 wt.%

NaCl.
Samples Ecorr (V vs SCE) Leorr (X10° A-cm?)

L80 -0.604 11.3

Ni-P -0.532 3.24
Ni-P-Fe304-0.4g/L 20.417 1.26
Ni-P-Fe304-0.8g/L -0.368 0.693
Ni-P-Fe;04-1.5g/L -0.394 0.922
Ni-P-Fe304-3.0g/L -0.442 1.1

5.2.3.2 EIS analysis

Figure 5.7 presents the Nyquist plots of the substrate and coated specimens obtained at open

circuit potential in 3.5 wt.% NacCl solutions. The Nyquist plots for all specimens showed similar
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shapes of a single semi-ellipse in the frequency range from 10 kHz to 0.01 Hz, suggesting that the
same electrochemical process occurs on the surfaces. But the radius of the curves showed that each
coating had a different corrosion resistance. With the introduction of Fe3O4 nanoparticles to the
Ni-P coating, the radii of the capacitive arcs of the Ni-P-Fe3O4 coatings were larger than those of
the Ni-P coating, indicating that the Ni-P-Fe3O4 coating exhibited better corrosion resistance.
When the nanoparticle concentration increased up to 0.8 g/L, the radius of the curve reached the
highest value.

The equivalent circuits depicted in Figure 5.8 are used to simulate and describe corrosion
property parameters of the substrate and coatings [74]. The equivalent circuit denoted solution
resistance (Rs), coating resistance (Rcoating), charge transfer resistance (Rc¢), admittance associated
with the double layer capacitance (CPE)), and coating capacity (CPE:). The best fitting values of
R¢t and Ry based on the equivalent electric circuit are listed in Table 5.4.

As shown in Table 5.4, the Ry (RertReoating) of the Ni-P coating was significantly higher than
that of the substrate. With the nano-Fe3;O4 particles incorporated in the Ni-P coating, the R, values
of the Ni-P-Fe;04 coatings were several times greater than those of the N-P coating. For coatings
with a concentration of Fe;O4 nanoparticles under 0.8 g/L, the value of R;, increased when the
concentration of nanoparticles increased. When the concentration of nanoparticles was 0.8 g/L, R
reached the maximum value (76290 Q-cm?) among all coatings, which meant it had the best
corrosion resistance. Nevertheless, there was a gradual decrease in the R;, value as the nanoparticle

concentration increased further. The corrosion trend of the coatings presented in the
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electrochemical impedance data was in good agreement with the results obtained from the

potentiodynamic polarization curves.
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wt.% NaCl solution.
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Table 5.4 Equivalent circuit parameters for impedance spectra

Material Rp(Q2-cm?) Recoating (Q2-cm?) Rct (-cm?)
L80 2610 - 2610
Ni-P 18299 10880 7419
Ni-P-Fe;04 (0.4g/L) 44812 372 44440
Ni-P-Fe;04 (0.8g/L) 76290 39110 37180
Ni-P-Fe;04 (1.5g/L) 69740 40500 29240
Ni-P-Fe304 (3.0g/L) 36387 517 35870

5.2.4 Stability of Ni-P-Fe;O4 coating

5.2.4.1 Immersion test at room temperature under normal pressure

From the above results, it can be concluded that adding Fe;O4 will further improve the Ni-P
coating’s corrosion resistance and that the Ni-P-Fe304(0.8 g/L) coating performs best in anti-
corrosion property. Further experiments are needed to prove that the Ni-P-Fe3O4 coating is stable
enough to provide long-term corrosion protection.

As shown in Figure 5.9, SEM detected the morphologies of coatings after immersion tests at
room temperature and normal pressure. Figure 5.9(a) shows that serious localized corrosion
occurred on the surface of the Ni-P coating after a 15-day immersion, and that the diameter of pits
was in the micro-scale region. Figure 5.9(b) shows the pit surrounded by loose corrosion product.

In contrast, there was no evident localized corrosion on the surface of the Ni-P-Fe;O4 coating
as shown in Figure 5.9(c) and almost the whole area was covered by corrosion product. The two

coatings’ morphologies differ because corrosion types differ. With structural defects within the
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coating, the surface of the Ni-P coating was more prone to local corrosion. However, the existence
of Fe3O4 nanoparticles weakened the harmful impact of defects on the anti-corrosion property of
the coating, thereby resulting in general corrosion. Because pitting corrosion on the Ni-P coating
surface was more severe, the comparison of different coatings’ morphologies confirmed that the

Ni-P-Fe;04 coating had better corrosion resistance.

5.2.4.2 Capsule test

After a high temperature, high-pressure corrosion test for 240 hours, the surfaces of the Ni-P
coating and Ni-P-Fe;O4 coating were observed using OSM (Figure 5.10). Figure 5.10 shows that
after the 10-day corrosion, there was obvious localized corrosion on the surface of the Ni-P coating.
The corrosion product deposited around the pit. However, the surface of the Ni-P-Fe3;O4 coating
was still smooth without any corrosion product, and no significant corrosion sites could be found.
This indicates a better corrosion resistance in a long-term test. With nanoscale sizes, nanoparticles
filled the defects of the Ni-P coating, which worked as a protective barrier between the substrate
and corrosion media. As localized corrosion is likely to occur in defects, incorporating

nanoparticles can improve the stability of nanocomposite coating.
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Figure 5.9 SEM morphologies of coatings after immersion for 360 h (a) Ni-P coating, (b)

higher magnified image of Ni-P coating, (¢) Ni-P-Fe304 (0.8 g/L) coating, (d) higher

magnified image of Ni-P-Fe304 (0.8 g/L) coating.

Figure 5.10 OSM morphologies of (a) Ni-P, and (b) Ni-P-Fe304 (0.8 g/L) coatings after high

temperature, high-pressure corrosion test.
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5.2.4.3 Autoclave test

The corrosion rate during the autoclave test can be determined by the weight loss of samples
as follows:

_ 8.76x10* Am
S pt

V (-1

Where V is the corrosion rate, mm/y; Am is the mass loss, g; S is the exposure area of the
specimen, cm?; p is the density of the specimen, g/cm?; and t is the corrosion time, h. As depicted
in Figure 5.11, the corrosion rates of the Ni-P coatings and Ni-P-Fe;O4 (0.8 g/L) coatings after
high temperature, high pressure corrosion tests were calculated using the weight loss method. The
corrosion rate of the Ni-P coatings was 0.01661 mm/y, while that of the Ni-P-Fe3O4 coatings was
0.00668 mm/y, confirming that incorporating Fe3O4 nanoparticles can further improve the stability

of the Ni-P coating.
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Figure 5.11 Corrosion rate of Ni-P and Ni-P-Fe304 (0.8 g/L) coatings during the high-

temperature high-pressure corrosion process.
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The corrosion product on the surfaces and morphologies of the coatings was also
characterized by SEM, as shown in Figure 5.12. Apparently, loose corrosion product was
uniformly distributed on the whole surface of the Ni-P coating, and no obvious nodular structures
could be detected. This was due to the dissolution of the Ni-P coating during the general corrosion
process. Nevertheless, nodular structures still existed on the Ni-P-Fe3O4 coating surface, and
corrosion product covered only a small part of the Ni-P-Fe3O4 coating surface; it was especially
concentrated at the boundary of nodular structures. It can be concluded that the Ni-P-Fe3;O4 coating
suffered less damage from corrosion, indicating better anti-corrosion properties and corresponding

to results that had been calculated in electrochemical tests.

Figure 5.12 SEM morphologies of coatings after high-temperature high-pressure corrosion

test for 200 h (a) Ni-P coating, (b) higher magnified image of Ni-P coating, (¢) Ni-P-Fe3O4
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(0.8 g/L) coating, (d) higher magnified image of Ni-P-Fe304 (0.8 g/L) coating.

5.2.5 Discussions

There are several possible explanations for the observed results. Electroless Ni-P coating
works as a barrier film, protecting the weak substrate from meeting the corrosive media. The
literature reports about Ni-P coatings suggest that nickel in the coating is likely to dissolve at OCP
when the coating is immersed in the corrosive environment, enriching the phosphorus on the
surface [48]. This sacrificing property leads to the formation of a layer with adsorbed
hypophosphite anions. The layer will play an important role in blocking the water supply to the
surface, preventing the nickel from dissolving. However, with the existence of the pores or small
defects within the coatings, the corrosion process can still occur from the coating surface to the
substrate. The nodule boundaries formed in the deposition process of Ni-P coating also act as main
corrosion paths when the coating surface contacts corrosive media.

From surface morphology of Ni-P-0.8 g/L Fe3O4 coating, the density of pores is significantly
reduced by co-depostion of nanoparticles. This is because incorporated nanoparticles can fill a part
of pores, producing a more compact coating. It should be noted that the particles can also improve
the coating thickness and reduce the nodule sizes by blocking the nodule boundaries, because the
particles work as nucleation points during the growth of the coating.

When the concentration of nanoparticles was below a certain level (0.8 g/L), incorporating

the Fe3O4 nanoparticles with the Ni-P coating helped to reduce porosity along with nodule sizes,
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and increase coating thickness. The Fe3;O4 nanoparticles filled the pores and blocked nodule
boundaries, acting as protective barriers against the initiation and aggravation of defect corrosion.
In this concentration range (0-0.8 g/L), the corrosion resistance was enhanced as the nanoparticle
concentration increased. However, when this concentration was higher than 0.8 g/L, the increased
concentration led to an agglomeration of nanoparticles, creating a detrimental impact on the
uniformity of coating surfaces and generating a loose surface. Poor uniformity enhanced the
contact area between the surface layer and corrosion media, accelerating the corrosion processes
[68,105]. Excessive nanoparticles deposited in the coating also decreased the phosphorus content,

which was essential to the corrosion resistance.

5.3 Conclusions

1. Adding different amounts of Fe3O4 had a significant influence on the morphology of
coatings. The co-deposition of Fe3O4 could decrease porosity. When the Fe;O4 concentration was
under 0.8g/L, the coating surface was smooth with uniformly distributed Fe3O4. The Ni-P-Fe;04
(0.8 g/L) coating had the lowest porosity. With a higher Fe;O4 concentration, large overlapping
spherical, globular structures appeared, leading to a rougher surface. The structure of the coating
was not changed by the Fe;O4. Both the Ni-P and Ni-P-Fe304 coatings were amorphous.

2. The thickness of the coatings was also highly affected by different nanoparticle
concentrations. The appropriate addition of nanoparticles could enhance the thickness of the

coating, while a higher level of concentration decreased the thickness.

83



3. All of the Ni-P-Fe;04 coatings with varying concentrations of Fe;O4 nanoparticles showed
a better corrosion resistance than the Ni-P coating. The critical level of nanoparticle concentrations
for the Ni-P-Fe;04 coating was 0.8 g/L, beyond which the nanoparticles would agglomerate and
negatively affect the coatings’ anti-corrosion properties. For corrosion resistance, the optimized
concentration of Fe3O4 was 0.8 g/L.

4. Long-term corrosion tests also confirmed that the Ni-P-Fe3O4 coatings were more stable.
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6. Conclusions

In this thesis, two kinds of Ni-P nanocomposite coatings were prepared and investigated.

1. Both the Ni-P-WC and Ni-P-Fe304 coatings exhibited a higher corrosion resistance than
the Ni-P coating.

2. Immersion tests also confirmed that the Ni-P-WC and Ni-P-Fe3O4 coatings were more
stable.

3. The crystal structure was not changed by the addition of nanoparticles.

4. Incorporating WC nanoparticles enhanced the Ni-P coating’s microhardness. Heat
treatment can further improve this beneficial effect.

5. The concentration of nanoparticles in the plating bath significantly influenced the coatings’
properties. There is a critical level below which adding nanoparticles improved the coatings’
properties (e.g., thickness, compactness, microhardness, anti-corrosion ability). However,
excessive nanoparticle concentrations resulted in an agglomeration of nanoparticles, which was

detrimental to the performance of the Ni-P nanocomposite coatings.
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7. Future work

Optimization

Only the effect of the nanoparticle concentration was studied in this thesis; some other
significant factors such as plating temperature, surfactant concentration, rotating speed, and pre-
treatments can also play important roles in coating properties. Therefore, it is essential to further
modify the coating via various methods.
Corrosion mechanism

In this thesis, corrosion tests were conducted in the presence of H>S and CO; at room
temperature under the normal pressure, and only CO; was injected into the autoclave in high-
temperature and high-pressure tests. However, real-life conditions involve a combination of high
temperature, high pressure, and the coexistence of H>S and CO». Therefore, it is important to test
the anti-corrosion properties of Ni-P coating and Ni-P nanocomposite coatings in high-temperature,
high-pressure tests with H2S and CO; to simulate the real environment in the oil field and study
coating’s failure mechanism. Such tests will clarify the relationships between the partial pressure
of H,S and CO,, temperature, the concentration of brine, and corrosion resistance.
The investigation of localized corrosion and initiation of pits through STM

Localized corrosion is the most common form occurring on the surface of carbon steel in oil

fields. This kind of corrosion is likely to be induced by structural defects in the material. Although
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Ni-P nanocomposite coatings have desirable properties, defects exist in their structures.
Understanding the initial stage of localized corrosion enables researchers to design better coatings
and prevent corrosion. Scanning Tunneling Microscopy (STM) is an in situ, non-destructive form
of measurement that can be used to investigate local corrosion events on the coating surface. A
core component of STM is the microprobe, which can be precisely positioned to the region of
interest on the surface. SEM can generate potential/current mappings over a specimen surface and
topographical images, leading to a better understanding of the initiation and propagation of
localized corrosion around the defects and establishing the relationship between localized

corrosion events and the morphology change.
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