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Abstract

Oil and gas pipelines are subject to various forms of damage and degradation during
their operation. Electroless Nickel (Ni-P) coatings are widely employed as protective
coatings due to their ease of application and unique properties, including high wear and
corrosion resistance. However, they are not ideal for protecting pipelines due to their
brittleness. Thus, Tribaloy (CoMoCrSi) alloy is used in this study as second phase particles
to develop a novel Ni-P composite coating with enhanced hardness and toughness. The
objective of this research is to develop and characterize the Ni-P-Tribaloy composite
coating, and to evaluate the effect of the addition of Tribaloy particles on the wear
performance. Ni-P-Tribaloy coatings were successfully deposited on AISI 1018 steel
substrates. Coating characterization was carried out using XRD, SEM, and EDS. The 15.7
vol.% Tribaloy composite coating was subjected to hertzian-type indentation, multiple-
pass scratch, and low-stress abrasion tests to examine the coating’s wear behaviour under
different conditions. The Ni-P-Tribaloy coating exhibited superior indentation behaviour.
It was found that the addition of Tribaloy particles improved the hardness and fracture
toughness of Ni-P and promoted ductile behaviour. Higher wear rates were observed under

sliding wear for Ni-P-Tribaloy mainly due to the large Tribaloy particle size used.
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Chapter 1 — Introduction

The global dependence on pipelines in major applications such as in the oil and gas
industry, during the production and distribution of crude oil and natural gas, has prompted
the need for research aiming to protect pipelines from failure and prolong their service life
[1]. Pipelines and process equipment are subject to various forms of service-induced
damage and degradation including uniform and/or localized metallurgical failures [2].
Pipeline transport is a safe and economic way for transporting oil and gas compared to
other means of transportation, however, pipeline failure has the potential of causing

significant financial and environmental losses [3], [4].

The leading cause of pipeline incidents over the period 2016-2020, according to
the latest report from the Canadian Energy Pipeline Association (CEPA) [5], is metal loss,
followed by cracking, then materials, manufacturing, and construction defects, as shown
in Figure 1-1 based on monitoring of the 95,592 km network of transmission pipelines.
CEPA also reported in their 2021 performance report that $1.2 billion were invested in
maintenance and monitoring of pipeline systems in 2020, as well as, $88.9 million invested
between 2016-2020 in innovative technology for reducing pipeline corrosion and

improving pipeline inspection, leak detection and damage prevention.

@ 57% Metal loss
® 13% Cracking
@® 12% External interference
@ 7% Other
6% Materials, manufacturing and construction

@ 4% Geotechnical

Figure 1 — 1: Cause of pipeline incidents reported by CEPA [5].

To minimize the degradation due to these causes, different preventative and
protective measures have been adopted such as changing the material and applying

coatings, when altering the operating conditions and environment is not possible nor



practical. Changing the material to one that is more wear and corrosion resistant could be
costlier, therefore, the application of coatings is a suitable technique to provide said

protection [6].

Coatings can be applied through several methods including electroplating,
electroless plating, mechanical plating, and hot dipping. Electroless coating is the most
marketable method due to its unique properties and ease of application [7]. Without the use
of an external electric current, this process can achieve uniform coatings on complex parts
compared to electroplating, making it an excellent candidate for protecting pipelines [6],
[7]. Electroless nickel-phosphorus (Ni-P) coatings represent over 95% of industrial
electroless coatings and they are widely used in several industries, such as electronics,
aerospace, and automotive industries, due to their favorable properties, including high wear
and corrosion resistance, hardness, lubricity, and adhesion, allowing for protection of parts
under severe operating conditions [7]-[11]. However, Ni-P coatings are brittle and they
exhibit low toughness, which limits the coating’s suitability for use as pipeline coatings

where high scratch and dent resistance are required [6], [11], [12].

Recent research has proven that specific properties can be enhanced through the
co-deposition of second phase particles into the metallic Ni-P matrix, and this leading trend
in research has resulted in the development of different Ni-P composite coatings [13].
Tribaloy (CoMoCrSi) alloys are cobalt based alloys that possess outstanding wear and
corrosion resistance and hardness due to the alloy’s unique chemical composition, with
each alloying element contributing to the alloy properties [14]. There is currently no
literature available on the deposition of Tribaloy particles by electroless plating, however,
it is an excellent candidate to be used in the development of a wear-resistant Ni-P-Tribaloy
composite coating. Improved wear resistance is achieved by enhancing the overall hardness

and toughness properties of the coating.

In order to fill this gap in research, the novel composite coating needs to be fully
characterized through various experimental methods to develop an understanding of its
behaviour under different wear conditions, after examining the integrity and composition
of the coating to confirm its successful deposition. The wear behaviour will be investigated

through hertzian indentation, scratch, and low-stress abrasion tests, accompanied by



comparisons with monolithic Ni-P coatings under the same conditions to evaluate the effect

of the Tribaloy additions. This will require an understanding of Hertzian contact, sliding

wear, toughening mechanisms, wear mechanisms, fracture mechanisms and types of

cracks. Thus, the objectives of this research are as follows:

1.

Investigate the possibility of depositing electroless Ni-P-Tribaloy composite
coatings on low carbon steel substrates.

Characterize the Ni-P-Tribaloy coating: composition, surface, thickness, micro-
hardness, etc.

Study the performance of the Ni-P-Tribaloy coating under indentation, scratch,
and abrasion tests.

Compare the wear performance of the Ni-P-Tribaloy with that of the monolithic
Ni-P coating.

Identify the toughening and wear mechanisms present in the Ni-P-Tribaloy

coating.

The content of this thesis is divided into five chapters. Chapter 2 contains a

literature review on electroless nickel, composite coatings, Tribaloy alloys, toughening

mechanisms, wear mechanisms, and fracture mechanics. Chapter 3 outlines the

experimental methodology. Chapter 4 contains the presentation of the results and their

formal discussion. Chapter 5 provides the conclusions and future recommendations.



Chapter 2 — Literature Review

2.1 Electroless Ni-P Coatings

Electroless plating is an autocatalytic plating method through chemical reduction
in an aqueous solution without the use of electrical current, involving a series of
simultaneous chemical reactions. Unlike electroplating, the driving force of this process is
supplied by a reducing agent. It is used to provide mechanical and tribological properties
such as hardness and resistance to wear and corrosion, as well as aesthetic appearance of
metallic parts [15], [16]. The most common type of electroless plating is the electroless
deposition of nickel, or Electroless Nickel (EN). However, other metals are also being

deposited including copper, gold, and cobalt [7], [10].

The deposition of nickel through the reduction of the metal salt by hypophosphite
was first discovered by Wurtz in 1844. Later, Roux patented the process for general metal
plating using hypophosphite and orthophosphite [10], [16], [17]. However, this process
have not been studied further or used commercially until it was rediscovered in 1946 by
Brenner and Riddell [18]. They have outlined the process of deposition of nickel and cobalt
by chemical reduction using a variety of reducing agents, operating parameters, and bath
compositions, in order to find the optimum conditions. In 1947, Brenner and Riddell
proposed the term “electroless” for this process and outlined their findings for the optimal

bath conditions [19].

The electroless plating method, particularly Electroless Nickel, has since been the
focus of research interest, successfully used in various surface engineering applications,
and proven to have several advantages. Numerous characterization studies have been done
on different electroless coatings and it has been found to have excellent tribological
properties such as high hardness, wear resistance, corrosion resistance, and lubricity,

allowing for protection of parts in unfavorable environments [9], [15].

Studies have shown that the content of phosphorus, or boron, in the coating deposit
can alter its corrosion resistance and hardness. Also, the addition of other alloying elements
will have an effect on the behavior and properties of the coatings, which opened a new area

of research to find new coatings with desired properties for specific applications, by

4



varying the coating composition [10], [15]. Electroless plating is also an efficient and cost-
effective process as it can be carried out in a controlled environment, requiring no
electricity and using less equipment than electroplating, as well as requiring fewer coats to

accomplish a strong, high-quality coating [15].

The driving force for the reduction of the coating metal ions and their deposition
on the substrate is supplied by a reducing agent, typically sodium hypophosphite for
Electroless Nickel. Since this driving force is essentially constant at all points of the
surface, and not dependent on current distribution, the deposit thickness is uniform
regardless of the complexity of the surface geometry of the substrate, provided that the
agitation is sufficient to ensure a uniform concentration of metal ions and reducing agents
[15]. This combined with the ability of electroless plating to be used to coat various metals
such as carbon steels, stainless steels, and aluminum, allows this method to be very
effective in coating a variety of industrial parts with irregular shapes and complex geometry
evenly and completely, such as valves, bores, mechanical tools, and threaded parts [15],

[20].

In this process, the reaction of the metal ions of the coating metal with the reducing
agent results in the deposition of metal atoms of the coating metal and the oxidized product
of the reducing agent [16]. In the case of Electroless Nickel, using sodium hypophosphite

as the reducing agent, the anodic and cathodic reactions are as follows [9], [16]:

H,PO* + H,O — HPO> +2H" +2¢
Ni?*+2e~ — Ni

Resulting in the following net reaction:

Ni 2" + H,PO* + HbO — Ni+ H,PO* +2H"

The process described above utilizes the reducing effect of the hypophosphite in
salt solution of nickel at a high temperature. The hypophosphite is oxidized as the anodic
component of this chemical reaction, resulting in a negative charge on the surface of the
base metal, while the nickel ions from the salt solution are reduced to nickel atoms as they

are deposited on the substrate [15].



2.1.1 Electroless Plating Bath

For optimal coating deposition, the plating bath must be controlled at certain
operating parameters including temperature and pH. Properly controlling the pH allows for
achieving maximum reducing power, therefore, achieving maximum deposition rates,
while the temperature of the bath provides the energy for deposition. Tests have been
conducted in various bath compositions to find the suitable operating conditions for each

application [15], [19].
A typical plating bath generally consists of the following components [10], [21]:

e Metal ions

e Reducing agent

e Complexing agent
e Stabilizer

e Buffer

e pH regulator

The first component is the salt solution of the coating metal. This is the source of
metal ions, to be reduced and deposited on the surface of the substrate [21]. Secondly, the
reducing agent supplies the electrons for the reduction of metal ions while getting oxidized.
In case of hypophosphite, it also supplies the phosphorus content in the deposited alloy [9].
Moreover, a complexing agent improves the quality of the deposit. It prevents excess of
free metal ions concentration and prevents nickel phosphate precipitation in Electroless
Nickel [10], [15]. The Buffer sustains the pH for a long time. It controls the pH allowing
for a thin and uniform plating to be obtained [21]. Also, the presence of pH regulators for
the adjustment of the pH in the short term. The pH of the solution decreases consistently
during reduction; therefore, continuous additions of an alkali hydroxide is required [9],
[21]. The stabilizer prevents the decomposition of the coating solution. It prevents the bath
from decomposition by protecting catalytically active deposition. Accelerators increase the
deposition rate by activating the hypophosphite anions, thus accelerating the reducing

agent [10], [15].



Bath additives such as complexing agents and stabilizers are added to plating baths
to improve their operation. Complexing agents are typically organic acids or their salts.
Ammonium ion is normally used in alkaline baths to control the pH. The complexing
agents’ main purposes are to preserve the stability of pH, to prevent the precipitation of the
metal salt, and to decrease the amount of free metal ions [10], [15]. Stabilizers are needed
in the event of an increase in the quantity of the produced hydrogen gas resulting in the
precipitation of fine black particles causing the solution to decompose abruptly. Typical
materials used as stabilizers include thiourea, sodium ethylxanthate, lead or tin sulphide

[15].

A basic apparatus used in electroless plating by Li et al. [22] is shown in Figure 2—

1, including, a thermostat for controlling temperature and a specimen rotator.

4| Specimen rotator

Thermometer Teflon cap
(90 °C)
Electroless nickel Sample
bath
Water area Temperature control

Figure 2 — 1: Schematic diagram of a typical electroless plating cell [22].
2.1.2 Factors Affecting Electroless Plating

There are several factors that affect the deposition rate and the quality of the
deposition and its appearance during the process of electroless plating. The factors include
the bath concentration, the bath time, the bath volume, the operating temperature and pH,

and the additives to the bath [15], [23].

Bath concentration is the quantity of each component of the plating bath, and it is

crucial to the quality of the final product, as it directly affects the rate of deposition and the



amount of metal deposited on the substrate. A higher deposition rate is achieved by a higher
concentration of the metal ions source or the reducing agent. However, the depletion of the
metal ions causes a decrease in the mass of the reduced metal as the equilibrium shifts and
less metal ions are available relative to the electrons released by the reducing agent. A study
with the emphasis of examining the concentration of the reducing agent has found that an
increase in concentration leads to a higher deposition rate and surface roughness. However,

with a further increase, it leads to bath decomposition [15], [24].

Bath time refers to the duration of the plating process, and it is dependent on the
stability of the bath solution. A longer bath time yields an increase in deposition of the
coating metal, provided that the bath is stable [15]. Bath volume is another parameter that
influences the quality of the plating and is considered to ensure that the operational level
of the plating bath is sustained. For a plating bath solution that is at 100% efficiency and is
chemically balanced at the beginning of the process, its efficiency will decline as plating

occurs and the bath chemistry is consumed [15].

The operating temperature is one of the two main operating parameters that
determines the success of an electroless plating process [15]. Sudagar et al. [10] has
reported that temperature greatly influences the rate of deposition, stating that the
deposition rate increases exponentially with increased temperature, as other parameters
remaining constant. A lower temperature, below 60 °C, provides insufficient energy for the
reactions to take place. On the other hand, a higher temperature can lead to an excessively
active bath, potentially resulting in a “plate-out” effect or bath decomposition [15], [25].
There is an operating temperature range for electroless nickel plating where the bath
operates effectively. However, a bath temperature should not exceed 92 °C where it
becomes difficult to maintain the pH of the solution, causing the quality of the coating to

deteriorate [9].

The other main operating parameter is the pH of the plating bath. Certain types of
electroless plating require an acidic bath to achieve practical and quality deposition, while
others require an alkaline bath, therefore, the operating pH is a key parameter in a plating
bath. The pH also influences phosphorus content in the deposit. A higher phosphorous

content is produced at lower pH values, and conversely, lower phosphorous contents are



produced when operating at higher pH values [15]. Chen et al. [26] has found that a
phosphorous content of up to 25% can be obtained in an acidic bath at a pH of 4, while at
a pH in the higher alkaline range, less than 1% phosphorous content is observed. Another
study had proven the reliance of the good adhesion characteristics to steel of coatings from

acidic baths on the bath pH [27].

Proper pre-treatment of the substrate is required in order to achieve strong adhesion
between the deposited coating and the substrate. The metal substrates, such as steel, need
to be ground with abrasive grit paper then finely polished with diamond suspension
solutions to ensure a smooth surface for coating deposition. To prepare for plating, the
substrates should be treated with an alkaline cleaning solution, consisting of sodium
hydroxide or sodium carbonate, followed by an acid etch using sulfuric acid or
hydrochloric acid. Other substrates may necessitate a different pre-treatment process,

depending on the material of the substrate [12], [28].
2.1.3 Properties of Electroless Ni-P Coatings

The properties of the Ni-P coatings are greatly influenced by their phosphorus
content, which is dependent upon plating parameters and bath composition. Coating
deposits containing between 1-5 wt.% P are referred to as low phosphorus Ni-P, while
coatings between 6—9 wt.% P are medium phosphorus Ni-P, and 9—11 wt.% P are high
phosphorus [6]. The densities of Ni-P coatings range from 7.75 gm/cm® for high
phosphorous deposits to 8.5 gm/cm? for low phosphorus deposits [10].

Electroless Ni-P coatings exhibit high wear resistance due to their typically high
hardness. One major drawback of electroless Ni-P coatings is their low toughness and low
ductility. This is more pronounced in low phosphorus coatings. Higher phosphorus content
is associated with lower hardness and higher ductility [28], [29]. The Vickers hardness (at
100 g load) of Ni-P coatings ranges from 500 to 600 HV o0 and the ductility ranges from
0.7% elongation to 1.5% elongation. Both properties depend on the phosphorous content

and can be improved through post-deposition heat treatment [28], [29].

The phosphorus content also influences the degree of crystallinity of the deposited

coatings. High phosphorous coatings are amorphous and low phosphorous coatings are



microcrystalline, while medium phosphorus coatings typically have a structure that is
mixture of crystalline and amorphous [6], [30]. The amorphous nature of Ni-P coatings
promotes ductility and corrosion resistance [29]. Ni-P coatings in general possess good
corrosion resistance due to their amorphous structure as amorphous materials often exhibit
better corrosion resistance than equivalent polycrystalline materials due to the lack of grain
boundaries. Therefore, high phosphorus Ni-P coatings possess the highest corrosion

resistance compared to lower phosphorous content [28], [31].

Electroless Ni-P coatings also possess excellent frictional properties due to the
natural lubricity provided by their phosphorous content, which adds to the wear resistance
and is very beneficial in applications where high lubricity is required. Ni-P coatings’
coefficient of friction against steel is 0.12-0.13 and 0.43-0.44 for lubricated and

unlubricated conditions, respectively [10], [28].
2.2 Composite Ni-P Coatings

Electroless composite coating is the incorporation of uniformly distributed second
phase particles into the metallic matrix of the electroless coating during the plating process.
The composite materials may be hard particles or nonmetallic materials [10]. It has been
widely researched and proven to improve the tribological properties of the electroless
coatings through dispersion strengthening and modifications of coating characteristics.
This has introduced a new generation of electroless coatings and a potential for further

improvements in the performance of the coatings in a wide range of applications [32], [33].

Composite coatings are achieved through the impact and settling of the second
phase particles on the surface of the substrate, before being surrounded by the metallic
matrix as it undergoes deposition. There are no molecular bonds between the metal matrix
and the dispersed particles [10]. The uniform distribution of the second phase particles is
accomplished by the use of magnetic agitation, stirring, and surface modification of

particles using a surfactant to avoid agglomeration [32].

It was reported that the addition of those particles in the electroless bath increases

the surface area loading by more than two orders of magnitude, which caused early work
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in this area to be unsuccessful as plating baths became unstable and decomposed, until

appropriate stabilizers were used to prepare the coatings [34].

Many researchers have studied composite coatings in electroless nickel and the
effect of the incorporation of second phase particles on the mechanical and tribological
behavior and of the coatings. Hard ceramic particles, such as silicon carbide, chromium
carbide, diamonds, and alumina, are used as reinforcements in electroless coatings, as well
as solid lubricant polymers like polytetrafluoroethylene (PTFE) and graphite [10], [35]—
[39].

2.2.1 Factors Affecting Composite Coatings Quality
The key factors influencing electroless composite coating are as follows [10]:

e Bath stability.

e Agitation.

e Size of particles.

e Concentration of particles.

e Surfactants.

Bath stability is affected by the increase in the surface area loading due to the
addition of the particles, causing the plating bath to decompose [10]. Agitation plays an
important part in this process to ensure that the particles are uniformly distributed in the
matrix. The particles are kept in suspension by being subjected to agitation as they are
incorporated in the deposit, and the materials should be arranged in a way where the surface
is facing upwards [10], [40]. It is suggested that if the agitation is too high, it can affect the
quality of the deposit negatively, even in a bath with optimal loading and appropriate

stabilizer concentration [41].

The size of the particles is an essential factor. Reddy et al. [42] suggested that the
integrity between the matrix and the second phase particles can be improved with smaller
particles as they are more easily held by the matrix. Apachitei et al. [38] reported that better
incorporation was achieved by spherical shaped alumina particles than irregularly shaped
particles, resulting in more favorable properties, namely much improved hardness. The

shape of the particles also influences the coating, with respect to the surface finish, as small
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round particles produce smooth surfaces and larger angular particles produce rougher
surfacer [10], [38]. Balaraju et al. reported that alumina particles with size 50 nm resulted
in superior corrosion resistance than 1.0 pm particles in Ni-P composite coatings, with no
significant change in hardness [43]. The particles size is ideally large enough to settle
during the deposition process with the nickel and phosphorous, but it should not be too

large to significantly increase the roughness of the coating surface [28], [34].

The concentration of the second phase particles affects their incorporation into the
matrix. Agglomeration of the particles may occur if a certain critical concentration is
reached or exceeded, as the particles become closer to each other, leading to their
settlement, and eventually saturation or lower degree of incorporation [44], [45]. Every
composite material has its suitable concentration, that is determined experimentally, to
achieve favorable results. For example, the optimal concentration of SiC in Ni-P coating
was found to be 20-25 vol.% to obtain the maximum hardness. Similarly, the optimal
concentration of PTFE is 20-25 vol.% to lubricate the plated part and reduce the friction
[10], [46].

Surfactants are additives that are used to ensure that the second phase particles are
uniformly distributed in the metallic matrix, and to avoid agglomeration of the particles.
They are particularly necessary if the particles used for reinforcement are soft particles like

PTFE or graphite [47], [48].

There are several ways of determining the level of incorporation of the second
phase particles reported in the literature. One way is using a plasma emitting spectrum
analyzer to determine the coating composition directly [49]. Another method is particle
counting by observing the surface morphology of the coating [50]. Furthermore, electron
microprobe analyzer can also be used [51], as well as observing the coating cross-section
using image analysis [52]. The second phase particles’ weight percentage in the deposit can
be determined by dissolving a known weight of the coating in nitric acid, then filtering

through a weighed 0.1 pm membrane filter [53].
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2.2.2 Properties of Composite Coatings
2.2.2.1 Hardness

One of the main benefits of composite coatings is the ability to improve the
hardness of the deposits. The hardness is influenced by the amount of the second phase
particles, as well as the phosphorus content in the matrix and, in some cases, the subsequent
heat treatment [10]. The addition of hard particles, such as SiC, increases the hardness of
the coating at any phosphorus content, whereas the addition of soft particles, such as PTFE,

with the purpose of reducing friction, lowers the hardness [54]-[56].

Huang et al. [56] investigated the electroless nickel composite coatings of both SiC
and PTFE on a mild steel substrate and found that the hard ceramic SiC improved hardness
from 453 HVso to 530 HVso (a 17% increase), while PTFE reduced it to 340 HVso (a 25%
decrease). Heat treatment of the SiC composite coating at 400 °C for one hour was found
to increase the hardness considerably from 956 HVso to 1365 HVso, a 43% increase in
hardness. Apachitei et al. [38] studied the composite coating Ni-P- A1203 with alumina
dispersed in the Ni-P matrix, on an aluminum alloy substrate, and found that the hardness
improved from 600 HVioo to 743 HVi00, a 24% increase in hardness, in the as-plated
sample. Heat treatment at 400 °C for one hour resulted in a 10% increase in hardness from

1136 HV 100 to 1248 HV1¢0.
2.2.2.2 Wear Resistance

Another main advantage of electroless composite coatings is improving the wear
resistance for applications where the components are subjected to wear and abrasion [10].
The co-deposition of various hard particles was studied, and it was found that wear
resistance similar to hard chromium can be achieved in electroless composite coatings.
Figure 2-2 compares the Taber wear index, representing the rate of wear, of multiple
electroless nickel composite coatings with hard chromium, as well as the monolithic Ni-P
coating, to illustrate the effect of the different second phase particles on enhancement of

wear resistance [10], [57], [58].
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Figure 2 — 2: Wear rates of electroless nickel composite coatings [10].

The wear resistance of composite coatings is influenced by several factors including
the type of co-deposited particles, their size, and their concentration, similar to their effect

on hardness [10].

SiC is incorporated commonly in electroless coatings and studied extensively as its
addition provides superior wear resistance proving to be beneficial in wear applications
[10]. It has been reported that higher incorporation levels result in an increase in wear
resistance, due to the dispersion strengthening effect of the particles [54], [59], [60]. Huang
et al. [56] found that the incorporation of SiC particles in electroless nickel results in an
82% decrease in wear rate, from 2.52 to 0.45 10* mm? N! m™!. However, they have also
found that the incorporation of the softer PTFE instead results in lowering the wear rate
further to 0.36 10° mm> N! m™! (85% decrease), while sacrificing a considerable amount

of hardness, as mentioned earlier.

Reddy et al. [42] studied the effect of the particles’ size on the wear resistance of
the deposits by incorporating different sizes of diamond particles in Ni-P matrix, ranging
from 3 pum to 40 um. They found that finer particles between 3-6 um exhibit better wear

resistance than larger particles of 20-40 pum size, given the coating thickness is equal. This
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was attributed to the degree of incorporation of the diamond particles for a certain thickness

being higher for the smaller diamond particles.

The wear of electroless Ni-P composite coatings occurs in two steps. The coating
undergoes mild abrasive wear damage relating to the surface durability, followed by more

severe wear that is characterized by the brittle detachment of debris [10], [61].
2.2.2.3 Friction

One of the purposes of composite coatings is to provide even better lubrication to
electroless Ni-P coatings and to reduce the coefficient of friction, which is advantageous
in unlubricated conditions or under prolonged friction where Ni-P coatings would fail.
Unlike hardness, more favorable friction properties are obtained with the incorporation of
soft particles. Graphite and PTFE are commonly used to provide good lubrication in

composite coatings as they are able to prevent adhesion between the mating surfaces [10].

The co-deposition of hard particles, such as SiC, results in poorer lubrication
properties for the composite coatings than the monolithic ones. Grosjeana et al. [37] studied
this effect in Ni-P-SiC composite coatings and attributed the increase in friction to the
abrasive properties of the carbide particles. Huang et al. [56] compared the effect of SiC
and PTFE particles individually in electroless nickel coating and found that the average
coefficient of friction for PTFE particles (0.48) is significantly lower than for SiC (0.59).
They obtained an intermediate value of 0.52 for the friction coefficient with the
incorporation of a combination of both particles. Other second phase particles used in
electroless composite coatings to provide better lubrication include carbon nanotubes and

boron nitride [10], [62], [63].

Surface roughness is an important parameter that influences the coefficient of
friction as it provides the contact area between materials. It is usually considered when
determining the quality of the coating. Composite coatings with soft particles have lower
surface roughness, relative to monolithic electroless coatings, while hard particles produce

rougher surfaces [10], [64].
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2.2.2.4 Corrosion Resistance

Corrosion resistance is one of the advantages of electroless coatings. However,
composite coatings are being developed to further improve this property in order to be used

in more challenging applications [65].

Electroless coatings are naturally passive and very corrosion-resistant in a wide
range of temperatures and pH values [66]. A group of researchers believed that the
incorporation of second phase particles in the matrix would reduce the passivity and
corrosion resistance, thus resulting in significantly less corrosion resistance for the
composite coating, compared to the electroless nickel. Therefore, composite coatings were
not normally recommended for applications requiring high corrosion resistance [67].
However, several electroless composite coatings were developed and found to have
enhanced the corrosion resistance, leading to more research into composite coatings with

the objective of increasing the corrosion resistance [67]-[71].

Balaraju et al. [67] evaluated the corrosion resistance of electroless Ni-P-Si3N4,
Ni-P-CeO2, and Ni-P-TiO2 composite coatings, comparing them to electroless Ni-P. All
three composite coatings exhibited much higher corrosion resistance in a 3.5 wt.% NaCl
solution at room temperature. This was attributed to the decrease in the effective metallic
area available for corrosion. The co-deposition of Si3N4 and CeO2 particles resulted in

higher corrosion resistance than the TiO2 particles.

Mohammadi and Ghorbani [72] investigated the effect of the incorporation of PTFE
and MoS; particles, separately and combined, into electroless nickel coatings regarding the
corrosion resistance in acidic and brine solutions. The PTFE composite coating showed
improved performance due to the particles blocking the pores of the electroless coating.
However, the MoS: particles led to poorer results and the combination of both particles led
to extremely poor corrosion resistance with five and ten times the corrosion rate of the
monolithic coating in the acidic and brine solutions, respectively. This adverse effect was

ascribed to some porosities existing in the coatings.

More composite coatings were developed with the objective of protecting pipeline

steel from corrosion through the co-deposition of Graphene and titanium by Masry et al.
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[66]. The corrosion performance of Ni-P-Ti and Ni-P-Graphene composite coatings were
measured using polarization methods and electrochemical impedance spectroscopy in a
3.5% NaCl solution and compared to Ni-P coating. The composite coating with titanium
showed superior corrosion resistance to the monolithic coating, and the graphene particles
provided the best corrosion resistance. Composite coatings with polymer particles, like
polyvinyl chloride and polyvinyl alcohol were also found to enhance the corrosion

resistance of electroless Ni-P coatings [73].
2.3 Tribaloy Alloys

The Tribaloy alloys are a series of cobalt-based alloys, or less commonly nickel-
based, containing a large volume fraction of a hard intermetallic Laves phase that is
dispersed in a softer solid solution cobalt matrix that allows the alloy to withstand
challenging and unlubricated conditions. They exhibit high strength, hardness, as well as
corrosion and wear resistance at a wide range of temperatures, due to their unique

microstructure and alloying elements [74], [75].

Tribaloy alloys are used extensively in coating and cladding applications in various
industries including the automotive and aerospace industries, as well as uses as hard-phase
particles in powder metallurgy of automotive valve seats and other drivetrain components
that requires outstanding wear performance at elevated temperatures [75]. Tribaloys are
developed primarily for applications where components are used under a combination of
extreme wear, high temperatures, and corrosive environments, where direct lubrication is

not possible, withstanding temperatures of up to 1000 °C [76], [77].

The main alloying elements of the Tribaloy alloys are chromium, molybdenum, and
silicon, each influencing the mechanical properties and the microstructure significantly.
The chromium content improves the corrosion resistance, while the addition of
molybdenum and silicon improve the wear resistance [74]. High molybdenum accounts for
the outstanding dry running properties of these alloys, making them suitable in adhesive

metal-to-metal applications [77].
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2.3.1 Laves Phase

The intermetallic Laves phase present in cobalt-based Tribaloy alloys have varying
proportions in the microstructure for different alloys. They are characterized as the C-14
(MgZn2) type and its compositions are approximately CoMoSi and/or Co3Mo2Si [74].
Higher content of molybdenum and chromium favors the formation Laves phase [78]. They
have high hardness values, up to 1000—1200 HV [79], and high melting point of about 1560
°C [74]. Tribaloys are usually hypereutectic, and the different variations consist of between

30-70 vol.% of the primary Laves phase [74], [80].

The presence of this phase greatly influences all the material properties. It is
primarily responsible for the excellent abrasion resistance, however, it limits the alloy’s
ductility and impact strength [81]. Both molybdenum and silicon are added at levels
exceeding their solubility limits to promote the precipitation of the Laves phase. Chromium
is split up to about a third in the Laves phase and two thirds in the solid solution, and its
addition improves the corrosion resistance of both phases individually, and therefore, the

overall corrosion resistance of the alloys [81]-[83].

The primary dendrite of the Laves phase in the alloy is a hexagonal structure, while
both the face centered cubic and hexagonal close packed crystal structures of cobalt can be
present, depending on the heat treatment, due to the cobalt’s allotropic nature. This forms
a eutectic matrix of smaller intermetallic particles distributed in a cobalt solid solution.
Also, there are regions of cobalt solid solution present that are free from the secondary
Laves phase [74], [84], [85]. Figure 2-3 depicts the microstructure of a Tribaloy T-800
coating deposited by laser cladding showing the Laves phase dispersed in solid solution

cobalt matrix.
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Figure 2 — 3: Microstructure of Tribaloy [76].
2.3.2 Types of Tribaloys

Two of the most common commercial types of Tribaloy alloys are T-400 and T-800
alloys. They are considered wear resistance alloys that depend on a large fraction of the
intermetallic Lave phase dispersed in the cobalt solid solution for their properties. Both

alloys vary in their composition, and thus, their properties [74], [76].

T-400 is composed of 8.5 wt.% Cr, 2.6 wt.% Si, 28.5 wt.% Mo, and balance Co. Its
microstructure consists of about 35% of the Laves phase dispersed in the softer cobalt alloy
matrix. This alloy is designed for outstanding wear performance in metal-to-metal contact
at high temperatures. The high cobalt and molybdenum content and high laves phase
percentage results in very high hardness with reasonable workability, and a relatively

lubricious surface due to the formation of molybdenum oxides at high temperatures [74],

[75], [82].

T-800 is composed of 17.5 wt.% Cr, 3.4 wt.% Si, 28.5 wt.% Mo, and balance Co.
Its microstructure consists of about 60% of the Laves phase. This composition exhibits the
largest content of the Laves phase providing it with high hardness and wear resistance. This
alloy is designed for the highest possible service temperature out of all the Tribaloy alloys,

with the ability of operating at temperatures up to 1000 °C for certain environments. The
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Laves phase itself has a melting point of about 1560 °C, which helps the alloy retain its
wear resistance up to high temperatures. In T-800, 10% of the cobalt content of T-400 is
replaced with chromium, providing additional protection against oxidation, while

sacrificing some of the workability provided by high cobalt content [74], [76], [77], [82].

Tribaloy T-800’s higher fraction of Laves phase and higher chromium content than
T-400 results in an alloy with higher hardness, better corrosion resistance and wear
resistance. Hardness values are HRC 55 and HRC 60 for T-400 and T-800, respectively
[74], [81]. However, the Laves phase is brittle, therefore, the higher content has a
disadvantage since it favors the brittle crack formation and propagation. This tendency for
brittle behavior makes the coating processes more difficult since cracking must be avoided

especially in small parts [84], [86], [87].

New types of Tribaloy alloys have been developed in order to mitigate this problem
through modification of the alloy composition. One example is Tribaloy T-900, where the
cobalt and molybdenum content is lowered and nickel is added. This alloy showed better
resistance to brittle fracture and more improved plasticity than T-800, while sacrificing
some hardness. Alloying T-800 with iron was also found to improve some properties.
Adding iron to alloy in above 10 wt.% results in a significant alteration to the
microstructure where the dendrites are refined and the Laves phase disappears causing the
alloy to become more fracture resistant, while reducing the wear resistance and hardness

[76], [88].

Research was done by Xu et al. [74] to develop two new cobalt base Tribaloy alloys
as an improvement on the T-400 alloy through altering its chemical composition in an
attempt to improve the ductility, fracture toughness, and corrosion resistance, with the
expectation that wear resistance, a necessity in some applications, may be reduced as
improvements in one aspect is often achieved at the expense of another [74], [80]. For the
first alloy, T-401, the amounts of silicon and molybdenum were reduced greatly to decrease
the percentage of the Laves phase. Chromium was increased to increase corrosion
resistance. The obtained alloy had a primary phase of cobalt solid solution, instead of Laves
phase as is the case in most Tribaloys. This provided higher ductility, lower hardness, and

lower wear resistance. The second alloy, T400C, had the same silicon content as T-400, but
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with lower molybdenum content and higher chromium content. This alloy still had the
Laves phase as the primary one, but the Laves phase fraction is less than the base alloy,

which improves the ductility but lowers the hardness and wear resistance [74].

Tribaloy T400C was the focus of further research due to its enhanced oxidation and
hot-wear resistance. It is advantageous in high temperature applications where excessive
oxidation may cause sticking in moving parts [81]. It was shown that during the self-mated
wear of this alloy, stable wear protective oxide films, or glazes, were formed on the surface
[89]. In another study, this alloy showed excellent metal-on-metal wear resistance and less
wear damage on the mating stainless steel alloy at 482 °C in a friction test [79]. It also

showed significant improvement in corrosion resistance in several conditions [81], [90].
2.3.3 Tribaloy Coatings

Cobalt-based alloys are suitable to be applied as coating to provide better wear and
corrosion resistance to components working under severe conditions [76]. Tribaloy
coatings were initially deposited by thermal spraying, particularly High velocity oxygen-
fuel (HVOF) spraying. However, thermal methods did not achieve good adherence of the
deposited coating via metallurgical bonding with the substrate, due to characteristics of the

process [91], [92].

By studying the tribological properties of HVOF-sprayed Co-Mo-Cr-Si coatings,
Bolelli and Lusvarghi [93] found that the coating showed significant splat boundary
oxidation due to exothermic oxidation reactions at a high temperature, and that it is mainly
amorphous. The coating had low hardness and toughness and exhibited poor tribological
performance. Significant adhesive wear was observed through pin-on-disk testing, and the
coefficient of friction became very high, raising the contact point temperature up to the
critical oxidation temperature, thus causing rapid oxidation. Post-spraying heat treatment
of the coating at 600°C increased the microhardness, reducing the adhesive wear rate and

the friction coefficient.

Other studies have reported the use of laser techniques to apply Tribaloy coatings,
with the potential for obtaining coatings with favorable properties [76]. Laser cladding is

a process where a laser beam is used to melt the coating material together with the substrate
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at a controlled thickness [94], achieving a high temperature gradient at the coating—
substrate interface and rapid cooling of the coating material [95]. It produces a strong
microstructure refinement, solid solution supersaturation in alloying elements and high
residual stresses in the coating [96], [97]. Several studies have reported positive sliding and

abrasive wear resistance for laser cladding of cobalt-based coatings [97], [98].

A study investigating the solid particle erosion behavior of T-400 coating deposited
by laser cladding has found that this coating was susceptible to extensive erosive wear.
This was attributed to the lack of feasibility of the coated material to plastic deformation

during erosion [97].

One issue that arises in the laser cladding process is for Tribaloy alloys with a higher
percentage of the intermetallic Laves phase to have a tendency of brittle fracture, as
mentioned in the previous section for Tribaloy T-800. This presents a problem due to the
substantial thermal stresses that occur during rapid cooling, which amplifies this tendency

for brittle fracture [76].

To mitigate the cracking that is observed in T-800 laser cladded coatings as a result
of residual stresses caused by the high temperature gradient as well as the rapid heating
and solidification during this process, pre-heating of the substrate is suggested as a viable
solution [99]. Laser cladding assisted with pre-heat (LCAP) entails heating the substrate
before the laser irradiation of the coating and the substrate, with the pre-heat temperature
being a vital parameter in reducing the amount of cracks formed, as deduced by several

studies [97], [99], [100].

There is a lack of literature on the deposition of cobalt-based Co-Mo—Cr-Si alloys
as reinforcement particles in composite coatings, either by electroplating or electroless

plating, and the tribological/mechanical properties of the coatings.
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2.4 Cracking and Toughening Mechanisms
2.4.1 Hertzian Contact

Fracture in brittle materials, such as electroless nickel coatings, is generally studied
through indentation tests. Hertzian indentation tests using a spherical indenter have been
utilized in studying the fracture of brittle materials, in addition to, evaluating a coating’s
ability to support static and dynamic loads, as hertzian contacts occur in practical

applications such as in bearings and gears [28], [101].

Hertzian contact, developed by Hertz [102] in 1881 for elastic contact, is often used
to approximately predict a material’s behavior under elastic-plastic contact. Cracking types
and damage modes that develop during the contact process can be predicted through the
analysis of the Hertzian stress distribution [28]. This stress field is developed when two
bodies, the indenter and the substrate, come into contact and it is influenced by the shape
of the indenter. In order to analyze the stress distribution of the stress field between two
elastic bodies in indentation contact, Hertz assumed that the surfaces are non-conforming,
frictionless, and the strains are small and within the elastic limit [102], [103]. Figure 2—4
shows the Hertzian indentation process. Hertzian indentation analysis can also used to

predict the initiating position and driving stresses of cracks [104], as well as, determining

the propagation angle of hertzian cone cracks [105].

|p

Rigid
ball

Cone crack

Plastic zone

Figure 2 — 4: Hertzian indentation process [103].
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Hertzian-type indentation testing is an effective method of characterizing the
mechanical behaviour of brittle coatings [12] and will be used in this research to evaluate

the coatings’ fracture toughness and toughening mechanisms.
2.4.2 Crack Types

There are different types of cracks that may be generated on the surface of brittle
materials under indentation contact. The five major types of cracks, according to Cook and
Pharr [106], are: cone, radial, median, half-penny, and lateral cracks, as illustrated in Figure
2-5. Cone cracks, or Hertzian ring cracks, initiate on the coating surface as a ring crack
just outside the area of contact then spreads downwards and outwards forming a cone shape
at an angle that depends on the material’s Poisson’s ratio. They are typically generated by
elastic loading of spherical indenters. Radial cracks initiate at the edge of the contact zone
and propagate outwards. They are generated parallel to the loading axis, by spherical or
sharp indenters. Median cracks usually occur under sharp indentation, and they are
generated beneath the plastic deformation zone, then propagate parallel to the loading axis.
Half-penny cracks are the result of median crack growth towards the surface, downward
propagation of radial cracks, or merging of median and radial cracks. Lateral cracks are
usually circular, and they are formed beneath the deformation zone, propagating parallel to
the surface. They only occur during unloading, indicating that they are driven by residual

stresses [12], [28], [103], [106]-[108].

(A) Cone i (B) Radial j (C) Median
MYy i (E) Lateral j

Figure 2 — 5: Crack types under indentation [106].
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2.4.3 Toughening Mechanisms

Toughness is a major factor to be considered when evaluating the wear resistance
of a material. The toughening of brittle materials can be achieved by the addition of second
phase particles through several toughening mechanisms that involve the interactions
between cracks and said particles preventing crack initiation and propagation, and in turn
increasing the fracture toughness. The principle behind those mechanisms is diminishing
the driving force that allows for the crack to propagate through the material after the
initiation of the crack. Those mechanisms include micro-cracking, crack bridging, crack

deflection, and crack arresting [28].

Micro-cracking allows for dissipation of the crack driving energy by breaking up
major cracks into a series of micro-cracks. Their formation close to a large crack tip reduces
the stress adjacent to it. The addition of second phase particles has been proven to promote
micro-cracking and improving fracture toughness [109], [110]. Crack bridging involves the
absorption of propagation energy by a particle as it is plastically deformed when it comes
into contact with a crack. The energy lost by the crack going through the particle reduces
the crack severity. With every instance of a particle’s plastic deformation, there is less
energy available for crack propagation until it eventually stops. High adhesion between the
matrix and the second phase particles is required for crack bridging to take place [29],

[111], [112]. Crack bridging is illustrated in Figure 2—6.

Figure 2 — 6: Crack bridging toughening mechanism [113].
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Crack deflection is another toughening mechanism that is induced by second phase
particles where the crack changes direction upon interacting with the particles. It can occur
with or without direct contact. Deflection without contact occurs as the stress field at the
crack tip causes elastic deformation of the particle, which absorbs the driving energy and
deflects the crack tip. Deflection with contact occurs as the crack tip reaches the particle
and causes its plastic deformation with a driving force that is insufficient to de-bond the
particle. Figure 2—7 illustrates both cases of crack deflection. The deviation of the crack
path consumes energy, thus depleting the driving force behind crack propagation. A crack
is arrested when it loses its driving force completely upon contact with a particle [6], 28],

[114], [115].

Figure 2 — 7: Crack deflection toughening mechanism [114].

The indentation behavior and stress fields of composite materials are more complex
than that of monolithic materials and most models predicting their wear mechanisms are
simplified [6]. Shen and Chawala [116] observed, during the indentation of a particle
reinforced metal matrix composite, a local increase in the concentration of particles directly
below the indenter in the deformation zone, as shown schematically in Figure 2—8 with SiC
particles dispersed in an aluminum matrix. The increasing local density of hard particles

resulted in a local increase in hardness and a reduction in the stress applied to the matrix.
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Figure 2 — 8: Schematic of particle concentration increase due to indentation [116].
2.5 Sliding Wear
2.5.1 Forms of Wear

Wear is “the surface damage or removal of material from one or both of two solid
surfaces in a sliding, rolling, or impact motion relative to one another” as defined by
Bhushan [117]. It is generally expressed in terms of the loss of material (mass or volume
loss), although wear damage can occur due to material displacement with no change in

volume as damage precedes material loss [117].

One of the types of wear is abrasive wear. It occurs as asperities on a harder/rougher
surface are sliding against a softer surface [117]. Figure 2-9 shows the different wear
mechanisms of abrasive wear according to Stachowiak and Batchelor [118]. Cutting refers
to a harder asperity cutting the softer material forming a chip that is removed as wear
debris. Fracture may occur when the abraded material is brittle. Moreover, a ductile
material fails by fatigue when it is deformed repeatedly with a blunt grit as cutting is
unlikely. Lastly, grain pull-out or detachment is a rare mechanism and is mainly found in
ceramic materials [118]. The term plowing refers to the sideways displacement of the
material from the surface forming a groove with a ridge on both sides. In an ideal case,
micro-plowing due to a single pass of one abrasive particle does not result in material
removal from the surface, in contrast to chip formation from cutting, however, material

loss will occur by multiple abrasive particles acting simultaneously. [28], [117], [119].
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Figure 2 — 9: Possible mechanisms of abrasive wear [118].

Adhesive wear is another type of wear. It occurs when two opposing asperities
become bonded to each other during sliding contact between two surfaces. The bonding,
or adhesion, occurs at the point of contact and is sheared off by sliding, resulting in

detachment and loss as debris from the softer material [117], [118].

One notable situation for abrasive wear is when the hard abrading surface is a third
body, as opposed to a harder surface abrading a softer surface, and it occurs when loose
hard particles are trapped between the two sliding surfaces, abrading one or both of them.
This is referred to as three-body abrasive wear [117], [120]. In some cases, the initial wear
mechanism is adhesive, followed by three-body abrasive wear resulting from the trapped

particles from the adhesive wear [117].
2.5.2 Wear Testing

One way to evaluate wear in a material is scratch testing, where a sample is
scratched with an indenter of a known radius, under various load conditions. The wear rate
can be determined through measuring the scratch track width and subsequently calculating
the volume loss in the sample. The scratch test can also be used to determine the coefficient
of friction as well as to monitor crack initiation and propagation during the test using an

acoustic emission sensor [117], [121], [122].
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The low-stress abrasion testing, using the ASTM G65 standard, is a dry sand/rubber
wheel abrasion test that is often used to simulate wear in different applications [119], [123],
[124]. In low-stress abrasion, there is low applied contact pressure between the test
specimen and the abrasive particles, and the particles remain unbroken during the wear
process, as opposed to high-stress abrasion where they are crushed. Higher contact pressure
is associated with deeper indentations and promotes the cutting mechanism [119], [120].
ASTM G65 test is a standardized abrasion test that allows for comparison of different

materials based on their measured volume loss following this test procedure [124].
2.5.3 Delamination

Delamination can also occur in coatings at the coating—substrate interface when the
coating bonding to the substrate is weak or under high loads [103]. It is defined as a “crack
that forms between adjacent plies” [125]. Figure 2—10 shows an example of a delaminated
coating from the substrate. This fracture can develop during unloading with the substrate’s
elastic recovery or develop due stresses caused by layer mismatch [103], [125]. For brittle
materials, cracks initiate under the surface by shear stress, then propagate parallel to the
surface, often extending to the surface causing delamination [28]. The shear stresses
develop in or around the interface as a result of the difference in Young’s modulus between
the coating and the substrate, which is more pronounced when the substrate is more ductile

than the coating layer [6], [126].

Coating

Substrate

Figure 2 — 10: Illustration of coating delamination [6].
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Chapter 3 — Methodology

3.1 Substrate and Powder Characterization
3.1.1 Low Carbon Steel Substrate

The substrates for all experiments were made of AISI 1018 steel. For the micro-
hardness, scratch, and indentation tests, as well as the general characterization of the
coating, the substrates used were discs of 16 mm diameter and 10 mm thickness. For the
purpose of the low-stress abrasion test only, the substrates used were 25.4 mm by 76.2 mm
rectangular specimens having a 12.7 mm thickness. The elemental composition of AISI
1018 low carbon steel is listed in Table 3—1. The steel substrate was etched and examined
under confocal laser scanning microscopy (CLSM). The surface micro-structure of the
AISI 1018 steel is shown in Figure 3—1. The substrate’s micro-structure consists of a-ferrite

and pearlite.

Table 3 — 1: Composition of AISI steel [127].

Element | Weight %
C 0.182
Mn 0.754
Cu 0.186
Cr 0.181
Si 0.095
P 0.040
S 0.021
Ti 0.008
Fe Balance
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Figure 3 — 1: Microstructure of AISI 1018 steel.
3.1.2 Tribaloy Powder

Commercial CoCrMo powder supplied by Nanoshel UK Ltd. was used as a second
phase particle in the composite coating. It was advertised to have a composition of 29 wt.%
molybdenum, 17 wt.% chromium, 3.5 wt.% silicon, and balance cobalt. Inductively
coupled plasma optical emission spectrometry (ICP-OES) was performed to analyze the
chemical composition of the powder. The composition in weight % was found to be Co:
50.53%, Mo: 29.15%, Cr: 17.82%, Si: 2.50%. The particle size distribution of the powder
is shown in Figure 3—2. The powder exhibits a bimodal particle size distribution. The two
major particle sizes observed are approximately 3 pm and 40 pm, while some particles are
larger than 100 pm. The values of D10, D50, D80, and D90 were found to be 1.65 um, 7.21
um, 39.1 um, and 54.8 pm, respectively. Hitachi S-4700 (Hitachi High-Tech, Tokyo, Japan)
scanning electron microscope (SEM) was used to examine the powder morphology of the
supplied powder, shown in Figure 3-3. The powder morphology can be described as

spheroidal, not perfectly spherical, and the broad size distribution can also be seen.
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Figure 3 — 2: Particle size distribution of powder.

15.0kV 11.5mm x5.00k SE(L)

Figure 3 — 3: SEM image of the powder.

3.2 Coating Preparation

The coating samples were prepared as follows: each substrate was ground up to 600
grit SiC paper and polished using 9 um, 3 um, and 1 um monocrystalline diamond
suspension polishing solution. The substrates were then submerged in an alkaline cleaning
solution at 80 + 5°C for 5 minutes. The composition of the alkaline solution is 30g/L
sodium phosphate, 50g/L sodium hydroxide, 30g/L sodium carbonate. Afterwards, the

substrates were rinsed with distilled water then immersed in 20 vol% sulfuric acid for 15
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seconds at room temperature. Following the pretreatment steps, the substrates were rinsed
with distilled water and hung horizontally in the coating solution. A commercial electroless
Ni-P solution containing sodium hypophosphite as the reducing agent and nickel sulfate as
the source of nickel was used as plating solutions for both monolithic and composite baths.
A thin layer of Ni-P was deposited as a pre-coat layer first in order to enhance the adhesion
of the composite coating. Samples were kept in a 1 L Ni-P bath for 30 minutes then moved
to a 1 L Ni-P bath containing 0.1 g/L of Tribaloy powder for 4 hours. The bath temperature
was maintained at 88 +2 °C and the pH at 4.7 £0.2. Ammonium hydroxide (28-30%)
solution was dripped into the plating solution periodically to adjust the pH. The plating
bath was stirred at 300 RPM using a magnetic stirring bar throughout the coating process
to keep the particles suspended in the solution and prevent agglomeration. The Monolithic
Ni-P coatings were prepared following the same procedure except for 2.5 hours deposition
time and stirring at 100 RPM. The coating set-up used in the deposition of coatings in this
research is shown in Figure 3—4, including both 1 L coating baths and the heating
equipment.
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Thermometer o,

-~k

B

SN

. .
2y

Monolithic vl
coating bath

P

Hot plate &

]
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Heating mantle
-

Figure 3 — 4: Coating deposition set-up.
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Prior to conducting the tests described in this work, coating samples were polished
using 600 grit SiC paper, 9 um and 3 um polish to ensure a flat surface for the tests to be

carried out.

For the low-stress abrasion test specimens, the coating times were extended. The
coating times were 40 minutes in the pre-coating bath and 4.5 hours in the composite bath
for the Ni-P-Tribaloy coating samples, and 3 hours for the Ni-P coating samples. The

coated samples were not polished following the deposition for this experiment.
3.3 Coating Characterization

Coating samples were sectioned using Buehler isomet 1000 precision saw with
diamond blade at 250 RPM and a 200 g load for the analysis of the cross-section. X-ray
Diffractometry (XRD) analysis was carried out on the composite coating surface, the
monolithic coating surface, the Tribaloy powder, and the uncoated steel substrate. Each
sample was scanned with Bruker D8 Advance diffractometer (Bruker Corporation,
Billerica, MA, USA) using Cu Ko radiation with a wavelength of 1.54 A. The scan angle
ranged from 20°-120° to ensure that all peaks are included. Keyence (Keyence
Corporation, Osaka, Japan) confocal laser scanning microscopy (CLSM), Hitachi S-4700
Scanning Electron Microscope (SEM), equipped with Energy Dispersive Spectroscopy
(EDS) were utilized to examine the surface and the cross section of the coatings and to
determine the coating composition. The surface topography and the surface roughness of

the coatings were analyzed using the CLSM’s 3D topographic scanning capabilities.
3.4 Micro-Hardness Testing

The hardness of each coating was measured using NANOVEA PB 1000 mechanical
tester (NANOVEA Inc., Irvine, CA, USA). Micro-hardness tests were performed on both
the composite and the monolithic coatings’ surfaces with a Vickers indenter under an
applied load of 6 N. Multiple tests were performed on each sample to ensure the
repeatability of the results. Load—depth plots were generated for each measurement, and
the hardness (GPa), elastic modulus (GPa), and maximum indent depth (um) were

determined for each sample and subsequently compared. The mechanical tester used in this
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test is shown in Figure 3—5, and the indenter along with an example its produced indent in

Figure 3-6.

Vickers
indenter

e

Figure 3 — 6: (a) Vickers indenter. (b) Example of produced indent.

The hardness and Young’s modulus values can be determined analytically from the
generated load—depth curves using the Oliver and Pharr method [29], [128]. A typical load—
depth curve is provided in Figure 3-7, featuring elastic-plastic loading and elastic

unloading.
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Figure 3 — 7: Typical load—depth curve [128].

Consider this curve, the gradient of the unloading curve is denoted by dP/dh and
the maximum load applied by Pmax. The maximum depth reached by the indenter relative
to the surface (at the maximum load) is hmax and the indentation contact depth is he. The
hardness, H, can then be calculated through the contact area by the following equations

[291, [128]:

P,
H==% (Equation 3-1)
Ac
A. = kh? (Equation 3-2)
2(m—=2)1| B
he = Ry —[ ( — )] y I;"‘”‘ (Equation 3-3)
/ dh

Where A. is the contact area between the indenter and the surface, k is a constant
which is assumed to be 24.5 for Vickers indenter. Furthermore, the Young’s modulus, E,

can be calculated using the following equations [29], [128]:

1 1—-v2 1-—vi?

== 3 (Equation 3—4)
dP\ [ Jr

E* = (—)( > Equation 3-5
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36



Where E* is the effective elastic modulus of the system, which is the combined
modulus for the system. E;j and v; are the Young’s modulus and the Poisson’s ratio of the

indenter, respectively. The tested material’s Poisson’s ratio, v, is taken as 0.29.
3.5 Indentation Testing

PASCO ME-8236 (PASCO scientific, Roseville, CA, USA) materials testing
apparatus, shown in Figure 3-8, was used to perform the indentation tests on the coatings’
surfaces in order to investigate their indentation behaviour and crack formation. A spherical
WC-6Co indenter with a radius of 0.795 mm was used to conduct the tests. A load of 2000
N was applied at an average loading rate of 0.5 mm/min. The applied indentation load can
be considered as a quasi-static load as the loading rate was low. An acoustic emission (AE)

sensor was attached to the samples during the tests to monitor cracking events.

WC-6Co
indenter

"= AE sensor

Figure 3 — 8: PASCO ME-8236 materials testing apparatus.

Following the indentations, the indented samples were sectioned, and both the
surface and the cross section were analyzed using CLSM and SEM to examine the indents
thoroughly. The PASCO Capstone (v1.4.1) software automatically recorded the load—depth

data throughout the indentation process.
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3.6 Scratch Testing

To evaluate the wear resistance of the coating, scratch tests were carried out using
a Universal Micro Tribometer (UMT), shown in Figure 3-9. A sharp diamond indenter
having a radius of 0.2 mm was used to perform the scratch tests with multiple passes, under
a constant load of 1 kg. Each sample was subjected to five scratches with varying number
of passes: 1, 25, 50, 75, and 100 passes. Each scratch had a sliding distance of 5 mm, and
each pass took 30 seconds with the indenter sliding at a speed of 0.17mm/s. An acoustic
emissions (AE) sensor was attached to the indenter to monitor the acoustic signals due to
cracking during scratches. The coefficient of friction (COF) for each test was also recorded

throughout the duration of the scratch.

AE sensor

Diamond
indenter

Sample

Figure 3 — 9: Universal Micro Tribometer.

CLSM and SEM were employed to characterize the wear tracks and to calculate the

volume loss associated with each sliding distance. The volume loss was determined using
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the CLSM’s topographic scanning on the wear track. It can also be calculated based on the
relationship between the indenter radius and the measured widths of the wear scars given

by the following equation [129]:

D%t . _1b , . _1b .
Volume loss = — [ZSlTl 1 - —sin (Zsm 1 5)] (Equation 3-6)

Where D is the diameter of the indenter, t is the scratch length, b is the width of the

scar measured by confocal microscopy.
3.7 Low-Stress Abrasion Testing

Low-stress abrasion tests were carried out according to ASTM G65 standard in
order to evaluate the abrasion resistance using a dry sand/rubber wheel apparatus. A
schematic diagram of the test apparatus is provided in Figure 3—10. The tests performed in
this research followed procedure D as outlined in the ASTM G65 standard, which is a
relatively lighter load variation of the test. This procedure is appropriate for thin coatings

such as the coatings being tested here.

...;— HOPPER
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RUBBER LINED WHEEL

Figure 3 — 10: Schematic diagram of dry sand/rubber wheel test apparatus [124].
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The force applied against the specimen in this test was 45 N, and the test was
performed at 10 revolutions increments, at 200 RPM, until coating failure is observed,
which is indicated by the exposure of the substrate underneath the coating layer. The
samples were weighed between each step (10 cycles) and recorded to express the abrasion
rate in terms of material loss. The volume loss was calculated by dividing the measured
mass loss by the known density of the coating. A rubber wheel of 221.4 mm diameter and
12.84 mm width was used, along with semi-rounded Ottawa silica sand having an average
particle size of 212-300 um. The sand flow rate was between 300—400 g/min. The abrasive

particle size distribution used in this test is provided in Figure 3—11.
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Figure 3 — 11: Ottawa silica sand particle size distribution.

After the abrasion tests, CLSM and SEM were used to examine both the surface
and the cross-section of the abrasion wear scars for wear mechanisms analysis. CLSM’s
topographic scanning was used to produce 3D scans of the wear scars and examine the

surface roughness.
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Chapter 4 — Results and Discussions

4.1 Coating Characterization

Composite Ni-P-Tribaloy coatings were successfully plated on AISI 1018 steel
substrates. Figure 4—1 shows the X-ray diffraction patterns generated from the steel
substrate, Tribaloy powder, monolithic Ni-P coating, and composite Ni-P-Tribaloy coating
as deposited. AISI 1018 steel reveals diffractions from the 110 and 200 planes. Here, the
generated diffraction pattern shows the first two peaks occurring at 44.459° and 64.701°,
which matches the Fe powder diffraction file (PDF ID: 00-006-0696). The monolithic Ni-
P coating was mostly amorphous, having a broad peak at 44.775° extending from 42° to
48°, consistent with the literature and closely matching a nickel phosphide powder
diffraction file (PDF ID: 04-003-6331). The broad peak in the form of a hill is a typical
feature in amorphous materials [130]. The first high intensity peak observed in the as-
received Tribaloy powder diffraction pattern occurs at 40.340°, followed by a smaller peak
at 44.203°, and the next major peak observed at 73.570°. This fairly matches a
Co01.539Cr0.549M00.912 powder diffraction file (PDF ID: 00-026-0425). The Tribaloy
powder exhibits diffractions from the 100, 111, and 220 planes, as indexed on the X-ray
diffraction patterns. The Ni-P-Tribaloy coating was found to be mostly amorphous. It
exhibited a broad peak similar to that of the Ni-P diffraction pattern from 42° to 48° that
includes a smaller peak corresponding to the largest peak observed in the Tribaloy
powder’s diffraction pattern. The other Tribaloy peaks have lower intensity and are difficult
to detect in the composite coating due to the low powder concentration. Also, the steel
peaks are not detected due to the fact that the coating thickness is higher than the depth of
the XRD beam penetration.

41



(110)

(211)

(200)

AlSI 1018 Steel

Tribaloy Powder

Ni-P
| h Ni-P-Tribaloy
20 40 60 80 100 120

20

Figure 4 — 1: X-ray diffraction patterns for AISI 1018 steel, Tribaloy powder, Ni-P, and
Ni-P-Tribaloy.

Figure 4-2 shows images of the Ni-P-Tribaloy coating surface and cross section
after polishing with 3 pm monocrystalline diamond suspension polishing solution. It is
clear that the second phase particles were successfully embedded in the coating matrix.
The presence of the black areas seen in Figure 4-2 (a) is due to the surface roughness. The
coating thickness was approximately 30 pm and the substrate—coating interface exhibits
excellent bonding as seen in Figure 4-2 (b), evident from the distinct difference in color
between the coating layer and the substrate. The addition of the Tribaloy particles resulted
in a rougher surface, compared to the monolithic Ni-P surface. Using the Keyence CLSM’s
3D topographic scanning, the surface roughness of the Ni-P-Tribaloy coating was
measured and the surface topography shown in Figures 4-3 was generated, at 250% height
magnification. The surface roughness Sa value was measured to be 2.30 um based on four
different aerial measurements of 1.49 mm?. On the other hand, the Ni-P coating’s Sa value
was measured to be 0.430 pum, and its surface topography is shown in Figure 4—4 for

comparison, also at 250% height magnification.
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Figure 4 — 3: Surface topography of Ni-P-Tribaloy.

43



10.639m

1039.617um_

Figure 4 — 4: Surface topography of Ni-P.

EDS analysis was performed on the surface of the composite Ni-P-Tribaloy coating
to determine its chemical composition. Table 41 contains the results of the EDS analysis
and Figure 4-5 shows the results of the elemental mapping to visualize the distribution of
the elements present. This reinforces the fact that the composite coating consists of the Ni-
P matrix with second phase particles dispersed within the matrix. The presence of the four
constituents of the Tribaloy was detected in the coating: Cobalt, Molybdenum, Chromium,
and Silicon. The reason for the low cobalt content detected by EDS is due to peak overlap
with nickel in the EDS spectra [131]. Adjusting for this based on the cobalt wt.% in the
powder’s composition (section 3.1.2), the cobalt content can be estimated to be 8.33 wt.%
in the coating, and 74.6 wt.% for the nickel. Thus, the coating can be described as having
16.5 wt.% Tribaloy, which is equivalent to 15.7 vol.%, and its actual chemical composition

is listed in Table 4-2.

Table 4 — 1: Surface EDS analysis results of Ni-P-Tribaloy.

Element Ni P Cr Mo Si Co

Weight % | 82.40% | 8.88% | 3.94% | 2.81% | 1.42% | 0.55%
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Figure 4 — 5: Surface EDS mapping of Ni-P-Tribaloy.

Mo La1l

SiKa1

Table 4 — 2: Composition of Ni-P-Tribaloy.

Element

N1

P

Co

Cr

Mo

Si

Weight %

74.62%

8.88%

8.33%

3.94%

2.81%

1.42%

Figure 4-6 shows an example of the cross-sectional EDS analysis over a smaller
area. It can be seen that the particles that are present in this particular area are distinct from
the matrix proving their successful incorporation in the composite coating. This example
is representative of the entire coating layer. The substrate—coating interface is clearly
defined in Figure 4—6 as represented by the noticeable interface between the Fe and the Ni-

P matrix in the elemental map. This EDS map serves as further evidence of the successful

deposition of the composite coating.
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Figure 4 — 6: Cross-sectional EDS mapping of Ni-P-Tribaloy.

Regarding the unpolished composite coating samples that were used in the low-
stress abrasion test, the as-deposited coating was also examined. The thickness of the
coating varies across the surface ranging from approximately 32 um to 50 pm, including
an 8 um pre-coating layer for adhesion with the substrate. The variation in thickness is due
to the presence of the Tribaloy particles in the coating as the larger particles themselves are
being coated with Ni-P, as seen in Figure 4-7. This occurrence has resulted in a rough
surface of the composite Ni-P-Tribaloy coatings. The surface roughness value Sa was
measured to be 35 pum, considerably higher than the roughness of the polished samples
used in the rest of the experiments. SEM images of the surface and cross-section revealing
the roughness of the coating surface are provided in Figures 4-8 and 4-9, respectively.
More SEM images of the as-deposited coating’s cross-section and its EDS mapping are

provided in Appendix A.
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Figure 4 — 7: Cross-section of as-deposited Ni-P-Tribaloy coating.
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Figure 4 — 8: SEM image of as-deposited Ni-P-Tribaloy surface.
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Figure 4 — 9: SEM image of as-deposited Ni-P-Tribaloy cross-section.

4.2 Micro-Hardness

Four micro-hardness measurements were taken on each coating sample. The
measurement values for the Ni-P coating are tabulated in Table 4-3 and the Ni-P-Tribaloy
coating measurements in Table 4—4, including the hardness, the elastic modulus, and the
maximum penetration depth reached by the indenter. The average micro-hardness values
are presented graphically in Figure 4-10 with the error bars representing the standard
deviation of the measurements. The monolithic Ni-P coating has a Vickers micro-hardness
of 5.36 GPa, which falls within the range of the reported values 5-6.5 GPa [132], and an
elastic modulus of 125.1 GPa. The composite Ni-P-Tribaloy coating has Vickers micro-
hardness of 6.00 GPa and an elastic modulus of 135.9 GPa, exhibiting a 12% increase in
hardness over the monolithic coating. The increase in hardness is attributed to the addition
of the harder Tribaloy particles to the Ni-P coating. AISI 1018 steel typically has a hardness
of 1.7 GPa and elastic modulus of 205 GPa [28], [103]. Both coatings increase the hardness

significantly when coated over AISI 1018 steel substrates.
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Table 4 — 3: Ni-P micro-hardness measurements.

Hardess 6P| FGa T | et
5.041 123.47 7.922
5.357 123.69 7734
5.468 120.11 7.698
5.556 133.29 7573

Table 4 — 4: Ni-P-Tribaloy micro-hardness measurements.

FElastic Modulus Maximum
Hardness (GPa) (GPa) Depth (um)
5.711 118.84 7.589
5.583 136.08 7.533
6.537 141.13 7.070
6.180 147.45 7.195
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Figure 4 — 10: Micro-hardness of Ni-P and Ni-P-Tribaloy.

On average, the maximum depth reached by the indenter was 7.73 pm in the

monolithic coating samples, compared to 7.35 pm in the composite coating samples. The
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indenter penetrated deeper in the monolithic coating as expected, due to the higher hardness
of the Ni-P-Tribaloy composite coating. Figure 4—11 contains representative examples of
the load—depth curves produced for both types of coatings showing the difference in indent
depth under a 6N load. For the same maximum load, the Ni-P-Tribaloy coating experienced
less penetration depth from the indenter. Those load—depth curves correspond to the second
Ni-P measurement datapoint tabulated here and the third Ni-P-Tribaloy. The load—depth

curves for the rest of the datapoints are provided in Appendix B.
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Figure 4 — 11: Load—depth curves of Ni-P and Ni-P-Tribaloy.

4.3 Indentation Behaviour
4.3.1 Load-Depth Curves and Acoustic Emissions

Both the monolithic Ni-P and the composite Ni-P-Tribaloy coated samples were
subjected to Hertzian-type indentation at a maximum applied load of 2000 N. The load—
depth curves generated from both indents are shown in Figures 4-12 and 4-13, and
microscopic images of the indents revealing the cracks that occurred as a result of the
indentation are shown in Figures 4—14. Acoustic emissions energy is related to fracture
energy and is established as a parameter for investigating crack initiation and propagation

[133]. Thus, the acoustic emission signals, during loading and unloading, were also
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collected and plotted over their corresponding load—depth curves to support the findings
from microscopy. The load—depth curves reveal that the monolithic Ni-P coating had a
slightly higher penetration depth of 348 pm, compared to 341 pum for the composite Ni-P-
Tribaloy coating.
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Figure 4 — 12: Ni-P Indentation load—depth curve with AE.
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Figure 4 — 13: Ni-P-Tribaloy indentation load—depth curve with AE.
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Figure 4 — 14: Confocal microscopy images of indents for (a) Ni-P and (b) Ni-P-Tribaloy.

The area surrounding the indent on the monolithic coating shows evidence of
coating delamination and large radial cracks, which are typical for the brittle Ni-P coatings
[12], while the composite coating exhibited visibly less cracking and delamination. The
reduction in crack size is evidence of toughening [134]. Based on the measured AE signals,
the Ni-P coating had significantly higher acoustic activity, including a large initial spike at
361 N. This confirms that it had exhibited a higher severity of cracking events than the
composite coating. On the other hand, there are no clear spikes in AE energy observed
during the indentation of the Ni-P-Tribaloy coating. Slight changes in the AE signals can
be attributed to delamination and/or the formation of small radial cracks [134]. There were

no cracks detected during unloading.

The area under the load—depth curve up to the first crack force of the indentation
test can be used to determine the toughness of coating [108]. The toughness of the Ni-P
coating is calculated to be 13.05 mJ, corresponding to the first major crack that occurs at
361 N. For the Ni-P-Tribaloy coating, it can be assumed that the small peak at 748 N is the
first significant crack. This is the highest peak with the highest jump from its previous data
point. There are no clear spikes as in the other coating, so this point is assumed to be the
most significant crack in this case. Thus, the toughness of the composite coating is
estimated to be 51.80 mJ, four times higher than that of the monolithic coating. This is
evidence that the addition of Tribaloy particles did in fact increase the fracture toughness

of the Ni-P coating.
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4.3.2 Cracking Behaviour

Confocal microscopy images of the indentations’ cross sections are shown in
Figures 4-15 and 4-16 for the monolithic and composite coatings, respectively. Figure 4—
15 shows severe ring cracking, typical under Hertzian-type contact [107], just outside the
area of contact and inside the indent that extend across the entire layer of the Ni-P coating.
Figure 4-16 (a) shows delamination that developed near the edge of the indent on the Ni-
P-Tribaloy, where cracks join under the surface causing a piece of the coating to detach.
Figure 4-16 (b) shows another example of coating delamination inside the indentation area
with no major cracks visible, whereas the monolithic coating had severe cracks at a similar
location. The features discussed here are representative of the rest of the indent. More
confocal images of the indentations are provided in Appendix C. Cracks observed on the
cross section of the composite coating after indentation were shallow cracks, as opposed
to the monolithic coating where cracks reached the substrate. The difference in the crack
depth between the Ni-P and Ni-P-Tribaloy coatings can be seen clearly in Figure 4-17. It
should also be noted that no coating delamination was observed at the substrate—coating

interface due to the quality of the coating adherence.

Ring cracks

Ring crack
2500um 2540Cum
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Figure 4 — 15: Select confocal images of indent cross-section for Ni-P.
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Figure 4 — 16: Select confocal images of indent cross-section for Ni-P-Tribaloy.
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Figure 4 — 17: Crack depth in (a) Ni-P and (b) Ni-P-Tribaloy.
4.3.3 Toughening Mechanisms

Several toughening mechanisms were found to be operating within the Ni-P-
Tribaloy coating. First, the dominant crack mode around the indent in the Ni-P coatings
were the severe radial cracks seen in Figure 4-18 accompanying delamination and ring
cracks. In contrast, the Ni-P-Tribaloy coating appears to have a high density of micro-
cracking around the edge of the indent instead of large radial cracks as shown in Figure 4—
19, which is supported by the AE data indicating the presence of micro-cracks over major
crack. Generally, the presence of cracks is undesirable, however, micro-cracking can
reduce the initial crack propagation energy (driving force) for major cracks to grow, leading
to improved toughness [134]. Figure 4-19 also shows instances of crack bridging and crack

arresting toughening mechanisms. Upon the propagation of major radial cracks, they
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encountered several particles that absorbed the energy, eventually leading to limiting the
severity of the cracks and in some cases stopping them. For a crack to pass through a
reinforcement particle, energy is dissipated, thus reducing the intensity of the crack [111].
The energy driving the cracks propagation is consumed in plastically deforming the
Tribaloy particles until the energy is completely depleted, which inhibits further
propagation in the material. Appendix C contains more close-up images around the indent

on the Ni-P-Tribaloy surface.

Delamination

J}’ ' Radial cracks -

Figure 4 — 18: Ni-P close-up surface indent.
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Figure 4 — 19: Toughening mechanisms in Ni-P-Tribaloy.

Further evidence of toughening was found using SEM imaging. Figure 4-20 shows
an example of crack deflection on the cross section of the indent as a crack interacts with
the second phase particles. When a crack tip approaches a particle, it deflects and deviates
to another direction, releasing energy in the process. In this case, deflection occurs without
direct contact due to the compressive area forming around the particle impeding the tensile
forces associated with crack propagation [135]. The change in crack path requires energy,
and dissipating the energy available in turn contributes to toughening. The toughening
mechanisms discussed in this section, namely micro-cracking, crack bridging, crack
arresting, and crack deflection, have all been proven to enhance the toughness of brittle

materials in the literature.
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Figure 4 — 20: SEM image of crack deflection in Ni-P-Tribaloy.

Moreover, 3D scans of both indents were generated using Keyence CLSM’s
topographic scanning to examine the area around the indent on the surface of each coating.
Figures 4-21 and 4-22 contain the 3D images of the indent for the Ni-P and Ni-P-Tribaloy
coatings, respectively. It is clear that the composite coating exhibits pile-up around the
indent just outside the area of contact, while the cracking is very prominent in the
monolithic coating with no significant pile-up. This indicates that the Ni-P-Tribaloy is more
ductile than the Ni-P coating. The energy that was used for crack initiation and propagation
in the monolithic coating was expended in the plastic deformation of the composite coating
surface to form the pile-up observed here [136]. The contrast of pile-up and major cracks
observed in both 3D images supports the fact that the addition of Tribaloy second phase

particles alleviates the brittleness problem of Ni-P.
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Figure 4 — 22: 3D image of indentation for Ni-P-Tribaloy.
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4.4 Scratch Behaviour
4.4.1 Wear Tracks and Acoustic Emissions

Each coating was subjected to five scratches of varying number of passes, all under
a constant load of 1kg. The number of passes for the scratches are 1 pass, 25 passes, 50
passes, 75 passes, and 100 passes. The wear tracks can be described as follows: each wear
track is 5 mm long with mostly constant width throughout. A higher number of passes
represents a greater degree of wear, thus generating wider and deeper tracks. Microscopic
images of multi-pass wear tracks from both coatings, showing the main features observed
along the wear tracks, are given in Figure 4-23. Visible cracks were observed on the Ni-P
coating outside the wear track throughout the length of the scratch, as well as some
instances of delamination inside the track. The Ni-P-Tribaloy coating showed material pile-
up along the wear track and noticeably more delamination. Ni-P is known to be brittle and
susceptible to cracking [137], and the Ni-P-Tribaloy coating appears to exhibit more ductile
behavior under the same test conditions. This is representative of the entire wear tracks
beyond the portion that is presented here, the same features were observed along the length
of the wear tracks and different number of passes. Microscopic images of the full lengths

of the 5 scratches on Ni-P and Ni-P-Tribaloy are provided in Appendix D.

6000 1m:

Figure 4 — 23: Examples of scratch wear tracks from (a) Ni-P and (b) Ni-P-Tribaloy.

Acoustic emissions (AE) were measured during scratching to detect signals due to

cracking activity. The AE signals, in volts, during a single-pass scratch test are shown in

59



Figure 4-24. 1t is clear that the AE signals emitted as the Ni-P coating is scratched have
greater intensity and reaching higher levels than that of the Ni-P-Tribaloy coating, which
is free of high noise signals. This can be attributed to the formation of cracks [134], and it
is supported by the observation of cracks developed along the Ni-P wear track during the
scratch test. On the other hand, the low noise signals that are detected in the Ni-P-Tribaloy
sample are likely due to both micro-cracking and the surface topography as the indenter is
sliding over a particle producing those signals [134]. The low noise signals are expected in
composite coatings due to the presence of second phase particles and their effect on the
surface, in contrast to the smooth surface of the Ni-P coating. The Ni-P acoustic emissions
signals have reached up to 8.9 V in the first scratch pass, while the highest peak reached
by Ni-P-Tribaloy is only 1.6 V.
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Figure 4 — 24: AE signals of single-pass scratch.

Keyence CLSM’s 3D scanning was employed to analyze the wear tracks. Figures
4-25 and 4-26 illustrate the shape of the wear track for both types of coatings as the number
of passes progresses, including a 3D image of a portion of the track and the average profile
of the whole track for each scratch. Scans of different areas revealed that Ni-P-Tribaloy
coatings experiences significant pile-up along the wear tracks, compared to minimal pile-
up in the Ni-P coating at the same height magnification. This indicates that the composite

coating exhibits higher ductility. The average profile of each scratch was generated by
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taking an average of 1000 lines across the scratch at 5 um intervals, encompassing the
entire 5 mm length of each scratch. The extent of material loss from the wear tracks was
quantified based on their average profiles. The depth and width of each wear track can also
be determined from the average profile. The depths of the scratches were found to be
increasing from 2.2 to 4.8 um, and from 2.9 to 9.3 um for the Ni-P and Ni-P-Tribaloy,
respectively, with an increase in the number of passes. And the widths increased from 56.2
to 81.1 um and from 84.4 to 127.0 um, respectively. Greater degree of wear corresponds
to deeper and wider wear tracks. The measured values of the widths and depths for both

coatings are given in Table 4-5.
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Figure 4 — 25: Shape and average profile of Ni-P scratches.
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Figure 4 — 26: Shape and average profile of Ni-P-Tribaloy scratches.

Table 4 — 5: Widths and depths of Ni-P and Ni-P-Tribaloy scratch wear tracks.

Coating Type: Ni-P Ni-P-Tribaloy
Number of Passes | Width (um) | Depth (um) | Width (um) | Depth (um)
1 Pass 56.2 2.16 84.4 293
25 Passes 74.7 3.99 109.6 6.67
50 Passes 78.5 4.25 121.3 8.86
75 Passes 79.7 4.75 123.8 9.26
100 Passes 81.1 4.78 127.0 9.29
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4.4.2 Volume Loss and Wear Rates

The volume loss, after eliminating the pile-up effect at the edges, is plotted in Figure
4-27 against the sliding distance. The sliding distance is deemed as the number of passes
multiplied by the length of one pass and is proportional to the amount of wear that a sample
undergoes. As expected, the volume loss increases as wear progresses in both cases. It was
found that the composite Ni-P-Tribaloy coating had greater volume loss than the
monolithic Ni-P at each sliding distance, under the same test conditions. It should be noted
that the wear rate, represented by the slope of the volume loss against scratch distance
curve [137], is decreasing as wear progresses. The wear rates were calculated from the
slope at a steady state to be 0.69 x10° and 1.88 x10°® mm*/mm, and the total volume loss
after 100 passes is 1.18 x10° and 4.35 x10° mm?® for the monolithic and composite coatings,
respectively. The greater volume loss in the Ni-P-Tribaloy coating can be attributed to the
Tribaloy particles becoming detached leaving gaps in the coating, and more importantly,
getting trapped between the indenter and the surface causing three-body wear, which
contributes significantly to the wear rate as the hard particles are wearing out the coating
surface. The reduction of the Tribaloy particles size in the Ni-P composite coating is likely

to reduce the coating’s wear rate as proven in the literature [42].
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Figure 4 — 27: Volume loss per sliding distance from scratch test.

63



4.4.3 Wear Mechanisms

While the greater volume loss is unfavorable for the composite coating, it is
important to consider the dominant wear mechanisms present in order to evaluate the wear
resistance, especially when comparing a brittle material to a more ductile one, as volume
loss does not account for fracture which is established to be prominent in the brittle Ni-P
coatings [132]. SEM image in Figure 4-28 depicts the wear mechanism present in the Ni-
P-Tribaloy after 100 passes. It can be seen that material was removed from the wear track
and pushed to the sides of the track due to the plowing effect. Layers of materials were
squeezed out successively with every pass by the indenter to accommodate the wear. The
build-up of layers of material is pointed out in Figure 4-29 under higher magnification.
The dominant wear mechanism for the Ni-P coating is brittle fracture, which does not
particularly contribute to the removal of material in the same way, instead, the energy of
the scratch indenter is converted to crack initiation and propagation [134]. The abundance
of pile-up along the edges of the Ni-P-Tribaloy wear tracks and the dominant wear

mechanism being material removal is indicative of improved toughness and ductility.

Figure 4 — 28: SEM image of material deformation wear mechanism for Ni-P-Tribaloy

after 100 passes.
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15.0kV 13.86mm x500 SE(L)

Figure 4 — 29: SEM image closeup of material deformation wear mechanism for Ni-P-

Tribaloy after 100 passes.

To illustrate how wear debris forms, Figure 4-30 shows another example of the
wear track after 100 passes on the Ni-P-Tribaloy coating surface. It can be seen that
material from the wear track is extruded out forming plate-like debris with the repeated
sliding. Those plates then fracture and breakaway as debris. Further examination of the
wear track by EDS is shown in Figure 4-31 for the 100 passes, which is the highest degree
of wear in this research. It is clear from the distribution of the Tribaloy particles that they
exist in considerably less amounts inside the wear track after the 100 passes scratch test.
This is due to the particles being removed from the track as the surface is scratched
repeatedly. Although the particles can be seen on the rest of the surface, they were removed
from the track, while the Ni and P elements are present throughout the captured area in the

figure.
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Figure 4 — 30: SEM image of fracture at the wear track ridges for Ni-P-Tribaloy after 100

passes.

Electron Image 1

Figure 4 — 31: EDS mapping of scratch wear track for Ni-P-Tribaloy after 100 passes.
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4.4.3 Coefficient of Friction

The coefficient of friction was also measured for both coatings during scratch
testing. For the Ni-P-Tribaloy coating, the coefficient of friction was found to be 0.20 under
a single-pass scratch test. And for the Ni-P coating, the coefficient of friction was found to
be 0.11, which is consistent with the reported values in the literature from similar
experiments on Ni-P coatings [134], [137]. The higher coefficient of friction value for the
Ni-P-Tribaloy is a result of the higher roughness induced by the Tribaloy particles on the
surface increasing friction between the indenter and the coating surface, thus affecting the
ability of the indenter to slide smoothly. Furthermore, the trend of the coefficient of friction
values as the coatings undergo more wear is presented graphically in Figure 4-32. It was
observed that the composite coating’s coefficient of friction drops initially then plateaus as
wear progresses. The reduction in friction is attributed to the removal of the roughness-
inducing particles in the later stages, as well as the increase in the indenter contact area

with each pass. The monolithic coating exhibits a slight drop then plateaus.
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Figure 4 — 32: Coefficient of Friction as a function of sliding distance.
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4.5 Low-Stress Abrasion
4.5.1 Abrasion Wear Scar

Low-stress abrasion tests were performed on Ni-P-Tribaloy coating samples, as
well as Ni-P coatings samples, until the steel substrates were first exposed and detected by
visual inspection after each step. The resulting wear scars on both coatings are shown in
Figure 4-33. The wear scars are rectangular in shape, fitting the description of an even and
uniform scar as described in the ASTM G65 standard [124]. This confirms the proper
alignment of the apparatus setup and the accuracy of the test. The dimensions of the wear
scars are roughly 25.4 mm long and 12.7 mm wide. Microscopic image of the wear scars

are provided in Appendix E.
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Figure 4 — 33: Pictures of wear scars on (a) Ni-P and (b) Ni-P-Tribaloy coating samples.

Keyence CLSM’s 3D topographic scanning was utilized to analyze the wear scars.
For each wear scar, a 3D scan was produced and the average profile across the scar width
was generated by taking an average of 1500 horizontal lines across the middle at 5.3 um
intervals, covering 7.95 mm of the middle of each scar. The 3D scans of the scars are given
in Figure 4-34 and the average profiles across the scars are in Figures 4-35 and 4-36 for

the Ni-P and Ni-P-Tribaloy samples, respectively. It should be noted that the scar profile
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of the Ni-P coating is smoother as expected due to the roughness of the Ni-P-Tribaloy

coating surface prior to the abrasion leading to a rougher wear scar.
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Figure 4 — 35: Average profile across the Ni-P wear scar.
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Figure 4 — 36: Average profile across the Ni-P-Tribaloy wear scar.

69



4.5.2 Abrasion Rate

All specimens were weighed at the start of the abrasion test and continuously after
each 10-revolution step to track the material loss due to abrasion. The tests results were
expressed as volume loss in mm?® in accordance with the ASTM G65 standard [124] to
allow for comparison with other materials. The cumulative abrasion volume loss is plotted
in Figure 4-37 against the number of wheel revolutions for the Ni-P-Tribaloy and Ni-P
coatings. The test was replicated on a separate sample for each material to ensure the
repeatability of the results, and the average values were plotted with the standard deviation
represented by error bars. The measurements for the Ni-P samples were extremely close in

value, therefore, their error bars are too small to appear on the Ni-P curve.
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Figure 4 — 37: Volume loss per wheel revolution from abrasion test.

One Ni-P-Tribaloy specimen was deemed to fail after 100 revolutions upon visual
inspection and noticing the initial exposure of the steel. The second sample failed after 90
revolutions. On the other hand, both Ni-P specimens failed after only 50 revolutions. The
number of revolutions is proportional to the amount of wear that a sample undergoes. As
expected, the volume loss in each case increases as wear progresses, which follows the
general model of abrasion [138]. It was found that the composite Ni-P-Tribaloy coating
had greater volume loss than the monolithic Ni-P at any given point, under the same test

conditions. After 50 revolutions where the Ni-P coatings failed, the total volume loss of the
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Ni-P-Tribaloy and the Ni-P coatings were 13.0 and 6.80 mm?, respectively. The greater
volume loss in the Ni-P-Tribaloy coating can be attributed to the Tribaloy particles
becoming detached as the surrounding coating matrix is worn away, leaving gaps in the
coating, and more importantly, getting trapped between the rubber wheel and the test
surface, adding to the three-body wear effect, which contributes significantly to the wear
rate as the hard particles are further wearing out the coating surface [139]. Studies have
shown that the size of abrasive particles relative to the reinforcing particles in a metal
matrix composite has an influence on wear, such that particle pull-out or plough-off
becomes prominent during ASTM G65 testing when the abrasive particles are larger than
the reinforcing particles, which is the case in this research (sections 3.1.2, 3.7), as opposed
to wear being primarily caused by the loss of matrix when the abrasive particles are small

[140], [141].

It is important to note that the Ni-P-Tribaloy coating specimens lasted longer in this
test despite more material loss due to the discrepancy in the initial thicknesses. The Ni-P
coatings tested in this study had a thickness of 33 um, which is thinner than that of the
composite coating discussed in section 4.1. The Ni-P-Tribaloy wear scar was deeper and it

was subject to more abrasion.

The abrasion wear rate was taken as the slope of the linear portion of the volume
loss curve in mm® per revolution. It can be seen that the wear rate decreases as wear
progresses for the Ni-P-Tribaloy coating, while the wear rate of Ni-P remained constant
throughout the experiment. The wear rate of the Ni-P-Tribaloy coating was found to be
0.170 mm?® per revolution. In comparison, the Ni-P coating had a lower wear rate of 0.135
mm? per revolution. This can be attributed to the considerably higher roughness of the
composite coating, as reported in several studies correlating higher wear rates to higher

surface roughness [142]-[144].
4.5.3 Wear Scar Analysis

Upon the examination of the wear scar on the Ni-P-Tribaloy coating surface using
SEM, the first feature observed at low magnification is the flattening of the coating surface.
The rough coating surface prior to the test is due to some of the Tribaloy particles on the

surface being coated over by the Ni-P around them, as discussed in section 4.1, resulting
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in a high roughness by creating the asperities on the surface seen in Figure 4—7 and Figure
4-8. The SEM images in Figure 4-38 illustrate the flattening that occurs at the edge of the
abrasion wear scar, indicating their location on the scar. The insert images in the upper right
corners are where the larger images were taken relative to the wear scar. It can be seen in
Figure 4-38 (b) that the surface at the edge of the wear scar is relatively smoother compared
to the coating surface in Figure 4-8 using the same image scale, as the roughness is being
flattened (rather than polished) caused by the sliding. As the specimen is inspected further
towards the middle of the scar, in Figure 4-38 (a), it was found that the surface is even
smoother as the asperities are being further flattened and pressed in. This is due to the
nature of the contact between the rubber wheel and test specimen and their respective
orientations as illustrated by the diagram in Figure 4-39 showing the contact area between
the wheel and the specimen. There is less/shallower contact between the two at edge of the
wear scar and it is undergoing less abrasion, whereas inside the scar there is deeper contact,

thus more flattening of the material.
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Figure 4 — 38: Ni-P-Tribaloy surface depicting the flattening (a) inside and (b) at the edge

of the abrasion scar.
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Figure 4 — 39: Illustrative diagram of the contact area between the wheel and specimen.

This effect can also be seen from the average profile along the length of the wear
scar. Figures 4-40 and 4-41 show the average profiles for Ni-P and Ni-P-Tribaloy obtained
from the 3D scans by taking an average of 500 vertical lines at 5.3 um intervals along the
length of the scar. It is clear that the profiles of both coatings are curved with the middle of
the scars being deeper than the edges. The further away from the edge, the deeper that

contact with the rubber wheel.
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Figure 4 — 40: Average profile along the Ni-P wear scar.
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Figure 4 — 41: Average profile along the Ni-P-Tribaloy wear scar.

Figure 4-42 shows representative images of the abrasion from inside the wear scar.
It was found that plowing is the dominant wear mechanism in the abrasion of this Ni-P-
Tribaloy coating. Material is being squeezed out and pushed to the sides to form ridges,
which is typical of the plowing mechanism. The coating is being deformed by plastic
deformation as the abrasive is extruding the surface and sliding over it. Large and semi-
angular abrasive particles slide on the surface and cause wide and shallow grooves as seen
here, as opposed to deeper grooves and cutting mechanism that would occur in the case of
sharp abrasive particles with sharp corners resulting in more damage. An instance of a deep
groove, likely due to a sharp corner on an abrasive particle is shown in Figure 4-43.
Although some deep grooves that are indicative of a cutting mechanism were found, they
are not significant, and they cannot be considered the dominant mechanism. It should be
noted that the ridges formed are not sliding in one direction, particles are being pushed
against the surface and they slide in different directions, and the grooves intersect as seen
in Figure 4-42 (a). The hardness of the Ni-P-Tribaloy coating also contributes to its wear
resistance as studies have shown that the penetration depth on the worn surface by the

abrasive particles is proportional to the ratio of hardness to applied force [145], [146].
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Figure 4 — 43: SEM image of a cutting in Ni-P-Tribaloy.

Furthermore, there is also compaction that occurs, along with plowing, arising from
the applied load and the contact between the rough surface and the rubber, where the
material is pressed in by that contact. Areas where the rough surface is being pressed in
can be seen in the SEM image provided in Figure 4-44. While in the Ni-P samples in Figure
4-45, mainly plowing is present. The compaction in the Ni-P-Tribaloy abrasion can be
attributed to the hardness of the Tribaloy particles. They cannot be easily removed from
the coating by plowing, the coating is plowed over them and they are compressed in. This
is also evident in Figure 446, showing the cross-section, where the Tribaloy particles are
protruding from the Ni-P matrix while the material around them is removed by plowing,

and subsequently the particles are removed.
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Figure 4 — 45: SEM image of Ni-P abrasion wear scar.
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Figure 4 — 46: Cross-section of Ni-P-Tribaloy wear scar.
4.5.4 Wear Mechanisms

Based on the findings presented here, the wear mechanism of the Ni-P-Tribaloy
composite coating can be described as follows: the Ni-P matrix above and around the
Tribaloy particles is plastically deformed by the plowing mechanism while the particles are
held in the matrix. Once the matrix around the particles is worn out and the particles are
protruding, the particles are then pulled out leaving large gaps as they are large particles.
The continuous plowing carries on removing the matrix material until the entire coating
thickness is worn out. This mechanism is illustrated in the schematic given in Figure 4—47.
The four steps are: plowing of the matrix, protrusion of reinforcement particles, particle
pull-out, removal of the rest of the matrix while the trapped reinforcement particles
contribute to the three-body abrasive wear. A similar wear mechanism was reported by
Surzhenkov et al. [147] as they observed the wear process happening in two stages where

the matrix is destroyed first then the loose reinforcement particles (WC-Co) were lost.
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Figure 4 — 47: Schematic diagram of Ni-P-Tribaloy wear mechanism during abrasion.

Instances of this mechanism were captured by SEM in the abraded cross-section of
the composite, verifying the existence of this wear mechanism. Figure 4-48 (a) points out
a Tribaloy particle, in the worn-out matrix, that is slightly protruding and on the verge of
being exposed as the Ni-P matrix around it continues to undergo further wear. This particle
would then protrude out of the matrix enough to be pulled out of the matrix. Figure 448
(b) reveals areas of particle removal where the pulled out Tribaloy particles leave gaps in
the matrix where they were once situated. It should be noted that those images are from
different locations in the coating, however, they depict the steps outlined here as they are
in different stages of the wear mechanism and they would follow the same steps under

further wear.
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Figure 4 — 48: SEM images of (a) first step and (b) second step of particle removal.

Regarding the particle removal process itself within the described wear mechanism,
consider the microscopic image given in Figure 4-49. It can be seen that the Tribaloy
particle is beginning to detach from the matrix, likely accelerated by delamination.
Delamination occurs under loading where the cracks develop beneath the surface, at
maximum shear stress, and extend parallel to the surface ultimately causing delamination.
When reinforcement particles are present, delamination will occur at the interface between
the matrix and the particle as it is a weaker area, compared to the matrix and the particles.
Researchers have reported that the interface plays an important role in this delamination
mechanism. The particle-matrix interface has been established in the literature as a
favorable area for crack formation and propagation during sliding wear of metal matrix
composites (MMC), and that interfacial bond is stronger when the reinforcement particles
are nano-sized over micro-sized [148]—[150]. Thus, the Tribaloy particle in Figure 4-49 is

exhibiting detachment caused by delamination at the coating particle-matrix interface.
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Figure 4 — 49: Detachment of Tribaloy particle from coating matrix.

Hence, the controlling parameters that influence the wear mechanism of the Ni-P-
Tribaloy coating are the sizes of the reinforcing particles and abrasive particles, and the

hardness of the overall coating matrix, the reinforcing particles, and abrasive particles.

Reddy et. al [42] suggested that the integrity of a Ni-P composite coatings can be
improved with smaller particles as they are easier to be held by the matrix in a study that
ascribed worse wear resistance to larger second phase particles. Smaller particles also
ensure the uniform distribution of reinforcing particles across the coating thickness. The
higher wear rate of the Ni-P-Tribaloy compared to the monolithic Ni-P coating in the results
(section 3.3) was mainly attributed to the high surface roughness and particle pull-out, both
are directly linked to the large Tribaloy particles size. Moreover, studies comparing micro-
and nano- sized particles in MMCs have shown that micro-sized particles exhibit higher
wear loss due to delamination, while nano-sized particles provided better resistance to
delamination due to having stronger bonding at the particle-matrix interface where
delamination occurs [148], [150]. Also, larger particles leave larger gaps when they are

pulled out, hence, the measured wear loss will be higher.

Particle pull-out was also linked to the abrasive particles size in the results

presented earlier. The larger the abrasive particles, the more prominent particle pull-out
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becomes over wear by loss of matrix. Also, the more rounded the abrasive particles are,
plowing becomes the more dominant mechanism over cutting, which is more severe and
leads to deeper grooves when the abrasives have sharp edges [118]. Some micro-cutting
was observed here because the abrasive particles used are semi-angular. The literature
suggests that micro-cutting is present when the hardness of the abrasives are higher than
the hardness of the abraded surface [147]. The composite coating hardness is 6.00 GPa and
the Ottawa silica sand used in this test typically has hardness values around 10.7-13.0 GPa
[151], [152].

The overall hardness of the composite coating matrix influences the wear resistance
positively such that depth of the wear grooves on the abraded surface is shallower when
the surface of the material is harder. The hardness of the Tribaloy particles themselves
makes it more difficult for them to be pulled out from the matrix from plowing. Wear loss
from particle pull-out is discussed extensively in this study, however, as long as the
particles are embedded in the matrix and not protruding out of it, they are able to resist
plowing. The hardness of the Tribaloy particles is also evident in all the provided figures

where none of particles were fractured at different stages of wear.
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Chapter 5 — Conclusions and Recommendations

In conclusion, electroless Ni-P-Tribaloy composite coatings were successfully
deposited on AISI 1018 steel substrates. XRD and SEM/EDS verified the deposition of the
coating and showed the distribution of the second-phase particles in the matrix with
excellent bonding to the substrate. The composite coating contained 15.7 vol.% Tribaloy
and had the chemical composition of 74.62 wt.% Ni, 8.88 wt.% P, 8.33 wt.% Co, 3.94 wt.%
Cr, 2.81 wt.% Mo, and 1.42 wt.% Si. The composite coating was characterized through
several tests to evaluate the effect of the addition of Tribaloy particles as second phase
particles in Ni-P coatings. The Ni-P-Tribaloy coating had a micro-hardness of 6.00 GPa, a
12% increase over the Ni-P coating due to the high hardness of the Tribaloy particles. The

composite coating also exhibited higher surface roughness and coefficient of friction.

The indentation behavior of the Ni-P-Tribaloy composite coating was found to be
superior to the Ni-P coating under the same test conditions. It exhibited remarkably less
severe cracking events from acoustic emissions, a reduction in crack size on the surface,
and minimal cracking along with shallow cracks on the cross-section. The toughening
mechanisms micro-cracking, crack bridging, crack arrest, and crack deflection were
identified. The toughness of the composite coating was estimated to be four times higher

than that of the monolithic coating, due to the inclusion of Tribaloy.

Despite greater volume loss during scratching, the Ni-P-Tribaloy displayed more
ductile behavior having significantly more pile-up along the edges of the tracks at each
number of passes. The dominant wear mechanism was recognized as material removal and
minimal cracking was observed compared to the Ni-P coating, demonstrating an increase
in toughness due to the addition of Tribaloy particles. The composite coating experienced
greater volume loss due to the particles being removed from the wear track and causing

three-body wear. The large particle size is believed to enhance the wear rate.

Low-stress abrasion test revealed greater volume loss and wear rate for the Ni-P-
Tribaloy due to the large size of Tribaloy particles. The composite coating had almost
double the volume loss after 50 revolutions and a higher wear rate of 0.170 mm?® per

revolution, compared to 0.135 mm? per revolution for the monolithic coating. The abrasive
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wear in the Ni-P-Tribaloy coating was found has two main stages: plowing of the Ni-P

matrix, followed by the removal of the Tribaloy particles which is caused by delamination

that occurs at the coating particle—matrix interface. The large size of the Tribaloy

contributes significantly to the wear of the composite coating as it increases the roughness,

leaves large gaps, and enhances the delamination at the particle—matrix interface bonding.

Considering those findings, the following conclusions can be drawn:

1.

3.

The addition of Tribaloy particles enhances the hardness and the fracture
toughness of Ni-P coatings, and they promote ductile behaviour during wear.
Tribaloy improves Ni-P’s resistance to cracking by reducing the size and
severity of cracks as they induce the toughening mechanisms of micro-
cracking, micro-cracking, crack bridging, crack arrest, and crack deflection.
Ni-P-Tribaloy exhibits higher wear rates under sliding wear mainly due to the

large size of the Tribaloy particles used in this research.

The following work is recommended to further understand the behaviour of this novel

composite coating:

1.

Further studies using finer Tribaloy particles, preferably nano-sized, to
potentially improve the wear resistance of the composite coating.
Corrosion testing, especially erosion-corrosion, to further assess the suitability
of Ni-P-Tribaloy for oil and gas pipeline protection applications.
Examine the effect of annealing heat treatment on the properties and wear

behaviour of the Ni-P-Tribaloy coating.

Publications generated from this thesis include:

1.

2.

A. Mabrouk and Z. Farhat, “Novel Ni-P-Tribaloy Composite Protective
Coating,” Materials, vol. 16, no. 11, p. 3949, May 2023, doi:
10.3390/mal6113949.

A. Mabrouk, Z. Farhat, M.A. Islam, “Low-Stress Abrasion of Novel Ni-P-
Tribaloy Composite Coating,” Submitted, Coatings.
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Appendix A — As-Deposited Coating Characterization
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Figure A — 1: Additional SEM image of the as-deposited Ni-P-Tribaloy cross-section.
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Figure A — 2: Additional SEM image of the as-deposited Ni-P-Tribaloy cross-section.
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Figure A — 3: EDS mapping of as-deposited Ni-P-Tribaloy coating cross-section.
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Appendix B — Micro-Hardness Load—Depth Curves
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Figure B — 1: All load—depth curves for Ni-P.
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Figure B — 2: All load—depth curves for Ni-P-Tribaloy.
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Appendix C — Indentation Images
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Figure C — 1: Additional images of indent cross-section around Ni-P.
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Figure C — 2: Additional images of indent cross-section around Ni-P-Tribaloy.
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Figure C — 3: Additional close-up images of indent around Ni-P.

101



60.00um

Figure C — 4: Additional close-up images of indent around Ni-P-Tribaloy.

102



Appendix D — Scratch Full Length Tracks
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Figure D — 1: Confocal microscopy image of all scratches for Ni-P.
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Figure D — 2: Confocal microscopy image of all scratches for Ni-P-Tribaloy.
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Appendix E — Abrasion Scars

Figure E — 1: Confocal microscopy image of abrasion wear scar on Ni-P.
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Figure E — 2: Confocal microscopy image of abrasion wear scar on Ni-P-Tribaloy.
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