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Abstract

A fundamental quest of modern tribo-electrochemistry is to unravel the prevailing failure
mechanisms on the surface interactions of materials and tools when operated in
tribological and corrosive environments. This follows their global economic impacts and
the associated costs of remediating the corrosion-tribological-related failures in load-
bearing applications, primarily where NiTiNOLG0 alloy is widely utilised. Thereby making
it imperative to investigate the tribocorrosion behaviour of this alloy. Although previous
studies have explored the performance of this alloy in corrosive environments,
particularly in artificial seawater, limited information exists regarding the tribocorrosion
behaviour in a broader range of hydrogen (H*) and hydroxyl (OH") ion groups. Hence,
this study discusses the sliding wear, electrochemical activities and the synergistic tribo-
corrosion interactions of NiTINOLG0 alloy in various corrosive media (H2SO4, NaOH, and

saline solution) prepared in accordance with the standards for analytical grades.

In this work, the investigation of NiTINOL60 alloy under various electrochemical and
sliding wear test conditions employed experimental procedures compliant with the ASTM
standards. The setup configuration involves coupling a linear reciprocating tribometer to
a 3-electrode cell potentiostat. This allowed the sliding of Al,O3 against the flat surface
of the specimens in dry and wet conditions. The simultaneous reciprocating sliding and
the potentiodynamic polarisation measurements were initiated after the system stabilised
in an open circuit potential (OCP). The material preparations and characterisations
confirmed the compositions of the Ni-rich alloy featuring a dense network of B2-NiTi +
NisTis cubic and rhombohedral crystal matrix structures. Our findings revealed that the
recorded surface and microstructural deformations emanated from the combined effects
of electrochemical reactions and sliding wear. While the reciprocating sliding promoted
delamination, abrasion, and adhesion, the electrochemical activities accelerated
oxidational and corrosive wear mechanisms in both cathodic and anodic regimes. This
validated the significant role of pH in the tribocorosion process, where the depassivation
rate depends on factors like contact pressure, sliding velocity, and passive film
properties. These factors triggered plastic deformations along the wear tracks,
particularly in the severe and mild wear regimes. This resulted in material losses, and
the maximum wear volume recorded in the saline environment was accelerated by
mechanical wear, corrosion, and third-body abrasion. Due to shear forces, grain
deformations and elongation were predominant in the alkaline environment.
Delamination and micro-cracks were prominent under higher applied loads due to
surface tensile stress and contact pressure, which initiated and propagated cracks

perpendicular to the sliding direction.



This research has demonstrated that, as opposed to an independent electrochemical
test, direct measurement utilising electrochemical impedance spectroscopy can yield a
substantially better estimate of the ohmic resistance in a tribocorrosion system. The
measurements with the linear reciprocating sliding wear indicated that surface damages
recorded on the sample in load-bearing actions were promoted by the tribocorrosion
synergy. The findings and deductions provide insight into wear mechanisms and
localised corrosion and highlight the influence of pH on corrosive wear and crack
propagation. These have practical implications for optimising the performance and
durability of NiTINOL60 alloy in the investigated corrosive environments, offering

valuable insights for load-bearing engineering applications.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

The mechanical and electrochemical interactions between moving surfaces are concepts
at the heart of innumerable natural phenomena [1]. Whether in the joints of a human
skeleton [2], in rolling elements of a jet turbine [3, 4], or crucial components on a space
station [5]. In some situations, neither natural events nor human-designed devices are
exempt from friction, wear and corrosion attack. The applications of some engineering
materials have been restricted to primarily non-tribological applications following severe
galling and significant wear rates often encountered in sliding contacts, especially in
load-bearing. The exposure of such material results in a corrosive environment, thereby
leading to corrosive wear, which is another concern in many applications. NiTiINOL60
alloy has gained vast use in engineering and biomedical applications where the
combined actions of mechanical wear and corrosion, also known as tribocorrosion, pose
a significant challenge to its optimal performance. Hence, this study will investigate the

tribocorrosion of this alloy in corrosive mediums under various loading conditions.

Tribocorrosion has long been the subject of investigations in both engineering and
medical fields following the intrinsic interactions of the phenomena (tribology and
corrosion) that have aroused the interest of humankind since ancient times. This has
regained great attention due to its significant role in the premature failure of components
in many systems [6-8]. The interaction between wear and corrosion in an aqueous
environment can produce a synergistic effect that degrades materials faster than wear
or corrosion alone. Wear can occur due to two-body or three-body interactions between
the sliding pairs. The primary wear mechanism is oxidative wear, in which the passive
oxide film is mechanically removed. Wear-accelerated corrosion or corrosion-
accelerated wear results from a synergistic deterioration process that starts when
corrosion occurs concurrently with wear [9]. This is common where increasing
engineering activities such as seawater hydraulic drive, submarine oil production
systems, etc., require high-performance frictional pair material [10]. These, therefore,
necessitate the need for the wear performance of materials in their various load-bearing
applications [11] to clearly understand the impact of tribocorrosion on the functioning of

the tribo-system.



1.2. Background of the Study

The concept of tribology regarding scientific discipline and economic implications
originated in the second half of the twentieth century. According to Siddaiah, et al. [9],
tribological contacts account for a global economic wear loss of about US$300 billion
annually, where losses from friction and wear amount to 73% and 27%, respectively [9].
Du, et al. [12], in their study, confirmed that over 80 % of machine failures are caused by

abrasion on the surface of the components.

Corrosion, which results in the degradation of material surfaces, is not only an
engineering issue but also an economic problem. Accordingly, this area of study has
been investigated over the past decades with significant studies in various parts of the
world on the cost of corrosion and how it affects a country’s economy. A report supported
by NACE International estimated the global impact of corrosion cost to be US$ 2.5 trillion
in 2013, equivalent to approximately 3.4 % of the global Gross Domestic Product (GDP)
[13]. The Australasian Corrosion Association presented that the effect of corrosion
contributes between 3.5% to 5.2% (average of 4.35%) of the global gross domestic
product. Extrapolating the figures for Australia’s GDP, it amounts to a high estimate of
AU$ 78 billion per annum spent on remediating corrosion-related assets. Applying the
same estimated impact for New Zealand, which has a smaller economy, the cost of
corrosion is approximately NZ$ 16 billion. Another study by Shekari, et al. [14] concluded
that adopting corrosion control practices could yield savings of about 15 — 35% between
$ 375 and $ 875 billion. According to their report, these costs typically do not include
corrosion safety or environmental impacts, which can have significant financial,

regulatory, and legal consequences for an establishment.

The unusually high activity of tribological surfaces in chemical interactions between
solids and ambient liquids and gases is well recognised, and the phenomenon is termed
tribochemistry or tribocorrosion [15]. This research field has attracted attention to
preventing tribological components from corrosive degradation by the surrounding
media/ environment [16]. According to published research, tribocorrosion has been
thoroughly studied for biomedical applications, including dental and bone implants,
micro-electro-mechanical systems (MEMS), and marine applications where tribosystems
are subjected to electrochemically active conditions [9]. However, understanding the
mechanism of tribocorrosion in these systems has gotten more difficult with the
introduction of new functional surfaces, materials, and lubricants for multifunctional
mechanical applications. Consequently, extensive research on the tribocorrosion of
passive materials, such as stainless steels and titanium alloys, has been conducted in

recent decades, following their various applications in corrosive environments [6, 17, 18].



In most engineering applications, conventional materials such as high-strength steels
(HSS) are often utilised due to their high resistance-to-weight ratio and yield strength
values ranging from 460 to 960 MPa [19-21]. However, these low-alloyed steels do not
produce a protective oxide layer on the surface due to their low content in alloying
materials progenitors of passive film formation (Cr, Ni, Mo, etc.) [22, 23]. Pepper, et al.
[24] reported that traditional steel-based bearing materials like M50, 440C, etc., despite
being highly magnetic and electrically conductive, are employed due to their high
hardness, ease of fabrication, and good tribological qualities. Yet, they suffer wear and
corrosion attacks if left unprotected. Consequently, specific properties and
characteristics, as presented in Table 1.1, are required for high-performance bearings,
gears and other mechanical components, such as high strength and hardness, high
thermal conductivity, and the ability to be manufactured to very high levels of precision
with regard to final dimensions and surface finish [24].

Table 1.1: Comparing the thermophysical and mechanical properties of NiTINOL60 with

other conventional bearing alloys [25, 26].

Property NiTiNOL60 440C M-50
Density (g/cc) 6.7 7.7 8.0
Hardness (HRC) 52 -62 58 — 62 60 — 65
Thermal conductivity (W/m-°K) ~9-14 24 ~36
Tensile/ (Flexural strength) (MPa) ~1000 (1500) 1900 2500
Young’'s Modulus (GPa) ~95 200 210
Poisson’s ratio ~0.34 0.3 0.3
Fracture toughness (MPa/Vm) ~20 22 20-23
Electrical resistivity (Q-m) ~1.04x106 ~0.60x10° ~0.18x10°
Max. Temp. use (°C) ~400 ~400 ~400
Magnetic Non Magnetic Magnetic
Corrosion resistance Excellent Marginal Poor

(Aqueous media)

In addition, spacecraft systems require bearings that can withstand both environmental
corrosion and transient stresses from vibrations associated with launches, such as
corrosive ambient maritime conditions [26, 27]. Several surface treatments, such as
boronising, nitriding, thermal oxidation, carburising, and laser surface treatments, have
been investigated to improve these alloys' ftribological characteristics [28-30].
Notwithstanding the surface treatments and the high resistance properties to wear and

corrosion, many engineering materials still fail in tribological applications and are also



prone to corrosion-related failures [19, 31]. These challenges have gradually prompted
the need for biocompatible materials. This extraordinary need to create engineering
systems that are more durable and long-lasting presents new and emerging issues for

tribological systems.

In that quest, Arne Olander discovered the first smart alloy in 1932, referred to as the
shape memory alloy (SMA), suitable for different industrial fields [32]. In 1962, William J.
Buehler and Fredrick Wang discovered NiTiNOL, and it has since become the most well-
recognised alloy system regarding the shape memory effect, even though it was not the
first discovered alloy that possessed the shape memory effect [33]. The term "NiTiINOL"
is derived from the alloy’s constituent elements (Ni and Ti), as well as the abbreviation
for the Naval Ordinance Laboratory (NOL), where the phenomenon was discovered [5,
34, 35]. Buehler and colleagues acknowledged and defined the material's "shape-
memory effect" and noted its ability to undergo a reversible change in its crystal structure
when heated and cooled over a temperature gradient [36], as shown in Fig. 1.1. At
temperature below the M the austenite structure returns to martensite, with no
macroscopic shape change; in contrast T>M:s results in martensite deformation [37, 38].
Thus, there is an increasing interest in NiTi alloys as solid-state actuators in the

aerospace industry despite the tremendous success in biomedical applications.

one-way effect

o A

martensite -

A\
0 \\\ \

Bg" NS
\ \

»

deforming

martensite
pseudoelasticity LA Ti

och \ ‘\\\\o Ni {1artellsite
A— > \
\ \ Ry

A
oo\

. \ .

: \\.\\ martensite

?/ \/ (twinned)
y,

|\
1\
\ *\

\

austenite
[ I ]

Thermal shape memory

Fig. 1.1: Representation of stress-strain-temperature diagram for NiTiNOL alloy [38].

Although the Ni-rich NiTINOL60 alloy was developed to replace bearings that experience
corrosion and wear issues in the water recovery system of the International Space

Station [39]. However, it is crucial to address this alloy's low transformation temperature



(=100 °C) and poor dimensional stability during cyclic loading before using it as an
actuator. Miller et al., in their report, also noted that the loadbearing, tribological, and
time-temperature-transition (TTT) behaviour of binary and ternary Ni-rich NiTINOL60
compounds play vital roles in such systems [40]. It is established that the transformation
temperatures of Ni-rich binary compositions are significantly lower than room
temperature and the Ti-rich compositions. Thus, the equiatomic NiTi has a higher
transformation temperature for SMAs and a higher recoverable strain. On the other hand,
NiTi alloys having Ni 50-55 at% or 55-60 wt% have specific properties like lower density,
high hardness, high corrosion resistance, and non-magnetic nature, making them very
useful in various industries [36]. Despite the limitations of Ni-rich alloys for shape-
memory applications, 55Ni—45Ti (at.%) alloy discovered by Buehler et al. possessed high
hardness, stably non-magnetic, and excellent corrosion resistance, which makes this
alloy particularly suitable for roll-bearing applications [35]. Recent research has
demonstrated that macro-alloyed Ni-rich compositions containing Pt, Pd, Zr, and Hf
precipitate out secondary phases, increasing transition temperatures to approximately
100 °C and satisfying the first important criteria [33, 39, 41]. Thereby exhibiting high
resistance to wear. As a result, the tribological behaviour of NiTi alloys has been
investigated and compared to many conventional engineering materials such as steels,
Ni-based, and Stellite alloys [42, 43]. These investigations have shown NiTi's higher wear

resistance than many tribological materials [44].

Following the scientific attention drawn by nickel-titanium alloys, Kosec, et al. [45]
categorised the related research conducted at the time of their study into the following
fields: basic corrosion and electrochemical studies, mechanical and material property
studies, and surface treatment studies [45]. Although the wear resistance of conventional
tribo-materials strongly depends on their mechanical properties, such as hardness,
toughness, and work-hardening [46]. However, these properties are not the primary
factors responsible for the high wear resistance of these alloys. The numerous
applications of NiTi-based alloy, which exposes the material to wear and harsh corrosive
environments [45, 47], warrant a thorough investigation of their tribocorrosion
phenomena in different corrosive media. However, many researchers have investigated
tribochemistry and/or tribocorrosion on many engineering and biomedical materials to
clarify the synergistic interactions. Yet, little is known about the underlying mechanisms
of NiTINOL60 alloy in this intriguing field of study [10]. In light of the above, further
research is required to reveal the tribo-electrochemical synergistic interactions and the
wear rates of NiTINOL60 alloy under different experimental conditions, hence the

knowledge gap that this research attempts to address. This will be investigated through



an experimental approach using three different electrolyte solutions (NaCl, H,SO. and
NaOH) and a setup configuration of a linear reciprocating ball-on-plate tribometer
coupled to a three-electrode cell potentiostat. This experimental setup has the advantage

of reproducing a generic sliding contact in a simpler and more controlled way.

1.3. Problem Statement and Research Questions

Tribocorrosion is a complex mechanism that affects the performance of mechanical
systems through wear-corrosion synergism, which occurs either in the form of wear-
accelerated corrosion or corrosion-accelerated wear. These degradation processes can
have serious consequences that might result in physical injury or death, such as when
biomedical implants fail, the release of metals into food products, contamination of the
environment, or financial losses arising from the need to replace affected equipment/
components. These deductions and the existing literature have revealed that while the
sliding wear mechanism for NiTINOL60 has been established, more attention needs to
be devoted to elucidating relevant deformation mechanism(s) for the combined actions
of corrosion and sliding wear. Additionally, many researchers have focused their testing
of this alloy in the simulated artificial seawater solution. Still, studies have yet to present
a comparative evaluation of this alloy through its investigation in various corrosive

mediums. These necessitates the following research questions:

1. How does the NiTiNOLG60 alloy surface interact in dissimilar corrosive mediums?
2. How would the testing parameters (temperature, pH, applied load, sliding speed,
etc.) impact the surface deterioration of this alloy?
How does the thermal effect influence the phase stability within the alloy?
What could be the wear mechanisms and/or the passivation kinetics of

NiTiINOLG60 alloy under the synergistic tribo-electrochemical testing conditions?

1.4. Significance

Following the rising concern on the tribological performance of NiTINOL60 alloy in
corrosive environments, it is evident that corrosion and wear play vital roles in material
deterioration in engineering and medical applications. This study will offer a mechanical
viewpoint on the multidisciplinary aspects of tribocorrosion, thereby promoting the use of
NiTINOL60 alloy in its vast application areas. The results presented herein apply to
various industries, such as the automotive, aerospace, marine, mining, petrochemical,
food, and biomedical sectors. Therefore, the findings from the research will offer valuable
insights into the tribocorrosion of NiTINOLG0 for designers of loading-bearing structures,

particularly in chemically active environments.



1.5. Aim and Objectives

This research aims to unravel the tribocorrosion and its influencing factors in the

accelerated degradation of NiTiNOLGO alloy in an electrochemically active environment.

The specific objectives to actualise this goal are to:

Vi,

Vii.

Evaluate the sliding wear and electrochemistry of the alloy to establish the
optimal parameters for tribocorrosion measurements.

Examine the alloy in various electrolytes using tribocorrosion configurations.
Investigate the influence of testing parameters (temperature, applied load, pH,
etc.), sample surface and electrolyte ions on the material's behaviour.

Analyse the resulting wear tracks to ascertain the surface transformation caused
by the combined effects of the two processes.

Study the effect of applied potential and third body wear on the tribocorrosion.
Identify the wear mechanisms and wear rates and quantify the material loss due
to the synergistic sliding wear and electrochemical activities.

Present a comparative evaluation of NiTINOL60 alloy performance and its wear

mechanisms/ rates in the various electrolyte solutions.

1.6. Outline and Thesis Structure

This thesis is structured following the AUT requirements for PhD thesis submission. It

contains ten (10) chapters, which are schematically presented in Fig. 1.2 and

summarised as follows:

=
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» Motivation and background of study

* Review of related literature

* Materials and experimental methods

+ Sliding wear tests in different experimental conditions

* Electrochemical behaviour of NiTINOLG0 in corrosive mediums

* Tribocorrosion investigation NiTINOL60 in H,SO,

* Tribocorrosion investigation NiTINOL60 in NaCl

* Tribocorrosion investigation NiTINOL60 in NaOH

» Comparative evaluation of NiTINOL60 performance in three electrolytes

» Conclusions and future research directions

Fig. 1.2: Schematic flow outline for this study.



Chapter 1 highlights this research’s motivation, background, and overview. It further

presents the aim, objectives, and significance of the study.

Chapter 2 presents an extensive literature review that covers some fundamental theories
of tribology and electrochemistry while focusing on the tribological and electrochemical
interactions of NiTINOLGO alloy. This section also summarised some related literature on
tribocorrosion of engineering materials and some methods currently employed for

surface-engineered materials.

Chapter 3 outlines the experimental approach(s) employed for this investigation. It further
presents the preparation of the material and reagents and detailed experimental

procedures.

Chapter 4 presents the sliding wear behaviour of NiTiINOL60 alloy in wet, dry and
elevated temperature conditions. It also describes the material characterisation and wear

rates.

Chapter 5 covers the electrochemistry of NiTINOLG60 alloy exposed to different
electrolytes. The investigation includes electrochemical impedance spectroscopy (EIS),
open circuit potential (OCP), potentiodynamic (PD) polarisation, and cyclic voltammetry

measurements.

The subsequent Chapters (6—9) will illustrate an integrated tribocorrosion configuration
to investigate the synergistic sliding wear and electrochemical activities of NiTINOL60
alloy in corrosive environments. A comparative report will be presented on the material’s

performance in the three electrolyte solutions used for this study.

Chapter 6 illustrates the investigation of tribocorrosion of an alumina ball (Al2O3) sliding

against a NiTiNOLGO alloy surface in a sulfuric acid environment.
Chapter 7 presents the tribocorrosion behaviour of NiTINOLG0 alloy in saline solution.
Chapter 8 presents the tribocorrosion behaviour of NiTINOLG0 alloy in alkaline medium.

Chapter 9 compares the tribocorrosion behaviour of NiTINOL60 alloy in the three

corrosive environments.

Chapter 10 highlights the main conclusions drawn from this study, its contribution to
knowledge, and possible prospects for future research directions for prospective

researchers in the field of tribocorrosion.

References — the |IEEE referencing style has been adopted for this thesis's in-text citation

and reference listing.



CHAPTER 2: LITERATURE SURVEY

2.1. Preface

This review aims to summarise the current state of research in the tribocorrosion of NiTi-
based alloys, highlighting the key findings, methodologies, and future research
directions. Its focus is on the interactions between mechanical wear, corrosion, and the
associated tribocorrosion mechanisms in different corrosive mediums, including
simulated physiological solutions that mimic the practical environments in engineering
and biomedical applications of NiTINOL60 alloy. The study will begin by examining the
fundamental aspects of NiTi alloy, including its composition, microstructure, and surface
properties, and their influence on tribocorrosion behaviour. It will then delve into the
experimental techniques employed to study tribocorrosion, such as ball-on-plate
reciprocating sliding and electrochemical testing, providing insights into wear and
corrosion mechanisms, surface characterisation, and material degradation. Furthermore,
the review will discuss the influence of various parameters, including pH, temperature,
applied load, sliding velocity, and electrolyte composition, on the tribocorrosion behaviour
of NiTi alloy. In addition, it will explore the role of passive oxide films, tribo-films, and
material transfer processes in tribocorrosion, along with the effects of surface
modifications, coatings, and alloy composition on corrosion resistance and wear
performance. The study will conclude by highlighting the existing challenges and
knowledge gaps in the field and suggesting future research directions to enhance the
understanding and scope of prospective tribocorrosion researchers. It will provide
researchers and engineers with a comprehensive overview of the current knowledge of
NiTiINOL60 alloy tribocorrosion and inspire further investigations to address the complex
tribocorrosion challenges associated with NiTi alloys. The review manuscript draft in

section 2.2 has been submitted to a journal for peer review and publication.

Graphical abstract for the tribocorrosion of NiTINOLG0 alloy.
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2.2. Investigating the tribocorrosion behaviour of NiTiNOL60 alloy in engineering

and biomedical applications — An overview

2.2.1. Introduction

The demands for a better understanding of surface degradation processes, mainly when
tribological components are operating in corrosive environments, have arisen because
of the need to choose or design new surfaces for future equipment, minimise operating
costs, and extend the life of existing machinery [48, 49]. This has led to the current study
field of tribocorrosion, which aims to address the aforementioned issues and understand
the mechanisms of surface deterioration when mechanical wear and chemical/
electrochemical processes combine [50-52]. Tribocorrosion is a multifaceted degradation
phenomenon that occurs when metals are subjected to mechanical wear and corrosion

simultaneously [1, 7, 53].

The interaction between moving surfaces in a tribological loading situation/contact is a
concept that exists in many phenomena in nature, be it in the components of spacecraft
[40], human joints [54], rolling elements of a jet turbine [5], etc. Literature information
states that tribological contacts result in a global economic loss of approximately US$
300 billion annually, with friction contributing to 73% of the total loss and wear
contributing to 27% [9]. Corrosion is also reported to have a global estimated cost of
about US$ 2.5 ftrillion, equivalent to 3.4 % of the 2013 Gross Domestic Product of the
United States [13]. Tribological applications in a corrosive environment often result in a
surface alteration [55-57], and understanding this complex phenomenon and its
complexity arises from the interactions involved in moving surfaces as influenced by
several parameters (mechanical, material, electrochemical reaction, and environment)
[7, 52, 53]. The interaction is a significant mechanism of degradation that has a big
impact on the effectiveness and dependability of metallic materials. As such, superalloys
are preferred over conventional materials in high service temperatures (650 °C) and other
tribological operations [58-60] where the structural component may fail due to creep

and/or fatigue.

This phenomenon, characterised by its synergy from the combined action of mechanical
loading and corrosion attack influenced by the environment [45, 61], is known as
tribocorrosion. Its occurrence still prevails as the primary mechanism governing the
deterioration of material through the interaction of wear and corrosion in numerous
applications such as marine engineering [62, 63], biomedical implants [2, 64], aerospace
[40, 58], and chemical mechanical polishing [22]. In these applications, several

phenomena, including abrasive wear, adhesive wear, corrosive wear, fretting corrosion,
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galvanic corrosion, and pitting corrosion, take place simultaneously, which can shorten
the useful life of equipment/components, leading to unpredicted failures [52, 65, 66].
Different materials have been considered to remedy the situation; thus, steels are the
most highly utilised engineering alloys due to their desirable properties of high tensile
strength and good machinability [67]. For manufacturing implants, stainless steels are
considered following their remarkably high-temperature resistance and performance
against corrosive media. Still, their high wear resistance makes them unsuitable in high-
temperature and load-bearing applications [64]. Low-carbon steels are also unsuitable
because they are susceptible to aqueous corrosion [68]. Lopez-Ortega, et al. [69]
reported that the tribocorrosion of passive materials like stainless steel and titanium
alloys has been widely studied for different applications and corrosive environments in
recent decades. They highlighted that wear locally destroys and removes the protective
oxide layer formed on the surface of passive materials, which exposes the underlying
fresh material to the electrolyte [69]. Another study by Shabalovskaya, et al. [70]
highlights the potential threat of metallic release from implant devices and the
subsequent research focus on surface modifications and coatings [71-73]. This has been
a significant area of research due to the potential health risks associated with metallic

exposure [74, 75].

Another area of interest is the application of graphene and graphene oxide additives as
barrier coatings in tribological applications due to their remarkable thermal conductivity,
excellent mechanical strength, high surface area as well as weak van der Waals
interaction between adjacent atomic-thick lamellae [76]. It is reported that graphene-
based materials used as additives to water and lubricating oils have significantly
improved friction reduction, protection of contact interfaces against wear and corrosion
mitigation through thin film formation [76, 77]. Kumar, et al. [77] highlighted the relevance
of graphene barrier coatings and categorised the commonly used graphene-based anti-
corrosion into pure graphene and graphene composite coatings. However, the dispersion
stability, structural features, and dosage of graphene-based dispersoids, along with
contact geometry, play important roles in governing tribological properties [76].
Accordingly, Zuo, et al. [78] investigated the effect of various concentrations and
tribocorrosion behaviour of graphene oxide (GO) particles in micro-arc oxidation (MAO)
coating on the Ti6AL4V alloy. Their study confirmed that the GO additive effectively
enhanced the corrosion/tribocorrosion resistance of MAO coatings and further reported
that the best tribocorrosion resistance was achieved by combining MAO coating and 10
mL/L of GO [78]. Another study by Acar, et al. [79] investigated boron-doped and
graphene oxide-doped TiO2 nanotubes (TNT). Their study reported that the graphene
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oxide doped TNT sample had the highest corrosion resistance and surface hardness,

showing the best tribocorrosion resistance.

Since the lifespan of most engineering and biomedical materials is often affected by
corrosion and sliding wear properties [16, 18, 52, 74, 80-82], it has prompted the growing
interest and investigation for a suitable material that can withstand the synergistic impact
of wear and corrosion [73, 83]. Accordingly, researchers have explored Nickel and
Titanium as significant elements mostly used in high-temperature applications [58-60,
84-86]. These elements have superior oxidation and corrosion resistance with excellent
stable mechanical properties at higher service temperatures [36]. NiTINOL60 alloy has
been widely adopted in tribological applications due to its unique properties, such as high
hardness, high corrosion resistance, low elastic modulus, and non-magnetic properties
[87, 88]. This alloy's high mechanical and corrosion resistance properties promote its
application in harsh/aggressive environments, including marine [63] and biomedical
implants [89]. Despite the excellent corrosion resistance property of NiTINOL60 alloy,
tribocorrosion still prevails as the primary mechanism governing the deterioration of
material through the interaction of wear and corrosion in many engineering applications
such as marine engineering [62, 63, 90], biomedical implants [2], aerospace [3, 40, 58],
and chemical mechanical polishing [22]. Aside from the aerospace, marine, and
biomedical applications, Mathew, et al. [91] listed the automotive, food and textile,
chemical, and oil industries, mining and metallurgy, thin films, micro and nanotechnology
coating, and the transportation industry as additional sectors where tribocorrosion

synergy occurs.

Although NiTi alloys produced by traditional methods such as casting, wrought, etc., were
the focus of many studies on tribocorrosion, the tribocorrosion characterisation of NiTi
alloys produced by additive manufacturing processes is a relatively new and less
explored topic in the literature [92, 93]. As a result, Buciumeanu, et al. [94] investigated
the synergistic effects of corrosion and wear in phosphate-buffered saline on as-printed
NiTi shape memory alloy processed by additive manufacturing laser beam-directed
energy deposition (LB-DED) techniques such as laser-engineered net shaping (LENS).
They further compared the tribocorrosion behaviour of NiTi alloy with Ti-6Al-4V, the most
commonly used titanium alloy in biomedical applications, produced using the same
processing technology (LB-DED, LENS). Their study found that when compared to the
Ti-6Al-4V alloy [95], the NiTi alloy is less vulnerable to the discharge of metallic ions [75]
during its service life as an implant [94, 96]. NiTi shape memory alloys possess several
multifunctional properties resulting from a reversible martensitic transformation. Further

studies showed that understanding the effects of specific parameters such as
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transformation temperatures, matrix strength, hysteresis, and transformation strain of
NiTi alloys, which are functions of composition, thermomechanical treatment, and
crystallographic orientation, is crucial for practical purposes [87, 97, 98]. This study has
shown the need for a more recent review of the tribocorrosion of NiTi alloy. Accordingly,
Mischler and Munoz [7] summarised the aspects of tribocorrosion studied at the time of
their report. The information revealed that some areas have received little attention, and
the fact that the combined actions of tribology and electrochemical reactions impact
various activities makes this review relevant. Therefore, this paper provides a
comprehensive review of the tribocorrosion behaviour of NiTINOLGO alloy in corrosive
environments, focusing on understanding the interactions between mechanical wear,
corrosion, and the associated degradation mechanisms. Examining the experimental
findings and research advancements will help unravel the performance of NiTi alloy
under simultaneous mechanical and electrochemical stresses in tribological and
corrosive conditions. Further, it tends to critically analyse the recent status of NiTi alloy
tribocorrosion and highlight the future areas to be investigated to aid in the selection and
application of NiTiNOLG60 alloy.

2.2.2. Ni-Ti-based alloys and the fundamental concepts in tribology and corrosion

2.2.2.1. Ni-Ti alloys

The need to create engineering systems that are more durable and long-lasting presents
new and emerging issues for tribological interfaces. In that quest, Arne Olander, in 1932,
discovered the first smart alloy, referred to as the shape memory alloy (SMA), suitable
for different industrial fields [32]. It was acknowledged that the material's "shape-memory
effect” showed improved recovery after a significant degree of strain and could replicate
their memorised shapes [36]. In 1962, William J. Buehler and Fredrick Wang discovered
Ni-Ti alloy at the Naval Ordnance Laboratory (NOL), Ohio, USA, thus, the name NiTiINOL
[5, 34, 35]. Other thermo-mechanical characteristics of NiTINOL, such as
pseudoelasticity or high damping, were discovered later [32]. Since then, several metallic
alloys with intrinsic physical, mechanical, and electrical properties, including shape

memory behaviour, have been utilised in various industrial applications.

Figure 2.1 presents a nearly stoichiometric Ni—Ti alloy phase equilibrium diagram; the
transformation from B2 — B19' occurs in a single step. In austenite, big grains (~ 6.6 to
21.7 ym) undergo the same transformation but with a relatively small Ni advantage. Grain
development is the direct outcome of heating to a relatively high temperature of > 800
°C, which also causes uneven release of the metastable NisTis phase [99]. As the

diagram illustrates, NisTi is the cuboid-shaped y' phase (hard-ordered phase)
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responsible for increasing the operating temperature of the SMA. At high and low
temperatures, the stress-induced superelasticity and thermally-induced shape memory
effect aid SMAs’ recovery of their original shapes [100]. Patel and Bahera examined the
triangular region of the NiTi phase diagram in their work, and they emphasised the
combined influence of SMA and superalloy qualities based on the phases that occurred
[36]. In another study, Dobrzanski, et al. [99] investigated the effect of mass
concentration of nickel in the range of 48 — 51% on the martensite start (Ms) temperature
value. They deduced that the Ms temperature for the stoichiometric chemical composition
of Ni50 — Ti50 is around 65 °C. This temperature also slightly increases with increasing
titanium content. Conversely, when the nickel concentration is increased above
equilibrium, the Ms temperature is drastically lowered to around 140 °C [99]. Therefore,
it is possible to express the series of precipitation processes in austenite with structure
B2 systematically depleted in alloying elements under such circumstances as B2 —
TisNis — Ti2Nis — TiNi3z[99, 100].
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Fig. 2.1: Binary phase equilibrium diagram of Ni-Ti alloy.

Equiatomic NiTi has a higher transformation temperature for SMAs and a higher
recoverable strain. On the other hand, NiTi with Ni 50 — 55 at. % or 55 — 60 wt. % has

specific properties like lower density, high hardness, high corrosion resistance, and non-
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magnetic nature, making it very useful in various industries [36]. 55NiTi (55 wt.% Ni (50
at. % Ni)) with near equal atomic ratio has shape memory effect and superelasticity. It is
a typical shape memory alloy and has attracted extensive attention from researchers
[100, 101]. Nickel-titanium alloy with composition 60 wt.% Ni and 40 wt.% Ti (i.e., 55 at.
% Ni and 45 at. % Ti) is referred to as NiTINOLG0 alloy. NiTINOLGO alloy is a Ni-rich
intermetallic nickel-titanium alloy that contains a broad combination of physical and
mechanical properties such as high hardness, low elastic modulus, resistance to
aqueous corrosion, and good biocompatibility [5, 34, 35]. These unique combinations
make this alloy an attractive candidate for medical components such as implants and
prostheses, where hard and biocompatible materials with low stiffness are typically
employed. NiTi-based shape memory alloys have been shown to exhibit the shape
memory effect (thermally induced transformation) and superelasticity (mechanically
induced transformation) depending on composition, processing methods, and other
factors [100]. However, the production technology for NiTiNOL is crucial considering the
great affinity of titanium for carbon and oxygen, as well as the requirement to reduce the
creation of non-metallic impurities in the elements’ involvement. Aside from minimising
the formation of non-metallic inclusions, it is essential to achieve an alloy with a precise,
stable chemical composition [99]. As a result, high-quality raw materials, those having
99.99 wt.% Ni and 99.8 wt.% Ti is required for the fabrication of NiTiINOL. According to
Stanford [102], the Hot Isostatic Pressing (HIP) method commonly used for the
processing and fabrication of 60NiTi alloy is described in NASA’s technical report [102,
103]. Another study by Khanlari, et al. [104] presented Ni-rich 58NiTi and GONiTi
fabricated from elementally blended Ni and Ti powders using a laser powder bed fusion

technique.

Nickel and titanium are the two significant elements mostly used in high-temperature
applications [60, 84]. Superalloys are preferred over conventional materials for such high
service temperatures (650 °C), particularly where the structural component may fail due
to creep and/or fatigue [69, 105, 106]. NiTINOL60 has superior oxidation and corrosion
resistance with excellent stable mechanical properties at higher service temperatures
[36], leading to its wide medical and engineering applications. Notwithstanding, the
previous study by Okoani, et al. [107] presented that Ni-Ti-based alloys face significant
concern in tribological applications, such as automotive, spacecraft [24], marine [62, 63],
food and beverage processing [108-110], pharmaceutical [111], biomaterial [112],
actuators [113] and biomedical sectors such as orthopaedic [114], endodontic [99] and
orthodontic [99].
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2.2.2.2. Medical applications of Ni-Ti alloys

The advancement in medicine and material engineering has promoted the utilisation of
implant materials, including stainless steel, cobalt-chromium alloy, organic polymer,
magnesium matrix composite, nickel-titanium shape memory alloy, and titanium alloy
[115, 116]. While biomaterials like ceramics (alumina), polymers (UHMWPE), and metals
(titanium and cobalt-chromium alloys) show outstanding biocompatibility, they have their
drawbacks, including the potential for hazardous substances in the alloying elements
[64, 89, 91, 117]. Titanium alloys are among the metallic materials most commonly
employed in biomedical applications [94, 118]. They are appropriate as implant materials
due to their unique combination of corrosive and mechanical qualities [119]. It is well
known that when exposed to bodily fluids such as saliva, phosphate-buffered saline, etc.,
all titanium alloys have the ability to form a protective coating that can prevent corrosion
[120]. Under these circumstances, the protective layer can delay or stop the dissolution
of the metallic ions (without involving any mechanical action) [121]. Still, mechanical
loading can damage this layer, thereby releasing metallic ions. Figure 2.2 illustrates the
artificial implant in a hip joint depicting tribocorrosion and fretting corrosion due to
tribological interfaces around the hip joints [80, 119, 122]. As a result, CoCr alloys are
frequently combined with Ti alloys to considerably reduce micro-motions and fretting
corrosion [16, 119]; however, metallic materials alloyed with chromium release
carcinogenic elements, which can cause serious health issues. Although cobalt-
chromium alloy possesses good corrosion resistance and tolerates large loads, both
metals possess cytotoxicity [123]. The widely used titanium alloy Ti-6Al—4V is an ap—
type alloy that is associated with toxic alloying elements: Vanadium (V) and Aluminium
(Al). That may result in issues related to the development of Alzheimer's disease and
inflammatory cell reactions [119, 124]. To combat the problem, NiTi shape memory alloys
and magnesium-based alloys were introduced to satisfy more specialised needs, like
non-conventional reconstructive surgery involving hard tissues or organs (NiTi as
vascular stents) and bone tissue engineering and regeneration (magnesium-based
alloys). Although magnesium matrix composites and alloys have quick biodegradation
rates, they have low mechanical qualities and are not corrosion-resistant [80, 112, 115].
These have promoted the need to develop biomaterials with a lower modulus of elasticity,

increased corrosion resistance, and more acceptable biocompatibility [64, 125].
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Fig. 2.2: Schematic representation of tribocorrosion effect in a hip joint implant.

Consequently, Ni-Ti alloys are emerging as the optimum choice as numerous
researchers have examined and compared the corrosion and/or tribological properties
of these biomaterials to those of other materials, including Ti and its alloys, CoCr alloys,
316L stainless steel, etc. [65, 67, 126-129]. Buciumeanu, et al. [94] investigated the
viability of substituting NiTi alloy for Ti-6Al-4V alloy in some medical applications, such
as implants. This is because metallic implants designed for medical bone replacement
should have characteristics similar to the organic tissue that must be replaced [64, 94].
It has excellent biocompatibility, high corrosion resistance, suitable mechanical
properties (high strength, sufficient ductility, low Young's modulus, high hardness, etc.),
high wear resistance, and osseointegration. Table 2.1 compares the mechanical
properties of cortical bone and some selected metals often used as biomaterials. Given
that bone's ultimate compressive strength is less than 340 MPa, implants intended for
general bone replacement applications should, as shown in Table 2.1, have a strength
of 340 MPa or above [80, 130]. This is because porous structures promote bone in-
growth, lower the implant's Young's modulus, and help to lessen the stress shielding
phenomenon. Thus, NiTi-based alloy demonstrates the acceptable characteristics that

make it a suitable biomaterial for bone replacement and implant.
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Table 2.1: Comparing the mechanical properties of common implant biomaterials and
cortical bone [80, 130].

Matarial Young’s modulus Ultimate tensile Fracture
(GPa) strength (MPa) toughness (MPa)
Cortical bone 10-30 130-150 2-12
Trabecular bone 0.01-3 2-70 -
NiTi alloy 30-50 1355 30-60
Mg alloy 40-50 100-250 15-40
Ti alloy 105-125 900 ~80
316L stainless steel 200 540-1000 ~100

CoCrMo alloy 240 900-1540 ~100

In orthodontics, following the intricate tribo-electrochemical process in the oral
environment, Kassab and Gomes [131] examined the fracture of NiTi wires in artificial
oral environments. It is established that there is a considerable risk of corrosion-induced
fracture when using super-elastically strained NiTi implants in fluoride-containing oral
environments [131, 132]. Figure 2.3 depicts a dental implant using a biomaterial, and in
the complex oral environment, ingesting food particles and fluid substances in the
presence of saliva results in temperature and pH variations that promote corrosion
(fretting) activities. Further actions from chewing food products trigger the micro-
movements between the implant abutment, the gum tissues and the jawbone,
contributing to the enamel/ crown wear and distorting the periodontal ligament. The

combined wear and corrosion interactions lead to the tribocorrosion phenomenon.
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Fig. 2.3: Schematic representation of tribo-corrosion affected area in an oral

environment.
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The invention of NiTi instruments has since proven beneficial to endodontic treatment
[133] because of the easier and more effective root canal preparation made possible by
their higher taper. Tools manufactured of NiTi alloys have advantages over those made
of stainless steel alloys in terms of mechanical qualities, including increased fatigue
resistance, high flexibility, and resistance to fracture from twisting in either a clockwise
or anticlockwise direction [70, 134]. Brantley, et al. [119] stated that stainless steel, cobalt
chromium, nickel-titanium, and beta-titanium are the four main orthodontic alloys that are
currently widely used for orthodontic wires, brackets, and devices. Despite the benefits,
each alloy has some associated drawbacks regarding clinical application [119, 135, 136].

Table 2.2 summarises the general compositions and mechanical properties of these

alloys.
Table 2. 2: Mechanical properties of four major orthodontic alloys [119].
... Elastic modulus 0.1% yield strength
Alloy General composition (GPa) (MPa)
Stainless steel Fe—Cr—Ni 160-180 960-1500
Cobalt—chromium Co—Cr—Fe—Ni 150-180 830-1200
Nickel-titanium Ni—Ti 32-36 200-550
Beta—titanium Ti-Mo—-Sn-Zr 60-68 620-690

2.2.2.3. Engineering applications of Ni-Ti alloys

Ni-Ti alloys have gained vast engineering applications due to their outstanding corrosion
resistance and good mechanical qualities [107]. Ni-based superalloys are used in the
aerospace industry for nuclear power plant boilers, turbine blades, and aero-engine
casings [36]. Variable geometry chevrons, variable camber fan blades, actuators,
bearings, general flow control, adaptive intake nozzles, flaps, and other hinged
components are just a few of the aerospace applications for NiTi alloys [27, 100, 137].
Although they are less common, alloys with higher nickel contents (e.g., 52 to 57 at. %
Ni) have several beneficial properties for structural applications, including high hardness,
resistance to corrosion, and low density, thereby making these alloys beneficial in
tribological and tool manufacturing [47]. Accordingly, Buehler and Wang [35] suggested
using these alloys in non-magnetic hand tools, hardened penetrators, and bearings for
water-flooded rotating components. The exceptionally high hardness and low effective
modulus ensure this alloy can withstand extreme strains without permanently deforming,
which lowers the possibility of structural damage at contact areas during shock loading.
Because of these qualities and its superior corrosion resistance, NASA considered using
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this alloy in the International Space Station's water recycling system in place of bearings
[27, 33, 138].

DellaCorte [4] studied the mechanical components representing severe bearing or gear
applications that have long challenged the bearing community. The field of applications
was categorised into low, moderate, and critical needs. The study highlighted
considerations needed in shock/ high loads as critical for aircraft landing gears, space
gyros and mining vehicle bearings. Critical considerations are required for corrosion
design requirements in aircraft control surface bearings, landing gears, marine
machinery, food processing, and water treatment plants. While X-ray tube bearing
requires critical consideration in high temperature and electrical conduction applications,
their study revealed that materials used for X-ray tubes should be compatible with solid
film lubricant, tolerate radiation and be able to operate in a vacuum (little or no outgassing

tendency) [4].

Near-equiatomic and Ti-rich compositions have typically been used for solid-state
actuation in appliances, including those found in spacecraft, automobiles, and marine
equipment [24, 47]. Moreover, unlike Ti alloys, the combined Ni and Ti materials have
been shown to possess hardness comparable to tool steels and the ability to be

comparably lubricated [33, 35].
Protection mechanisms against tribocorrosion

Different measures, such as surface modifications and coatings, have been employed in
the protection of metallic components against surface deterioration, which is often
aggravated by tribocorrosion [50, 139-141]. The benefit of this protective layer is to
promote the longevity of the components and decrease manufacturing costs [142].
According to Fotovvati, et al. [140], the different coating methods, materials and
applications all tend to a common purpose of protecting a part or exposed structure from
mechanical or chemical damage (i.e., tribocorrosion). Dong, et al. [143] investigated the
erosion wear behaviour of NiTi alloy coating fabricated via high-frequency induction
heating technology. Shen, et al. [144] studied the enhanced anti-tribocorrosion
performance of Ti-DLC coatings deposited on steel substrate using a filtered cathodic
vacuum arc (FCVA). According to their report, the Ti-DLC coatings at —200 V presented
the best anti-tribocorrosion performance with the least values of friction coefficient and
wear rates, thereby suggesting that Ti-DLC coating is a potential protective material for
marine equipment. In another study, Lépez-Ortega, et al. [145] investigated the
performance of a thermally sprayed aluminium (TSA) coating modified by plasma

electrolytic oxidation (PEO) technique for offshore submerged components protection.
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The results showed that the TSA coating modified by PEO showed a significant
improvement in the corrosion, wear and tribocorrosion resistance leading to smaller
material losses and lower coefficient of friction (COF) [145]. Dong, et al. [121] presented
the surface modified techniques and emerging functional coating of dental implants.
They attributed the major reasons for implant failure to poor osseointegration and
bacterial infection. Some researchers have investigated the effects of graphene on
tribocorrosion behaviour [77, 78]. For improved surface protection, further research into

the development of more advanced coating techniques is required.

2.2.2.4. Tribology and tribological concepts

Figure 2.4 presents a summarised representation of tribological concepts during
reciprocating sliding. As is known, tribology encompasses the wear, friction, and
lubrication of a material, while friction is an underlying force that impacts almost all
interface-related applications. The interface-related applications could be categorised
from solid-solid and solid-liquid to liquid-liquid interfaces [146]. Friction is often
associated with mechanical wear; hence, controlling its level between the contact
surfaces of two moving bodies is necessary. The coefficient of friction is used to measure

friction, and it can be calculated using Eq. (2.1) as follows:
h= g (2.1)

where y = coefficient of friction, F: = tangential force and F. is the normal load applied on

the moving body.

Fig. 2.4: Schematic representation of a tribological system.

Leonardo da Vinci first introduced the fundamental understanding of interfacial friction
through the distinction between motion resistance in sliding and rolling motions, as
reported by Yi, et al. [146]. Recent investigations on macroscopic interaction evaluate
the impact of load, contact area, and sliding speed on macroscopic solid motions. Figure

2.5 depicts the combined effect of load and sliding speed on the sliding wear process in
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metals [147]. The image shows increased temperature at the contact interface, heavy
mechanical damage at higher load, and increased sliding speed, resulting in plastic

deformation and wear loss.

Fig. 2.5: Effect of load and sliding speed on the sliding wear process in materials.

Since wear occurs due to relative motion between two surfaces, surface damage during
wear is mainly related to the surface of the two contact materials and environmental
conditions under lubricated and/or unlubricated systems. Several wear equations in the
literature can be used to quantify wear and theoretically determine the amount of material
loss. This includes Archard’s law, a simple equation (Eq. 2.2) used in wear analysis to

compute material loss (wear volume).
V_gkn (2.2)

where V = wear volume loss (mm?3), L = total sliding distance (m), F, = applied normal

load (N), H = hardness of the material (MPa), and K = wear coefficient (non-dimensional).

However, there are some drawbacks because the equation does not consider the effect
of sliding speed, contact area, interface temperature, lubrication, etc. Measuring the wear
rate of a material in the absence of corrosion is required to determine the pure
mechanical wear. This can be accomplished with a sliding wear test that solely utilises
tribological factors. Profilometry is a technique for quantifying material loss through
experimentation. By measuring the height and width of profiles across the wear track,

this technique aids in identifying materials removed or displaced in sliding contact.
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2.2.2.5. Sliding wear mechanisms of Ni-Ti-based alloys

Different wear mechanisms can be identified depending on the relationship between the
interactions between a material’s mechanical properties, applied load, and contact
pressure. Wear can generally be classified into adhesive wear (this occurs based on the
micro-joints between the two surfaces during relative motion), surface fatigue wear
(occurs during cyclic loading), corrosion wear (usually accelerated by oxidation in a
corrosive environment), and abrasive wear (occurs as ploughing, or cracking when hard
surface slides against a softer surface) [53, 148]. Since the elastic or reversible
deformation occurs when the average contact pressure is lower than the yield strength
of the contacting material, repeated rolling/sliding results in crack initiation and
propagation, leading to fatigue wear. Plastic or irreversible deformation occurs when the
average contact pressure exceeds the yield strength of a material. A different wear
mechanism known as cutting or micro-cutting happens when the high strain created at
the indenter edges causes the sharp edges of sliding bodies to cut through areas of the
softer sliding material. When there are blunt asperities, the moving indenter uses a
process known as ploughing to drive the materials in the contact zone apart [53, 147,
148]. The wear rate estimations can quantify the material loss or removal per unit time.
As represented in Figure 2.6, Hutchings [147] described the relationship between wear
rate and contact resistance on a logarithmic scale, i.e., the wear behaviour of a material

sliding against a smooth, hard surface, as a function of the normal load [147].

Fig. 2.6: The relationship between wear rate and electrochemical contact resistance.
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As depicted in Figure 2.6, it is evident that Archard’s equation (Eq. 2.2) is obeyed,
whereby at higher loads (depending on the contact geometry) leading to significantly
higher contact pressures, the wear rate increases significantly. Higher contact resistance
is often recorded at low loads because the local contact pressure at asperities contacts
is inadequate to penetrate the passive oxide film. Hence, insufficient contact pressure
significantly increases the wear rate by approximately 100. This wear transition is

attributed to the presence of a thin oxide film at the contact surfaces [53].

2.2.2.6. The fundamentals of corrosion

Corrosion is the reaction (chemical, electrochemical, physical or combination) of a
material and its environment with a consequent deterioration in its properties. While the
corrosion phenomenon is related to the material, the environment, and the interface
between both, this study focuses on the electrochemical reaction of materials under
tribological contacts. The interaction of a metal and a corrosive environment reveals that
the oxidising agent oxidises metal. Various electrochemical interactions show that factors
influencing corrosion include the position of the metal in the electrochemical series, pH,
electrolyte concentration, impurities in the metal, concentration of oxygen, and
temperature difference [69, 149]. Two common surface reactions in aqueous electrolytes
or a specific corrosive environment are the cathodic (oxidising agent-induced electron
consumption) and anodic (metal atom electron removal) reactions [7, 61]. The following
chemical reactions represent the anodic and cathodic half-cell reactions during the

electrochemical process (Egs. 3-5).

M - M*Z + ze~ (Oxidation = Anodic) (2.3)
zH* + ze~ - H, T (Reduction = Cathodic) (2.4)
M + zH* - M*? + H, T (Redox = Overall) (2.5)

The material undergoes various electrochemical responses through the immune state
(where the metal is not corroded), active state (corrosion leading to metal loss or
dissolution of one of the constituents of the corrosive environment into the metal) and
the passive state (metal generates a protective oxide passive film on its surface which
reduces corrosion rate). Corrosion damage in the form of general or localised corrosion
can be used to determine the corrosion mechanism. Metals with low corrosion potential
will undergo anodic polarisation, increasing the anodic dissolution rate. The metal with a
high corrosion potential will undergo cathodic polarisation, slowing the dissolution rate
down [150]. Pitting, the conventional corrosion form, exists in different stages even

though pitting is self-initiating and self-propagating, making it difficult to determine the
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borders for every stage, including the nucleation, metastable pit formation, and stable
pitting [151].

2.2.2.7. Corrosive wear mechanisms of Ni-Ti-based alloys

Most metals and alloys face surface deterioration when in contact with water-based
corrosive environments. According to Eq. (2.6), the reaction between metal and water

generates a surface metal oxide and releases hydrogen [152, 153].
Me + H,0 —» MeO, + xH, (2.6)

As reported by Vilhena, et al. [81], the electrochemical behaviour (reduction reactions)
that take place at the cathodic branch are dependent on the nature of the corrosive

environment and are summarised as follows in equations (2.7 — 2.10):

0, + 4H* + 4e~ - 2H,0 (Oxygen reduction in acidic medium) (2.7)

0, + 2H,0 + 4e~ — 40H™ (Oxygen reduction in alkaline environment) (2.8)
2H,0 4+ 2e~ — 20H™ + H, (Water reduction in neutral/alkaline medium) (2.9)
2HT 4+ 2e” - H, (Protonreduction in an acidic environment) (2.10)

During electrochemical activities on metal surfaces, corrosion can be uniform or

localised. Other common forms of corrosion include:

= Stress corrosion cracking: Occurs when a metal under stress cracks in a
corrosive environment.

= Galvanic corrosion (two-metal corrosion): Occurs when two dissimilar metals
in electrical contact are exposed to an electrolyte.

= Pitting: Formed by small anodes on a metal surface, creating holes or pits.

= Intergranular corrosion: Occurs at or near grain boundaries in a metal.

= Crevice corrosion: Localised corrosion that occurs in crevices, shielded areas
where stagnant solution can form.

= Erosion corrosion: Occurs due to the combined effects of corrosion and
relative motion of a corrosive fluid on a metal surface.

= Selective leaching or dealloying: Preferential removal of one element from a

solid alloy by corrosion.

2.2.2.8. Tribocorrosion: historical background and concept

The history of tribocorrosion (tribo-electrochemistry) dates back to 1875 when Edison
observed a variation in friction coefficient at various applied potentials [91].

Tribocorrosion can be described as a degradation phenomenon of material surfaces
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(wear, cracking, corrosion, etc.) subjected to the combined action of mechanical loading
(friction, abrasion, erosion, etc.) and corrosion attack caused by the environment

(chemical and/or electrochemical interaction), as highlighted in Fig. 2.7.
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Fig. 2.7: Schematic illustration of tribocorrosion concept.

Material degradation due to simultaneous chemical and mechanical effects may occur
under various conditions and contact modes, as shown in Figure 2.7. According to
Siddaiah, et al. [9], tribocorrosion is a surface alteration that involves the joint action of
relatively moving mechanical contact with electrochemical reactions [9]. It measures the
tribological quantities, such as friction and wear, in a controlled and reproducible manner,
as well as the electrochemical interactions of the system. Two-body or three-body
contacts between sliding surfaces are a common cause of tribocorrosion. The relative
motion of the surfaces can be unidirectional, as in the case of a pin-on-disk wear test
apparatus or reciprocating. Fretting involving reciprocating motion of small magnitude is
a particular type of tribological contact. Rolling contact occurring in ball bearings also
experiences tribocorrosion. Particle impingement happens in erosion-corrosion as a
combination of mechanical and chemical attacks on materials in pumps and pipes
carrying slurries. The distinctive features of the tribocorrosion mechanism, tribology, and
corrosion actions are influenced by environmental factors [7], as presented in Fig. 2.8.
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Considering the impact of the relative motion in erosion-corrosion issues, Wellman [154]

highlighted the relationship between sliding velocity and temperature presented in the

following Table 2.3.

Table 2.3: Examples of industrial erosion-corrosion issues as a function of the sliding

velocity and temperature [154].

Low temperature High temperature
Low velocity Offshore and marine structures Fluidised bed

Slurry transportation of solids Combustors

Chemical processing Coal-fired boilers

Exhaust valves Chemical processing
High velocity Oil and gas industry Aero engines

Mining

Fuel injection systems

Qil and gas industry
Steam turbines

Gas turbines
Turbochargers

2.2.2.9. Tribo-electrochemical test procedures for sliding contacts

To investigate the tribocorrosion behaviour of a material, mechanical and corrosion

responses must be collected and monitored during tribocorrosion testing [6, 155-159].

Figure 2.10 shows the schematic representation of a tribocorrosion system.
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Fig. 2.9: Schematic flowchart for tribo-corrosion experimental setup.

As shown in Figure 2.9, the tribometer measures the evolution of frictional forces and
other tribological properties as it creates relative motion in either unidirectional (rotatory)
or bidirectional (reciprocating) sliding of two surfaces against each other. On the other
hand, an electrochemical technique/ potentiostat cell is employed to monitor the
corrosion response from the test system [6, 91]. Hence, typical electrochemical
interfacing consists of three electrode configurations, including (1) a reference electrode
(RE) (saturated calomel electrodes (SCE) or silver/silver chloride electrodes (Ag/AgCl))
with a stable-well-defined potential, (2) a counter electrode (CE) made of inert material
(graphite rod or platinum wire), and (3) a working electrode (WE) often the specimen
under investigation. The electrode configurations are coupled to a potentiostat to register
the potential between the reference electrode and the working electrode or the current
between the counter electrode and the working electrode. Okoani, et al. [107] presented
a schematic representation of a typical tribocorrosion test setup for a linear reciprocating

ball-on-plate configuration in their study.
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2.2.2.10. Tribocorrosion wear mechanisms

Numerous studies have examined the tribocorrosion behaviour of NiTi alloy in various
corrosive media and test conditions [52, 114, 160]. These studies report that the
degradation caused by the combined effects of mechanical and electrochemical
processes is generally distinct from these failure mechanisms operating independently
[94]. For example, a 2014 study by Kosec et al. showed that while artificial saliva
increased the wear of NiTi, mechanical loading caused corrosion to accelerate [45, 161].
At the onset of sliding during the tribocorrosion process, titanium alloys and other passive
metals undergo a sudden drop in the initial corrosion resistance, Eq [6, 162]. This is
explained by destroying a thin passive layer along the wear track and exposing the
electrolyte to new metal surfaces [149]. Passive metals are particularly susceptible to
tribocorrosion because sliding can easily remove the passive film's protective properties,
causing a rapid corrosion rate before the surface repassivates [6, 126, 163]. The metal
in the worn track experiences the following oxidation processes, which result in the

formation of soluble ions and/or solid corrosion products [155, 164]:
M - M"™ + ne~ (2.11)
M + n/2H,0 - MO;,, + nH* + ne” (2.12)

To account for wear after the electrochemical measurements, the wear track is
considered to consist of two distinct zones: the active area Aa«t, where the initial passive
film has been removed, and the passive area Awpass, Where the film was either not
removed, or it had enough time to be restored. The surface area of the wear track, Ay, is
considered the surface area measured at the end of the sliding test, with Ay = Aact +
Arepass. The material loss in the wear track, Wy, is decomposed into components
connected to the different wear track zones in the wear track, as mathematically shown
by Azzi and Klemberg-Sapieha [155].

Wi = Wi + Wige + Wrcepass + Wrnelpass (2.13)

where: W, = material loss along the wear track, W, = material loss due to corrosion of
active material, W3¢, = material loss due to mechanical wear of active material, Wepass
= material loss due to corrosion of repassivated material, Wyg,,ss = material loss due to

mechanical wear of repassivated material.

Further, the mechanistic interpretation [165] of the tribocorrosion phenomenon [1], i.e.,
the total wear volume (V;) as the sum of the material loss due to sliding wear (Vmecn) and
the loss of material due to corrosion or electrochemical oxidation (Vchem) is shown in Eq.
2.14 [166].
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Vi = Viech + Vchem (2-14)

Using the wear volume, the specific wear rate can be estimated from Archard’s wear law,

Equation 2.2.

wear volume

Specific wear rate = (2.15)

normal load X sliding distance

From a physical point of view, tribocorrosion includes a variety of mechanical and
chemical degradation phenomena, namely, corrosive wear, erosive wear, wear
accelerated corrosion, erosion corrosion, oxidative wear, fretting corrosion, stress
corrosion cracking, and corrosion fatigue. The simultaneous wear and corrosion actions
lead to an irreversible transformation of the material occurring at a tribological contact
[167]. The continual sliding between the interacting bodies results in wear, i.e., particle
detachment and particles trapped at the interfaces, which are referred to as third bodies
as shown in Figure 2.10. These third-body particles can oxidise and/or spread to cover
one or both surfaces (forming a transfer film). The film or accumulation of third bodies
alters the contact conditions of the initial bodies, and the resulting wear can be explained
as a mass flow between the interacting bodies and the third bodies [53]. The mechanical
abrasion of passive film usually leads to wear-accelerated corrosion due to the high
chemical reactivity of the bare metal surface exposed to the corrosive environment. On
the other hand, the passive films seem to decisively influence the surface mechanical
response of metals and the third body behaviour. Under tribocorrosion conditions, two
main mechanisms contribute to material removal from the surface: wear-accelerated

corrosion and mechanical removal from the sliding contact [6, 61, 164].

Fig. 2.10: Representation of a third body wear phenomenon during tribocorrosion.
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2.2.2.11. Tribocorrosion: current status, challenges, and future prospects

2.2.2.12. Current status and challenges

Fundamentally, tribocorrosion studies deal with an irreversible transformation of
materials or their function due to simultaneous mechanical and chemical/
electrochemical interaction between surfaces in relative motion [51, 168]. As stated
earlier, tribocorrosion is a complex phenomenon due to simultaneous actions that
adversely affect each other. Recently, research in tribocorrosion has received significant
attention because the process occurs in almost all engineering and some medical
applications. Thus, tribocorrosion has become a subject of intense study, attracting
researchers from different fields based on the multidisciplinary approach of the systems
involved. Table 2.4 presents a summarised update on the recent tribocorrosion reviews.
Notably, research on tribocorrosion in medical applications has up-to-date information

compared to engineering applications, where the last review was in 2018.

Table 2.4: Summary of review papers on tribocorrosion and NiTi in the past decade.

Title and reference Remark/ recommendation
A review on wear, Their study comprehensively evaluated the critical
corrosion, and wear- developments in wear, corrosion, and wear-corrosion

corrosion synergy of high resistance made by high entropy alloys (HEAs) over the

entropy alloys [19] previous 20 years. According to their study, scientists
interested in studying the tribocorrosion of recently
designed and manufactured HEAs have several
difficulties due to the need for more pertinent papers on
wear-corrosion synergy. Thus, the conclusion is that this
relatively uncharted area awaits exploration by more
researchers to understand the wear-corrosion synergy
of HEAs fully.

Recent approaches to limit  Their analysis of the literature gave an overview of the

the tribocorrosion of research trend. The ability to create lifelong biomaterial

biomaterials: Areview [16] apparatuses should be a key component of biomaterials
research and development. Accordingly, a new wave of
research was first essential to understand the intricacy
of biomaterials' interactions with the human body and
then attempt to produce the necessary devices to fulfil
our needs.
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(Bio)Tribocorrosion in
dental implants: Principles
and techniques of

investigation [51]

the

highlighted problems in the review, such as the

In the domains of tribology and medicine,

prevention or minimisation of tribocorrosion in biological
tribopairs, etc., undoubtedly represent a scientific

challenge for the upcoming years.

Nickel-titanium alloys as
orthodontic archwires: A

narrative review [169]

The study evaluated NiTi archwires from a clinical
perspective, focusing on mechanical properties and the
effects of tooth alignment, biofilm formation and Ni ion
release. The authors anticipate that their findings will
shape the future of the NiTi archwire field in terms of
welding different types of archwires, computational

methods, and improvement in coating technologies.

New thermomechanically
treated NiTi alloys — A
review [127]

The study examined various exclusive methods of
manufacturing nickel-titanium (NiTi) alloy to enhance
the mechanical characteristics of NiTi endodontic
devices. As previously mentioned, thermomechanical
treatment of NiTi alloy permits a shift in phase
composition that, in clinical settings, manifests as
martensite or R-phase. Compared to ordinary NiTi,
thermomechanically treated NiTi alloys have been
claimed to have a larger deflection angle at failure and
to be more flexible with improved cyclic fatigue

resistance.

60NITi: A review of recent
research findings, potential
for structural and
mechanical applications,
and areas of continued

investigations [21]

This article summarises and evaluates a wide range of
previous and current research on 60NIiTi to identify
areas that need more investigation. Specifically, recent
findings show that wear and friction behaviour are
inherently contradictory. Their work indicated that more
research is necessary to fully understand how alloying
affects other characteristics, mainly wear. It is
anticipated that as knowledge and development of this

alloy improve, its use in various applications will rise.

Tribocorrosion of passive

materials: A review of test

They reviewed the test protocols and electrochemical
methods used to evaluate the tribocorrosion behaviour

of passive materials over the last few decades. As
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procedures and standards  mentioned in their study, a test protocol suggested by
[6] several authors to remedy the drawbacks of the
ASTMG119 standard served as the foundation for
developing the UNE 112086 standard. They also shed
light on the electrochemical methods and investigations

made by tribocorrosion researchers.

Significance of They focused on orthopaedic surgery and dentistry to
tribocorrosion in biomedical highlight the complexity of tribocorrosion processes and
applications: Overview and provided an overview of bio-tribocorrosion.

current status [91]

A detailed study of the tribocorrosion mechanisms was recently initiated in different fields
to clarify the extent of interacting material surfaces. As a result, many researchers have
investigated several studies on tribocorrosion to explore the underlying mechanisms of
this interlinked phenomenon. A significant area of focus is understanding the synergistic
interactions of the testing parameters of the system. Therefore, this results in the need
to develop a mechanistic model considering the interlinked actions of sliding wear,
electrochemical corrosion, passivation and repassivation, and other surface/
morphological impacts. A clear understanding of the tribocorrosion synergistic
interactions and mechanisms would allow accurate predictions to quantify the effects of
various operating parameters through theoretical and/or empirical models. So, much
more research must be required to reveal the drawbacks of tribocorrosion of 60NiTi alloy
and its metallurgical relatives. Accordingly, researchers have investigated several
studies on tribocorrosion of Ni-Ti alloys and other similar materials. Table 2.5
summarises the tribocorrosion studies conducted so far, but it is evident that the
researchers mainly focused on biomedicals, lubrication, and sliding wear [22, 94, 170,

171] with little insight into the underlying mechanisms of wear-corrosion synergy.

The current status of tribocorrosion in some selected applications of NiTi-based alloys is
outlined as follows; it is established that Ni-Ti alloys have gained attention in marine and
offshore applications following the report of Lopez-Ortega, et al. [172]. Lopez et al. stated
that tribocorrosion is a crucial failure cause in offshore applications due to the synergistic
effects of wear and the corrosiveness of seawater. In their work, they investigated the
effect of temperature on the tribocorrosion behaviour of two steel grades [69].
Considering the aforementioned extreme conditions, another study conducted by

Guadalupe, et al. [152] investigated tribocorrosion in pressurised water reactors (PWR)
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at harsh environmental conditions (elevated temperature and high pressure). Their study
focused on modelling tribocorrosion in PWR based on a mechanistic appraisal of
mechanical and chemical loading [152]. To gain a better knowledge of the tribocorrosion
performance of NiTi alloy in marine environments, Yan, et al. [166] examined the
microstructure, phase, and tribocorrosion behaviour of G60NiTi alloy in a simulated
seawater environment. According to their research, material loss under tribocorrosion
circumstances is significantly influenced by the synergistic impact between wear and
corrosion [166]. Moreover, the following order shows a decrease in the contribution to
the overall material loss: corrosion-induced wear (AW,) > pure wear (W) > wear-induced
corrosion (ACw) > pure corrosion (Co). The corrosion and wear interplay in the tribo-
electrochemical behaviour of the NiTiNOLGO alloy in sulfuric acid and alkaline media
were examined in our previous study [107, 173]. The findings demonstrated that
oxidative wear dominates in the electrochemical regime and causes a cathodic shift
during potentiodynamic polarisation measurements, while abrasive wear is the primary
mechanism under reciprocating sliding [107, 174]. In a different study, Kosec, et al. [45]
examined the effects of various surface finishes and the microstructures of superelastic
NiTi sheets and orthodontic archwires while examining their electrochemical and
tribocorrosion capabilities. The results of their investigation demonstrated that the
measured electrochemical and tribocorrosion parameters were significantly influenced

by the microstructure of the alloys under investigation [45, 88, 161].
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Table 2.5: Summary of selected works showcasing the tribocorrosion investigations, test parameters, and findings over the past 15 years.

Appliedload Scan Electrolyte
. Tribometer Counter rate & —
Title and reference configuration body & sliding & Findings and remark
Temperature speed Electrode
Comparative study of the  Bidirectional @10mm 3,5 &8N 2mV/s HSOq, The study revealed that the pH of the corrosive
tribocorrosion ball-on-flat AlxOs ball NaOH, 3.5 environments played a significant role in the
performance of configuration % NaCl. tribocorrosion process). The highest wear
NiTiINOL60 in acidic, Roomtemp. 4 Hz volume was recorded in the saline medium.
alkaline, and saline (RT)22°C Shear forces caused grain deformations in the
environments [52] Calomel, alkaline solution. While in an acidic medium,
Graphite the electro-mechanically induced
rod transformations promoted various wear
patterns.
Microstructure, phase and  Unidirectional @5mm 1,5&10N 2mV/s Artificial They employed a systematic tribocorrosion
tribocorrosion behaviour of rotating (ball- SisNg4 ball seawater. test to study the tribocorrosion performance of
60NITi alloy [166] on-disc) 60NITi alloy thoroughly. Their findings show
RT that the negative synergy between
Calomel, electrochemistry and tribology increases
Platinum material loss.
The tribocorrosion Reciprocallreci @6mm 1to5N 0.1 Artificial The superelastic NiTi sheet and orthodontic
behaviour of NiTi alloy procating (pin- Al,Osball mV/s, 1 simulated archwire were studied considering their
[45] on-disc) mV/s saliva. microstructures and the effect of different
RT surface finishes. The study confirmed that the
investigated alloys' microstructure significantly
5mm/s Ag/AgCl, affected the measured electrochemical and
Platinum tribocorrosion properties.
Corrosion and wear Reciprocating @ 10mm 3,5, &8N 2mV/s Sulfuric Their findings demonstrated that tribochemical
interplay: Tribo- ball-on-flat Al>O3 ball acid. wear influences several wear mechanisms,
electrochemical evaluation configuration Calomel.GF with delamination and microcracks notably
of NiTINOL60 alloy in RT 4 Hz aphite rc; d prominent under higher applied loads.

sulfuric acid [107]
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Tribocorrosion behaviour Reciprocating @ 10mm 3,5, &8N 2mV/s Alkaline The investigation shows that sliding action and
of NiTiINOLG60 alloy in an ball-on-plate Al,O3 ball solution wear mechanisms on the tribological wear
alkaline environment [173] configuration Calomel track have distorted the microstructure grains,
RT 4 Hz G ! leading to the elongation of grains in the
raphite SR L
direction of sliding wear.
rod
Tribo-electrochemical Linear Jd10mm 3,5 &8N 2mV/s Saline The study highlighted the impact of
investigation of 60NITi reciprocating Al2O3 ball solution mechanical forces and electrochemical
alloy in saline solution ball-on-flat Calomel activities on the surface of 60NiTi alloy. The
[175] configuration RT 4 Hz (SCE) continuous reciprocating sliding subjected the
Gra h"t contact surfaces to fatigue wear, leading to
phite AR : .
rod surface deterioration and plastic deformation.
Tribocorrosion behaviour Ball-on-disk @254m 0.2,0.5,1.0 7.5 Ringer’s Particle concentration and applied load effects
of NiTi alloy as orthopedic  rotary wear m ZrO; &20N mV/s simulated were taken into account. The wear component
implants in Ringer's tester ball body fluid. of the material loss was more significant than
simulated body fluid [114] Saturated the corrosion component, indicating wear
RT 75 rpm calomel accountability for the material loss. The
electrode primary.wear mechanism is t.wo-body apras_ive
(SCE) wear, with mechanical abrasion predominating
’ in the corrosion-wear regime.
Platinum
sheet
Tribocorrosion behaviour Reciprocating @ 10mm 1N Phosphate  The study demonstrated how additive
of NiTi biomedical alloy ball-on-plate Al,O3 ball buffered manufacturing techniques, like LB-DED, can
processed by an additive configuration saline enhance NiTi alloy's wear and corrosion
manufacturing laser beam- 37+2°C 1 Hz (PBS) resistance. The improvement in LB-DED NiTi
directed energy deposition solution alloy's wear and corrosion behaviour in the
technique [94] presence of PBS solution suggests it is less
susceptible to releasing metallic ions than the
SCE conventional Ti-6Al-4V alloy.
Tribocorrosive study of Reciprocal & 6 mm Simulated The comparison revealed that the in vivo
new and in vivo exposed tribometer Al,O3 ball saliva exposed archwires had a higher rate of

nickel titanium and

mechanical wear and more corrosion wear.




37

stainless steel orthodontic 37 °C & RT 0.33 Compared to the new archwires in simulated
archwires [126] mm/s Ag/AgCl saliva, the in vivo exposed NiTi and SS
' archwires showed better electrochemical
Platinum properties.
Microstructure and Ball-on-flat dgémm 5N 2mV/s 0.5 mol/L The study created a novel corrosion-resistant
tribocorrosion properties of reciprocating Al,O3 ball H.SO. NiTi/AINi2Ti alloy using an arc melting
NiTi/AINi2Ti ternary sliding process. According to the tribocorrosion
intermetallic alloy [176] tribometer RT 1 Hz results, the OCP of the NiTi/AINi2Ti alloy
(SCE), decreases as sliding begins and then
Platinum gradually increases du.ring_ passivation.. The
sheet OCP value decreases in direct proportion to
the increase in frictional force, suggesting a
strong wear-corrosion synergistic effect.
Analysis of microstructure, MFT-5000 4 mm 10N SBF and They investigated the effects of process
mechanical properties, multifunctional  stainless 3.5 wt% variables (high P, high VVand low P, low V). The
wear characteristics and friction and steel NaCl results indicate that low P and low V are more
corrosion behaviour of wear testing quenche 37 +0.5°C 5 mm/s favourable to creating the B19' martensite
SLM-NiTi under different machine d steel and 25+ 0.5 phase, while high P and high V favour the
process parameters [177] ball °C (RT) SCE, formation of the B2 austenite phase. The
Ag/AgCl, samples have roughly the same coefficient of
Platinum friction (0.6), but the LP sample is more
resistant to corrosion, while the HP sample
has superior stability and resistance to friction.
Tribological and Linear d6mm 274N 2mV/s 0.1Mcitrate They discovered a linear correlation between
tribocorrosion behaviour of reciprocal alumina buffer sol. nickel and alumina wear. Under passive
nickel sliding against oxide tribometer & conditions (no oxide film), alumina and
ceramics [12] zirconia 1 Hz, zirconia were found to be worn, but not under
balls 20 Mercury cathodic conditions. Nickel rubbing against an
mm/s sulphate alumina ball containing nickel, aluminium, and
electrode oxygen forms a tribolayer during sliding in dry
(MSE), conditions.
Platinum

wire
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Tribocorrosion behaviours  Ring-on-block  49.22 100 N 10 Artificial In both distilled water and seawater, 316
of Ti-6Al-4V and Monel test rig mm x mV/s seawater stainless steel suffers more severe wear when
K500 alloys sliding against 13.06 and distilled sliding against Monel K500 alloy, more than
316 stainless steel in mmwas RT,25%+1°C water when sliding against Ti-6Al-4V alloy. However,
artificial seawater [163] made of 0.5 m/s the wear loss of 316 stainless steel is greater
316 in distilled water than in seawater when sliding
stainless SCE, against Ti-6Al-4V alloy, which could result from
steel Platinum the protective effect of galvanic corrosion.
plate
Mechanical and chemical Reciprocating & 6 mm 1.1,5.8,11.7, 2mV/s 0.5H;SO, The findings indicate that the tribocorrosion
mechanisms in the (ball-on-plate)  AlOszball 17.5N solution behaviour of this alloy is significantly
tribocorrosion of a Stellite influenced by the current electrochemical
type alloy [42] 1 Hz, circumstances (presence or absence of a
20 Mercury passive film). Considering the influence of the
mm/s sulfgte, passive film, Archard's wear law an(_j existing
Platinum models for wear-accelerated corrosion could
coil adequately characterise the effect of electrode
potential and normal load on the overall
degradation by tribocorrosion.
Influence of temperature Reciprocating @ 10mm 49N 1 mV/s Synthetic They employed two different electrolyte
on the corrosion and ball-on-disc Al,O3 ball seawater temperatures for tribocorrosion testing. At 23
tribocorrosion behaviour of tribometer °C, the steels showed a greater COF during
high-strength, low-alloy 23°C& 2°C 25Hz tribocorrosion tests. It was established that
steels used in offshore Ag/AgCl, temperature significantly impacted the steel's
applications [69] Platinum tribocorrosion behaviour, as evidenced by the
wire larger material losses attributable to corrosion
at higher test temperatures.
Tribocorrosion behaviour Ball-on-disc d10mm 5N 1 mV/s  Synthetic The study revealed that the corrosion products
of mooring high strength unidirectional alumina seawater and the applied potential significantly influence
low alloy steels in tribometer ball AQ/AAC the friction coefficient of the steel. Under the
synthetic seawater [167] RT 100 9IAgEL, selected testing conditions, the two steel
rpm Platinum grades exhibited a similar tribocorrosion
wire behaviour in seawater.
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Mechanical and Reciprocating @6mm 1.3,4N 0.05M The investigation showed that wear rates in
electrochemical ball-on-plate alumina NaCl & 0.1 NaNOs; solutions are somewhat lower than in
deterioration mechanisms  tribometer ball NaNO3 NaCl. It was further discovered that wear-
in the tribocorrosion of Al 22 °C 1 Hz, solutions accelerated corrosion had a minimal
alloys in NaCl and in 11.4 contribution to the total degradation of the
NaNOs solutions [178] mr.n/s aluminium alloy, which was primarily
SCE, controlled by mechanical wear.
Platinum
wire
Tribocorrosion and Ball-on-flat d10mm 1N SBF + ion The study varied the composition of Zr. As a
corrosion behaviour of reciprocating alumina concentratio result, the alloy with a lower Zr composition
quaternary Ti-24Nb-xZr- sliding ball ns showed better corrosion resistance, while
ySn alloys in SBF [124] configuration 37 °C 1Hz those with a higher Zr composition depicted
better resistance to mechanical contact.
Calomel, Further study on these properties is required
Graphite to determine the suitability of the alloys as
bar contact or static implant materials.
Bio-tribocorrosion Linear d5mm 20N 1mV/s Calfserum Their findings demonstrate how the cobalt
resistance of CoB-Co2B reciprocating Al,O3 ball AQ/AAC boride layer can enhance the CoCrMo alloy's
and Co2B layers on ball-on-flat 9IAgEL, functionality and prolong its service life in
CoCrMo alloy [23] tribometer 15-30 °C Platinum biomedical applications.
wire
Synergistic interactions Ball-on-plate- @10mm 15N 0.5 PBS Their findings show that the wear mechanism
between wear and tribometer 7rO, ball mV/s of Ti-16Mo alloy depends on the interplay
corrosion of Ti-16Mo 1 Hz between abrasion and adhesion. In their
orthopedic alloy [80] 37+£0.5°C ’ SCE conclusion, Ti-16Mo alloy is a promising
0.03 candidate for orthopaedic implant
m/s applications.
The effect of pH, fluoride reciprocal g6mm 1N 0.5& 1 Atrtificial Increased fluoride concentration in artificial
and tribocorrosion on the  tribometer Al,O3 ball mV/s saliva saliva does not significantly affect the
surface properties of properties of NiTi alloy and stainless steel AlSI
dental archwires [132] 37 °C 304. The positive hysteresis in the cyclic
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SCE potentiodynamic curve showed susceptibility
of NiTi to localised corrosion at the highest
concentration studied. In contrast, the
stainless steel dental archwire was found to be
susceptible at smaller concentrations.

Tribo-corrosion and Reciprocating @ 4.76 5N 1 mV/s Synthetic Their investigation, which compared 60NITi,
corrosion behaviour of tribometer mm urine NiTi60T, and Ti—6Al-4V, found that GONITi
titanium alloys with and Al,O3 ball alloy, without thermal treatment, is 70 times
without DLC films 1Hz more susceptible to corrosion in the absence
immersed in synthetic Ag/AgCl, of DLC film. While the DLC coating enhanced
urine [179] Platinum the resistance to corrosion of the 60NiTi alloy
wire and the Ti-6Al-4V alloy, the NiTi60T sample
was significantly more susceptible to corrosion

without DLC film.
Tribocorrosion of different  Reciprocating @ 10mm 3,6, 10N 1 mV/s Artificial The investigation focused on biomedical
biomaterials under sliding wear 7rO, ball saliva materials used in implants under different
reciprocating sliding tester contact conditions. The data showed that the
conditions in artificial 21+2°C 3&6 Co28Cr6Mo alloy had the lowest wear and
saliva [81] Hz SCE, friction, whereas the Nb specimen had poor
(0.012, Platinum tribological performance. Of the three
0.024 wire specimens with the highest corrosion potential
m/s) value, the cP-Ti specimen exhibited a more

noble behaviour.
Tribocorrosion behaviour Reciprocating @ 10 mm 1N PBS fluid The findings demonstrated that the
of additive manufactured ball-on-plate Al,O3 ball microstructure and manufacturing processes
Ti-6Al-4V biomedical alloy tribometer used for the cast, hot pressing (HP), and laser
[96] 20£2°C 1 Hz engineered net shaping (LENS) Ti-6Al-4V

alloys affect the tribocorrosion performance.
Compared to the cast and HP samples, the
LENS Ti-6Al-4V samples showed superior
wear and corrosion resistance.
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2.2.2.13. Future perspectives

This review has shown that while the frictional behaviour and the interaction between
wear and corrosion in corrosive environments have been studied extensively, the role of
the 'third-body' (wear debris or contaminants trapped in the sliding contact) has received
less attention. Compared to the well-studied areas of lubrication and sliding wear, there
is a lack of information on how various parameters influence the tribocorrosion of Ni-Ti
alloys [180-182]. To optimise the performance of Ni-Ti-based alloys, it is crucial to
investigate the underlying tribocorrosion processes, including the kinetics of passivation
and repassivation. This highlights the need for a mechanistic model that considers the
interlinked actions of sliding wear, electrochemical corrosion, passivation and

repassivation, and other surface/morphological changes [149].

Understanding these synergistic interactions and mechanisms would allow accurate
predictions of material loss due to the combined effects of wear and corrosion.
Theoretical and/or empirical models can be employed for this purpose [183, 184].
Incorporating theoretical modelling in this area has gained significant interest in recent
decades. Lépez-Ortega, et al. [6] suggested developing models to predict material loss
due to the synergistic effect of wear and corrosion. Similarly, Stack [185] and Blau, et al.
[10] emphasised the need to understand the performance and mechanisms of implants
in medical applications. Guadalupe, et al. [152] combined a tribological third-body
approach with a mechanical description to model tribocorrosion in a pressurised water
reactor (PWR) environment. Their model provided a deeper understanding of the
mechanisms involved and yielded quantitative predictions that agreed well with

experimental observations.

Corrosion is a vital component of a tribo-electrochemical system [149]. Simulating the
corrosive testing environment requires considering the potential determined by the
material's electrochemical properties and the concentration of oxidising agents [186]. A
corresponding corrosion potential can be imposed on the metal using an external current
source to simulate the effect of oxidising agents [184, 187, 188]. Electrochemical
techniques like open circuit potential (OCP), potentiodynamic polarisation (PD),
potentiostatic polarisation (PS), and electrochemical impedance spectroscopy allow

researchers to vary corrosion conditions by adjusting the applied potential [91, 162, 189].

Bio-tribocorrosion, the deterioration of materials due to the combined effects of wear,
corrosion, and biological interactions, is another under-investigated area. While
Delgado-Brito, et al. [23] and De Stefano, et al. [51] have explored bio-tribocorrosion in

medical applications due to contact with body fluids, this aspect needs to be addressed
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in engineering applications. Understanding bio-tribocorrosion is crucial, especially

considering microbial interactions in marine and offshore environments.

2.2.2.14. Summary

This study provides an overview of current trends in NiTi alloy with regard to corrosion
and wear synergy in engineering and medical applications. This follows the gradual
surface deterioration of metals and biomaterials due to tribocorrosion, which has posed
a significant challenge to the life span of materials and inadvertently affects the efficiency
of various load-bearing operations/applications. Understanding the synergy between the
sliding wear and electrochemical measurements provides a promising approach to
investigating the mechanisms, passivation kinetics and parametric effects on the
tribocorrosion process. In this study, the complexities of tribocorrosion, which often is
influenced by several parameters (mechanical and corrosion) coupled with the lack of an
integrated/ efficient test system, have been highlighted. Also, the behaviour of
NiTINOL60 alloy and its interactions in different corrosive media and the wear
mechanisms under the synergistic tribo-electrochemical testing conditions, as well as the

individual sliding wear and corrosion activities have been revealed.

Following the research gap mentioned in Chapter 1, which emphasised the necessity of
identifying the pertinent deformation mechanism(s) for a combined action of sliding wear
and corrosion. Over the course of this study, the research questions have been
addressed, and the following points have been summarised based on the review and

investigations.

= The complexities of tribocorrosion, often influenced by several parameters
(mechanical and electrochemical) coupled with the lack of an integrated/efficient
test system, have been highlighted.

= This study has revealed the behaviour of NiTINOL60 alloy and its interactions in
different corrosive media (acidic, alkaline and saline solution) covering a wide pH
range.

= The sliding wear tests conducted at various testing parameters (temperature, pH,
applied load, sliding speed, etc.) have demonstrated the surface deterioration of
the tested alloy. Then, the surface characterisations revealed wear degradations
from mild to severe wear regimes, which are often aggravated by certain
combinations of test parameters.

= The tests at elevated temperatures and the XRD examination were used to

ascertain the thermal effects and phase stability of the Ni-Ti-based alloy.
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= The wear mechanisms of NITINOL60 alloy under the synergistic tribo-
electrochemical testing conditions, as well as the individual sliding wear and

corrosion activities have been revealed in this study.

Overall, this review has contributed to the limited knowledge gap in the literature and is
expected to serve as a guide to researchers while designing tribocorrosion experiments

and/or improving on an already existing study.
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CHAPTER 6: TRIBOCORROSION TESTING IN ACIDIC ENVIRONMENT

6.1. Preface

This chapter presents the tribocorrosion behaviour of NiTINOLGO alloy in sulfuric acid.
This electrolyte was considered to reflect the acidic environments in the process
industries and simulated body fluids where conventional engineering materials
deteriorate due to mechanical wear and corrosion. The highlights for the journal article
published https://doi.org/10.1016/j.rinma.2023.100523 in the Journal of Results in
Materials are as follows:

Highlights:

= Novel tribocorrosion study on NiTiNOL60 alloy in a sulfuric acid medium.

= Synergistic effects of sliding wear and corrosion on material degradation.

= |dentified multiple wear mechanisms, including delamination and micro-cracks.

= Abrasive wear is predominant under sliding wear conditions.

= Electrochemical activities influenced corrosive wear in anodic and cathodic
regimes.

Graphical abstract
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Graphical abstract showing the tribocorrosion interface for NiTiINOLG0 alloy
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6.2. Corrosion and wear interplay: Tribo—electrochemical evaluation of NiTINOL60

alloy in sulfuric acid

6.2.1. Overview

Tribocorrosion, the synergistic interaction between mechanical wear and corrosion, is a
critical concern in various applications, including engineering and biomedical, where
metallic components are exposed to sliding or rolling contact in corrosive environments
[1, 7]. It is a significant concern in various industrial applications, such as automotive,
spacecraft [24], marine [62, 63], food and beverage processing [108-110],
pharmaceutical [111], biomaterial [93, 112], actuators [113] and biomedical sectors such
as orthopaedic [114], endodontic [99] and orthodontic [93, 99]. According to Salas, et al.
[124], Ti-6Al-4V alloy (Ti64) gained vast application in the biomedical industry due to its
outstanding corrosion resistance and good mechanical qualities. However, the toxicity of
V (Vanadium) and Alzheimer’s disease linked to Al have prompted researchers in the
past decades to focus on developing new metallic materials free of harmful components
[124]. In this regard, novel Ti-based alloys that only contain highly biocompatible
elements like Ni, Nb, Zr, and Sn have been discovered. These alloys exhibit excellent
biocompatibility, low elastic modulus, high specific strength, and adequate corrosion
resistance for vast biomedical and engineering applications [93]. Notwithstanding the
excellent properties, metallic components experience surface deformations during
sliding or rolling contact under corrosive environments [127]. Among the different
corrosive environments, acidic conditions pose unique challenges due to their
aggressive nature, leading to accelerated material deterioration [11, 22, 173].
Considering the engineering materials used in the aforementioned sectors, NiTi alloys
have shown superior wear resistance compared to other conventional materials such as
steels, Ni-based, and Co-based tribo-alloys [251]. Accordingly, Nickel-titanium (Ni-Ti)
alloy, such as NiTiINOL60, has been weighed as a suitable replacement for conventional
metals and, as a result, has received considerable scientific attention due to their
biocompatibility, unique shape memory and mechanical properties [198]. NiTINOL was
discovered by William J. Buehler and colleagues in the late 1950s at the Naval Ordinance
Laboratory, USA, while working on shielding materials [25, 36, 251]; hence, the
combined name of alloy with the laboratory, Nickel-Titanium Naval Ordinance Laboratory
- NiTiNOL. NITINOL exhibits better recovery from significant amounts of strain and can
replicate its original shape owing to the shape memory property. The superelastic
property of NiTi-based alloys ensures substantial recoverable strain during deformation
caused by stress-induced martensitic transformation. At relatively low temperatures and

under external force, the initial parent phase (austenite) transforms into a martensite



101

phase accompanied by macroscopic deformation. The austenite phase undergoes a
significant deformation during loading and subsequently transforms into detwinned
martensite [87]. Martensite and austenite undergo a reversal transition upon unloading
with significant recoverable strain [47, 211]. Understanding the impact of strain rate on
the tensile characteristics of superelastic NiTi has been the focus of extensive research.
According to Neupane and Farhat [251], the superelasticity of NiTi under tensile loading
conditions has demonstrated that the tension at the austenite to martensite transition
increases with increasing strain rate. These microstructural changes significantly affect
the wear and deformation behaviours of superelastic NiTi. Miller, et al. [40] reported that
Ni-rich NiTi alloys had gained interest as prospective materials for specialised bearing
and gear applications in the last decade. Another study presented that NiTi alloy with a
near-equal atomic ratio is often used in many applications, such as bearings and engine
blocks, aerospace, communication, naval ships and medical devices due to its good
shape memory effect or super-elasticity, high wear-resistant performance and superior
corrosion resistance [174], yet NiTINOLG0 alloy may be subject to tribological conditions

leading to wear [4].

When subjected to tribological conditions in acidic environments, the tribocorrosion
behaviour of NiTi alloy becomes an essential consideration for its reliability and
performance. Consequently, tribocorrosion has garnered significant research interest as
scientists and engineers seek to unravel the underlying mechanisms and develop
effective mitigation strategies. When contact bodies operate in a corrosive environment,
surface chemical phenomena can significantly affect their deterioration. In this case, it is
essential to ascertain the tribocorrosion behaviour of the material in a specific corrosive
environment such as sulfuric acid. Thus, understanding the tribocorrosion behaviour of
NiTiINOLG0 alloy in acidic media is essential for optimising its performance and longevity.
The aggressive nature of acidic environments can significantly influence NiTi alloys'
degradation mechanisms, wear rates, and corrosion resistance. For example, under
sliding or erosive conditions, the passive film can be removed by abrasion, thus exposing
the underlying reactive material to more severe corrosion. On the other hand, surface
films were found to modify the mechanical behaviour of the underlying metal and, thus,
its wear response [178]. In another study, Mufioz and Espallargas [165] reported that
mechanical parameters significantly affect the rate of electrochemical material removal,
whereas the rate of mechanical material removal is dependent on the electrochemical
conditions at the time. Furthermore, they defined the total wear volume (Vi), which is the
sum of the material loss due to sliding wear (Vmecn) and the material loss owing to

corrosion or electrochemical oxidation (Vchem), as the mechanistic interpretation of the
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tribocorrosion phenomena. As reported, numerous variables, including load, sliding
speed, surface films, temperature, hardness, and work-hardening, affect the contact
surfaces in tribocorrosion. Hence, this present study aims to investigate the tribo-
electrochemical behaviour of NiTINOLG0 alloy in a sulphuric acid (H2SO4) medium, with
a focus on understanding the synergy between the specific wear rate and the associated

tribo-electrochemical degradation mechanisms.

6.2.2. Material preparation and characterisation

The material used for this investigation was prepared following the procedure outlined in
subsection 3.3.2 of Chapter 3. Subsequently, the material characterisation prior to and
after tribocorrosion was investigated. The experimental methodology and measurements
for tribocorrosion as presented in subsection 3.5.3 in Chapter 3 of this thesis were

adopted for the investigations in H,SO. corrosive environments shown in this Chapter.
6.2.3. Results and discussions

6.2.3.1. Surface characterisation

The metallographic investigation was conducted using the optical microscope, SEM and
EDS. Figure 6.1 shows the SEM-EDS and the quantitative composition analysis of the
NiTiINOL60 sample. For the SEM, a 20 KV penetrating voltage was used to scan the
sample surface at full scale to ensure adequate penetration of the X-rays through the
subsurface regions. Using EDS to quantify the elemental compositions and characterise
the polished sample, the spectral image and the accompanying Table present the

quantitative compositions of the material investigated.
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Fig. 6.1: EDS spectral imaging of the polished NiTiNOL6G0.

The analysis confirmed that the specimen was a binary nickel-titanium alloy containing
60 wt.% Ni and 40 wt.% Ti (55 at.% Ni, 45 at.% Ti), i.e., a Ni-rich intermetallic NiTINOLGO
alloy [40, 252]. This was in good agreement with the compositions of NiTINOL60 alloy

previously reported in the literature [40].

To examine the subsurface of the sample on a microscopic scale, the cross-sectional
part of the sample was obtained through wire cutting, abraded, polished, and etched
using Kroll's reagent: 82.7 % H20, 14.1 % HNO3, and 3.2 % HF for 30 seconds. This
revealed the microstructural compositions of the sample presented in the microscopic
image in Figure 6.2. The examination under the optical microscope reveals the
microstructural arrangement of NiTINOLGE0 alloy with distinct regions of consolidated and
unconsolidated grain network clusters. The majority of the micrograph image is
represented by the NiTi + NisTis region composed of ordered cubic and rhombohedral
crystal matrix structures [47, 249] and fine and coarse grain network structures [101].
The dense network of unconsolidated and consolidated grain clusters reveals the
inhomogeneity in the microstructural grains [252, 253], thus supporting the non-equi-
atomic elemental distribution shown in Figure 6.1, which tends to have Ni-rich or Ti-rich
zones [41]. The dominance of the B2 NiTi and Ni4sTiz matrix highlighted in the micrograph
suggests globular and needle-like shaped precipitates B19’ in the B2 matrix [36, 198].
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6.2.3.2. Frictional behaviour during reciprocating sliding

During the reciprocating sliding wear tests, the frictional behaviours were monitored, and
the measured parameters were recorded on the WINDUCOM software tool. The
parameters were analysed to determine the material's coefficient of friction (CoF)
characteristics over the course of the reciprocating sliding. As shown in Figure 6.3, the
CoF is plotted as a function of sliding time for three applied loads. Clearly, at the initial
sliding stage, the applied load had a reasonable running-in time characterised by the
interfacial friction interactions leading to the breakdown of oxide layers [146, 229],
localised heating of the contact surfaces and oxidation of asperities. The fluctuations
recorded in the CoF plots could be attributed to the distortions caused by wear debris

and formed layers (passivation) during tribocorrosion.
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Fig. 6.3: Friction coefficient plot against sliding time for NiTINOLGO in H2SOa.

Based on the CoF plots, the applied load of 2N required a longer running-in time to wear
the passive layer, unlike the 5N and 8N loads. At higher loads (5N and 8N), it is evident
that the contact surfaces overcame a running-in time during the continuous sliding by
removing the passive layer, penetrating and wearing off the sample surface, and
eventually exposing the material sub-surface. Whereas, for an applied load of 2N, the
CoF increased after 30 minutes of break-in point, whereby the passive film on the sample
surface was destroyed and maintained approximately 0.4 CoF throughout the sliding
duration until a steady-state value was attained. As the contact pressure increases, the
passive layers are easily destroyed through a continuous reciprocating sliding contact;
this creates more surface roughness and widens the wear track, thereby increasing the
surface area available for oxidation. The examined surfaces in Figure 5 micrographs
show the least amount of chemical and mechanical wear mechanisms for the 2N load
when compared with the other loads investigated. According to Zeng and Dong [181],
friction is most severe at higher loads, and this is supported by the results obtained for
the 8N load with the highest average CoF p = 0.77, maximum wear volume alongside

the increased chemical and mechanical mechanisms.

6.2.3.3. Surface examination

The sliding actions of the contact surfaces created a wear track within the sliding stroke

length of 10 mm. Examining the wear scar reveals mild to severe wear mechanisms, with
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delamination and adhesive wear being more predominant. The recorded wear
mechanisms conform with the four main mechanisms of adhesive wear, abrasive wear,
fatigue wear and tribochemical wear reported in the literature [165, 254]. Following the
SEM images in Figure 6.4, the specimen investigated at 2N, 4Hz condition shows little
detachment and adhesion of the wear debris. In contrast, the SEM micrographs at higher
loads show extensive abrasion and delamination, which propagates when subjected to
various loading conditions. The rate of abrasion and depassivation could be attributed to
a number of variables, including the mechanical characteristics of the metal, the contact
geometry, the applied force, and the effects of hydrodynamic lubrication [184]. From the
results, micro-cracks were discovered to be more pronounced at 8N load, and it is
believed to have developed from surface tensile stress and extended perpendicular to
the direction of sliding. While corrosion pits progressed from the initial nucleation stage
into metastable pit formation and stable pitting [151]. Our analysis shows that corrosion
pit nucleation and micro-crack propagation were promoted by the contact pressure on
the interacting surfaces and the third-body wear effects [214].
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Fig. 6.4: SEM examination revealing the wear mechanisms during tribocorrosion in
H2SO4.

Considering the high level of adhesion, it was imperative to further examine the wear
tracks using the EDS characterisation technique to determine the makeup of the surface
wear particles. Figure 6.5 presents the EDS results, which revealed oxidation and Al
debris as the elemental compositions detected along the wear tracks. The overall scan

of the surfaces represented by point 1 show that the oxide composition increases with
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load increase while the adhesion of the Al debris decreases. The increased oxidation

promoted electrochemical activities that subsequently led to an increased corrosion rate.
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Fig. 6.5: EDS examination of wear debris adhesion along the wear track.

Since Al debris formed the greater composition of elements detected along the wear
track of NiTINOL60 samples, there was also a need to investigate the sliding surfaces of
the counter material (Al2O3 ball) sliding against NiTINOL60 alloy. From Figure 6.6, it can
be established that the rate of material detachment and adhesion onto the contact
surfaces occur simultaneously. As shown in the image, the ball surface revealed wear
debris, and further examination of the surfaces at different applied loads presents the
spectral images as well as their corresponding elemental compositions. The surfaces
were clearly oxidised in the electrolyte mediums, and the oxide contents decreased with
increasing load. Conversely, the deposition of the Ni-Ti wear debris increased as the
contact pressure increased, thereby breaking down the oxidised layer and enhancing
the material detachment and adhesion. As the contact pressure at 2N was not adequate
to break in the material surface, this shows why the greater surface was oxidised,
whereas the continuous reciprocating sliding at higher loads caused the breakdown of
the oxide layers. Points 2 reveal Ni and Ti as the adhered material onto the ball surface,
while point 3 confirms the alumina as the base material, with Al having the maximum

percentage composition. In light of this, it is evident that the significant impact of contact
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pressures at higher applied loads leads to the detachment of the interacting surfaces

asperities, which then initiates abrasion and adhesion mechanisms.
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Fig. 6.6: SEM and EDS characterisation of the counter material (Al.O3 ball) sliding

surface in sulphuric acid solution.

The EDS results in Figure 6.6 were further examined using the spectral imaging
technique to analyse the alumina ball sliding surface at 8N load. The spectral imaging
depicted in Figure 6.7 clearly identifies the oxidised points on the surfaces as the bright
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patches shown in the purple tint. The yellow colour distribution across the micrograph
determines the base material (alumina ball) with black patches of wear debris adhesion.
While the blue and red colours highlight the Ti and Ni wear debris adhesion, which is

attached to the ball surfaces during sliding contact.
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Fig. 6.7: EDS spectral imaging of the counter material (Al.O3 ball) surface at 8N applied
load in H2SOa.

6.2.3.4. Potentiodynamic polarisation

The potentiodynamic polarisation was used to investigate the passivation behaviour of
the NiTiINOLGO alloy under tribocorrosion conditions in an acidic solution, and the results
are presented in Figure 6.8 and Table 6.1. From the Tafel plots, it is evident that the
anodic domain of the polarisation curve is initiated with an active dissolution region,
where metals are easily converted to ions and transported to electrolyte solutions and
eventually enter a passive region following passivation [93, 166]. According to Ghali
[151], the electrochemical breakdown of oxides of some metals is reduced cathodically
to the metals or ions in aqueous solutions. The curves clearly show that corrosion
occurred in the cathodic and anodic regimes with distinctive passivation regimes. The
specimens investigated at 5N and 8N loading conditions exhibited similar passivation
behaviours, while the Ecr values became more positive as the load increased. This

deduction aligns with the findings presented in Salas, et al. [124].
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Fig. 6.8: Tafel plots at different applied loads after potentiodynamic polarisation

measurements using a Calomel reference electrode in H.SOs.

Analysis of the Tafel plots gave rise to the following parameters presented in Table 6.1.
The Table denotes the electrochemical activity of the material during tribocorrosion as
well as the fitted parameters. Tafel analysis provided information on variables like
corrosion potential, corrosion current density, passivation resistance, as well as corrosion
rate; whereas the model data presents a good fit. According to our analysis, an increase
in the applied load increased the corrosion current while the corrosion potential tends
towards zero; this caused the polarisation resistance to continuously decrease and, in
turn, increased the corrosion rate. The increase in icor values is correlated with the
progression of the sample's corrosion rate (Cr); this is inversely connected to their

polarisation resistance (Rp) values [124]. This demonstrates that the corrosion potential,
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which controls the anodic or cathodic polarisation activity, governs the dissolution rate of
metals [150, 173].

Table 6.1: Electrochemical parameters from the corrosion rate analysis of
potentiodynamic polarisation measurements in HSOa,.

Corrgsion Pol. Res. Tafel data Model data

rate

analysis 2N 5N 8N 2N 5N 8N 2N 5N 8N
Ecor (V) -0.167 -0.322 -0.506 1842 1257 1471 -0.226 -0.507 -0.699

lcor. (A) 2.988E-5 3424E-5 4.182E-5 1451E-3 1.795E-3 2.565E-3 1.181E-3 1.148E-3 1.425E-3
low. (A/lcm2)  7.312E-7 8.378E-7 1.023E-6 3.55E-5 4.392E-5 6.276E-5 2.889E-5 2808E-5 3.487E-5

Rp (ohm) 726.700 634.100 519.200 743.400 436.900 295400 616.300 397.400 309.600

ba V/dec - - - 5.748 4.843 5.623 3.024 2.186 2.359
bc V/dec - - - 4.372 2.878 2.530 3.756 2.021 1.784
C. Rate

(mmiy) 0.023 0.027 0.033 1.143 1.411 2.017 0.928 0.902 1.120

Considering the wear mechanisms shown in Fig. 6.4 and the corrosion effect, an etched
cross-section of the sample was examined to ascertain the propagation of corrosion pits
and cracks beyond the contact surface. Figure 6.9 presents the SEM micrograph, EDS
spectrum and the corresponding elemental distributions as shown in the table. The
results show that localised corrosion, such as pit and crevice, occurred during
tribocorrosion. The corrosion pit and cavities shown could be attributed to the corrosion-
abrasion synergy, which impedes the reactivity between the anode surface and the
electrolyte [255, 256]. Further examination of the pit using EDS reveals the maximum
oxygen concentration for points 1 and 2 at the pit region. At point 3, a decline in the oxide
composition was recorded, showing that oxidation promoted the pit nucleation. Point 4

confirms the exact composition of the material with no oxygen concentration.
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Fig. 6.9: SEM-EDS examination for localised corrosion in the material subsurface.

6.2.3.5. Hardness measurement

To ascertain the effect of tribocorrosion on the specimen, micro- and macro-indentation
hardness measurements were carried out using the methods outlined in sub-section
6.2.2. Prior to the tribocorrosion testing, the sample's average Rockwell hardness of the
specimen was measured, and it was found to be 62.5 HRC, which is consistent with the
values reported in the literature [25, 170, 210]. Measurements after the testing reveal
that the sample's average macro hardness, as determined by the Rockwell Hardness
test, was 63.3 HRC. Whereas the micro-indentation Vicker's hardness along the wear
track presents the average values of Hv (537.93/1.0kgf/10s, 547.77/1.0kgf/10s and
578.83/1.0kgf/10s) for 2N, 5N and 8N respectively. In contrast, the measurement outside
the wear track had a relatively lower Vicker's hardness value of HV 537.83/1.0kgf/10s.
As the applied load increased, the hardness values along the wear track increased, and
the recorded high values could be attributed to work-hardening as a result of
compressive forces and precipitation hardening through the rapid formation of nanoscale

NisTis precipitates during sliding [40, 130, 204]. Also, the non-uniform network structures
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in Figure 6.2 could contribute to the variations in the microhardness values along the

wear track [101].

6.2.3.6. Contact surface interactions and tribo-corrosion mechanisms

Considering the tribocorrosion synergistic interactions, the contributing mechanisms are
investigated following the wear behaviours revealed in Figure 6.4 and computing the
specific wear rate using Equation 1. The results are shown in Figure 6.10, which
compares the specific wear rate and the polarisation resistance during electrochemical
measurements. It is evident from the graphical trend that increased applied load reduces
the polarisation resistance, which in turn amounts to an increased corrosion rate. This
demonstrates that the material yield due to the synergy between wear and corrosion is
larger than the effects of each factor acting alone [172]. The constant rubbing of the
contact surfaces during reciprocating sliding results in the wear mechanisms caused by
the high level of material detachment following the synergistic interplay between

mechanical and electrochemical processes [257].
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Fig. 6.10: Specific wear rate and polarisation resistance relationship in H2SOsa.
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During tribocorrosion, the simultaneous actions promoted an increase in the oxidation of
the exposed surfaces. While sliding contacts initiated the breakdown of the passive films,
which led to delamination, mild to severe abrasion, and adhesion, the oxidised surfaces
promoted localised corrosion, as demonstrated by the SEM and EDS characterisations
[166]. Liu, et al. [93] presented in their study that while surface defects promote
passivation rates in the early stages of exposure, corrosion protection is best at a slowly
formed passive film. It is established that the corrosion damage mechanism at the
asperities of contact surfaces involves mechanical and chemical components, with the
observable damage typically coming from both [165]. Hence, the synergistic interactions
resulted in material losses and various wear mechanisms caused by the mechanistic
approach, which involves the primary contributions of mechanical wear and wear-

accelerated corrosion, i.e., anodic dissolution [17, 258].

6.2.4. Summary

The present study investigated the simultaneous interactions of wear and corrosion in a
dilute sulfuric acid solution under varied applied loads. The experimental results provided
insights into the tribocorrosion behaviour of NiTINOL60 alloy in an acidic environment.
The results show that material losses under tribocorrosion conditions are significantly
influenced by the synergistic interaction between wear and corrosion. SEM/EDS
metallographic investigation depicts that B2 NiTi and the stable NisTiz matrix structures
dominate the NiTINOLG0 alloy microstructural network. As shown from our analyses, the
mechanical action frequently results in the local removal of metal and oxide particles,
thereby exposing the metal surface, which is subsequently followed by a repassivation
process. The main mechanism under sliding investigation is abrasive wear, whereas
oxidative wear predominates in the electrochemical regime, triggering a cathodic shift
during potentiodynamic polarisation measurements. Additionally, the degree of this shift
increases with the increase of applied normal load due to depassivation under sliding
contact. It is established that the delamination and, subsequently, plastic deformation of
the material surface during depassivation were influenced by the initiation and
propagation of pits and micro cracks on the passive layer during repeated sliding. Thus,
the contact pressure on the interacting surfaces promoted corrosion pit nucleation and

micro-crack propagation.
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CHAPTER 7: TRIBOCORROSION TESTING IN SALINE MEDIUM

7.1. Preface

This chapter illustrates the synergistic interactions between reciprocating sliding wear

and the electrochemical activities, i.e., the tribo-corrosion behaviour of NiTINOL60 alloy

exposed to saline environments, which simulates the artificial seawater environment that

mimics the environments where NiTINOLGO alloy has its vast applications, especially in

the marine and offshore environments. The highlights for the journal article published
https://doi.org/10.1016/j.jalmes.2024.100074 in the Journal of Alloys and Metallurgical

Systems are as follows:

Highlights:

This study examined the behaviour of 60NiTi alloy in a saline environment.

The research integrated tribological and electrochemical analyses.
Potentiodynamic polarisation revealed localised corrosion in cathodic and anodic
regions.

Abrasive adhesive, oxidative, corrosive and fatigue wear mechanisms were
unveiled.

Equilibrium rate at passivation and repassivation plays a key role in tribocorrosion
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7.2. Tribo—electrochemical investigation of 60NiTi alloy in saline solution

7.2.1. Overview

In recent years, there has been a growing interest in understanding the performance of
Nickel-Titanium (NiTi) alloys in corrosive environments [7, 45]. This stems from the
recognition that corrosion plays a vital role in tribocorrosion systems, impacting both
engineering [224, 256] and medical applications [131, 133]. The significance of corrosion
is particularly pronounced in marine environments, where materials often face surface
damage and material loss due to the corrosive nature of the surroundings [62, 69].
Several factors influence corrosion in these environments, including the metal's position
in the electrochemical series, pH levels, presence of electrolytes, metal impurities,
oxygen concentration, and temperature variations [172]. Offshore applications subject
materials to extreme environmental conditions, hastening their degradation. In such
marine environments, multiple concurrent phenomena, including tribocorrosion, can

reduce the lifespan of structural materials and lead to unexpected failures.

Traditional materials like high-strength steels are commonly used in offshore structural
applications due to their favourable strength-to-weight ratios [69]. However, their low
alloy content in elements that promote passive film formation, such as Chromium (Cr),
Nickel (Ni), and Molybdenum (Mo), results in the formation of a porous and weakly
adherent ferric oxyhydroxide (FeOOH) compound on the surface [255]. This porous rust
film allows the electrolyte to penetrate and reach the bare steel, perpetuating corrosion
and material loss. Consequently, low-alloyed steels are susceptible to corrosion even in
their intended applications. For example, tribocorrosion plays a crucial factor in the
premature failure of components within mooring systems [69], underscoring the complex
interaction between wear and corrosion. While passive materials like stainless steels and
titanium alloys are known for their resistance to tribocorrosion in various corrosive
environments, their high cost limits their use in offshore applications compared to lower-
alloyed steels that satisfy mechanical requirements at the expense of corrosion
resistance. Alternative materials, such as conventional steel-based bearing materials
(e.g., M50 and 52100), while electrically conductive and magnetically suitable, are prone

to corrosion if not adequately protected [24, 259].

High-performance bearings, gears, and mechanical components require specific
attributes, including high strength, hardness, thermal conductivity, precision
manufacturing, and surface finish capabilities [24]. According to Meddah, et al. [260],

Titanium alloys have gained traction for aerospace and other applications such as the
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biomedical, automotive and energy industries. In spacecraft systems, bearings are
expected to tolerate transient loads from launch-related vibration and environmental
corrosion, such as from corrosive ambient marine conditions [26]. However, this alloy's
low transformation temperature and poor dimensional stability must be addressed to

employ it as structural and load-bearing components in aircraft applications.

Metallic alloys with a significant Titanium (Ti) content tend to be suboptimal tribological
materials, struggling to respond effectively to lubrication and unable to withstand loads,
making them unsuitable for moving mechanisms and tribological applications [24, 25,
34]. Highly alloyed stainless steel, such as superduplex grades, offers mechanical
properties and high corrosion resistance but remains susceptible to localised corrosion
types like pitting and crevice corrosion despite overall corrosion resistance [67]. In
addition, the high density of materials leads to high centrifugal forces and limited fatigue
life when used as bearing rolling elements. These factors have prompted the need for a
more suitable material or metallic alloy that meets the aerospace requirements for
excellent corrosion resistance and good tribological properties, especially for
applications in extreme environments. Consequently, NiTi-based alloys have emerged
as promising alternatives for bearings and potential offshore structural materials,
boasting a unique combination of characteristics, including low density, high specific
strength, low Young's modulus, superelasticity, biocompatibility, shape memory effects,
and excellent corrosion resistance [34]. As shown in Table 1.1 which compares the
thermophysical and mechanical properties of NiTINOLGO alloy and the conventional
engineering materials in which NiTINOLG0 alloy tends to replace in load-bearing and
corrosive applications [25, 26]. The table shows that NiTINOL60 has a lower Young's

modulus than steel while maintaining a similar hardness.

Ni-rich NiTi alloys have gained increasing interest for specialised bearing and gear
applications, especially in corrosive environments [40]. For instance, NiTINOL60 alloy
was developed to replace bearings experiencing corrosion and wear issues in the water
recovery system of the International Space Station due to its superior mechanical and
functional properties [40]. Research has shown that load bearing, tribological, and time-
temperature-transition behaviours of Ni-rich compounds play critical roles in such
systems [40, 210]. The Ni content in Ni-Ti-based alloys significantly influences phase
transformation temperatures. It alters the specific temperatures where austenitic NiTi

transforms to martensitic NiTi, affecting the key mechanical and thermal properties [253].

60NiITi, also referred to as NiTINOL6E0, is an equi-atomic, ordered intermetallic alloy
composed of 60 wt% Ni and 40 wt% Ti. Its distinctive combination of high hardness, low

apparent elastic modulus, light weight and resistance to aqueous corrosion make it an
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attractive candidate for aerospace and marine/offshore applications, particularly as a
bearing material and in lubricated spacecraft triboelements [24, 26, 261]. The unique
properties and shape-memory effect of Ni-Ti-based alloys have generated substantial
scientific interest [25]. Accordingly, Meddah et al. [260] investigated the sliding wear
performance of NiTi alloy annealed with different nickel contents. They found that the
higher the Ni concentration, the more resistant the material was to adhesive and abrasive
wear, which in turn decreased the wear rates that typically rose with applied load. Another
study examined the microstructural evolution, mechanical properties, and oxidation
performance of highly Ni-rich NiTi alloys with added V through vacuum arc melting. Their
study revealed that while V content above 3 at% changed the morphology and
distribution of the NisTi,, increased the hardness of the alloy, the V content less than 3
at% improved the oxidation resistance of the binary 60NiTi alloy at 500 °C [200]. Given
the considerable attention surrounding NiTi alloys, previous research can be categorised
into several areas: basic corrosion and electrochemical studies, mechanical and material
property investigations, and surface treatment studies [45]. However, the need for
tribocorrosion investigations became apparent as tribological and electrochemical
factors interact in complex ways [80]. Previous studies have shown that the
electrochemical material removal rate depends on mechanical parameters, while
prevailing electrochemical conditions influence the mechanical material removal rate.
The synergistic interaction of wear and corrosion leads to more significant material loss
compared to their individual effects [173]. As reported by Mufioz and Espallargas [165],
the mechanism of fretting corrosion involves both mechanical and chemical components,
with the observable damage typically coming from both. Further, Yan, et al. [166]
highlighted that the mechanistic method separates the two primary contributions into

mechanical wear and anodic dissolution (wear-accelerated corrosion).

Following the high level of surface damage and material loss due to tribocorrosion in
corrosive environment often represented by a 3.5 wt% NaCl (artificial seawater) solution
which depicts the environment where some engineering materials, including NiTi alloy,
Ti-based alloys, stainless steels etc., commonly face deterioration, especially in load
bearing applications. Various studies have investigated the tribocorrosion of these
materials in artificial seawater environments, but there is still limited information on the
tribocorrosion of NiTi in seawater environments. Ti-6Al-4V and Monel K500 alloys siding
against 316 stainless steels were investigated. According to their results, the samples
experienced larger wear losses in seawater compared with distilled water [163].
Ayyagari, et al. [90] studied high entropy alloys in dry and marine environments.

According to their findings, at accelerated electrochemical corrosion, the sample
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(Alo.1CoCrFeNi) displayed a higher degree of passivation, a higher pitting resistance, and
a lower rate of corrosion. In their study, Yan, et al. [166] employed a unidirectional
tribological technique to study the microstructure, phase and tribocorrosion behaviour of
60NiTi alloy. Their findings showed that the corrosion and tribocorrosion resistance of
60NITi alloy were improved by solution treatment. Alkan and Gok, [262] examined the
effect of sliding wear on AlIS| 316 stainless steel in seawater. Their results revealed the
role of electrochemical potential (i.e., cathodic potential shift towards the anodic
potential) in material loss. Based on the wear impact, another researcher investigated
the behaviour of YSZ coating deposited on a stainless steel substrate in a saline solution.
Their study revealed that despite the protective layer, an increase in potential significantly
increased the material loss of 304 stainless steel as well as the YSZ coating [263].
Consequently, this study aims to address the existing research gap by employing a
bidirectional tribocorrosion technique to investigate the synergistic behaviour of
NiTINOL6G0 alloy in a saline electrolyte, mimicking conditions relevant to offshore and

spacecraft applications.

7.2.2. Materials and experimental methods

Material preparation, characterisation and tribocorrosion investigations in 3.5 wt.% NacCl
corrosive environments were conducted using the methodological approaches outlined

in Chapter 3 of this thesis.
7.2.3. Results and discussions

7.2.3.1. Metallographic investigations after tribocorrosion

The oxide-free (mirror finish) surface samples were examined using SEM and EDS
surface characterisation techniques. The characterisation results of the polished sample
confirmed the presence of a non-equiatomic sample composed of Ni and Ti elements of
59.26 and 40.74 wt.%, respectively, with little or no trace of any other element, thereby
confirming the sample as a Ni-rich 60NiTi alloy. Hence, the EDS results confirm that the
sample under investigation as 60NiTi alloy having approximately the same weight
percentage compositions of 60 and 40 for Ni and Ti, respectively, which aligns with the

literature information reported by previous researchers [47, 252].

Further examination of the surface on a microscopic scale reveals the microstructural
composition of the sample. This was achieved through a cross-sectional part of the
sample obtained using wire cutting, and the surface was ground, polished and equally
etched for the subsurface examination. The micrograph shown in Figure 7.1 presents

the microstructural arrangements of NiTINOL60 before tribocorrosion investigation.
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According to the micrograph, NiTINOLGO is an ordered intermetallic material compound
with cubic and rhombohedral crystal matrix structures, supporting earlier researchers'
observations [252]. The closely packed grain network of unconsolidated and
consolidated grain clusters could be referred to as the existence of inhomogeneity in the
microstructural grains [253]. This may be explained by the non-equiatomic composition
of NiTINOL60, which has a propensity for Ni-rich or Ti-rich zones. This affirms the
dominance of NisTiz and B2 NiTi matrix as presented in our previous report [173], while
Khanlari, et al. [249, 252] referred to the phases as cubic and rhombohedral crystal
structures. According to Du, et al. [101], the microstructure 60Ni-40Ti is alternately
composed of fine and coarse network structures, which are relatively uneven on the

microscopic scale, so its microhardness fluctuates more violently.
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Fig. 7.1: Optical micrograph of NiTINOL60 microstructural grain arrangement.

After the tribo-electrochemical tests in the corrosive environment, the reciprocating
sliding between the contact surfaces created a wear track on the examined surface of
NiTINOL60. As a result, we examined the wear tracks using SEM and EDS
characterisation at the same penetrating voltage of 20 KV used to examine the untested
oxide-free sample to ensure adequate penetration of the rays into the subsurface layers.
The surface morphologies of the corroded wear tracks are shown in Figure 7.2. The
micrographs highlight mild to severe surface degradation caused by mechanical and
chemical attacks in the electrolyte medium. The level of corrosion attack shown in Figure
7.2 depends on the impact of the applied load. Clearly, corrosion pits and crevices
advanced from the nucleation stage to metastable pit formation and then to stable pitting,
where the material deforms plastically. This aligns with the existing literature stating that

pitting is self-initiating and self-propagating, thereby making it difficult to determine the
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borders for every stage, such as nucleation, metastable pit formation and stable pitting
[151]. From our analysis, the contact pressure on the interacting surfaces promoted
corrosion pit nucleation and propagation. The average corrosion pits measured on the

corroded surface of 60NiTi wear track generally ranged between 25 and 120 pm.
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Fig. 7.2: SEM images showing the wear mechanisms along the wear track under

different applied loads.

Following the high level of wear debris attachment, we further analysed the wear track
surfaces using EDS to ascertain the composition of the attached wear particles on the
surfaces. Figure 7.3 presents the EDS surface examination along the wear track using
the point-and-shoot approach for a sample surface subjected to a 5N load. The
quantitative elemental composition of examined points confirms the surface oxidation,
which promoted the corrosive mechanism shown in Figure 7.2. The micrographs also

show the adhesion of the wear debris caused by detachment and delamination.
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Fig. 7.3: EDS examination of wear track at an applied load of 5N in NaClag.
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Similarly, the high level of adhesion and distinctive attachment of wear particles observed
at the sample surface at an applied load of 8N prompted further examination.
Accordingly, we employed the spectral imaging technique for detailed and distinctive
examination. Figure 7.4 shows the spectral imaging of the elemental distribution which
clearly highlights the concentration of the oxidised areas. As depicted in the micrographs,
the regions with higher concentration can easily be identified with the bright areas. The
purple micrograph represents the oxidation distribution within the region, while the yellow
colour distribution highlights the areas with high adhesion of the counter material debris
and the elemental distribution of the contacting surfaces. The blue and red colours show

the elemental distributions of the base material spread across the micrographs.
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Fig. 7.4: EDS spectral imaging of adhered wear debris on the wear track NiTINOLG60.
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7.2.3.2. Analysis of the reciprocating sliding friction and wear behaviours

The variations of the coefficient of friction (CoF) during the tests were analysed to
measure the wear behaviour of the material throughout the sliding duration. Fig. 7.5
presents a similar frictional behaviour for the investigated three applied loads, except for
the running-in time recorded at the 2N load. The initial stage of sliding was characterised
by the interfacial friction interactions leading to the breakdown of oxide layers [146, 229],
localised heating of the contact surfaces and oxidation of asperities. The continuous
reciprocating sliding at higher contact pressure wears the passive layers as well as the
subsurface of the material [148]. This indicates that any increase in the contact pressure
increases the surface roughness and widens the wear track, which creates a larger
surface area for oxidation. This is supported by the SEM micrographs in Figure 7.2,
where the sample surface investigated at 2N showed the least chemical and mechanical
wear mechanisms. It is evident that the highest average coefficient of friction (u = 0.93)
was recorded for the 8N wear track. This confirms the increased roughness/ wider wear
track, the highest wear volume and various wear mechanisms that could possibly result
in plastic deformation [198]. The mechanisms were promoted by the high level of
detachment as the CoF levels also indicate that friction is most severe at higher loads
[181], i.e., 8N and 5N (applicable to our study), unlike in the 2N load where the applied

load at 4 Hz showed a gradual material loss (wear) at the interacting surfaces.

12 I S| I 1 L. I I I 1 1 I I I I I I L I I I === I I

=

L

g K

- =

- -

o B

H i

s |

E L

[}

o

© 04 g-

02
= 8N - Av.CoF =0.93
. 5N - Av.CoF =0.80
B 2N - Av.CoF =0.56
L L L L L l L L L L l | L L L l Il Il i} L l L Il Il Il l L L L L l Il
0 1000 2000 3000 4000 5000 6000
Sliding time (s)

Fig. 7.5: Plot of friction coefficient against sliding time at different applied loads.
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Considering the high level of material detachment and adhesion noted in Figs. 7.3 and
7.4 and supported by the high average CoF values in Fig. 7.5, we examined the surface
of the counter body (Al.O3 ball) sliding against NiTINOLG0 alloy during the tribocorrosion
tests using SEM and EDS techniques. Figure 7.6 presents the level of adhesion caused
by the micro-joint formation [147] between the contact surfaces of the alumina ball and
60NiTi during sliding actions. For the examined surfaces at the three applied loads, an
area scan reveals the elemental compositions deposited on the surfaces. The surfaces
were oxidised in all the electrolyte mediums, with the oxide concentration decreasing
with increased applied load. The highest oxygen concentration was recorded at the 2N
load, while the 8N load showed the lowest oxygen concentration. This implies that the
lower contact pressure at the applied load of 2N was inadequate for the breakdown/ wear
of the oxide layer formed during tribocorrosion, supported by the delayed running-in time
shown in the CoF plotin Figure 7.5. Hence, the validation that the significant impact from
the contact pressures at higher applied loads causes detachment of the interacting
surfaces, subsequently resulting in abrasion and adhesion mechanisms [148]. The
adhered wear particles (debris) could be seen for the surfaces at 5N and 8N loads, with
less pronounced deposits for the ball surface at the applied load of 2N. Thus, only one
point (area scan) was examined for the surface at 2N, unlike the three to four points
examined for the surfaces sliding at the applied loads of 5N and 8N following the
pronounced adhesion of wear particles. While point 2 in the quantitative result confirms
the actual composition of the attached materials to be NiTINOL60 base materials - Ni
and Ti, points 3 and 4 for 8N and 5N loads reveal the greater concentration of the alumina

ball with little deposits of the specimen.
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Fig. 7.6: EDS of Al2O3 surfaces sliding against NiTINOL60 at 2N, 5N and 8N applied

loads.

7.2.3.3. Electrochemical measurements of potentiodynamic polarisation

In electrochemical reactions involving metals and electrolytes, oxidation is prevalent, and
this has been confirmed by the SEM and EDS results shown in Figs 7.4, 7.5 and 7.6.
The electrochemical results obtained from this investigation are shown in both tabulated
and graphical representations. Table 7.1 represents the summarised electrochemical
parameters obtained through the lviumSoft data acquisition tool during the tribocorrosion
measurements. The table denotes that at the open circuit system, which represents the
electrochemical activity of the material, parameters such as the corrosion potential,
corrosion current density, passivation resistance and corrosion rate estimated were
obtained from Tafel analysis. From our study, it could be deduced that an increase in the
applied load increased the corrosion current and pushed the corrosion potential towards

zero, thereby leading to a continuous drop in the polarisation resistance, which in turn
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increased the corrosion current. This confirms that a metal's dissolution rate depends on
the corrosion potential, which likely determines the anodic or cathodic polarisation
activity [150].

Table 7.1: Electrochemical parameters estimated from Tafel analysis in NaCl.

Sample Ecorr (V) leorr X 107 (A) Rp (Q) Corrosion Rate (mml/y)
NiTINOL60 @ 2N -2.105 4784 744.70 1.346
NiTINOL60 @ 5N -1.594 5.473 357.40 2.194
NiTINOL60 @ 8N -1.356 6.588 146.90 2.851

Following the results shown in Table 7.2, Figure 7.7 depicts the potentiodynamic
polarisation curves of the sample after immersion in 3.5 wt.% NaCl solution and
tribocorrosion investigation. The curves depict electrochemical activities that occurred in
the cathodic and anodic regimes, resulting in pit nucleation and metastable pit formation,
cavities, and cracks [81, 152]. Further, it shows a distinct passivation platform area,
indicating that a stable passivation film forms on the material's surface within the
corresponding self-corrosion voltage range, protecting the base material from corrosion.
According to previous reports, the electrochemical breakdown of oxides of some metals
is reduced cathodically to the metals or ions in aqueous solutions [151]. In aqueous
solutions, solution anions, halides and nonhalide types can play a significant role in
passive film growth and breakdown. Halide ions such as CI~ can give rise to severe
localised corrosion (e.g., pitting); this is evident in the SEM micrographs and the Tafel
plots showing cavitation that increased significantly as the applied load increased. The
surface damage could also be attributed to the continuous destruction of the passivation
film, which exposed the material subsurface to more corrosion attacks and subsequently
led to plastic deformation [217]. Evidently, the cavitation shown in Fig. 7.7, resulting from
the adhesion and repassivation on the anode surface, could impede the reactivity
between the anode surface and the electrolyte [11, 237, 255]. As the electrochemical
activity proceeds and the passive film dissolves, the system overcomes the driving
factors and attains equilibrium as the corrosion potential tends to be more stable [101].
Repassivation generates surface protective oxide film (TiO2), which offers great
resistance in static corrosion, unlike in the combined actions of corrosion and mechanical
wear [264]. As oxidation progressed, oxygen atoms diffuse towards the NiTi substrate,
while Ni atoms diffuse outward on the surface, hence the rich zones of Niand Ti [217].
The localised corrosion and plastic deformation, which resulted due to the synergistic

interactions, were promoted by the reactions in both regimes. According to Guadalupe
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et al. [152], the chemical reaction between metal and water generates a surface metal
oxide and releases hydrogen, as demonstrated in Eq. 5.

Me + H,0 —» MeO4 + xH, (5)

Further, Vilhena et al. [81] reported that the electrochemical behaviour (reduction
reactions) that take place at the cathodic branch are dependent on the nature of the

corrosive environment, for instance, the oxygen reduction in the alkaline medium as
represented in Eq. 6.

0, + 2H,0 + 4e~ — 40H™ (6)
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7.2.3.4. Wear mechanisms

The simultaneous reciprocating sliding and electrochemical potential activities promoted
the various wear mechanisms [258, 262] recorded in this investigation. Based on the
wear synergy, we quantified the results using the methods and equations outlined in
section 2 to depict the wear volume, specific wear rate and corrosion rate, as presented
in Figure 7.8. The mechanistic approach distinguishes between two critical contributions
of mechanical wear and anodic dissolution, i.e., wear-accelerated corrosion [17, 173].
From the plots, it is evident that an increase in the applied normal load increased the
wear volume, corrosion rate and specific wear rate due to the synergistic interaction. The
tribocorrosion interaction promotes the shearing of asperities following sliding and
frictional heating at the contact interfaces, which consequently results in large surface
deformation [215]. During the tests, reciprocating sliding removes the passive film and
promotes enhanced anodic metal oxidation on the bare metal until repassivation [217].
This results in a sudden cathodic shift of the potential towards the negative but stabilises
with a drop in corrosion current as the system attains a steady state. The cathodic shift,
however, is less noticeable at lower loads where less surface damage occurs. The
formation of cavities is promoted by the presence of voids on the sample surface, which
potentially elongate to the subsurface. The combined effects of void formation, as well
as the intermetallic phase distortion, result in increased surface roughness and a more
significant friction coefficient [12, 101]. These synergistic interactions supported by the
third-body abrasion recorded at higher applied loads result in significant surface damage
(localised corrosion and plastic deformation). Hence, the material loss occurring due to
the synergism between wear and corrosion is more significant when compared to their
individual impacts [80, 172]. The results clearly show that the localised corrosion of the
material was controlled by oxidation of the alloy in the anodic regime, which subsequently
resulted in the metallic dissolution. The graphical trends illustrating a continual increase
in corrosion and wear rates validate that the halide ions in the electrolyte gave rise to

wear-accelerated corrosion.
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Fig. 7.8: Wear volume, specific wear rate and corrosion rate.

Figure 7.9 illustrates a summarised tribocorrosion wear mechanism of NiTINOLG0 alloy
investigated in the saline environment. Our analysis deduced that all the sample surfaces
examined under the different loads were oxidised. While the oxidised surfaces promoted
localised corrosion as confirmed with the SEM and EDS examinations, the sliding
contacts initiated the breakdown of oxide/ passive films [166], which led to delamination,
followed by mild to severe abrasion, adhesion and subsequently to plastic deformation
of the material. The contact pressure from the applied load evidently contributes to the
gradual material detachments and grain refinements or elongations. The SEM results
and the evolution of the coefficient of friction with sliding time shown in Figure 7.5 confirm
that increased applied load increases the contact pressure and the effects of third-body

wear, which advances fatigue and crack propagation as sliding contact continues [214].

Specific wear rate (mm®/N.m)
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As a result of the constant sliding of the contact surfaces during linear reciprocating wear
tests, the material deforms plastically, which promotes the transfer of wear debris to the
opposing body and lowers the rate of corrosive wear [265]. According to the CoF levels,
the wear processes caused by the high material detachment occurred due to a
synergistic interplay [164] between mechanical and electrochemical actions [165, 166,
257]. The different stages of pitting and crack propagation, as reported in subsection
7.2.3.1, highlight the susceptibility of the exposed surface of NiTINOL60 in NaCl solution.
This reveals the need for enhanced hydrophilicity of NiTINOLGO alloy surfaces in its
applications. The analyses have demonstrated that the Archard's wear law, which takes
into account the effect of the passive film for wear-accelerated corrosion, could
accurately represent the influence of electrode potential and normal load on the total

degradation via tribocorrosion synergy [42].

Applied load @ 4Hz Tribo-corrosion wear mechanisms of NiTiNOL60

2N

Mild
5N corrosion

Mild
=abrasion

8N

Fig. 7.9: Simplified representation of tribocorrosion wear mechanisms of NiTINOL60

alloy in NaCly.

7.2.3.5. Hardness measurements of NiTINOL60 exposed to NaCl environment after

tribocorrosion

A heterogeneous distribution of roughness was observed along the wear tracks,
especially for higher applied loads, unlike in the wear tracks for surfaces subjected to
lower loads. Du, et al. [101] reported that the microhardness of NiTINOL60 fluctuates
more violently because of uneven network structures. To validate this information, we
evaluated the hardness of the wearing body (NiTiINOL60) before and after the
tribocorrosion tests. Using the method described in section 3.6 of Chapter 3, we

calculated the hardness by measuring the force applied and comparing it to the
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geometrical aspects of the indentation, such as the surface area or depth of the indented
shapes, diamond (Vicker’'s) and cone (Rockwell). Accordingly, we measured the
Rockwell hardness of a polished sample before the tests and obtained an average value
of 62.5 HRC, aligning with the value reported in the literature [25, 170, 210]. Figure 7.10
shows the average results obtained from the micro indentation hardness tests along the
sample’s wear tracks after each trial. We deduced from the results that the hardness
values we measured outside the wear track (i.e., at zero load) show the lowest Vicker’'s
hardness average value of HV 538.44/1.0 kgf/10 s. In contrast, the average Rockwell
Hardness value measured for the sample after testing gave an average macro hardness
value of 67 HRC. This implies that Rockwell hardness recorded less than a 10 %
increase during tribocorrosion actions. This could be attributed to different factors,
including compressive forces during sliding, friction-induced hardening, and work-
hardening of Ni-Ti agglomeration, as well as the repassivation of oxide films, particularly
at higher contact pressures [130, 266]. The work-hardening due to the reciprocating
sliding results in an inhomogeneous distribution of hardness and wear imbalance
between the different hardness zones, ultimately causing a deterioration in tribology
performance [43]. Supported by the metallographic results, the EDS confirms the
formation of oxide layers in the electrolyte medium, while the micrograph in Figure 7.1
presented fine eutectic network structures of consolidated and unconsolidated grain
clusters. The non-uniformity of the microstructural grains is believed to have been
attributed to the low hardness measured outside the wear track, unlike in uniform and
fine eutectic network structures where hardness is expected to be higher due to the

compact grains.

Fig. 7.10: Graphical representation of the microhardness tests of samples in NaCly.
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7.2.4. Summary

This study delving into the details of wear, corrosion, and their synergistic interactions
has shed light on the multifaceted interplay between wear rates, coefficient of friction,
applied potential, electrochemical reactions, and the wear-corrosion mechanisms
governing the behaviour of NiTINOLG0 alloy. The findings presented in this research offer
valuable insights into the complex processes that govern the material's surface and wear
track. Our investigation underscores the critical role of equilibrium between passivation
and repassivation rates in determining corrosion and wear rate mechanisms. We have
confirmed that the progression of corrosion pits, cavities, and cracks is notably
accelerated by the presence of sufficient contact pressure at the sliding interfaces,
coupled with an increase in corrosion current density. Additionally, the mechanistic
interactions promote frictional heating at the contact body interface and asperity shearing
at high strain rates during sliding. The observations highlight the profound impact of
mechanical forces and electrochemical reactions on the material's surface integrity.
Abrasive wear emerged as the predominant wear mechanism, particularly under higher
loads. The continuous reciprocating sliding action subjected the contact surfaces to
fatigue damage and plastic deformation, resulting in surface degradation. In summary,
this study elucidates the synergy between wear and corrosion, revealing their detrimental
effects on the surfaces of 60NiTi alloy which will serve as a guide in material selection
consideration and the incorporation of this alloy in engineering design. The insights
gained from this research contribute to a deeper understanding of the wear-corrosion
dynamics, with potential implications for improving the durability and performance of
materials in various engineering and industrial applications. Further research in this
direction holds the promise of enhancing the robustness and longevity of critical

components subjected to wear and corrosion challenges.



133

CHAPTER 8: TRIBOCORROSION TESTING IN ALKALINE SOLUTION

8.1. Preface

This chapter presents the tribocorrosion behaviour of NiTINOL60 alloy in an alkaline
environment. The choice for this electrolyte is based on its use in the processing
industries as a cleaning agent. This investigation is relevant to ensure that an appropriate
grade material is selected to address both metal release and corrosion degradation of

materials, especially in the food and beverage industries.

The findings from the study have been published in the Journal of Results in Engineering
https://doi.org/10.1016/j.rineng.2023.101305

Graphical abstract
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8.2. Tribocorrosion behaviour of NiTINOLG60 alloy in an alkaline environment

8.2.1. Overview

Tribocorrosion, a phenomenon where the combined effects of mechanical wear and
chemical corrosion lead to material degradation [227, 259], has become a research
hotspot in recent years due to its significant impact on the performance and longevity of
metallic materials in various demanding environments. Understanding the tribocorrosion
behaviour of different materials is crucial to enhancing the durability and efficiency of
systems in which these materials are employed [267]. Traditionally, 316L stainless steel
has been used in load-bearing applications in corrosive environments [109], such as
liquid-handling systems and hydraulic machinery. This is attributed to its impressive
mechanical properties, excellent formability, relatively low cost, and good corrosion
resistance [10, 67, 101]. However, the low resistance of the steel-grade materials to
localised corrosion, tribocorrosion wear, and cavitation erosion as a result of low
hardness (around 200 HV) limits their use in aggressive environments. Du, et al. [101]
highlighted that more than 80% of machine failures are caused by abrasion on the
surface of the component. These support the concern around the increasing rate of
product contamination and surface deterioration of equipment in the process industries
(food and beverage, pharmaceutical, etc.) arising from mechanical loading and harsh
corrosive conditions [108, 111]. Metals in various flow systems, such as chemical
reactors, are prone to tribocorrosion. In such systems, the corrosion attack on the metal
surface in the corrosive environment is accelerated by the fluid flow, while the wear
occurs due to mechanical loading and/ or sliding contact [111, 227]. Thus, it is imperative
that the synergistic interactions of sliding wear and electrochemical reactions in a
corrosive environment be investigated [9, 22]. The tribocorrosion study ideally involves
the integration of a tribometer and a potentiostat in a controlled system. The tribometer
provides controlled mechanical loading and relative motion and measures the friction
force, while the potentiostat determines open-circuit potential (OCP) and electrochemical

measurements [268].

NiTiNOLG60, also known as 60NiTi, is a binary nickel-titanium alloy containing 60 wt.% Ni
and 40 wt.% Ti which has been shown to achieve the highest hardness amongst the
binary compounds after heat treatment at 1050 °C [40]. It was first discovered by William
J. Buehler and his colleagues in the late 1950s at the Naval Ordnance Laboratory,
Maryland, USA; this gave rise to the name NiTiNOL (Nickel-Titanium Naval Ordnance
Lab), commonly used for 60NiTi alloy [25, 35, 99, 101]. The non-equiatomic phase of the
Ni-rich (NiTINOL60) alloy differs from the equiatomic shape memory alloy. NiTINOLG0 is
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an ordered intermetallic material compound consisting of a B2, cubic crystal structure
matrix containing one or more secondary phases, including the metastable NiTi and
Ni3Ti2 phases, and the equilibrium Ni3Ti phase, also referred to as globular NisTi
precipitates [26, 47, 210]. In general, NiTINOL60 alloy is a versatile material owing to its
unique properties and wide range of applications from aerospace, automotive, turbine
blades [234] and actuators [113, 269] in various engineering fields to medical devices
and biomechanics [27, 89, 137, 205, 270, 271]. In addition, Nickel alloys have an
excellent track record for providing corrosion resistance and high strength at high
temperatures in various applications, making the material an enviro-metal [5, 270].

However, the cost of NiTi-based alloys limits their use in most desirable applications.

The material properties of NiTi alloys have been investigated by several researchers.
DellaCorte [138] and Pepper, et al. [24] investigated the superelastic behaviour of
NiTiNOL60 material for space bearing. Du, et al. [101] reported that NiTINOL60 coating
on 316L stainless steel substrate remarkably improves corrosion resistance. Zhang, et
al. [272] showed that magnetron sputtering coating of NiTiINOL60 alloy improved the
hardness and corrosion resistance when compared with 316 stainless steel substrates.
Khanlari et al. [41], Khanlari, et al. [170] investigated the sliding wear behaviour of NiTi
alloys under dry and lubricated contacts and determined their wear mechanisms under

different working conditions.

Kosec, et al. [45] studied the effects of different microstructures on tribocorrosion
behaviour of NiTi alloys in simulated saliva. Yan, et al. [166] studied the microstructure
and tribocorrosion performance of NiTiINOLGO0 alloy in artificial seawater. They identified
B2 TiNi and stable TiNis phases in the as-cast NiTINOL60. They reported that solution
treatment could lead to the precipitation of metastable TisNis phase in the matrix without
dissolving the TiNiz phase completely. Meanwhile, Chen, et al. [176] demonstrated that
B2-NiTi phase transformed into a martensite B19’ NiTi phase during tribocorrosion
process. In addition, they highlighted that some tiny pits at the interface of the phases
could contribute to the wear contact stresses accelerating the corrosion effect. Xu, et al.
[80] investigated the synergistic interactions between wear and corrosion of Ti-16Mo
orthopaedic alloy. They reported that the corrosion rate increases under sliding contact.
Thus, they concluded that corrosion and wear accelerate each other significantly, with a
reported corrosion rate and wear rate increase of about 100 times and 40%, respectively,

under tribocorrosion in Ringer’s simulated body fluid.

While literature information reveals that most tribocorrosion studies conducted so far
were focused on environments such as acidic, seawater and simulated body fluids, there

needs to be more research on understanding the tribocorrosion performance of
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NiTiINOLG0 alloy in alkaline environments. Therefore, in this paper, we investigated the
tribocorrosion behaviour of NiTINOLG0 alloy in a NaOH (caustic soda) environment,
which is peculiar to a variety of manufacturing processes as a cleaning agent due to its
effectiveness in dissolving greases, fats, and protein-based deposits. Understanding
how an alkaline environment impacts the tribocorrosion of NiTINOLGO alloy can provide
valuable insights into enhancing the alloy's lifespan and effectiveness in various

applications.

8.2.2. Materials and experimental methods

Material preparation, characterisation and tribocorrosion investigations in aqueous
sodium hydroxide medium were conducted using the methodological approaches

outlined in Chapter 3 of this thesis.
8.2.3. Results and discussions

8.2.3.1. Surface characterisation of the sample wear track after tribocorrosion

Examination of the wear track after the tribocorrosion tests under different loads and
electrochemical conditions reveals abrasion, debris adhesion, pits, delamination, plough
and cracks, as seen in Figure 8.1. Both mechanical and chemical wear, which occurred
as a result of sliding contact and corrosion attacks, are clearly shown in the images. The
localised corrosion (pits, cracks and crevices) observed on the surface occurred as a
result of the oxidised layer on the exposed surface, supported by the electrochemical
reactions during the open circuit potential and the potentiodynamic polarisation [226].
Microcracks (perpendicular to the sliding direction) and delamination were also observed
along the wear tracks. According to He, et al. [273], corrosion pits can also promote the

nucleation of fatigue crack by providing stress concentration.

Abrasion + localised |
" corrosion

Fatigue + corrosion
cracks perpendicular
to sliding motion

20.0kV 15.8mm x1.50k SE(M)

Fig. 8.1: SEM images showing the wear track microstructure of NiTINOL60 alloy

sample under different mechanical loads.
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EDS elemental analysis of selected areas revealed the elemental compositions at
various point scans as shown in Figure 8.2. From the table, the EDS analysis for some
selected areas exhibits increased oxygen content at higher loads, while no oxygen
element was detected for a 2N load. According to Yan, et al. [166], this indicated that the
exfoliation or delamination of the oxide layer during the reciprocating sliding exposes the
surface of the alloy to the corrosive medium and, thus, accelerates the corrosion of the
material. At 2N and 5N, the formation of the Ti-Ti phase indicates the likely occurrence
of TiO, following the oxide layer, whereas Ti-Ni occurred at 8N. From the tables in Fig.
8.2, it is clear that more oxide layer was formed at the applied load of 8N, and this could

be attributed to the larger surface area created during the sliding action.

Fig. 8.2: EDS analysis for the wear track of NiTINOLGO at different applied loads.
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This is due to the larger wear track width and wear volumes for sliding wear tests
conducted at higher applied loads. Also, the counter material (Al2O3) deposits on the
wear track increase at higher loads. Figure 8.3 shows the SEM images for the different

AlLO3 balls used for sliding tests.

Fig. 8.3: SEM images of Al,O3 balls after reciprocating sliding actions.

Further EDS analyses were conducted to determine the elemental composition of the
debris adhered to the alumina ball. Figure 8.4 presents the spectral imaging and
elemental composition in wt.%. of the alumina ball after a tribocorrosion test conducted

under 4Hz sliding frequency and 8N load.

Fig. 8.4: Spectral imaging and EDS composition of Al,O3 ball after tribocorrosion test
conducted at 8N load and 4Hz frequency.
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The detected carbon at different points examined could be a result of some
carbonaceous materials within the EDS chamber. Point 1 gives the overall scan of the
surface examined, and the identified elements are listed in the accompanying table.
While the high percentage composition of Ni and Ti at point 2 confirms the adhesion of
NiTiINOL60 debris, points 3 and 4 show the composition of the counter material (Al203)
without the adhesion of the NiTINOLGO debris.

Similarly, an EDS analysis of the wear tracks of the sample tested at a higher load of 8N
was carried out, and the results are presented in Figure 8.5. It is noted that more oxide
layers occur during repassivation, whereas in lower loads where the contact pressure is
insignificant, the formation of passive film on the anode surface hinders the reaction
between the anode surface and the solution. As the passive film gradually dissolves, the

reaction tends to balance, and the potential tends to be stable [101].

Fig. 8.5: EDS examination of the wear track of the NiTINOL60 sample tested at 8N load
and 4Hz sliding frequency.

8.2.3.2. Frictional behaviour and the effect of sliding contact on electrochemical

potential

The variations of the coefficient of friction (CoF) with time for samples tested under
different loads were recorded from the tribometer via WINDUCOM software, and the
results are presented in Figure 8.6. From the plot, it could be seen that the CoF increases

as the applied load increases, thereby resulting in more wear and different wear



140

mechanisms along the wear track. The graphical trend for the 2N load shows a running-
in time within the sliding time of 500 s, which shows there was no adequate contact
pressure from the applied load. After the barrier, the counter material was able to wear
off the passive oxide layer and penetrate the NiTINOL60 sample, thus maintaining a
relatively stable CoF. Whereas at higher loads, almost no running-in was recorded until
the curves attained a steady state. According to Yan, et al. [166], the recorded trend can
be attributed to partial rebuilding of passivation film under sliding contact, but the partial
rebuilding becomes difficult at larger normal loads. Irrespective of the higher wear rate,
the samples displayed more stable friction coefficients at higher loads. The relatively
stable CoF trend could be a result of the dynamic equilibrium between electrochemical
passivation and mechanical passivation during tribocorrosion. This also indicates that
the passive film is gradually destroyed during the sliding contact, as reported previously
by Yan, et al. [166]. The results presented in Figures 8.3 and 8.4 showed the adherence
of the NiTiNOL60 material onto the ball surface, which impacts the surface roughness in
the contact interface. The introduction of this roughness, due to the micro-scale material
transfer during the wear process, resulted in fluctuating frictional behaviour presented in

Figure 8.6.
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Fig. 8.6: Evolution of the coefficient of friction with sliding time for NiTINOL60 alloy
sliding against Al.O3 ball at different applied loads in NaOH.



141

The Tafel curves obtained after the OCP and during potentiodynamic polarisation
measurements are represented in Figure 8.7. In an electrochemical system, the
corrosion potential indicates the corrosion tendency of an alloy and is determined by its
constituent elements with different electrode potentials [101]. This implies that the higher
the electrode corrosion potential, the weaker the corrosion tendency. As shown in Figure
8.7, the curves depict a clear passivation platform area, indicating that a stable
passivation film is formed on the surface of the material within the corresponding self-
corrosion potential range in order to protect the surface from localised corrosion [164,
274]. According to Alkan and Gok [262], the OCP or corrosion potential (Ecorr), which
promotes passivation, is the potential created by the electrochemical processes at a

metal surface immersed in a solution.

T

Log(Current/A)
., o
= o

IITTIIIII]TIIII]TlTlIITlllI!]ITTIIlII[TIIIIT[IY

-1.5
-2
2N,4Hz
=25 & Tmm=m—= 5N,4Hz
—mmmmmms - N,4HZ
-3 RS VO N O O AN O O Y (O O OO (O [T
-6 -4 -2 0 2 4 6 8

Potential (V)

Fig. 8.7: Potentiodynamic polarisation curves of NiTINOLG0 at different load conditions.

From the plots, it is evident that Ecor for the 2N load is more negative when compared to
the 8N load, while the I increased with load increase. As a result, a higher corrosion
rate was recorded at a higher load, and this clearly indicates the promoting effect of

sliding contact on corrosion.

The corrosion potential, corrosion current density and the corrosion rate, summarised in
Table 3, were obtained through the standard Tafel measurements using lvium software.
The open circuit potential represents the electrochemical activity of the material at the

various conditions investigated. It shows that the potential of the sample is more negative
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at lower loads, which indicates that higher loads accelerate the electrochemical activity.
This shows that open circuit stabilisation occurred at the cathodic region, whereas the
wear recorded in the anodic regime contributed to the significant corrosion current
density. From the results in Table 8.1, the corrosion potential at different loads
investigated is lower, which means they corrode faster, though the corrosion rate and
corrosion currents are lower. This implies that the repassivation layer significantly
enhanced the corrosion resistance under the exposed conditions of the metal-solution

interface, thereby causing the surface of the metal to corrode.

Table 8.1: Tafel fitting parameters of NiTINOL60 at different normal loads.

Corrosion Rate

Sample Ecorr (V)  leorr (A) X10° R, (Q) (mmpy)
NiTINOL60 - 2N, 4Hz -1.7364 1.104 812.5 0.868
NiTINOL60 - 5N, 4Hz  -1.4401  2.277 487.1 1.790
NIiTINOL60 - 8N, 4Hz -0.2730 2.810 2949 2.209

The surface conditions of NiTi-based alloys are known to strongly influence the corrosion
behaviour, particularly passivity [176, 230, 254]. Moreover, the corrosion resistance of
NiTi-based alloy is related to the formation of the titanium oxide film. The parameters
outlined in Table 8.1 reveal that the corrosion resistance decreased with load increase
yet possessed a stronger ability to form an oxide film. Du, et al. [101] reported that the
corrosion tendency is weaker at higher corrosion potentials. However, Table 3 shows that
a higher corrosion rate is established in this investigation following a higher shear
deformation, which allows more wear and creates a larger surface area for corrosion to
occur, thus reducing the protective effect of the passive film. Overall, it is evident that the
corrosion rate increased with load increase. While corrosion potential and corrosion
current density are seen to increase with load increase, the resistance is reversed, thus
leading to an increased corrosion rate. According to Du, et al. [101], the electrode
potential difference could equally be affected by the different phases in NiTi-based alloys.
As a result, the dominance of NisTis phase bequeaths corrosion resistance to the
NiTINOL60 alloy.

8.2.3.3. Wear mechanisms

Following the analysis above, it is evident that wear due to sliding contact would result
in accelerated corrosion. It is, therefore, imperative that the possible mechanisms
occurring during the tribocorrosion be determined. From the SEM images of the samples
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under the tribocorrosion test at different load conditions, various wear mechanisms were
recorded. Figure 8.8 shows a summarised plot for the mechanical wear and chemical
corrosion, respectively. The specific wear rate, as well as the corrosion rate, increased

with load increase, and this follows the existing literature information [101, 166].
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Fig. 8.8: Specific wear rates and corrosion rates at different normal loads.

Figure 8.8 shows that the corrosion rate increases with load. This is attributed to the
amount of contact pressure made on the surface during the reciprocal sliding wear.
Hence, at higher loads, continuous sliding results in enhanced shear deformation,
thereby destroying the passive films/ layers and exposing fresh layers which are easily
attacked in the electrolyte. In line with the findings of Yan, et al. [166] it is clearly indicated
that delamination wear was caused by the exfoliation of oxide during sliding contact,

which ultimately leads to the aggravation of corrosion.

The high volume of material loss due to sliding contact is supported by the SEM images
in Figure 8.9 where a significant contribution from a third-body wear is recorded following
the patterns of the abrasion grooves, micro striation, delamination and debris adhesion.
These impacts result in less significant material loss due to the electrochemical
corrosion. Therefore, the presence of TiO- film formation coupled with the excellent self-
healing ability of Ni-Ti alloys [101, 165] helped to promote a better corrosion resistance
of the sample. Further, Du, et al. [101] highlighted that appropriate passivation results in

the build-up of TiO2 (a very stable protective layer), which hinders ion exchange.
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20.0kV 15.3mm x1.50k SE(M)

Fig. 8.9: SEM images showing third-body effect and microcracks at 8N load on
NiTiNOLG0 alloy.

To ascertain the level of deformation and the likely impact on the sample’s microstructure,
the cross-section of the tested samples was cut under the wear track, etched, and
observed under SEM. Figure 8.10 shows the surface examination and the microstructure
of the cross-sectional parts of the wear track. From the images, the sample is noted to
have more eutectic network structure within 100 um into the sample cross-section as a
result of sliding shear deformation, while the dendritic clusters dominate the lower

surfaces of the cross-section.
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Fig. 8.10: SEM microstructure of the cross-sectional view of etched NiTINOL60 sample.
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Following the distortion of the grain boundaries, it is evident that the microcracks and
pits exist around the edges of the cross-sectional surface due to the corrosion attack
[172]. As shown in the image, the microcracks initiated from the corrosion pits penetrated
beyond the surface of the sample, but its propagation fell within 120 ym of the sample
surface. Corrosion pits and cracks occurred due to the electrochemical reactions, while
the tribological impact as a result of the reciprocating sliding and the increased
temperature due to continuous sliding clearly shows the grain elongation in the direction
of sliding actions, as shown in Figure 8.11. Thus, the sliding contact has been deduced

to accelerate corrosion.

Fig. 8. 11: SEM microstructure of the cross-sectional view of NiTINOL60 wear track.

As the passive films are easily destroyed because of sliding action, the interfaces of the
phase NiTi matrix show more susceptibility to pitting. However, the formation of dense
oxide film at lower loads could be attributed to the uniform microstructure and fine
dendritic microstructure of the sample since the applied load has less contact pressure
to wear off a significant amount of the sample during sliding. Consequently, a report by
Vandenkerhove in Du, et al. [101] highlighted that nickel-titanium alloys containing mainly

NiTi phase showed a lower corrosion intensity.

Figure 8.12 shows the EDS result obtained from line-scan and point-scan x-rays carried
out to determine the level of damage or penetration caused by the oxide layer. While the
line scan identified elements such as oxygen, sodium, titanium and nickel, the point-and-
shoot scan presents elements like oxygen, aluminium, titanium and nickel. The different
coloured lines denote the concentration of the elements; thus, the yellow and blue lines
highlight the higher concentration of the parent elements Ni and Ti. The green, red, and
orange lines show traces of O,, Na and Al within the region scanned, i.e., the oxidised
location. The point scan further confirmed the identified elements by line scan and their

corresponding wt.%, shown in the accompanying table in Figure 8.12.
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Fig. 8.12: SEM-EDS analyses using line and point scans x-ray for etched sample.

From the table, the percentage of Al debris only appeared on the top surface and within
the oxide layer region. The oxide film exits only at points 1 and 2, as shown by the point-
and-shoot scan, whereas the parent material Ni and Ti are recorded at the 4 different
points investigated. This supports the explanation in Figure 8.10 that the propagation of
cracks and crevices does not penetrate beyond 120 uym of the material surface
(particularly the oxide layer region). The change in Ni-Ti wt.% composition recorded at

point 4 could be attributed to the grain elongation around the spot.

8.2.4. Summary

This study investigated the behaviour and the effects of sliding wear and electrochemical
potential of NiTINOLG0 alloy in an alkaline environment (0.05M NaOH (aq)) under varied
normal loads sliding against Al,Os counter-body on a ball-on-plate tribometer
configuration. In the sample characterisation, SEM imaging and EDS analysis

authenticated the composition of the NiTINOL60 sample, confirming it as a non-
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equiatomic material with a weight percentage composition of 60% Ni and 40% Ti. The
material exhibited a cubic crystal structure matrix, with consolidated and unconsolidated
regions in its microstructural grains, suggesting the possibility of Ni-rich or Ti-rich zones.
From the study, it is evident that an increase in load results in accelerated corrosion. The
results reveal a distortion of the microstructure grains due to sliding action and the wear
mechanisms on the tribological wear track. Further, an increase in applied load leads to
the deterioration of oxide film formed along the wear track due to the higher relative
motion between the contact surfaces, and this significantly increases the wear rate of
the material under higher loading conditions. This results in a cathodic shift in the
potentiodynamic measurements and a higher resistance, leading to a lower corrosion
rate. The results from surface examinations presented various wear mechanisms,
including abrasion, adhesion, fatigue and oxidative wear, as seen along the wear track.
However, the mechanisms of abrasive wear, which involves cutting, fracture, fatigue and

grain pull-out, were predominant, especially at higher normal loads.
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CHAPTER 9: TRIBOCORROSION TESTING IN THE THREE CORROSIVE
MEDIUMS

9.1. Preface

With the goal of better understand the underlying mechanisms of NiTINOL60 alloy, the
electrochemical contribution to tribocorrosion, and/or wear-accelerated corrosion, this
chapter compares the performance of the material explored in the three corrosive
mediums. The findings have been published in the Journal of Materials Engineering and
Performance https://doi.org/10.1007/s11665-024-09646-6 with the following highlights.

Highlights:

= Wear-accelerated corrosion & sliding wear interactions influence 60NITi
degradation.

= pH plays a pivotal role in tribocorrosion processes, shaping material wear
patterns.

= Alkaline environments lead to oxide layer depassivation-triggered oxidational
wear.

= Acidic medium accelerated mild wear involving abrasion and delamination.

= |Increased applied load causes more corrosive wear, especially in saline

conditions.

Graphical abstract

F, - Normal force

Wear debris/
Third-body

Cubic & Rhombohedral
crystal structures

spectrum Eutectic & Dendritic
network structures

Graphical abstract showing the tribocorrosion interface for NiTINOLG0 alloy.
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9.2. Comparative study of the tribocorrosion performance of NiTiNOL60 in acidic,

alkaline and saline environments

9.2.1. Overview

Nickel-titanium (Ni-Ti) based alloys are being increasingly explored for use in a range of
industries [39] and have, thus, garnered considerable scientific attention due to their
unique shape memory and mechanical properties. This study concentrates on
NiTiINOLG0, also referred to as 60NiTi, which is composed of 60 wt.% Ni and 40 wt.% Ti.
NiTINOL60 possesses unique properties such as high specific strength, low density,
biocompatibility, superelasticity, machinability, and good corrosion resistance, which
make it suitable for a wide range of applications in marine, aerospace, biomedical, and
food processing industries [101, 173]. It is an ordered intermetallic material compound
consisting of a B2, cubic crystal structure matrix with one or more secondary phases,
which includes the metastable NiTi and NisTiz phases and the equilibrium NisTi phase,
also referred to as the globular NisTi precipitates. The binary NiTINOLG0 alloy has been
shown to achieve the highest hardness among the binary compounds after heat
treatment at 1050 °C [40]. According to Xu, et al. [204], the high hardness is caused by
precipitation hardening through the rapid formation of nanoscale NisTis precipitates upon
cooling from a solution-annealed condition. As shown in Figure 1, the NisTiz precipitates
form inside narrow B2 NiTi channels and cause an Orowan strengthening mechanism
[39, 40]. These properties are due to the intrinsic thermoelastic martensite transformation
under thermal and mechanical loading conditions at different temperatures [275]. At
relatively low temperatures and under external force, the initial parent phase (austenite)

transforms into a martensite phase accompanied by macroscopic deformation [87].

Several researchers have investigated the properties of this alloy to better understand
the desired approach to enhancing the durability and efficiency of the systems in which
it is employed. While Yan, et al. [166] studied the microstructure and tribocorrosion
performance of NiTINOLG0 alloy in artificial seawater, Kosec, et al. [45] investigated the
effects of different microstructures on tribocorrosion behaviour of NiTi alloy in simulated
saliva. In their findings, B2 TiNi and stable TiNiz phases were identified for the as-cast
NiTiINOL60 sample, but solution treatment could lead to the precipitation of metastable
TisNis phase in the matrix without dissolving the TiNiz phase completely. This confirms

the Orowan strengthening mechanism [36] as described in Figure 2.1.

For space bearing applications, DellaCorte [138] and Pepper, et al. [24] investigated the
superelastic behaviour of NiTINOLGO alloy. According to DellaCorte [25], 60NiTi is highly

elastic, unaffected by rust, combines high hardness, reduced stiffness and
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superelasticity, and has a higher load-carrying capacity than steel. However, NiTINOL60
and many other metals under certain mechanical loading and harsh corrosive conditions
deteriorate, which warrants the evaluation of their wear performance [80]. Accordingly,
special attention has been paid to remedy the tribological contact using thick barrier
coatings and other surface treatments, yet metal/alloy failures prevail. NiTINOLGO alloy
is tribochemically benign in the presence of liquid lubricants, compared to conventional
alloys with large concentrations of titanium that proved to be chemically aggressive and
cause degradation of many lubricants [138, 276]. Khanlari, et al. [253] investigated the
unlubricated sliding wear performance of 60NiTi compared to 440C steel. Their study
revealed that 440C steel exhibits more microscopic plasticity than 60NiTi, which hindered
the propagation of generated tensile microcracks. Furthermore, Zeng and Dong [181]
studied the surface roughness behaviours of the alloy under oil lubrication, and their
findings showed a remarkable lubrication performance with an ultra-low coefficient of

friction of about 0.008 maintained under castor oil lubrication [171, 182].

Pertaining to reports in the literature that mechanical loading and extreme corrosive
conditions increase surface deterioration, this study focuses on a thorough investigation
of the tribocorrosion performance of NiTINOL60 at different corrosive mediums. While
Kosec, et al. [45] have categorised the NiTi research conducted so far into the following
fields: basic corrosion and electrochemical studies, mechanical and material property
studies, and surface treatment studies, the comparative study of the tribocorrosion

behaviour of NiTINOLG0 in different chemical environments has remained unexplored.

It is known that corrosion is accelerated when combined with mechanical wear [45].
Tribocorrosion is an irreversible material transformation (surface damage) occurring from
the simultaneous action of wear and corrosion due to relatively moving mechanical
contact and electrochemical reactions [7, 9, 42]. Wang, et al. [256] studied the
tribocorrosion behaviour of titanium alloys in simulated body fluids, and their findings
demonstrated that the applied load and concentration of wear particles had important
effects on tribocorrosion behaviour. Despite the reported high resistance to wear
exhibited by NiTi alloy, an investigation by Guadalupe, et al. [42] compared the
tribological behaviour of NiTi alloy to conventional engineering materials such as steels
[170], Ni-based [58], and stellite [259, 277] alloys and reported that the wear resistance
of conventional tribo-materials strongly depends on their mechanical properties such as
hardness, toughness, and work-hardening. In addition, a study by Mufoz and
Espallargas [165] highlighted that mechanical parameters strongly influence the
electrochemical material removal rate, and, on the other hand, the mechanical material

removal rate depends on the prevailing electrochemical conditions. For electrochemical
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investigation, it is established that the techniques employed in tribocorrosion rely on the
contact geometries of the samples [155]. In the case of a linear reciprocating ball-on-
plate configuration, suitable methods include open circuit potential (OCP),
potentiodynamic polarisation (PD), potentiostatic polarisation (PS), and electrochemical
impedance spectroscopy (EIS) [189]. During an electrochemical reaction, the metal
undergoes oxidation by the oxidising agent. Several factors influence the corrosion
process, such as the metal's position in the electrochemical series, pH, presence of
electrolytes, impurities in the metal, concentration of oxygen, and temperature
differences [6]. The material exhibits different electrochemical responses depending on
its state: immune state (no corrosion), active state (corrosion resulting in metal loss or
dissolution of one of the constituents of the corrosive environment into the metal), and
passive state (the metal forms a protective oxide passive film on its surface, reducing
the corrosion rate). Metals with low corrosion potentials experience anodic polarisation,
leading to an increasing anodic dissolution rate. On the other hand, metals with high
corrosion potentials undergo cathodic polarisation, which slows down the dissolution rate
[150].

Given the varied behaviours of the material under different environments, it is crucial to
thoroughly examine and compare the tribocorrosion phenomena and electrochemical
interactions of NiTINOLG0 alloy in different corrosive mediums across a wide pH range.
By exploring these aspects, this study aims to provide valuable insights into the
tribocorrosion behaviour of NiTINOL60, facilitating the development of effective
strategies to enhance durability and efficiency in applications where this alloy is

employed.

9.2.2. Materials and Methods

The experimental procedures presented in Chapter 3 of this thesis were employed for
the material preparation, characterisation and tribocorrosion investigations in the three

aqueous solutions where NiTiNOLG0 alloy samples were fully immersed.

9.2.3. Results and Discussions

Following the synergistic approach and the induced transformations caused by
reciprocating sliding, it was necessary to investigate the subsurface of the specimen.
After the sliding wear test in a corrosive medium, the specimen was cut through the wear
track using wire cutting to obtain a cross sectional part of the specimen that was mounted
using phenolic hot mounting resin. The schematic representation of the mounted sample

and the sample geometries before and after tribocorrosion are shown in Figure 9.1.
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Fig. 9.1: Schematic representation of the sample’s geometry and cross-section along

the wear track.

Since the tribological contacts involve the simultaneous wear and corrosion processes,
leading to irreversible material transformations [167, 262]. Various factors influence the
rate of wear and corrosion, and their synergistic interactions need to be analysed to
understand the contribution of each process to material removal [1]. Therefore, it is
essential to critically examine the wear track using techniques such as optical
microscopy, scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDS) to assess surface topography and subsurface microstructures.
Thus, the polished samples with mirror surface finishes were examined using scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) for a full scan at
20 KV penetrating voltage. This ensures that the X-rays comprehensively analyse the
sample’s surface and subsurface. Figure 9.2 shows the NiTiINOL60 alloy’s micrograph
and the elemental quantitative compositions obtained from SEM/ EDS examination.
From the results, it is evident that the alloy investigated has a quantitative elemental
distribution of 60 wt.% Ni and 40 wt.% Ti, which is consistent with the observations in the
literature [40, 210].
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Fig. 9.2: Surface characterisation of polished NiTINOL60 sample.

Further examination with the optical microscope presents the micrographs in Figure 9.3.
The images reveal that the sample is an ordered intermetallic compound of a cubic
crystal matrix structure. This confirms the observations in the literature by previous
researchers [47, 252]. The micrographs show clear grain boundaries with cluster
particles of the microstructural grains in the consolidated and unconsolidated regions.
The regions confirm the composition of the sample, indicating a dominance of the B2
NiTi matrix and NisTiz phases, which could be referred to as cubic and rhombohedral
crystal structures [249, 252].

Cubic crystat |
v structufes

Rhombohedral
crystal structures

= 20.0kV 13.8mm x1.00k SE(M) 50.0um

Fig. 9. 3: Microstructure of NiTINOL60 (a) polished and (b) etched surfaces before

tribocorrosion test.

The hardness of the NiTINOLB0 sample was measured before and after tribocorrosion
tests in different electrolytes. From the measurements, an average value of the Rockwell
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hardness of 62.5 HRC was recorded for the plain/ unused sample, which agrees with
existing literature information [170]. Whereas the microhardness measurements of the
same sample recorded an average value of Hv 537.77/1.0kgf/10s. Microhardness tests
were carried out along the wear tracks of the samples subjected to tribocorrosion tests,
while the Rockwell hardness tester was used to measure the macro indentation hardness
as specified in Section 9.2.2. For each specimen, the average hardness was obtained
by performing five tests on different parts of the surface and the resulting values are
shown in Table 9.1. The results show that the overall hardness of the sample increased
after tribocorrosion and this is an indication that the continuous sliding actions led to
damages on both the surface and crystal structures. Strain hardening of solid crystals
involves a modification of the structure due to plastic deformation, which creates
dislocation and increases strength at the induced surface. Our analysis confirmed that
the sample immersed in the saline solution gained the highest hardness with a value of
67 HRC, which showed that salt has the chemical effect of decomposing the elements.
In contrast, the sample in the acidic environment has the least value 63.3 HRC, which is
slightly higher than the original value of the plain sample. The increased hardness
recorded for the specimens exposed to the three corrosive environments could be
attributed to different factors, including work-hardening during the reciprocating sliding,
oxide layer formation and debris adhesion along the wear tracks. The strain hardening
resulting from compression during the reciprocating sliding significantly altered the
microstructure of the specimen. This is evident in SEM micrographs revealing the surface
and subsurface damages due to plastic deformation. This aligns with the literature
information that presents that plastic deformation increases the dislocation density in the
crystal structures [46, 278]. In another study, Bounezour, et al. [46] highlighted that work
hardening promotes surface hardness (Hv) and high tendencies of increased brittleness,
as cracks on the SEM images show.

Table 9.1: Micro- and macro-hardness of NiTINOL60 samples after tribocorrosion tests.

Electrolyte

Test condition

NaCl NaOH H2S04
2N, 4Hz Hv 54963 Hv538.30 Hv537.93
5N,4Hz Hv 575.23 Hv 556.68 Hv 547.77
8N,4Hz Hv 59745 Hv593.53 Hv578.95
Average Vicker's hardness (Hv) outside the Hv 538.44  Hv 537.71 Hv 537.83
wear track
Average Rockwell hardness (HRC) on the HRC 67.00 HRC 64.38 HRC 63.30

wear track
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Figure 9.4 presents the evolution of the friction coefficient during sliding. The initial sliding
stage is characterised by frictional interactions that result in localised heating and
oxidation of asperities, leading to oxidational wear [148]. It is well-established that
surface roughness plays a crucial role in frictional behaviour, manifesting in various forms
during the sliding contact. The plotted data clearly indicate that the coefficient of friction
(CoF) increases with higher applied loads across the three different mediums
investigated. Consequently, the increased load induces more significant wear and
activates distinct wear mechanisms along the wear track, as will be confirmed by the
subsequent SEM images. Notably, the CoF values at higher loads of 5N and 8N
demonstrate that elevated contact pressures intensify wear surface roughness and
broaden the wear track compared to the lower applied load of 2N (Figure 9.12d). The
CoF plot for the 2N load exhibits a running-in period of approximately 500 s for the
sample tested in the saline and alkaline environments. In contrast, the sample tested in
the acidic environments recorded a longer running-in time, following consistent wear of
the material’s surface. This suggests that the applied load of 2N was insufficient to
penetrate and remove the passive layer through wear. The plots for the 2N load show
less noise during sliding, confirming little or no adhesion and less interference from the
wear debris. However, as the counter material continuously slides against the NiTINOL60
surface, the passive oxide layer gradually wears off, allowing penetration into the sample
surface. After the running-in period, the CoF increases and reaches a relatively stable
friction coefficient, primarily attributed to the general oxidation of the sliding surfaces.
Conversely, at higher loads, the running-in period is negligible, indicating that the contact
pressure from the applied load is adequate to break down the passive layer through the
reciprocating sliding action of the alumina ball [181]. This process induces surface
roughness and triggers various wear mechanisms until the system reaches a relatively
steady state characterised by a high CoF. Unlike in the other environments, the CoF
trend recorded for higher loads in the H,SO4 environment shows a continual decline.
This suggests less adhesion and relatively little or no impact from the third-body abrasion

as sliding progressed.
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Fig. 9.4: Friction coefficient plots at 2N, 5N and 8N in H.SO4, NaOH and NaCl

mediums.

To better understand the tribocorrosion behaviour of NiTINOL60 under different applied
loads and electrochemical conditions, a detailed examination of the wear track was
performed. The SEM analysis revealed the occurrence of various wear mechanisms on
the NiTINOL6B0 surface, including abrasion, adhesion, delamination, ploughing, pitting
(nucleation and metastable), crevices, and cracks perpendicular to the sliding direction,
as depicted in Figure 9.5. During sliding, adhesive wear was observed due to micro-joint
formation between the Al;Os; ball and the polished NiTINOL60 surface [147].
Furthermore, surface fatigue was evident at the 8N load, particularly in the saline
environment, which could be attributed to cyclic loading induced by reciprocating sliding.
Abrasive wear occurred as ploughing or cracking at the interface between the counter
material and the NiTINOLG60 surface, with severity varying based on the applied load and
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corresponding contact pressure. The wear behaviour exhibited under different regimes
suggests that corrosion-induced wear is typically accelerated by oxidation in a corrosive
environment, with the extent influenced by the pH of the system. While pitting corrosion
may seem less significant, its depth and propagation rate can lead to rapid metal
dissolution if the active state persists for an extended duration [151]. The synergistic
effects of tribocorrosion revealed that material deformation occurs in various forms
depending on the environmental conditions. In alkaline and saline environments with
higher pH ranges, oxidational wear leads to mild to severe surface damage, potentially
resulting in plastic deformation. In contrast, acidic environments promote abrasion,
delamination, and adhesion, resulting in milder wear. The SEM images, particularly
under the 8N load, demonstrate that the applied load or contact pressure generates a
larger wear ftrack and increased surface roughness, consequently influencing
deformation and friction by enhancing asperity deformation. In contrast, lower surface
roughness favours adhesive friction. Comparatively, non-unidirectional abrasive wear
grooves resulting from third-body wear are more prevalent in the NaOH environment,
while the NaCl environment exhibits the highest wear volume among the three
investigated environments due to the combined effects of mechanical and chemical
wear. This finding confirms the significant role of solution anions, including halide and
non-halide ions, in the growth and breakdown of the passive film in aqueous solutions
[151]. The NiTINOL60 samples exposed to the H>SO4 environment exhibited the least
wear volume from mechanical wear. The wear debris from the alumina ball was observed
to be relatively soluble in the electrolyte solution. The elemental quantification using
energy-dispersive X-ray spectroscopy (EDS) further supported the dissolution of alumina
particles, with fewer traces of Al debris detected along the wear track in the acidic
medium compared to the debris accumulation and adhesion observed in the NaOH and
NaCl environments. Additionally, as shown in Figure 9.4, the CoF curves for H.SO4 at
5N and 8N loads gradually decreased as the sliding progressed. This drop could be
attributed to the dissolution of alumina wear debris and general oxidation of the interfacial

surfaces.
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Fig. 9.5: SEM micrographs showing sliding wear effect and worn surfaces after

tribocorrosion in three electrolyte environments.

As stated above, further sliding produces more fragments, which promotes adhesion
[257]; on that note, our EDS examination of the wear tracks revealed the elemental
compositions of the examined surfaces. The results presented in Figure 9.6 confirmed
that the wear track surfaces were oxidised during tribocorrosion. The spectrum highlights
the level of concentrations of each identified element. The higher the peak in a spectrum,
the more concentrated the element in the specimen. The results show a high
concentration of the NiTINOL60 base material (Ni and Ti) followed by aluminium and
oxygen concentrations resulting from the adhesion of the counter material debris and
surface oxidation. While an area scan shows that the sample exposed to NaOH recorded
a distributed oxidised composition and the highest amount of Al debris, which contributed
to the third-body wear abrasion [214], as seen in the SEM images. The sample exposed
to the acidic medium recorded the least distribution of Al,O3 debris when compared with
the samples exposed to other corrosive environments. This supports the unidirectional
wear groves shown in the SEM images in Figure 9.5, with less impact from the third body
effect [214], which eventually resulted in the lowest wear volumes recorded at different
test conditions except for the 2N load. In support of the quantitative elemental
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distribution, the EDS spectrum shows that Al has the lowest peak, thereby confirming a
lower concentration of alumina debris in the acidic environment. According to the data
for elemental distribution, the sample tested in a NaOH environment had the maximum
oxygen concentration at 8N load with 23.93 %, followed by the saline environment at
13.66 % and the acidic environment at 9.02 %. This finding for the NaOH medium could
also be supported by the high oxidation level in Figure 9.5, showing different corrosion
attacks for the SEM image of 8N NaOH. In the saline environment, the 13.66 % oxygen
concentration is believed to significantly support the halide ions (CI7) in contributing to

the overall corrosion rate for the NaCl environment.
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Fig. 9.6: EDS analysis of the wear tracks of the NiTINOL60 samples tested in three

electrolytes under 8N load.

Following the wear mechanisms at the sliding interfaces and the high level of Al debris
adhesion observed on the sample surfaces in Figure 9.6, we further examined the
surfaces of the counter body (alumina ball) sliding against the NiTINOL60 specimens
after tribocorrosion. Figure 9.7 presents the EDS analysis of the examined Al,O3 ball
surfaces used for reciprocating sliding in the three different environments. The results
confirm an adhesion mechanism on the counter body surface having NiTINOLG60 debris

distributed at different compositions. From the results, point 1 gives the quantitative
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elemental distribution of an area/ overall scan showing the base material of the ball (Al
and O) as well as the composition of the specimen (Ni and Ti). Analyses of the results
show that the sample exposed to an acidic medium recorded the least percentage of Ni-
Ti adhesion; however, the sample immersed in the saline environment has the highest
amount of Ni-Ti debris adhesion onto the ball surface which conforms to the highest wear
volume and CoF recorded for the different applied loads in NaCl environment. It also
supports the adhesion mechanism highlighted in Figure 9.5 for the NaCl environment.
Additionally, the similar concentrations of oxygen presented in the quantitative results for
the examined surfaces in the three corrosive environments also confirm the oxidative

wear mechanism at both contact surfaces.

Full scale counts: 5529

8N,4Hz-A1203-H2504(1)_pt

8N,4Hz-AR03-H2504(1)

6K Al Weight %
X o Al Ti Ni
4K 8N,4Hz-AI203-H2504(1)_pt1  43.47 43.96 4.79 7.78
ad 8N,4Hz-AI203-H2504(1)_pt2  17.90 7.24 31.05 43.81
0 8N,4Hz-Al203-H2504(1) pt3  54.19 45,81
K- T
1K )
N Al+Al T 7
0-] f T T T T
0 2 4 6 8 10
kim-22-Ti kev

8N, 4Hz-A1203-NaOH(1)

Full scale counts: 5844

8N,4Hz-A1203-NaOH(1)_|

7K
6K -
5K
4K -
3K
2K
1K

0
0

Al

Al+Al T 7

P

kim-22-Ti

Full scale counts: 6025

kev

8N,4Hz-AI203-NaCl(2)_

8N,4Hz-AI203-NaCl(2)

+5 I esss

Weight %

8N, 4Hz-AI203-NaOH(1)_pt1
8N, 4Hz-AI203-NaOH(1)_pt2
8N,4Hz-AI203-NaOH(1)_pt3

o

43.22
171

51.71

7K Weight %
Al
o] o Al al Ti Ni
5K 8N,4Hz-Al203-NaCl(1)_pt1  42.08 42.76 0.88 5.08 9.20
pra 8N,4Hz-AI203-NaCl(1)_pt2  4.74 38.40 56.86
= 8N,4Hz-AI203-NaCl(1)_pt3  35.90 57.19 2.54 4.37
x{ T
1K E
ol Ni s o Ti1i Ni
I T 1 1 T
0 2 4 6 8 10
Kim - 22 - Ti kev

Fig. 9.7: EDS analysis of the contact surface of the Al.O3 balls tested against
NiTINOLGO in three electrolytes under 8N load.

Considering the electrochemical reactions occurring on the material's surface during
tribocorrosion, the activities involve anodic oxidation (removal of electrons from metal
atoms) and cathodic reduction (consumption of electrons by the oxidising agent). These
reactions are elucidated by analysing the cathodic and anodic regions of the Tafel plots
in Figure 9.8 and used to estimate the potentiodynamic polarisation parameters

presented in Table 9.2. The Tafel plot illustrates the occurrence of corrosion in both the
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anodic and cathodic regions, revealing the sample’s susceptibility to pitting within the
saline environment. In contrast, corrosion was primarily observed in the cathodic region
in the acidic and alkaline environments. It reveals that localised corrosion initiated and
progressed in both anodic and cathodic regions after reaching equilibrium for lower loads
(2N), where the contact pressure is insufficient to wear away the passive layer. This
indicates that the sample surfaces experience anodic polarisation at lower loads with an
increased dissolution rate in that region due to their low corrosion potential. Conversely,
for higher applied loads (8N), the material surfaces undergo cathodic polarisation at a
higher corrosion potential, which slows down the dissolution rate. Accordingly, this leads
to an increased corrosion rate, higher wear volume due to corrosion and severe pitting

corrosion in saline medium, as presented in Figure 9.8.
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Fig. 9.8: Potentiodynamic polarisation curves showing corrosion behaviour of
NiTiINOLG0 alloy.

The summarised potentiodynamic polarisation parameters estimated from the Tafel plots
are provided in Table 9.2, offering an overview of the electrochemical behaviour during
the tribocorrosion testing. From the tabulated results, it is evident that an increase in the
applied load decreases the polarisation resistance (Rp). This increases the corrosion
current (lcorr) and shifts the corrosion potential (Ecorr) towards the passive direction (i.e.,
towards zero or to more positive values). The parameters deduced for the sample

investigated in the saline environment recorded the highest corrosion rate, the highest
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corrosion current density, and the lowest polarisation resistance when compared with the
samples tested in the acid and alkaline environments. Equally, the parameters obtained
for the sample tested in the acidic medium presented the highest values of polarisation
resistance; this invariably results in the lowest corrosion rates for the different applied
loads. Whereas the alkaline environment depicted the least values for the corrosion
current density and corrosion potential at different loads, the polarisation resistance was
higher compared to the values obtained in the 3.5 wt. % NaCl environment. Overall, the
results agree with the previous reports stating that the lcor value denotes a lower

corrosion rate [279].

Table 9.2: Tafel fitting parameters of NiTINOLG0 at different normal loads and 4 Hz

sliding frequency.

ecroye [P0 e I g Comodonfts

2 -1.814 1.225 985.30 1.183

H2SO4 5 -1.257 2.301 570.50 1.651

8 -0.507 2.565 352.40 2.077

2 -1.736 1.104 812.50 0.868

NaOH 3 -1.440 2277 487.10 1.786

8 -0.273 2.810 294.90 2.208

2 -2.105 4.784 744.70 1.346

NaCl 2 -1.594 5473 357.40 2.194

8 -1.356 6.588 146.90 2.851

Notably, halide ions, such as chlorine (CI7), contribute to severe localised corrosion,
including pitting and cracks observed in the saline environment. The different stages of
localised corrosion reported can be seen in the SEM images shown in Figures 9.9 and
9.10. While Figure 9.9 shows pit nucleation and its propagation, as well as the
advancement of corrosion crevices. Figure 9.10 (a, b) shows the pit formation and
microcrack propagation in a sliding direction in the NaOH environment before and after
etching. Etching of the sample clearly highlights a stable pitting, where the pit and crack
propagated beyond the surface of the sample down to about 120 um, unlike in the other
environments where the localised corrosion (pitting) only maintained the nucleation and
metastable stages. The continuous reciprocating sliding along the wear track and in the
localised corrosion regime induced fatigue wear and promoted stress corrosion. The

stress corrosion, which was aggravated by the combined influence of compressive
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stresses, increased the dislocation density in the crystal structures. Hence, the increased
pitting and crevices as well as the elongated at both minimum and maximum contact
pressures. Conversely, the severe corrosion leading to stress corrosion results from the
relative motion of a corrosive fluid on the material surface. Pitting, the conventional
corrosion form, exists in different stages even though pitting is self-initiating and self-
propagating, making it difficult to determine the borders for every stage, including the
nucleation, metastable pit formation and stable pitting [151]. Corrosion is typically
initiated at defects in the protective oxide film or at the break of the passive film and
progresses by forming a dense tubercle of hard rust or scale, with pits present in the
underlying metal [151]. According to Ghali [151], the propagation emanating from the pits
could result in fatigue corrosion and stress-corrosion cracking. For the environments
investigated, there exist similarities in the corrosion mechanism since the localised
corrosion failures could be attributed to mechanically assisted corrosion despite the
variations in the initiation of pitting and crevice [240]. According to Ghali [151], pitting
corrosion is commonly observed in the presence of chlorides and halides, and this is
evident in the results obtained where pitting corrosion occurred more in the NaCl
environment compared to the other environments. As observed in this investigation,
continuous sliding actions at higher loads easily destroy the protective properties of the
passive film, thereby exposing more layers of the material surface and resulting in a high

corrosion rate before the surface repassivates [6, 163].
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Fig. 9.9: SEM images showing the advancement of localised corrosion in NiTINOL60

samples tested under different loads in NaCl and H.SO4 environments.
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Fig. 9.10: SEM showing crack propagation after tribocorrosion test in NaOH

environment before etching and (b) after etching.

Continuous sliding at an 8N load in the NaOH environment resulted in grain elongation
and stress-corrosion cracking due to the wear-accelerated corrosion resulting from the
tribocorrosion synergy. Accordingly, Figure 9.11 presents the cross-section of the
sample, revealing surface damages and distortion in the microstructural arrangement.
From the images, it could be deduced that sliding action caused mild to severe surface
damages, and the third-body effect from the resulting debris led to a nonuniform direction
in the wear track abrasion grooves, thereby causing wear roughening and wear
anisotropy [11, 214]. The shear force possibly caused the grain structures to be flattened
and elongated longitudinally in the sliding direction, with irregularly shaped eutectic and
dendritic growth [101]. This impact could further lead to plastic deformation because of
further compression and shear due to sliding and altering the martensite phase
comparable to the eutectic and dendritic network structures. Further sliding results in the
formation of additional fragments, which then adhere to the original fragment and finally
delaminate to produce a much larger conglomerate wear particle. Therefore, the wear
mechanisms and/or patterns are significantly influenced by the equilibrium between the
depassivation and repassivation rates. This is reinforced by the findings of Ferreira, et
al. [128], who reported that the depassivation rate depends on the contact pressure, the
sliding velocity, the counter body and mechanical properties of the passive film, such as
scratch resistance [170]. Additionally, we have deduced that under tribocorrosion
conditions, the synergistic interactions of wear accelerated corrosive and material loss
due to sliding contact commonly affect the depassivation mechanisms during the contact

surface damage.
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Fig. 9.11: SEM microstructure of an etched cross-sectional part of NiTINOL60 sample

tested at 8N load in NaOH environment.

Figure 9.12 (a-d) presents the summarised relationships between the applied normal
loads and corrosion rate (Figure 9.12a), wear volume (Figure 9.12b), specific wear rate
(Figure 9.12c) and the wear track profile (Figure 9.12d). Figure 9.12d shows the profiles
for samples tested in the acidic medium where the minimum wear was recorded. From
the profiles, wear volumes at different loads were estimated using a stylus profilometer
and ImageJ software as outlined in section 9.2.2, and the specific wear rate was
calculated using Eq. 1. It demonstrates that as the applied load increases, the wear track
indentation increases, leading to a higher wear volume. From the results, it is clear that
mechanical and chemically induced wear was highest for the sample investigated in the
NaCl environment when compared to the samples tested in the acid and alkali
environments. Thus, an indication of the significant role played by halides in passive film
growth and breakdown. This demonstrates that metals or ions are reduced cathodically
during the electrochemical breakdown of various metal oxides [151]. The results
highlighted the prevalence of corrosion in all the investigated environments, indicating
that fretting corrosion involves both chemical and mechanical factors, with observed

damage arising from a combination of these factors [146, 165, 178]. The mechanical
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abrasion of the passive film often leads to wear-accelerated corrosion due to the high
chemical reactivity of the bare metal surface exposed to the corrosive environment [164].
Additionally, passive films significantly influence the surface mechanical response of
metals and the behaviour of the third body in the tribological system [6, 61, 214]. The
progressive increase in the pattern of wear rate shown in Figure 9.12 confirms wear
acceleration due to the simultaneous electrochemical-mechanical interactions during
tribocorrosion. Accordingly, the findings from previous researchers stated that under
tribocorrosion conditions, two main mechanisms contribute to material removal from the
surface: wear-accelerated corrosion and mechanical removal through sliding contact
[165, 257, 280]. According to Yan, et al. [166], the mechanistic approach distinguishes
two primary contributions: anodic dissolution (wear-accelerated corrosion) and

mechanical removal of metal particles (mechanical wear) [166, 178].
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Fig. 9.12: Corrosion and wear rates at different loads after tribocorrosion experiments.
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From the plots in Figure 9.12, it is evident that as the applied load increased, the wear
rate significantly increased. The sample tested in the H.SO4 environment maintained the
least wear volume, except for the test condition of 2N load, where the sample yielded
more than the sample tested in a NaOH environment. This could be attributed to the
prolonged running-in period shown in Figure 9.4, which impacted the material loss
through mechanical removal due to inadequate contact pressure from the applied load.
Also, the sample tested in the NaOH environment markedly showed the lowest corrosion
rate following the running-in time, which delayed the breakdown of the oxide film and
reduced the exposure of the sample subsurface. Following the wear pattern at a lower
load due to the less contact pressure, a low wear volume was recorded, and this basically
occurred as a result of corrosive wear with little contribution of mechanical wear due to

sliding [254]. As the load increases, the contact pressure and wear volume increase.

Overall, the graphical trend in Figure 9.12 shows that the highest wear volume was
recorded in the NaCl environment, followed by the NaOH and then the H>SO.,
environment (H.SO4 < NaOH < NaCl). The drop in the wear rate observed for the sample
exposed to the HSO4 environment could be attributed to the solubility of the alumina
debris, unlike in the other environments where the particles/ debris contributed to the

third-body wear abrasion.

9.2.4. Summary

This study focused on investigating and analysing the tribo-electrochemical interactions
of NiTiNOL60 alloy in various corrosive environments under different test conditions. The
experimental results clearly demonstrated the synergistic effect of wear and corrosion,
leading to an accelerated degradation of the material surface. The investigation revealed
that the material deterioration was attributed to the combined influence of wear-
accelerated corrosion and mechanical wear resulting from the reciprocating sliding
action. While the synergistic approach revealed that mechanical wear is the predominant
factor in material loss, it was observed that corrosive wear was more pronounced at
higher loads, particularly in the saline environment. Considering the influences of anodic
dissolution (wear-accelerated corrosion) and mechanical removal of metal particles
(mechanical wear), the mechanistic approach to wear was evident in all three
investigated environments, with a greater prevalence in the hydroxyl medium (NaOH)
which had the highest pH value. Moreover, severe and mild wear mechanisms were
observed more in the NaCl and NaOH environments unlike in the least pH medium
(H2S0.), indicating the impact of corrosion on the wear behaviour. The mechanical

abrasion of the passive film led to wear-accelerated corrosion due to the high chemical
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reactivity in corrosive mediums. The analysis highlighted the significant role of hydrogen
ion (H*) and hydroxyl ion (OH") concentrations in the electrolytes, particularly in the acidic
environment, where the alumina debris dissolved in the medium during tribocorrosion. In
conclusion, this investigation provided insights into the tribo-electrochemical behaviour
of NiTINOL60 alloy. The findings emphasised the importance of considering both wear-
accelerated corrosion and mechanical wear when studying material degradation in
different corrosive environments. The knowledge gained from this study can contribute
to developing improved materials and strategies for mitigating tribocorrosion-related

issues in practical applications.
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CHAPTER 10: CONCLUSIONS, CONTRIBUTIONS TO KNOWLEDGE AND
RECOMMENDATIONS FOR FUTURE RESEARCH

10.1. Conclusions

It is established that the performance of metallic components is usually impacted by the
synergistic effects between sliding wear and corrosion, particularly in tribological
systems. Accordingly, the tribocorrosion synergistic interaction under sliding contact and
corrosive environment formed the basis of this study. To understand the relationship
between corrosion and wear rates, assess surface damage (gradual deterioration) of
NiTiINOL60 alloy under different conditions in corrosive mediums and reveal the wear
mechanisms. The investigation has demonstrated the interactions of various test
parameters and their influence on the surface deterioration of NiTINOLGO alloy. The
findings provide insights into wear mechanisms and localised corrosion, highlighting the
influence of ions (H* and OH") on corrosive wear and crack propagation. This study
underscores the significant influence of mechanical properties on the rate of material
degradation due to corrosion, while also highlighting the substantial impact of prevailing

electrochemical conditions on the rate of mechanical material removal.

In the sliding wear tests, the samples tested in dry conditions (no lubrication) revealed
more abrasive and adhesive wear, unlike the specimens investigated at high-
temperature conditions, where the shearing of asperities promoted more significant

deformations, leading to plastic deformation.

According to the electrochemistry investigation, it was established that the corrosion
behaviour of Ni-Ti-based alloys, especially the passivity, strongly depends on the surface
conditions. Significant changes in corrosion current density and electrochemical
impedance were recorded for alloys subjected to cathodic and anodic potentials. The
oxidised surfaces exhibited Ni and Ti species present as oxides and hydroxides in the
form of Ni%*, Ni®*, TiO,, etc., and there was a noticeable increase in the hydrophilicity of
the sample surfaces. Hence, the study has shown that the corrosion effects of uniform
or localised pit growth and arrest of NiTiINOLGO alloy can be attributed to electrochemical

charge transfer and ohmic effects.

The tribocorrosion synergistic interactions in different corrosive environments revealed
that while abrasive and oxidative wear mechanisms exist concurrently, the pH of the
electrolyte plays a significant role in the tribocorrosion process. Thereby leading to
electromechanically induced transformations and various wear patterns ranging from

mild to severe wear regimes. For instance, the wear volume was highest in saline
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environments, with contributions from mechanical wear, corrosion, and third-body
abrasion. In the alkaline environment, depassivation of the oxide layer triggered
oxidational wear, with the depassivation rate dependent on factors like contact pressure,
sliding velocity, and passive film properties. This results in grain deformations observed
in the alkaline environment due to shear forces. While in the acidic medium, it was

evident that corrosion accelerates mild wear involving abrasion and delamination.

In summary, it is established that the findings from this study have practical implications
for optimising the performance and durability of NiTiINOL60 alloy under the tested
conditions and offer valuable insights for designers working on load-bearing engineering
applications. The key findings and conclusions from our investigation have been

enumerated as follows:

+ It is evident that the mechanistic interaction promotes the shearing of the
asperities at a high strain rate during sliding and the frictional heating at the
interface of the contact bodies.

+ The surface degradation during tribocorrosion occurs from the combined effects
of sliding wear and electrochemical reactions; thus, an increased applied load
reduces the corrosion potential, leading to a higher wear volume and increased
corrosion rate.

+« The friction coefficient and wear volume of NiTiNOL60 alloy increased with the
applied load and decreased under elevated temperature conditions

+ The synergistic interactions exposed the material surface to various wear
mechanisms, including abrasive, adhesive, oxidative, corrosive, fatigue, and
crack propagation.

+ The water-based electrolytes contributed to the increased hardness (hardened
zones) on the wear tracks following the water hydrolysis and titanium oxide
and/or hydride formation.

+ The wear track analysis illuminated the various wear mechanisms at play,
including abrasion, debris adhesion, pitting, delamination, ploughing, and
cracking. These mechanisms were influenced by both mechanical and chemical
wear, the latter notably due to corrosive attacks.

+ Among the various wear mechanisms influenced by tribochemical wear,
delamination and micro-cracks are notably prominent under higher applied loads
due to surface tensile stress and contact pressure, leading to crack propagation

perpendicular to the sliding direction.
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It is established that delamination wear primarily caused by exfoliation of the
oxide films during sliding contact ultimately promotes localised corrosion.

The sliding action promoted a sharp cathodic shift of the potential towards the
negative. So, while corrosion potential decreased with increased applied load,
corrosion current density increased significantly.

The electrochemical findings indicate the occurrence of localised corrosion in
both cathodic and anodic regimes, with corrosion pit nucleation, cavities, and
cracks being accelerated by reciprocating sliding and corrosion potential.
Anodic reactivity and the passive state of the alloy significantly influence the
behaviour at OCP, thereby revealing the need for enhanced hydrophilicity,
especially in highly chemically active environments.

The reciprocating sliding wear test at elevated temperatures and the XRD
examination revealed the phase stability of the alloy, thus validating the shape
memory effect of Ni-Ti-based alloy.

The microscopic analysis confirms the alloy's Ni-rich composition, featuring a
dense network of B2 NiTi + NisTiz cubic and rhombohedral crystal matrix

structures.

10.2. Research limitations

Although the scope of this study was covered, certain factors hindered the expansion of

this research focus for further investigation thus:

a. The lack of an adequate setup that heats and maintains the electrolyte

temperature prevented tribocorrosion investigation at high temperatures.

The ethical conditions around using simulated body fluids affected the
investigation of NiTNOL60 performance in a mimicked biomedical environment.
The lack of some thermo-analytical instruments, such as thermogravimetric
(TGA) and differential scanning calorimeter (DSC), prevented the measurements
and insight into the material's behaviour and mass losses at elevated

temperatures.

10.3. Recommendations and future research directions (perspectives)

Following the limitations and timeline that hindered the expansion of this research focus,

the areas that need to be investigated further are enumerated as follows:

The bio-tribocorrosion investigation following microbial attacks, especially in food
processing and marine structures, should be considered. This is based on a high
reproduction process of microorganisms and bacteria in seawater and the

discharge of atmospheric sulphide in coastal areas.
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ii. In the orthopedic application of NIiTINOL60 alloy, it is also necessary to
investigate bio-tribocorrosion using a phosphate buffer solution (PBS), which
depicts human body fluids.

iii.  There is a need to provide insight into the kinetics and thermodynamics analysis
of electrochemical reactions and the tribo-electrochemical activities of
NiTiINOLGO alloy in corrosive environments.

iv.  Investigate the film-electrolyte interface on the exposed surface of the alloy
during and after the reciprocating sliding wear and employ software tool(s) to
analyse the stress distribution on the contact surfaces (wear track) during the
reciprocating sliding.

v. Incorporate environmentally friendly corrosion inhibitors for tribocorrosion study.

10.4. Contribution to knowledge

This study has addressed the knowledge gap presented in Chapter 1 of this thesis and
contributed to the existing literature in the field of tribocorrosion. Accordingly, this study's
findings and scientific output have presented a comparative study on NiTiINOL60 alloy
tribocorrosion performance in corrosive media, which was lacking in the literature before
this research. It further presented a comprehensive literature review on the tribocorrosion
of Ni-Ti alloys in engineering and biomedical applications since its last review in 2018. It
highlighted the significant discoveries, research approaches, and future directions for
tribological and tribocorrosion areas. In addition, the investigation on the tribocorrosion,
sliding wear, and electrochemistry of NiTINOL60 alloy and its wear mechanisms have
revealed the need for an appropriate choice in the selection of corrosion and wear-
resistant materials, especially in food processing due to the varying process conditions

(pH, concentration, temperature, etc.).

The findings from this study highlight the practical implications for maximising the
performance and durability of NiTINOL60 alloy in corrosive environments following the
tribo-electrochemical synergistic interactions on the degradation of materials in
tribological systems. The identified wear mechanisms provide insight into developing
different approaches for surface treatments to reduce tribocorrosion and wear on
material surfaces. Hence, this study would offer valuable information in designing

advanced protective technology to minimise wear on materials in similar conditions.
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APPENDICES

Appendix A: Experimental test conditions and other supplementary

materials

The following table shows the parameters considered for the experimental design to
select optimal parameters during the preliminary investigations. Table A.1 shows the
different corrosive environments, such as sulphuric acid, saline solution and aqueous
sodium hydroxide, covering a wide pH range. These solutions mimic the environments

where NiTiNOLG60 alloy has vast applications.

Table A.1: Experimental parameters and the design of the experiment.

Electrolytes covering a wide pH range

Electrolyte Concentration pH
H>SO4 0.05Mand 0.1 M 15-4
NacCl 3.5 wt% 6.8-7.2
NaOH 0.05Mand 0.1 M 11-13
Test parameters for reciprocating sliding wear
Parameters Values
Load (N) 2,5,8,10
Frequency (Hz) 2,4,6
Temperature (°C) 22 £ 2 (RT), 200, 400, 600
Stroke length (mm) 10
Sliding distance (m) 500

Effect of load at room temperature (RT)

Experimental run

Variables

Load (N) Frequency (Hz) Temperature (°C)
1 2 4 RT
2 5 4 RT
3 8 4 RT
4 10 4 RT
Effect of frequency at room temperature (RT) using 8 N load
Variables
Load (N) Frequency (Hz) Temperature (°C)
5 8 2 RT
(same as 3) 8 4 RF¥
6 8 6 RT
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Effect of temperature at an applied load of 8 N
Variables
Load (N) Frequency (Hz) Temperature (°C)
(same as 3) 8 4 RT
7 8 4 200
8 8 4 400
9 8 4 600

From the Table, 9 experimental runs x 3 repeats = 27 experiments required for each
environment. Thus, a total of 81 experiments will be carried out for the tribocorrosion
tests using the three (3) different corrosive solutions.

The considerations for an alumina ball as a counter body in a sliding wear test

Alumina ball (Al.O3) possesses anti-wear, heat-resistant, anti-oxidant and corrosion-
resistant properties, making it the ideal material for tribocorrosion investigation in

corrosive solutions. Its advantages over steel balls include

= weight (59 % lighter than steel balls), which implies less centrifugal force and less
wear on the groove at high frequency during reciprocating sliding.

= 44 % larger elastic modulus, indicating less deformation under applied load.

= Suitable for high temperatures up to 1050 °C while only ¥ coefficient of thermal
expansion of steel can endure sharp temperature variation.

= Excellent surface finish (Ra ~4 — 6 nm), non-magnetic, non-conductive and can
roll without lubrication.

Images of some instrument/equipment used, material preparation and results

obtained during the experimental investigation
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Fig. A.1: An ultrasonic cleaning equipment.
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Fig. A.3: Struers wet polishing equipment.
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LaboPress-3
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Fig. A.6: Struers hot press mount and the cross-sectional parts of NiTINOLG0 alloy

mounted using phenolic resin.
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Fig. A.7: Polished surfaces and plasti-dip adhesive coating of test specimens.

Fig. A.8: NiTiINOL60 specimen showing (a) polished surface before tribocorrosion (b)

tribocorrosion measurement, and (c) wear track after tribocorrosion test.
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In order to enhance the durability of tribological interfaces, an investigation into the synergistic effects of
sliding wear, corrosion, and their interactions is crucial. This study focuses on understanding the defor-
mation mechanisms of NiTINOL60, a nickel-rich nickel-titanium alloy, during sliding against ALO, in
different corrosive environments, including acidic, alkaline, and saline mediums. The pH of the environ-
ments is found to play a significant role in the tribocorrosion process, leading to electromechanically
induced transformations and various wear patterns. Plastic deformations are observed on the wear track
surfaces, particularly in the severe and mild wear regimes. In an alkaline environment, depassivation of the
oxide layer triggers oxidational wear, with the depassivation rate dependent on factors like contact pres-
sure, sliding velocity, and passive film properties. The wear volume is highest in saline environments, with
contributions from mechanical wear, corrosion, and third-body abrasion. Grain deformations occur in the
alkaline environment due to shear forces, while in the acidic medium, corrosion accelerates mild wear
involving abrasion and delamination. The findings provide insights into wear mechanisms and localized
corrosion, highlighting the influence of H and OH™ groups (pH values) on corrosive wear and crack

propagation.

Keywords 3.5 wt.% NaCl, electrochemistry, H,SO,, NiTINOL60
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The interaction between moving surfaces in a tribological loading situation /contact is
a concept that exists in many phenomena in nature, be it in the components of spacecraft [9),
human joints [10], rolling elements of a jet turbine [11], etc. The literature states that tribo-
logical contacts result in a global ic Joss of approxi ty USD 300 billion annually,
with friction contributing to 73% of the total loss and wear contributing to 27% [12]. Corro-
sion is also reported to have a global estimated cost of about USD 2.5 trillion, equivalent to
3.4% of the 2013 Gross Domestic Product of the United States [13]. Tribological applications
in a corrusive environment often result in a surface alteration [14-156], and understanding
this plex ph and its plexity arises from the interactions involved in mov-

ing surfaos as influenced by several p.uamcms (mechanical, material, electrochemical
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