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ABSTRACT

Owing to their excellent corrosion resistance, austenitic stainless steels (ASS) have become an
important material within the food and medical industries. In particular, the AISI 316L alloys
(which are used in this study) are abundantly found in applications where harsh chemical
environments are unavoidable. However, due to their poor wear resistance and susceptibility
to bacterial colonisation, there are concerns for their further uptake in the future. Low-
temperature plasma nitriding can address the poor durability of the ASS alloys by forming the
S phase on the surface of the materials, and therefore, providing combined improvement in
hardness, wear resistance and corrosion resistance. However, this does not alleviate the
worries for biofouling of the surface. Pulsed laser texturing presents a promising and scalable
approach for the introduction of functional antibacterial properties on surfaces. However, due
to the thermal nature of laser patterning and the thermodynamic metastability of the S phase,
almost no research has been conducted prior to this study on the combination of these

technologies.

Therefore, in this thesis, detailed characterisation of the response of S phase treated surfaces
to ultrashort (nano and femtosecond) laser texturing has been carried out. The results within
this study have shown that it is possible to texture S phase treated surfaces using femtosecond
(fs) pulsed laser texturing with no discernible decomposition or detrimental consequences to

the layer structure, hardness or corrosion resistance of the S phase.



Given these new findings, and the need to produce durable antibacterial ASS alloys, the focus
of this study was then directed towards the identification of bio-inspired surface textures with
strong antibacterial efficacy. Four biomimetic fs laser produced structures inspired by features
found on lotus leaves, shark skin and springtails were compared to identify an optimal texture.
Measurement of the antimicrobial efficacy against S. aureus demonstrated that the springtail
inspired triangular LIPSS (laser-induced periodic surface structures) possessed the strongest

resistance (over 90 % reduction of viable bacteria).

Finally, to fully examine the antibacterial durability of the surfaces, comparisons of wear
resistance, texture integrity and long-term antibacterial efficacy against S. aureus and E. coli
were carried out on triangular LIPSS textures formed on untreated and S phase treated AlSI
316L alloys. Significant improvements of all properties were found with S phase hardened and
triangular LIPSS textured surfaces. Using a novel, yet simple, approach to produce uniformly
worn textures, which has been a challenge for researchers thus far, it has been possible, within
this study, to examine the antibacterial performance of the textured surfaces as a function of
surface damage. Almost instantaneous removal of the fine features of the triangular LIPSS, and
associated antibacterial efficacy, was observed on untreated samples. On the other hand,
retention of texture features and long-lasting antibacterial performance, with at least two fold
increase in antibacterial durability when compared to untreated equivalent surfaces, was

found on triangular LIPSS textures produced on S phase treated surfaces.

Thus, the findings of this thesis are hoped to pave the way towards the generation of long-
lasting antibacterial, and possibly multi-functional, stainless steel surfaces for use in the food

and medical industries.
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CHAPTER 1 INTRODUCTION

Owing to their superior corrosion resistance, bio-inert nature and excellent formability,
austenitic stainless steels (ASS) have become one of the most important materials used in the
food and the medical industries [1]. They have found widespread applications as medical
scalpels, bone saws, surgical sutures, bone fixation pins, pressure vessels, storage containers,
cutlery, and piping [2-6]. Although ASS alloys are currently the materials of choice for these
applications, there are still concerns over their use. The first concern relates to their relatively
low hardness and poor wear resistance, which limits their longevity and necessitates regular
in-service maintenance [7-9]. However, the largest worry for their use relates to their high
susceptibility to the attachment and growth of bacteria [4, 10, 11], which has led to serious
complications involving healthcare-acquired infections (HAI) and cross contamination of foods
[12]. These issues present serious public health (over 300,000 cases of HAls and over 500,000
cases of foodborne illnesses each year in the UK [13]) and economical (combined estimate of

£3 billion annually in the UK [14, 15]) challenges that require addressing.

Low-temperature plasma nitriding has been shown to address the poor durability of the ASS
alloys by forming the thermodynamically metastable S phase on the surface, and therefore,
providing combined improvements in hardness, wear resistance and corrosion resistance of
the alloys [16-18]. However, this does not alleviate the concerns related to the biofouling of
the surfaces [11, 19]. Pulsed laser texturing presents a promising and scalable approach for the

introduction of functional antibacterial properties on surfaces [20]. However, due to the



thermal nature of laser patterning and the metastable state of the S phase, almost no research

has been conducted prior to this study on the combination of these technologies [21, 22].

Fortunately, the recent development and increased availability of ultrashort nanosecond
(10°s) and femtosecond (10'° s) pulsed lasers has created new opportunities for the
antibacterial functionalisation of S phase treated surfaces [23]. Ultrashort pulsed lasers have
shown potential for texturing of surfaces through rapid annealing or athermal approaches,
respectively, and have therefore given new hope for the production of durable antibacterial

stainless steel surfaces for use in the food and medical industries [23-25].

Aims & Objectives

The aim of this study was to examine the potential to produce long-lasting antibacterial
surfaces on AISI 316L austenitic stainless steel surfaces through combined ultrashort laser
texturing and S phase surface treatments. In order to tackle this broad and challenging aim,

the study can be broken down into the following objectives:

1. Examination of the response to, and feasibility of, ultrashort (nano and femtosecond)
laser texturing of S phase treated AISI 316L surfaces using a mixture of materials
characterisation techniques (e.g. crystal structure and microstructural analysis),
functional performance evaluation (e.g. electrochemical corrosion resistance) and 1-D
surface temperature modelling. Successful combination of the two technologies was

deemed to have been achieved when no discernible deterioration of the original



properties of the untreated alloy or the S phase treated layer had developed following
laser texturing of the surface [26].

Exploration of the antibacterial performance of various biologically inspired textures
produced on S phase treated AISI 316L surfaces. Optimal texture structuring was
determined through the measurement of the inherent antibacterial performance of
each bioinspired texture following exposure to S. aureus. Additional microstructural
analysis (e.g. cross-sectional elemental mapping) of each textured surface was also
undertaken to ensure that the previous objective (precipitate-free S phase layer) was
still being maintained following the different textures.

To examine the mechanical and antibacterial durability of the chosen texture (optimal
texture from previous objective) produced on untreated and S phase treated AlSI 316L
surfaces, with specific comparisons of wear resistance, texture durability, texture

structural integrity and long-lasting antibacterial efficacy against S. aureus and E. coli.



CHAPTER 2 LITERATURE REVIEW

2.1. Stainless Steel

Stainless steels are a family of ferrous alloys which contain more than 50 wt% iron and contain
at least 12 wt% chromium [1]. They are renowned for their excellent corrosion resistance,
which is achieved through the formation of a tightly adherent and continuous surface
chromium oxide (Cr,0s; Fig. 2-1) film. In the presence of oxygen, any disruption to this oxide
film is instantaneously and passively repaired. Thus, owing to their excellent corrosion
resistance, stainless steels have found a wide variety of uses, ranging from open air
architectural applications to chemically active product streams in the chemical processing
industry. In line with the focus of this study, stainless steels have also found extensive
applications as materials for domestic appliances, food industry equipment and medical

instruments & devices [27, 28].
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Fig. 2-1 Passive oxide film on AlSI 316 stainless steel revealed using atom probe tomography (a) and
chemical composition depth profiling (b) [29, 30].



2.1.1. Classification

To appreciate the nomenclature, phases present, and alloying elements used in stainless
steels, it is important to understand the metallurgy of iron, that builds the foundation for all

stainless steel alloys.

Upon cooling of pure molten iron, the first solid phase, observed at the melting temperature
of iron (1540 °C), is a body-centred cubic (BCC) structured known as delta iron/ferrite (5).
Further cooling leads to a transformation to a face-centred cubic (FCC) crystal structured phase
called austenite (y) at 1394 °C. At 912 °C, the FCC austenite reverts to a BCC phase known as
alpha iron/ferrite (a). Although no more crystallographic changes are observed upon further
cooling, there are changes in the magnetic properties, with the initially nonmagnetic
(paramagnetic) a phase becoming magnetic (ferromagnetic) below 769 °C (also known as the

Curie temperature) [28, 31].

When homogeneously and slowly cooled, all matter tends to arrange to reduce free energy in
the system. Therefore, since the crystal structure of iron interchanges between FCC and BCC
during cooling, it is accurate to assume that the free energies associated with the austenite
and ferrite phases are similar [28]. Alloying elements that promote either phase can dictate
the predominate structure of the material at room temperature. Consequently, alloying
elements are classified as either ferrite or austenite stabilisers. Since chromium (ferrite
stabiliser) and nickel (austenite stabiliser) are the main alloying elements of stainless steels, it
is convenient to give the total contributions of the alloying elements as a value of the combined

chromium or nickel equivalence according to equations 2-1 and 2-2, respectively. A plot of the



nickel equivalent elements against chromium equivalent elements, called a Schaeffler diagram

(Fig. 2-2), can then map the expected phases for a given composition [27, 30].

Total Cr equivalents = Cr +2-Si+1.5-Mo +5-V (in wt%)

Total Ni equivalents = Ni+Co+ 0.5-Mn+30-C+ 30 N (inwt%)

(equation 2-1)

(equation 2-2)
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Fig. 2-2 Schaeffler diagram showing expected microstructure at room temperature with changing
chromium and nickel equivalent alloying elements (in wt%) [27, 32].



2.1.2. Types of Stainless Steel

Five major families of stainless steels exist. Four of the classifications are based on the
crystallographic structure of the phases, these are the austenitic (FCC), ferritic (BCC),
martensitic (body-centred tetragonal (BCT)) and duplex (FCC & BCC) stainless steels [27]. The
other class of stainless steels, the precipitation-hardening stainless steels, are instead defined
by their ability to be age (precipitation) hardened, and can be further sub-categorised based
on the microstructure of the solution-annealed alloy (martensitic, austenitic and austenitic-

martensitic) [28, 33, 34].

2.1.3. Ferritic Stainless Steel

Since chromium is a strong ferrite phase stabilising element, ferritic stainless steels are
essentially iron-chromium alloys, and therefore, widely regarded as the simplest type of
stainless steel. With increasing chromium content, the temperature range whereby the ferritic
phase is stable increases, and at approximately 12 wt% chromium, the ferritic phase becomes
the dominant phase at all temperature (Fig. 2-3). At room temperature, the ferrite phase has
a relatively high yield strength, low ductility, low work hardenability, and is ferromagnetic [28,
31]. Ferritic stainless steels are generally regarded to have inferior corrosion resistance in
comparison with austenitic stainless steels. This is largely due to the poor solubility of carbon
and nitrogen within the BCC lattice, especially at colder temperatures, which consequently
lead to the expulsion and precipitation of these interstitial atoms to grain boundaries or
dislocations [33]. Due to the favourable thermodynamic driving forces, the formation of

chromium carbides and/or nitrides are preferred at these sites, and subsequently lead to the



depletion of free (unbound) chromium in the matrix of adjacent regions (Fig. 2-4), and
therefore, cause localised breakdowns of the passive film, leading to a loss of overall corrosion
resistance [28]. To overcome this, modern methods attempt to reduce the carbon and/or
nitrogen content, and to incorporate alloying elements that can preferentially form
thermodynamically favourable benign carbides and/or nitrides (e.g. titanium or niobium), thus

retaining the homogeneous spread of chromium in the matrix [27].

As a result of not requiring the austenite phase stabilising and costly nickel alloying, ferritic
stainless steels provide considerable economic advantages over austenitic stainless steels.
Combined with their resistance to stress corrosion and temperature-induced fatigue, ferritic
stainless steels are commonly utilised in less corrosively critical applications such as car

exhaust systems, kitchen appliances, cookware and storage tanks [27, 30].
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Fig. 2-3 Iron-chromium phase diagram. The labelled phases are as follows: liquid (L), ferrite (a),
austenite (y) and iron-chromium intermetallic compounds (o) [30].
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Fig. 2-4 Chromium-depleted zones adjacent to nitride or carbide precipitates (Redrawn from [28]).

2.1.4. Austenitic Stainless Steel

Owing to their superior corrosion resistance, even within stainless steels, austenitic stainless
steels are currently the most widely used family of stainless steel alloys and account for

approximately 70 % of all steels in use [35, 36].

To overcome the problems related to the precipitation of carbides and/or nitrides in ferritic
stainless steel alloys, it is necessary to change the crystal structure to the FCC austenite, in
order to increase the interstitial solubility of carbon and/or nitrogen. The stabilisation of the
austenite phase at room temperature is primarily achieved through the addition of nickel, and

nickel alternative (see equation 2-2), which aid in opening the austenite loop to lower



temperatures [30, 33]. The leanest compositions for austenitic stainless steels (ASS) are the
18-8 or AISI (American Iron and Steel Institute) 304 alloys, which contain 18-20 wt% chromium

and 8-10 wt% nickel [37].

ASS can be classified into two subgroups, the AlSI 200 and the AISI 300 series, which differ in
their primary approach to stabilisation of the austenite phase. In the 200 series, austenite
phase stabilisation is largely achieved through the addition of manganese and nitrogen, with
only small additions of nickel, whereas, in the 300 series it is accomplished primarily through
the addition of nickel [38]. The addition of nickel improves the formability of the alloys, while
the addition of manganese and nitrogen increase the mechanical strength of the resulting

alloys [39].

ASS are non-magnetic alloys that cannot be hardened by heat treatment; however, given the
low stacking fault energies, they can be readily work hardened. In practice, this results in
relatively low as-cast yield strength, in the region of 200-400 MPa, but potentially higher than
2000 MPa vyield strength following cold working of the material [28]. They are also
characterised with high ductility and toughness, at all temperature ranges, even close to
absolute zero [35, 37]. However, due to their higher expansion coefficient, in comparison with
ferritic stainless steels, they possess poorer cyclic oxidation resistance (spallation of the
protective oxide film) and are more prone to fatigue, especially thermal fatigue [37].
Additionally, impurities such as sulphur, which can form inclusions in ASS alloys, act to increase
susceptibility to pitting corrosion and stress corrosion cracking in chloride containing media

[28].

10



Prolonged exposure of ASS at elevated temperatures (> 400 °C) can enable the precipitation
of chromium carbides at grain boundaries, thus making the alloys sensitive to intergranular
corrosion (through the same mechanism as explained in section 2.1.3). Prevention or delay of
the precipitation can be achieved through either reduction of carbon content (hence the
formation of low carbon, ‘L’, alloys) or through additions of alloying elements that form

preferential benign carbides (similar to section 2.1.3) [27, 33, 38].

2.1.5. Duplex Stainless Steel

Duplex stainless steels are typically characterised with having an equal microstructure ratio of
austenite to ferrite, which is achieved through careful balancing of alloying elements to expand
the a +y portion of the iron-chromium phase diagram (Fig. 2-3) [30]. To obtain an equal volume
fraction of the two phases, it is usually necessary to incorporate at least 20 wt% chromium in
the alloys (Fig. 2-2), and consequently, duplex stainless steels possess excellent corrosion
resistance [28]. Additionally, due to the lesser requirements for nickel, duplex stainless steels
also have economic advantages over fully austenitic stainless steel alloys [37]. Resulting from
the dual phase structure, these alloys also provide a good combination of improved
mechanical properties and corrosion resistance when compared with either phase alone. The
improvements in yield strength, toughness and fatigue are accomplished through the
simultaneous presence of both phases (refine grain size), solid solution hardening (increased
alloying of substitutional and interstitial elements) and increased fatigue limit [28, 36]. The

excellent corrosion resistance of duplex stainless steels arises from the synergetic combination



of resistance to stress corrosion cracking in the ferrite phase and the higher general corrosion

resistance of the austenitic phase [38].

The greatest limitation of duplex stainless steels arises due to the increased use of alloying
elements and presence of both phases, which can give rise to an increased number of
embrittling secondary phases. Consequently, to avoid the precipitation of the secondary
phases, duplex stainless steels are not recommended for use above 300 °C. Additionally, given

that they have a ductile-to-brittle transition, they are also not suited for cryogenic use [28, 30].

Owing to the historic difficulties associated with the formation and microstructural control of
duplex stainless steels, there still exists a lot of hesitancy over the long-term availability of the
alloys, and therefore, their industrial uptake has not yet reached its full potential. However,
given their many advantages over single phase stainless steels, and the improved
understanding and reliability of their manufacture, uptake of these alloys is steadily increasing

[28].

2.1.6. Martensitic Stainless Steel

Martensite is a thermodynamically metastable phase found in iron, steel and stainless steel
alloys, which arises from the rapid phase transformation from austenite to ferrite in the
absence of diffusion [31]. Due to the non-equilibrium state of martensite, it is not found in the
iron-chromium phase diagram (Fig. 2-3). As previously described in section 2.1.1, the free
energy driving force for the transformation of austenite to ferrite increases with cooling, and
below a certain temperature, known as the martensite start temperature (M), it is possible

for austenite grains to spontaneously begin transforming as a result of deformation [28].
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Quenching at temperatures below the M, leads to the phase transformation without diffusion
of either substitutional or interstitial elements, and subsequently causes slip dislocation of
planes (shearing) in order to facilitate the transformation (Fig. 2-5) [30]. Consequently, a BCC
structure is obtained with supersaturated concentrations of interstitial elements that, due to
the reduced interstitial spacing within the BCC structure, distort the unit cell to a BCT structure.
Moreover, the reduced solubility of interstitial elements within the BCT structure leads to
colossal interstitial supersaturation of the martensite lattice, and hence expansion of the
phase [28]. Although as-quenched martensite has very high hardness, it suffers from poor
toughness and ductility, and tempering is required to alleviate the high strains through
controlled diffusion of interstitial elements to the phase boundaries in the form of carbide

precipitates [34, 36].

Therefore, martensitic stainless steels are essentially ferritic stainless steels that are
austenised (heated to fully transform into austenite) and then quenched to produce the
thermodynamically metastable martensite phase [36]. Due to the need for these alloys to
transform into austenite at elevated temperatures, martensitic stainless steels
characteristically contain the lowest levels of chromium, a ferrite phase stabiliser, and thus,
typically possess the weakest corrosion resistance of the different microstructured stainless
steel families [27]. Moreover, the high carbon contents and the tempering typically associated
with martensitic stainless steels, promote the formation of chromium carbides that further
reduce the corrosion resistance of the alloys. Hence, martensitic stainless steels are usually

only found in mildly corrosive applications, such as cutlery or tooling [28].
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Fig. 2-5 Visualisation of the austenite to martensite transformation, where (a) is a single slip
dislocation, (b) is many slip dislocations, (c) is a 1 direction expansion (uniaxial dilatation), (d) a simple
shear and (e) is the invariant plane strain (IPS) caused by the combined 1-directional expansion and
shearing [30].

2.1.7. Precipitation-Hardening Stainless Steel

Precipitation-hardening stainless steels are characterised by their ability to be age hardened

through the addition of alloying elements such as copper, aluminium and titanium [38]. The

incorporation of these elements in the alloy has two advantages, the first being to enable the

precipitation of multiple hard phases below the phase transformation temperatures of the

alloys, thereby allowing age hardening, and the second being to detract from the formation of

chromium containing phases in order to retain the corrosion resistance of the alloy [40].

During age hardening, the driving forces (e.g. solid solubility) for the formation of the

intermetallic phases containing the alloying elements (e.g. NisTi) promote the gathering of

many evenly spread nanoscale clusters, known as Guinier-Preston (GP) 1 zones, which are rich

in the alloying elements. With time, the elements within each cluster align to form organised
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10-50 nm sized, and 1 or 2 atomic planes thick, regions containing the solutes, known as GP 2
zones, that are still coherent with the substrate crystal structure. If the dimensions of the
precipitating phases and the substrate match closely (usually <1 % difference), then coherency
can still exist beyond the initial formation of the phase [41]. Whilst coherency with the
substrate matrix is retained, strengthening of the alloy is achieved at every stage of the
development (GP 1 to GP 2 to coherent particles) through induced strains and barriers created
to the movement of dislocations in the material. Beyond a certain precipitate size, breakdown
in coherency follows, known as overaging, which results in the loss of the hardening effect due
to the relaxation of the stresses induced on the lattice [28]. At this point, only Orowan
hardening (dislocation looping) mechanisms remain in the alloy, which provide a reduced

hardening effect, and increasingly lower effectiveness with precipitate coarsening [41].

Due to the reduced presence of chromium containing secondary phases, precipitation-
hardening stainless steels possess higher corrosion resistance than martensitic stainless steels,
while still providing great strength (up to 1.7 GPa yield strength) and higher ductility [34].
Moreover, since there is only limited dimensional change following age hardening, fabrication
of the alloys into the final form can be done in the relatively softer state before final hardening

[28].

Martensitic precipitation-hardening stainless steels are the most common and widely used
type of precipitation-hardening stainless steel. Due to the low carbon content (<0.05 wt%),
these alloys, in their annealed state, are relatively soft in comparison with the typical high
carbon martensitic stainless steels [34]. If the content of austenite stabilising elements is

increased, then it can be made possible for the austenite structure to be maintained at room
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temperature in a metastable state. This can then facilitate easier fabrication of the final
product in the softer austenitic structure, followed by cryogenic treatment, cold working, or
heat treatment to transform to martensite; hence, these are named austenitic-martensitic
precipitation-hardening stainless steels [42]. Further austenite stabilisation gives rise to
austenitic precipitation-hardening stainless steels, which are fully austenitic in both the
solution annealed and age hardened state. This provides the benefit of easier fabrication,
combined with the ability to employ these alloys in higher temperature applications (e.g. up
to 700 °C) with reduced risk of phase transformation or overaging [27]. Moreover, the
nonmagnetic nature of the austenite phase also create new areas for application of these

alloys in comparison with the other precipitation-hardening stainless steel types [28].

2.2. AISI 316L Austenitic Stainless Steel

As previously described in section 2.1.4, the AISI 304 alloys constitute the most basic
composition for austenitic stainless steels (ASS), and therefore, create the basis for the
development of almost all other austenitic stainless steel alloys. The alloy of focus within this
study is the AISI 316L ASS, and as shown in Fig. 2-6, these can be traced back to the AISI 304
alloys through the AISI 316 composition. Due to their favourable corrosion resistance and
bio-inert nature, these three alloy compositions account for the majority of stainless steels
currently in use in the food and medical industries [6, 43]. Therefore, the physical metallurgy
and composition of the AISI 316L ASS alloys will be detailed in chronological order, going from
the AISI 304 to 316 to 316L alloys, before property analysis relating to the corrosion resistance,

mechanical properties and tribological properties of the alloys is discussed.
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Fig. 2-6 Stainless steel family composition and property linkages [42].

2.2.1. Composition

Depending on the ASTM (American Society for Testing and Materials) standard followed by the
supplier, each of which relate to specific applications of the material, slightly different
accepted ranges for the alloying elements of an indexed alloy can exist. The overall accepted

composition range in AlSI 304 stainless steels are as follow: 17.50-20.00 wt% Cr, 8.00-11.00
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wt% Ni, <2.00 wt% Mn, <1.00 wt% Si, <0.10 wt% N, <0.08 wt% C, <0.045 wt% P, <0.03 wt% S

[44].

As expected, and previously explained in section 2.1, the additions of the carbon, chromium
and nickel are the main alloying elements, and respectively, each aid in forming the steel base,
the corrosion resistant surface oxide and the fully austenitic structure of the alloy [37]. The
inclusion of manganese in the alloy serves to enhance the strength and toughness of the alloy,
whilst also indirectly increasing the stability of the austenite phase by increasing the solubility
of nitrogen, a strong austenite stabiliser (like the AISI 200 series) [28]. Additionally, manganese
can act as a scavenging element for residual oxygen and sulphur within the alloy, by forming
manganese sulphide and manganese oxide inclusions, and therefore, helping to avoid the
formation of the more harmful oxides and sulphides of iron [36]. These inclusions, particularly
manganese sulphide, can also improve machinability of the alloy at the cost of fracture
toughness, weldability and corrosion resistance [45]. Phosphorous has a similar effect to
sulphur (improve machinability), while also positively influencing the strength of the alloy. As
a result of the negative influences of sulphur and phosphorous on the corrosion resistance,
toughness and weldability of the alloy, they are regularly regarded as undesirable impurities
in steel alloys; however, small quantities of these elements are commonly intentionally added

to reduce material processing costs [46].

The strongest deoxidising element in these alloys is silicon, and additions of this element help
to prevent the formation of crack-inducing carbon monoxide bubbles that can form during the

casting of the alloys, while at the same time improving the oxidation resistance of the alloy.
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However, due to the ferrite stabilising effect of silicon, only limited quantities can be added

[36, 47].

Nitrogen, as a solid solution, can be extremely beneficial to austenitic stainless steel alloys (see
section 2.4); however, at concentrations high enough to cause incoherent precipitation of
nitrides, it can adversely affect the corrosion resistance (as previously described in section
2.1.4). Therefore, production controls, such as alloying with titanium or niobium, are necessary
to capture any nitrogen not present as an interstitial solid solution, before the deleterious

chromium nitrides can form [28].

As shown in Fig. 2-6, the only difference between the AISI 304 and AISI 316 alloys is the addition
of molybdenum (2.00-3.00 wt%), which improves the pitting corrosion resistance of the alloy.
However, since molybdenum is a ferrite stabiliser, a slight reduction in chromium (down to
16.00-18.00 wt%) and increase in nickel (up to 10.00-14.00 wt%) content is necessary to
maintain the alloy as fully austenitic [28, 34]. The exact mechanisms behind the improved
pitting corrosion resistance imparted by the addition of molybdenum are still not well
characterised; however, current results suggest that there may be a multitude of roles that
molybdenum may play. Studies have suggested that molybdenum can reduce the passive oxide
dissolute rate [48], increase the thickness of the passive film [49], improve bonding in the
passive oxide [50], inhibit the growth of trenches formed at MnS inclusions [51, 52], reduce

the local pH [53], and promote the repair of the passive oxide [54].

Although carbon is an excellent interstitial solid solution element, and can effectively increase

the strength of iron-based alloys, it is also a strong precipitate forming element and can give
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rise to sensitisation at grain boundaries (section 2.1.4) [31]. For applications containing harsh
chemical environments, such as body implants or acidic liquid storage containers (e.g. lemon
juice), it is necessary to reduce the carbon content of alloys in order to improve intergranular
corrosion resistance (by eliminating/delaying carbide formation) [2, 34, 42]. Subsequently, low
carbon versions of common alloys exist, including AISI 304L and AISI 316L, whereby the carbon
content is reduced to a maximum content of 0.03 wt%, down from a maximum content of 0.08

wt%, with no other compositional changes [55].

2.2.2. Corrosion Properties

With the current rapid development of technology and science, it is often easy to forget or
underappreciate many monumental discoveries throughout history. This is particularly visible
with the normalisation of the availability and global widespread use of stainless steel alloys,
even with the alloys having only been industrially produced for little over 100 years. It is often
forgotten that it was widely regarded that iron-based alloys would never be corrosion
resistant, with the journal The Corrosion and Preservation of Iron and Steel stating in 1910 that
“the tendency to rust is a characteristic inherent in the element known as iron, and will, in all
probability, never be totally overcome”; however, as we now know, this can, for all intents and
purposes, be readily overcome [47]. Therefore, it is important to appreciate that the stainless
steel alloys that are currently readily available did not always exist, and that their excellent
corrosion resistance should not be ignored or trivialised. To this end, stainless steels are now

some of the most popular materials utilised across the globe [1, 56].
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Austenitic stainless steels, despite their relatively poor mechanical and tribological properties,
are still the most widely used form of stainless steel, with most of the credit being given to
their corrosion resistance, which is superior, even against other types of stainless steels [28].
As has been previously introduced in section 2.1, the excellent corrosion resistance of
austenitic stainless steels is primarily achieved through the passive formation of a thin
chromium oxide (Cr.03) layer at the surface of specimens, which acts to isolate the core
material from the external environment. In the presence of oxygen (e.g. air), instantaneous
repair of the oxide can also occur, helping to ‘self-heal’ the surface and retain the corrosion
resistance indefinitely [27]. This phenomenon relies on the availability of enough chromium
across all exposed surfaces to both provide full oxide coverage and to facilitate re-passivation
of the surface. Therefore, to retain its stainless nature, it is necessary for all stainless steel
alloys to possess at least 12 wt% chromium; however, in more severe corrosive environments,

it is commonly necessary to alloy 17-20 wt% chromium (e.g. 18-8 stainless steels) [28].

Although this chromium oxide layer is resilient against most chemicals, it can be prone under
attacks by specific acids such as sulphuric acid and hydrochloric acid. In fact, this weakness is
one of the biggest contributors to the delayed discovery of stainless steels. In the 1890’s, high
chromium steels were examined by multiple researchers, including Robert Hadfield, for the
purpose of developing steels with better corrosion resistance; however, the testing of
corrosion resistance in those times was typically carried out against sulphuric acid, and
therefore resulted in very poor results (complete sample dissolution with overnight exposure),

and ultimately ceased further examination. Luckily, work on these steels did eventually persist



in the early 20t century, with the discovery of these steels by Harry Brearley (martensitic),

Benno Strauss (austenitic), Christian Dantsizen (ferritic) and Frederick Becket (ferritic) [47].

In most cases, total loss of the surface oxide is rare, and typically can only occur in extreme
conditions; instead, localised breakdowns of the surface oxide, that expose the susceptible
bulk, are more common. Once exposed, the bulk corrodes much like low-alloy or carbon steels,
and therefore is subject to the different forms of corrosive attack [27]. This, therefore,
demonstrates the need for homogeneity across the samples, to equally protect every surface,
and reveals the importance of avoiding elemental segregation and precipitation (Fig. 2-4). As
previously discussed in section 2.2.1, cases can be made for the effect of every alloying
element, and their respective roles on the improvement or susceptibility against different
forms of attack. The most common forms of corrosion faced by these alloys are general,

intergranular, pitting, crevice, and galvanic corrosion [33, 57].

2.2.2.1. General Corrosion

General corrosion, which is also commonly referred to as uniform corrosion, occurs in the
presence of acids, and leads to the gradual, and uniform, removal of material across all
exposed surfaces. This form of attack is not usually of great concern, this is due to the passive
nature of austenitic stainless steels, as well as, the progressive development of the attack,
making it easy to measure, track and to take action on before catastrophic failure can occur

[58].
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2.2.2.2. Intergranular Corrosion

Intergranular corrosion, as the name suggests, occurs in the regions between grains, rather
than within the grains. Sensitisation (e.g. carbide precipitation) of the stainless steel alloys can
make them vulnerable to this form of attack (as previously described in sections 2.1.3,2.1.4 &
2.2.1). Luckily, the low carbon nature of the AISI 316L alloys reduces the risk of carbide
precipitation, even under welding conditions, and helps to minimise or prevent this form of

attack [33, 35, 58].

2.2.2.3. Pitting Corrosion

Pitting is an extremely localised form of corrosion attack that produces holes, or “pits”, at the
surface of samples. Pitting occurs when either one area of a sample becomes anodic with
respect to the rest of the surface, or when there is a localised change of the corrosive agent
(chemical composition or concentration). In stainless steels, the formation of pits is typically
associated with localised breakdowns in the passive oxide film, which can arise adjacent to
precipitates (e.g. carbides), at sites of inclusions (e.g. MnS), in crevices (oxygen starvation), and

at grain boundaries [33, 57].

Due to the need for a localised weakness on the surface of samples, delayed formation of pits
is common, and therefore, make them unpredictable and dangerous. Additionally, pitting is
self-propagating, especially in chloride containing solutions, and once initiated, the rate of
material removal accelerates with time. This arises due to multiple synergetic and autocatalytic
events (Fig. 2-7) such as: (1) freshly exposed stainless steel surfaces react with chloride ions in

the media to release metal chlorides (equation 2-3). (2) The release of the metal cations (M*)
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produces a localised positive charge at the site of the pit, (3) that then attract more chloride
ions to the pit to neutralise the charge, (4) thus increasing the chloride concentration, and
accelerating material removal in the localised region. (5) The hydrolysis reaction of the metal
chlorides within the pit forms metal hydroxides and hydrochloric acid (equation 2-4), therefore
reducing the local pH and further increasing the dissolution rate. (6) The highly concentrated
solution within the pit prevents oxygen migration in the media, therefore preventing
passivation of newly exposed surfaces and enabling widening (undercutting) of the pit below

the surface [33, 35].

M + 2HCI - M?*2Cl” + H, (equation 2-3)

M?* + 2Cl~ + 2H,0 » M(OH), + 2H* +2Cl™ (equation 2-4)

®
\‘

Fig. 2-7 Summary of autocatalytic events during pitting corrosion [33].
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Moreover, the electrons released from the oxidation reactions that produce the metal cations
are driven by potential difference, through the material, towards the relatively cathodic
adjacent surfaces. The build-up electrons at the cathode drives the residual H* ions in the pits
towards the cathodic areas, therefore allowing for reduction reactions such as the hydrogen
evolution (equation 2-5; Fig. 2-8), oxygen reduction (equations 2-6 & 2-7) and metal-ion

reduction (equation 2-8) [33, 58].

2H* + 2¢e~ - H, (equation 2-5)
0, +4H* 4+ 4e~ - 2H,0 (equation 2-6)
0, +2H,0 + 4e~ — 40H™ (equation 2-7)
M3t + e” - M?* (equation 2-8)
— e ————— — T ————————
Hydrochloric acid
H* (H* and CI)
— _— -
/
7 ~N M
Fe2* + 2¢~ i
w oH* +> Cathode
Anode I -
e
Fe Solid iron
(Fe)

Fig. 2-8 Hydrogen evolution reactions in the event of corrosion of iron in hydrochloric acid [33].



The main concerns with pitting relate to the unpredictable initiation, difficulties associated
with detecting the initiation and development of pits (commonly masked by other forms of
ongoing corrosion & negligible weight loss), and rapid acceleration deep into the material [33,

35].

As has already been stated in section 2.2.1, the composition of the alloys can play a major role
in the formation, thickness and repair of the passive surface film. Consequently, an equation
(equation 2-9) has been developed, known as the pitting resistance equivalent with nitrogen
(PREN), which helps to rank different alloys and give an idea of their susceptibility to the
formation of pits [27]. The inclusions of chromium and molybdenum in the PREN equation are
obvious and their influence on the surface film has already been discussed; however, the
inclusion of nitrogen, especially with such a large coefficient, has not been previously
discussed. The exact mechanisms involved in the improvement of pitting corrosion resistance
that occurs following the introduction of nitrogen are still not well characterised, and like the
effect of molybdenum, the influence is still a subject of debate [27]. Current theories suggest
that nitrogen may play a role in: (1) forming ammonium ions that increase the pH of the surface
(including within pits) and impede the oxidation reaction involving the metal ions [59], (2)
stabilising the passive film, thus hindering attacks from chloride ions [60], (3) occupying active
sites at the surface (e.g. kinks and steps) [59], and (4) stabilising the austenite phase [56, 61,

62].

PREN = Cr + 3.3-Mo + 30-N (inwt %) (equation 2-9)



2.2.2.4. Crevice Corrosion

Crevice corrosion is another localised form of corrosion that is difficult to avoid and is very
similar in development to pitting corrosion. As the name suggests, this form of attacks occurs
at narrow or restricted regions, where the media can become stagnant. Over time, due to the
chemical attack and migration by the corrosive agent, depletion of the oxygen within the
crevice can arise, which for stainless steels causes the loss of passivity and reduction of
corrosion resistance. Once the protective film is penetrated, corrosion can commence almost
identically to pitting, with the crevice acting as the anode & the material adjacent to the crevice
acting as the cathode. Preventing or delaying crevice corrosion can be achieved in two main
ways, the first being to modify the chemical composition of the alloy (increase PREN elements
& reduce inclusions and carbides), and the second is to improve the design and fitting of tools

and modular components to limit the presence and size of crevices [33, 57, 58].

Oy
OH- Cl- Crevice
~- XMz
Cathode  =™==ee.
Anode

Fig. 2-9 Schematic diagram of crevice corrosion [33].
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2.2.2.5. Galvanic Corrosion

Galvanic corrosion arises when multiple electrically conductive materials are coupled together
in the same electrolyte media. This form of attack occurs due to the potential difference
between the two coupled materials, therefore forming a galvanic cell, whereby each material
acts as an electrode [33]. The flow of electrons depends on the behaviour of each material,
with the more active (more corrosion prone) material becoming the anode, and the more
passive or noble (more corrosion resistant) material becoming the cathode. It is possible to
predict the direction and potential of galvanic corrosion using a galvanic series, where the
electrical potential (voltage; also known as corrosion potential) of each material can be
individually examined, and compared with a saturate calomel electrode (SCE), within a specific
electrolyte (e.g. sea water) [35]. Stainless steels are interestingly found twice in the galvanic
series (Fig. 2-10), once with the protective oxide layer present (passive), and then again with
the oxide layer absent (active). Although the galvanic series does not give information about
the corrosion rate, it is useful for predicting the corrosion potential of a metal, and further
demonstrates the importance of the passive oxide layer to the excellent corrosion resistance
of stainless steels [33]. As is shown in Fig. 2-11, AISI 316L alloys in the passive state are
extremely noble, with similar potentials to pure titanium alloys (passive) at elevated

temperatures (40 °C) [63].
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Fig. 2-11 Galvanic series, containing AlSI 316L (passive), in sea water at 10 and 40 °C [63].

2.2.3. Mechanical Properties

As mentioned in section 2.2.2, austenitic stainless steels possess poor mechanical and
tribological properties, yet they are still regularly utilised in applications where interacting
surfaces (e.g. sliding motion) are unavoidable [64-66]. This uptake comes from their excellent
resistance to corrosion attack, which often makes them the only steel material of choice for
demanding applications. Austenitic stainless steels are by far the most widely used type of

stainless steel, and within the food and medical industries, the AISI 304, 316 and 316L alloys

30



dominate. In terms of overall applications, the 304 alloys, which are for general use, are the
most popular alloy, and account for almost 50% of the total austenitic stainless steel
production [37]. However, in medical applications where direct long-term or permanent
contact with the body is necessary, the AISI 316L alloys become the only acceptable choice
capable of dealing with the harsh corrosive environments [42]. Similarly, the AISI 316/316L
alloys are the only choice for low pH applications (e.g. acidic liquids) in the food industry [6].
Therefore, since these alloys are widely used, and currently irreplaceable for certain
applications, it is important to understand the mechanical properties of the chosen material
to enable better understanding of the performance, longevity and potential premature failures

that may arise in service.

Relative to other steels, austenitic stainless steels are mechanically soft (= 250 Vickers
Hardness (HV)), have a low fatigue limit (30% of tensile strength) and a low proof stress (170-
310 MPa). Consequently, they are subject to a high degree of wearing, and therefore, show

poor tribological properties [18, 30, 67, 68].

Although ASS alloys are generally regarded as having poor mechanical properties, they do still
possess some desirable properties which make them ideal for specific applications. ASS have
a good range of yield strengths (0.2-2GPa), good formability and good toughness [16, 28].
Moreover, ASS alloys are very versatile with respect to temperature, and are viable for use at
both low (cryogenic) and high temperatures [37]. With reducing temperatures, ASS alloys
become harder, and inevitably, lose ductility; however, even at the lowest temperatures
possible (close to absolute zero), the ductility (and toughness) remains high. This is particularly

true for the AISI 316L alloy and can be attributed to the increased stability of the austenite



phase, thus slowing the strain-induced transformation to the more brittle BCT martensitic
phase (a‘) [69-71]. On the other hand, at high temperatures, ASS alloys are also superior in
strength, corrosion resistance and oxidation resistance [72]. Their desirable strength at
elevated temperatures arises due to their high temperature phase stability and high interstitial
solid solubility, which improve the overall strength (particularly creep strength) in comparison
to other forms of stainless steels. At high temperatures, where solution annealing and
precipitate coarsening regularly proceed, alloys whose strength depends on the formation and
retention of fine dispersed precipitates or cold work hardening suffer greatly, therefore
meaning that interstitial solid solution hardening, which austenitic stainless steels excel at,
becomes the beneficial form of hardening for high temperature applications. Additionally, the
presence of the Cr,03 passive film provides a sufficient barrier to both the external corrosive
environment and to further uptake of oxygen. Ultimately, this has led to austenitic stainless
steels finding many applications as super heaters, boilers, steam lines and heat exchangers [28,

73].

2.2.4. Tribological Properties

Tribology is the multidisciplinary science of surfaces interacting with one another under
relative motion, and includes the studies of contact mechanics, friction, wear, and lubrication.
Although each individual element within tribology has been studied for hundreds or thousands
of years, the combined study of tribology is still relatively new, with the term having only been
first used in 1966 [74]. Consequently, it is still a developing science, and some of the

fundamental elements and testing approaches are still subject to regular change and debate.



Nevertheless, tribology is well established as an important science that, when well understood
and optimised, can significantly reduce operating costs, decrease equipment downtime, and
increase component longevity. Even with the current science and knowledge, tribology is still
regularly poorly accounted for, and it is estimated to cost each country approximately 1.6 % of
their total GDP (gross domestic product) as a result of inefficiencies. In 2008, in the US alone,

this cost was estimated to be around $186 billion [75].
2.2.4.1. Contact Mechanics

There are many different forms of contact that can occur between two surfaces, including
point, plane, and plate contacts (Fig. 2-12). In application, the contact conditions are dynamic,
and can change over time depending on many factors such as material properties, operating
conditions, and surface geometries. Under elastic conditions, it is common to describe the
contact using Hertz contact theory, which takes into account the Young’s moduli and Poisson’s
ratios of the two materials, in combination with the contact area and force between them to
give a stress distribution (Fig. 2-13). Equations 2-10 to 2-13 and Fig. 2-13 demonstrate how the
stress distribution can be calculated for a point-on-plate contact, with Py denoting the

maximum pressure, which arises at the centre of contact (x = 0) [74].

X 12 .
P(x) = Py (1 — [E] (equation 2-10)

where P(x) is the calculated pressure as a function of distance away from the centre (Pa), Po is

the maximum Hertz pressure (Pa; calculated by equation 2-11), x is distance away from the point



of loading (m) and a is the radius of the circular contact area formed (m; calculated by equation

2-12).

(equation 2-11)

where F is the normal force applied to the surface (N).

1
a = [3'F'R]3 (equation 2-12)

4-F

where R is the radius of the spherical counterpart (m) and E is the ratio of elastic moduli to

Poisson coefficient of the two materials (Pa; calculated using equation 2-13).

1 1 —-vZ 1-v? ,
— = + (equation 2-13)
E E; E,

where v; and v, are the Poisson coefficients of the sample and spherical counterpart, and E;

and E, are the Young’s moduli of the sample and spherical counter (Pa).

a) b) c)

Fig. 2-12 Different types of contact: (a) Point, (b) Plane and (c) Plate [74].
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Fig. 2-13 Ball-on-plate point contact with labelling for Hertz contact theory calculations [74].

Although pure elastic deformation is uncommon in service, calculations of the maximum
Hertzian contact pressures (Po), beyond which plastic yield proceeds, can still give important
information about material properties and feasibility for different applications [76]. This is a
particularly useful concept for carrying out small scale analysis of material properties for high
load applications, whereby realistic testing is expensive, especially if the material fails, or is
lost, during/following testing. Therefore, using smaller contact areas and counterparts with
high Young’s moduli, it is possible to reproduce the initial contact stresses on samples, that

resemble in-service conditions, with only moderate loads or risks of material loss. However,



care should always be taken to mimic the intended application environment (e.g. temperature,
lubrication state), relative motion (e.g. unidirectional sliding, reciprocating sliding,
rolling-sliding) and operating conditions (e.g. temperature, velocity, time, humidity). It should
also be noted that the true contact area is different to the contact area typically used in the
Hertzian contact calculations. This arises due to the inevitable plastic deformation of the
material in combination with most of the force being distributed through small asperities at
the surface. Consequently, the true initial contact stresses may be many orders of magnitude
greater than expected, which is particularly prevalent with hard materials that can retain the

structural integrity of the asperities for longer [76, 77].

2.2.4.2. Friction

The resistance to movement of one surface over another is known as friction. Although friction
can arise between, as well as within, all types of matter (e.g. gases, liquids, and solids), within
this description, only friction between two solid objects, with or without lubricating agents,
will be discussed. Friction is directly influenced by the surface topography, environment, and
forces during motion. During frictional interactions, dissipation of the energy generates heat
that can significantly change the subsequent lubricating environment (e.g. viscosity), material
properties (e.g. phase changes), and surface topography (e.g. melting/deforming). In
applications where the intended work is achieved through the movement of surfaces across
one another (e.g. railway wheels on the railway track), friction can cause significant losses of
energy, with estimations pointing towards 20 % of all energy consumption being used to
overcome friction [58, 78]. However, in some cases, utilisation of the effects of frictions has

created new application, such as friction welding, which intentionally produce and maximises



frictional interactions. In most cases though, more attention is paid to reducing or minimising

friction, with lubrication being the most common approach [76].

The friction coefficient value of AlISI 316L alloys can vary depending on the testing conditions
(e.g. load, temperature, counterpart material, counterpart size); however, under room
temperature conditions and dry lubrication, the stable friction coefficient value is typically

found to be between 0.6 and 0.7 [64, 79, 80].

2.2.4.3. Lubrication

As previously introduced in section 2.2.4.1, when surfaces are in motion against each other,
the load is carried through asperities, leading to high tangential contact stresses, and giving
rise to aggravated wear and damage. Through the use of a lubricant, which can take the form
of a solid (e.g. silver), liquid (e.g. engine oil) or gas (e.g. air), it is possible distribute the applied
stresses across a large surface (e.g. using hydrodynamic pressure), thereby effectively
minimising localised wear and friction [76]. The phenomena described within this section will

largely relate to liquid lubrication; however, in some cases the principles are universal.

Depending on the degree of lubrication, it may be possible to fully (thick-film lubrication) or
partially (thin-film or mixed lubrication) separate two surfaces. Under severe thin-film
conditions, only a molecularly thick film forms on surfaces (boundary lubrication), and
therefore, the entire load is carried by the asperities. Wear can still occur even within a well
lubricated system; however, the debris produced is typically reduced in size, and therefore

able to be kept suspended in the lubricant, and away from the interacting surfaces [58].



The resistance to motion, i.e. friction within the contacting surfaces, also changes depending
on the lubricating regime present. Under thick-film lubrication, friction is directly related to
the internal shearing stresses of the lubricant, which is also known as the hydrodynamic
friction. Under thin-film lubrication, the overall friction coefficient is a mixture of the
hydrodynamic friction and the friction generated from the motion of the two surfaces against
one another. Boundary lubrication, on the other hand, is a product of the dry friction between
the surfaces (see section 2.2.4.2) and any thin film or surface adsorbed layer that may be

present [58, 76, 81].

Depending on the tribological conditions, such as the load, speed, temperature, contact
geometry or surface roughness, it may be possible for two sliding surfaces to change

lubricating regimes over time [76].

2.2.4.4. Wear

Wear, which is generally observed as mechanical fractures, permanent (plastic) deformation,
oxidation/corrosion, or combinations thereof, of engineered materials, almost always persists
in application and plays a significant role on the changing geometry of the contacting surfaces,
the peak and overall distribution of stresses, and the lubricating conditions at the point of
contact [76]. Many types of wear exist, with the classification of them depending on the
dominant mechanisms involved. Types of wear can include, but are not limited to, abrasive,
adhesive, fatigue, fretting, oxidative and corrosive wear [58, 81]. Austenitic stainless steels, in

general, possess poor resistance to wear and are regularly subjected to all of these
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mechanisms [66]. Due to the focus of this study, only abrasive, adhesive, and oxidative wear

mechanisms will be discussed in further detail.

2.2.4.4.1. Abrasive Wear

Abrasive wear arises when hard asperities or particles are forced to slide against the surface
of a material. To achieve abrasive damage to the surface, rather than the particle itself, it is
necessary for the particles to be harder than the material it is sliding against [81]. Therefore,
in metals, abrasive wear typically involves the use of ceramic surfaces or particles. Depending
on the type of contact, two modes of abrasion can occur: (1) two-body and (2) three-body
wear [58]. In two-body wear, the abrasive surface/abradant is found within the two interacting
bodies, and consequently, wearing is achieved through sliding motion. On the other hand, in
three-body wear, the abradant acts as a third body within the interaction, and is
characteristically subjected to rolling during the interaction (e.g. debris rolling between two
sliding surfaces) [82]. Typically, two-body abrasive wear results in 10 to 1000 times greater
material loss/damage in comparison with three-body wear. Additionally, each type of abrasion
can also be classed as an open (free) or closed (constrained) system (Fig. 2-14). Given the
relatively low hardness of austenitic stainless steels, this form of wearing is prevalent in

application [76].
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Plow Penetrating Sandy Soil ] Jaw Crusher

Fig. 2-14 Contact types during abrasive wear: (a) open two-body, (b) closed two-body, (c) open three-
body and (d) closed three-body [76].

2.2.4.4.2. Adhesive Wear

Adhesive wear occurs when there is localised bonding (i.e. solid-state welding) between two
surfaces under relative motion, leading to plastic deformation of at least one of the surfaces.
Transfer of material across the surfaces (e.g. shearing) can arise when the bonding at the
interface is stronger than the bonding to the substrate. In these cases, the material is

transferred from the softer surface to the harder surfaces [76, 81].
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Given the need for plastic deformation and bond formation between the surfaces, soft metals
such as austenitic stainless steels or aluminium alloys are particularly susceptible to this form
of damage. In austenitic stainless steels, if the loads are light, then adhesive wear can be
avoided due to the continuous reformation of the passive oxide layer, which acts as both a
chemical barrier and a solid lubricant. However, under higher loads, this oxide layer is

continuously disrupted, therefore allowing metal-on-metal contact to take place [58, 76].

Under high loads and poor lubrication, metallic materials can be subjected to galling, which is
a severe form of adhesive wear. Galling typically presents with localised macroscopic material
transfer through the formation of large surface fragments or protrusions. The terms scuffing
and scoring are also closely related to galling, with the former characterising such damage
occurring under lubricated conditions, while the latter describes similar damage in the form of

long grooves [58].

Before After

Fig. 2-15 Adhesive wear mechanism [81].
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2.2.4.4.3. Oxidative Wear

Tribo-oxidation is a common occurrence where surface oxides form in response to the
elevated temperatures that develop when surfaces sliding against one another (e.g. due to
friction; see section 2.2.4.2) [83]. This is a particularly prevalent phenomena on materials, such
as austenitic stainless steels, that are readily oxidised or passivated. The formation and growth
of these oxides increases the likelihood of break-off or delamination events, which give rise to
oxidative wear [84]. However, unlike the previously described wear mechanisms, this form of
wear is typically beneficial and can help to reduce both, the friction, and the volume of wear

during contact [76].

2.2.5. Applications & Drawbacks

Resulting from their superior corrosion resistance, bio-inertness and excellent formability,
austenitic stainless steels have become one of the most important materials used in the food
and the medical industries [1]. They have found widespread applications as medical scalpels,
bone saws, surgical sutures, bone fixation pins, pressure vessels, storage containers, cutlery,
cutting tools and piping [2-6]. Although austenitic stainless steels alloys are currently the
materials of choice for these applications, there are still some serious concerns with their use.
The first concern relates to their relatively low hardness and poor wear resistance, which limits
their longevity and requires regular in-service maintenance [7-9]. However, the largest worry
is related to their high susceptibility to the attachment and growth of bacteria [4, 10, 11, 19].
It is thought that this arises due to the high surface free energy (and hydrophilic nature) of the

materials, which attracts bacteria in a liquid medium to the surface and then allows chemical
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and physical bonds to be formed [7]. These are obviously key issues within the food and
medical industries as they lead to the contamination of foods, damage of equipment, food

poisoning, infection of patients and, ultimately, death (see section 2.5.1) [19].

2.3. Surface Engineering

Surface engineering presents a convenient approach to overcoming one of the main concerns
associated with the use of austenitic stainless steels alloys, their poor tribological

performance, without compromising their advantageous bulk properties.

Surface engineering describes a group of technologies designed to alter the properties of a
material at its surface, with the aim of producing long-lasting, sustainable and cost-effective
engineered components. This can be achieved in a variety of ways, the three most common of
which are: (1) to modify the substrate surface without altering the material chemistry (e.g.
martensitic quenching), (2) to modify the surface through (thermo)chemical modification of
the local chemistry of the substrate (e.g. nitriding), and (3) to introduce, or overlay, new
materials to the substrate surface (e.g. diamond-like carbon coatings) [85]. The true benefit of
surface engineering comes from the formation of a composite structure (bulk & surface

material), with combined properties unobtainable by either material alone [86, 87].

As has been extensively discussed within this review (e.g. sections 2.2.2 & 2.2.4), it is frequently
found that failure occurs due to issues with fatigue, wear, and corrosion, which can all be
attributed to surface properties. The realisation of this has led to the recognition of surface
engineering as a vital consideration throughout the development of engineering components

[88].
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One of the major strengths of surface engineering lies in the ability to alter the properties of a
material to suit its application. In many situations this has helped to reduce the need for
expensive bulk materials and allows them to only be used where they are essential [88]. This
combination of attributes brings the potential to produce cost-effective and environmentally
friendly products. The term environmentally friendly, in this case, applies to surface
engineering due to the extension of the life cycle of a product, such that the extra energy
necessary to treat the surface can be regained through a longer lifespan and/or more efficient

energy usage during application [18, 88].

2.3.1. Classification

As previously mentioned, there are three main groups of surface engineering treatments. They

can be categorised as: [85, 89]

1. Modification of the surface without change in chemical composition (e.g. martensitic
guenching). These include thermal and mechanical hardening.

2. Modify the surface through (thermo)chemical modification of the local chemistry of
the substrate. These include thermochemical treatments such as nitriding, carburising
and nitrocarburising.

3. Coating of the surface. These include physical vapour deposition (PVD), chemical

vapour deposition (CVD) and thermal spraying.

For the purpose of this review, only nitriding of austenitic stainless steels, with a focus on

plasma nitriding, will be discussed in further detail within this review.
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2.3.2. Nitriding of Austenitic Stainless Steel

The improvement in hardness and wear resistance of iron and steel alloys following nitriding
has been known for more than 100 years. In fact, the first patent filed for a nitriding process
was in 1908 by Adolph Machlet, who himself had already been working on this phenomenon
for several years [90]. Since then, great effort has been put into optimising and adapting the
process of nitriding. Variations of nitriding using gaseous and salt bath approaches were

initially utilised, with the earliest use of plasma nitriding being in 1932 [91, 92].

Conventional nitriding involves the use of relatively high-temperatures that typically exceed
500 °C, and in some cases can reach up to 750 °C. This form of nitriding has predominantly
been applied to ferritic and martensitic iron alloys, with little focus on austenitic alloys [93]. At
these elevated temperatures, nitrogen in the treatment atmosphere can freely diffuse
interstitially into the material to alloy the surface. Hardening is achieved through the
precipitation of intermetallic nitrides (Fig. 2-16) such as y’ (FesN), € (Fez2:3N), and chromium
nitrides (e.g. CrN, Cr2N), and unlike other hardening techniques (e.g. martensitic quenching),
no phase changes take place (treatments are typically carried out below ferrite/austenite
phase transformation temperature). Therefore, nitriding is a convenient surface engineering
technology for the enhancement of the surface hardness of an alloy without considerable

dimensional changes (due to phase changes) [58, 91].
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Fig. 2-16 Fe-N phase diagram, where a is alpha ferrite, y is austenite, y’ is FesN and € is Fe;.sN [91].

For ferrous alloys, other than stainless steels, nitriding can also help to improve the corrosion
resistance of the surface through the formation of the stable corrosion resistant nitrides. Due
to the appeal of nitriding, considerable efforts were made in the 1920s by researchers such as
Adolph Fry to identify alloying elements that improved the quality and efficiency of the
nitriding process. It was discovered that elements such as chromium, molybdenum,
aluminium, vanadium and tungsten could improve the hardness of the treated surfaces by

preferentially forming stable nitrides [92, 94].

However, given that the corrosion resistance of stainless steels comes from the retention of

the chromium as a substitutional solid solution, rather than as a precipitate (as shown in Fig.

46



2-4), the formation, and promotion (from the high chromium content), of these nitrides
presents a serious barrier to the traditional nitriding of austenitic stainless steel alloys [28, 91].
Fortunately, since the early 1980’s a more promising approach to the surface treatment of
austenitic stainless steel alloys has developed that involves the use of lower temperatures,
typically around 400 to 450 °C, which enable the hardening of the surface without the loss of
the corrosion resistance [8, 95]. In austenitic stainless steel alloys, this forms a new phase

called the S phase, which will be discussed in more detail in section 2.4 [16, 17].

2.3.3. Plasma Nitriding

Plasma nitriding of austenitic stainless steel alloys involves the use of glow-discharge
technologies, whereby surface hardening is achieved by accelerating ionised gases towards
the workpiece [91]. Due to the interchangeability of the nomenclature involved in the process,
plasma nitriding (as used within this study) is also regularly found to be labelled as ion nitriding

or glow-discharge nitriding [92].

The first reported case of plasma treatment of materials was by Wehnheldt (first name
unknown) in 1932; however, in this early nitriding work the glow-discharge formed was
difficult to control. Stabilisation and improvements were subsequently made when Wehnheldt
and Bernard Berghaus collaborated; eventually forming Klockner lonon, the first manufacturer
of ion nitriding equipment (equipment from the same manufacturer used within this study;
section 3.1.2) [96]. Plasma nitriding became a popular technique for German industrialists
during the second world war, but it did not gain major widespread use outside of Germany

until the 1970s [92].
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Currently, plasma nitriding is a common place technology with specific advantages in
comparison to other nitriding methods (e.g. gas & salt bath). One of the most profound
benefits of plasma treatments is the ability to directly form the ionised gases necessary for the
treatments using simple precursors such as nitrogen (N;) gas, rather than decomposing or
cracking gases (e.g. ammonia for gas nitriding) [58]. In addition to not requiring harmful gases
to perform the treatments (such as the cyanides used in salt bath nitriding), plasma nitriding
only requires comparatively small quantities of gases, as well as, releasing only simple,
environmentally friendly, gases such as nitrogen and hydrogen as by-products into the
environment; therefore, plasma nitriding is typically labelled as a green technology [91, 97].
Ultimately, the drive towards the use of “greener” and more environmentally friendly

technologies has continuously increased the industrial uptake of plasma nitriding [92].

The other benefit of using plasma, as the treatment medium, comes from the bombardment
of surfaces with the reactive ionised gases, which act to clean (remove grease & dirt) and
activate (remove passive oxide layer) the surface during treatment, thereby bypassing many
pre-processing steps associated with other techniques (e.g. surface activation and cleaning for
gas nitriding). Consequently, the total processing times for plasma nitriding are often
significantly lower than gas nitriding. Moreover, since the mixture of gases introduced and the
electrical power used during treatments can be regulated and modified, plasma nitriding also
enables more uniform treatment of the surface. Consequently, there is better control and
repeatability over the final surface chemistry of plasma nitrided workpieces, therefore

allowing for excellent control over the final workpiece dimensions [85, 91, 92].
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Additionally, the reactive nature of ionised gases has created opportunities for potential
applications aiming to form specific chemical compounds or reactions, in the treatment
atmosphere or on the surface of materials, at significantly lower temperatures than other
methods, or in some cases, with chemistries not possible using other techniques [98]. This
advantage has recently increased the uptake of plasma surface treatments for a wide range of
other materials and purposes, including the treatment of polymer materials [99],
functionalisation of surfaces (e.g. carbon fibres) [100], plasma texturing [101], treatment of
thermally sensitive materials using non-thermal plasma [102-104], and modification of

materials using atmospheric glow-discharge plasma [105].

2.3.3.1. Glow-Discharge Phenomena

The ionisation of gases to form a conductive medium between two physically separated
electrodes forms the basis for all plasma treatments (Fig. 2-17). Plasma, which is generally
regarded as the fourth state of matter, itself is comprised of a mixture of ionised gases,
electrons, active species (e.g. radicals, excited atoms), neutral atoms, and molecules [85]. To
form a stable plasma, it is necessary to both, initiate ionisation events, and maintain a constant
degree of ionisation between two electrodes. This can be challenging at atmospheric
pressures, since the mean free path of an ionised molecule is small, and therefore, the ion
cannot gain enough momentum prior to colliding with another molecule in the atmosphere to
induce another ionisation event [92]. At lower pressures, typically in the region of 0.1 to 5
mbar (10 to 500 Pa), the mean free path becomes large enough to create a sustained plasma

between the electrodes (Fig. 2-18) [91, 98]. The ability to further ionise molecules and create
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a cascade of ionisation events that help to form a self-sustaining plasma is known as the

Townsend avalanche (Fig. 2-19) [106].
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Fig. 2-17 Types of DC glow-discharge: (A) DC electrical discharge tube, (B) parallel plate plasma
reactor, (C) co-planar magnetron reactors and (D) co-axial electron bombardment discharge chamber
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Fig. 2-18 Influence of pressure on the formation and stabilisation of plasma. (a) At atmospheric
pressure there is almost no mean free path for molecules. (b) At very low pressures (e.g. 0.0001 mbar
(0.01 Pa)) there is a very long mean free path but limited gas molecules to collide with to create
sustained usable plasma energy. (c) At low pressures (e.g. 0.1 mbar) the gas molecules have a sizable
mean free path and plenty of molecules to collide with, and therefore form a usable plasma energy
[92].
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Fig. 2-19 Townsend avalanche event with cascades of electron-induced ionisation events [106].

Analysing the Paschen curve (Fig. 2-20) of plasma formed at low pressures can give an insight
into the associated occurrences and physical principles involved. Due to the significantly lower
mass of electrons, they are influenced by the electric field to a much greater extent than ions,
and therefore, act as the primary source for ionisation events. Going from left to right on Fig.
2-20, reveals the mechanisms behind the formation and maintenance of the plasma. The first
region is the background ionisation region (A to B), whereby free ions and electrons (largely
present due to cosmic background radiation) in the working atmosphere are accelerated to
the cathode and anode, respectively, once a potential difference is applied between them. At
this stage, the electrons do not have enough energy to start a Townsend avalanche event, and
therefore, the plasma is still not self-sustaining. In the saturation region (B to C), the effect
from the free ions and electrons reaches a maximum; however, the electrons still do not
possess enough energy to initiate new ionisation events within this regime. Consequently, new

electrons and ions are only formed due to background cosmic radiation, and so the current



density does not increase in this region. Within the Townsend regime (C to E), the electrons
begin to acquire enough energy before collisions to overcome the Townsend breakdown
barrier, and therefore, an exponential increase in current density is observed (Cto D). Between
D and E, the electrodes voltage begins to reach the breakdown voltage (Vg) at asperities or
sharp corners, and consequently, neutral gases in the working environment close to the
electrodes are ionised directly by the electrodes (known as a corona discharge). Other than
the corona discharge and individual electrical breakdown sparks, the regimes up to this point

are not visible to the naked eye, and are thus labelled as dark discharges [98].

At point E, the breakdown events reach a critical quantity to enable the plasma to be visible to
the naked eye, hence the name glow-discharge is given to this plasma regime. Between E and
F, the ionisation events at the electrodes act to dissipate the charge that builds up on them,
therefore leading to a reduction in potential difference (voltage) with increasing current
density. At point F, corona discharge at the asperities of the cathode become saturated and
the voltage stabilises. The saturation at the cathode, before the anode, can be explained by
the distribution of the electrons and ions within the plasma leading up to this region (Fig. 2-21),
whereby the ions density at the cathode outnumber the electron density at the anode.
Therefore, beyond this point the regime/state of the plasma is determined by the conditions
present at the cathode [106]. Further increases in current density (F to G), act to spread the
breakdown events on the cathode, beyond the most profound asperities or corners, leading
to the voltage remaining constant. At point G, the cathode becomes fully saturated with
ionisation events and is completely covered by the plasma. Between G to H, the breakdown

events at the cathode are unable to prevent charge build-up, and therefore, further increases
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in current density result in an increase in potential difference (known as the abnormal glow-
discharge region). Plasma nitriding is typically carried out within this abnormal glow-discharge
region, which allow for complete plasma coverage on workpieces to be treated and close
control of the plasma density and power throughout the treatment [92]. The regions going
from F to F’ to D, which completely bypass the corona regions, relate to the hysteresis (due to
the plasma already being ignited at both sharp corners/asperities and flat surfaces) when
reducing the current density (if starting at point F). Incandescent heating of the cathode (due
to ion bombardment) is achieved at point H, and between points H and | a transition of glow-

to-arc discharge begins [98].

Between points H and J, a proportional drop in voltage is seen in response to an increase in
current density (V « 1/I)' which arises due to the occurrences of arc discharges that release
significant charge build-up per discharge. While the voltage is reducing, the arc discharge
plasma that forms is in a non-equilibrium state, i.e. the kinetic energy (temperature) of the
working gas, ions and electrons are not the same, and therefore this region, between points H
and |, is known as the non-thermal arc discharge region. Once the voltage begins to increase
with increasing current density, the temperature of the gas, electrons and ions is in an

equilibrium state, and the plasma is labelled as a thermal arc discharge [98, 106].
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Fig. 2-20 Paschen curve of the voltage to current density relationship for low pressure DC plasma
discharge. [98].
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Fig. 2-21 Electron and ion distributions across the electrodes in the dark discharge plasma regimes
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2.3.3.2. DC Plasma Nitriding

Under direct current (DC) plasma nitriding conditions, the heating and diffusion of interstitial
elements into the sample surfaces is achieved through direct plasma bombardment (Fig. 2-22).
Samples treated under these conditions are subjected to a cathodic potential, and are
therefore required to be electrically conductive [85]. Heating is achieved through the transfer
of kinetic energy following ion bombardment of the sample surface, which simultaneously also
acts to clean the surface (section 2.3.3) and bring the nitrogen ions. The most widely accepted
theory for the dominant mechanism for the adsorption and diffusion of the nitrogen ions into
the surface involves the introduction of nitrogen through the formation varying forms of iron

nitrides (FexN; Koelbel’s model) [92, 107, 108].

Fig. 2-22 Glow-discharge formation in a typical DC plasma nitriding treatment.



Koelbel’s model (Fig. 2-23) follows that acceleration and bombardment of the ionised nitrogen
atoms to the sample surface have the effect of dislodging material at the surface of the
workpiece. The release of the matter through this process is known as sputtering, and within
plasma nitriding, this has the effect of removing contaminants, as well as alloying elements at
the surface of the workpiece. Vacuum pumping down then acts to remove the released matter
from the furnace atmosphere. However, not all material can be removed, and some material
is then back-sputtered and adsorbed as loose material onto the sample surface. Bombardment
of the sputtered particles with nitrogen ions in the nearby atmosphere leads to the formation
of FeN. Continuous sputtering, back-sputtering and bombardment with nitrogen ions leads to
instabilities in the FeN, and breakdown to € (Fez-3N) and y’ (FesN) follows. Ultimately, nitrogen
is then introduced into the surface through the formation of iron/nitrogen diffusion zones [92,

109].
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Fig. 2-23 Koelbel’s model for the DC glow-discharge plasma nitriding of ferrous alloys [92].

2.3.3.3. Problems Associated with DC Plasma Nitriding

Despite possessing the already mentioned advantages of plasma nitriding (see section 2.3.3),
DC plasma nitriding does suffer from some inherent shortcomings, such as direct arcing on
samples (as explained in section 2.3.3.1), formation of edge effects, inhomogeneous heating

of samples and hollow cathode formations [92].



Edge effects and inhomogeneous heating of samples are due to the increased current
(therefore thermal energy) and bombardment density (therefore increased nitrogen diffusion)
at sharp corners of material subjected to a DC glow discharge plasma (due to multiple faces of

the glow-discharge contributing to the same area) [92, 94, 109, 110].

If two surfaces subjected to a glow-discharge plasma are gradually brought together, then the
negative glow (Fig. 2-24) of each individual surface will eventually overlap and form an area of
increased current density containing a high number of energetic electrons. The energetic
electrons are produced from each cathodic surface and accelerated towards the negative glow
region with limited inelastic collisions. This high density of electrons, combined with the
significant photoemissions from the nearby cathodic surfaces, leads to a high level of ionisation
events within the overlapping regions. Consequently, the hollow cathode region has a local
temperature much higher than the normal negative glow (current densities 100-1000 times
greater, with no change in voltage). The name hollow cathode originates from the formation
of this effect in the hollow portion of cylindrical materials subjected to low pressure glow-
discharge plasmas. However, this effect can also arise at sharp corners or blind holes, and acts

to increase edge effects [92, 106, 111].

CATHODE DARK SPACE
ASTON DARK SPACE | FARADAY DARK SPACE
i

e

CATHODE ANODE
NEGATIVE GLOW
CATHODE GLOW ANODE GLOW
POSITIVE COLUMN

ANODE DARK SPACE

Fig. 2-24 Schematic drawing of the regions of normal glow-discharge plasma [98].

58



2.3.3.4. Active Screen Plasma Nitriding

To overcome the problems associated with DC plasma nitriding of austenitic stainless steel
samples, a new type of plasma treatment was discovered in the early 1990s, known as active
screen plasma nitriding (ASPN) [112]. ASPN is a modified approach to DC plasma nitriding,
whereby, instead of bombarding the samples directly with the ionised gases, an austenitic
stainless steel mesh cage and lid (active screen; typically the same alloy as the specimens) are
subjected to the cathodic potential instead (Fig. 2-26) [113, 114]. Consequently, in ASPN
treatments, the workpiece is typically left at a floating potential (no charge) or is subjected to
a small negative potential (bias), while the active screen is subjected to a strong cathodic
(negative) potential. When the glow-discharge forms, the sputtering, edge effects and
inhomogeneous treatment that the workpiece would typically undergo during DC plasma
nitriding, are instead present on the active screen (Fig. 2-25). This provides multiple benefits,
including: (1) surface damage of the workpiece is effectively avoided (e.g. no direct arc
formations), (2) electrically insulating materials (e.g. polymers) can be treated/functionalised
[99, 100], (3) inhomogeneous heating due to edge effects and hollow cathodes only occur on
the active screen, and (4) the workpiece is heated more uniformly through thermal radiation
from the active screen [110, 115, 116]. Active screens used in ASPN treatments typically
contain mesh structures, which act to improve the heating efficiency and increase the
production of active nitrogen species through the deliberate formation of hollow cathodes on
the active screen (Fig. 2-27). It has been proposed that the mass transfer of nitrogen into the
samples is achieved through the formation of FexN and active nitrogen species on the active

screen (through sputtering and hollow cathode effects), and then delivery of these products
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to the sample surface enables adsorption, followed by dissociation and diffusion into the

workpiece [109, 113, 117-119].

The two main drawback of active screen plasma nitriding are: (1) the limited surface cleaning
that is possible, especially under floating potential, which result in the need to clean/activate
surfaces before treatment, and (2) some line of sight issues during treatments, especially

under floating potential conditions [120].

Fig. 2-25 Typical surface morphology after (A) DC glow-discharge nitriding and (B) active screen
plasma nitriding. The edge effects are prevalent in DC plasma nitriding, while uniform treatment is
seen in active screen plasma nitriding. Material in image is M2 tool steel.
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Fig. 2-26 Active screen plasma nitriding of steels. Samples inside the mesh cage (cathodic potential)
were at a floating potential. Core temperatures were measured during treatment using a
thermocouple inserted into a dummy sample.
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Fig. 2-27 Hollow cathode formation on active screen.



2.4. S Phase

The S phase, sometimes referred to as expanded austenite or yn or yc, is used to describe a
layer that forms on austenitic stainless steel, Co-Cr and Ni-Cr alloys following low-temperature
nitriding, carburising or nitrocarburising (Fig. 2-28) [87, 121]. The discovery of the S phase
dates back to the early 1980’s, where the first journal articles relating to its existence were
simultaneously published by Zhang and Bell [16] and Ichii et al. [17]. However, interest in low-
temperature hardening had already begun to grow several years earlier, with work being
published noting the formation of a white etchant resistant layer following low-temperature

carburising by Kolster [122].

During early characterisation of the S phase layer, which was formed on AISI 316 [16] and 304
[17] ASS, it was discovered that the X-ray diffraction (XRD) patterns following nitriding
treatment were shifted from the indexed austenite peaks (most notable the y(111) and y(200)
peaks) to lower 20 positions. Subsequently, these new peaks were, and still are, typically
labelled as the S1, corresponding to y(111), and the S2, corresponding to y(200), peaks,
respectively. Although the most profound peaks are the S1 and S2, it should be noted that the
peak shifting is observed for all XRD peaks following S phase surface treatment of austenitic

stainless steels (Fig. 2-29) [91].
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Substrate

Fig. 2-28 Optical micrograph of 450 °C plasma nitrided AISI 316 ASS for 5 hours [123].
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Fig. 2-29 XRD patterns following active screen plasma nitriding of AISI 316 ASS for 20 hours at 420 °C
[115].



2.4.1. Formation

In principle, the S phase is a supersaturated solid solution containing nitrogen and/or carbon
that work to form either a nitrogen S phase (nitriding), carbon S phase (carburising) or
superficial nitrogen following by deeper carbon S phase (nitrocarburising). The major
characteristic of the S phase is the significant hardening of the surface with no appreciable
loss of corrosion resistance [8]. For the purposes of this study, only nitrogen S phase formed
on austenitic stainless steels will be discussed; however, many of the characteristic and

formation methods are similar between all forms of the S phase.

To form the S phase, it is necessary to use lower temperatures, typically below 450 °C, in
comparison with traditional nitriding (typically above 500 °C), which enables the hardening of
the stainless steel surface without the loss of the corrosion resistance [8, 95]. The principle
behind this type of hardening is that, at lower temperatures, interstitial elements (e.g.
nitrogen) can freely diffuse into the surface, but the activation energy required for
substitutional elements (e.g. chromium) to move and combine to form the stable nitride
(and/or carbide) precipitates is not readily achieved, and therefore these elements are
essentially immobile for the duration of the treatments (i.e. paraequilibrium diffusion) [91,
124]. Subsequently, this promotes the interstitial supersaturation of the surface with nitrogen

(Fig. 2-30) and leads to effective solid solution hardening [8].
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Fig. 2-30 Elemental depth profile of nitrogen following plasma nitriding treatment of AlSI 316 at
400 °C for 15 hours and 440 °C for 20 hours. Line labelled maximum N denotes the approximate
maximum possible nitrogen solid solubility in austenite [125].

The growth and supersaturation of the S phase has been a subject of intense experimental and
analytical studies [87]. Although no universally agreed mechanisms have been developed thus
far, the most compelling and widely used theory suggests a trapping and detrapping approach
involving [126-129]: (1) the temporary locking of nitrogen atoms in the octahedral interstitial
spaces of the FCC lattice as a result of the affinity between nitrogen and chromium, (2) the
introduction of new nitrogen atoms that have a detrapping effect on the initial pre-existing
nitrogen atoms, (3) the movement of the pre-existing nitrogen atoms into active tetrahedral
interstitial spaces utilised to diffuse to new sites, and then finally (4) the occupancy of a new
octahedral interstitial space. This combination of steps is assumed to play an important role
on the supersaturation of the S phase (both lateral and through-depth movement of nitrogen

atoms), as well as, to reduce the activation energy necessary for nitrogen mobility.
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Consequently, this enables supersaturation, with up to 38 atomic percent of nitrogen, which
is much greater than the maximum nitrogen equilibrium solid solubility in austenite (8.7 at%),
and leads to the expansion of the lattice and formation of residual stresses and plastic
deformation [123, 130-137]. The S phase can be characterised by left shifting (lattice
expansion) and broadening of the austenite peaks (residual stresses and plastic deformation)
within XRD patterns to lower 26 values that correspond to = 8 % expansion of the lattice

parameter (Fig. 2-29) [8].

2.4.2. Metallurgical Characteristics

One of the most profound features of the S phase is its precipitate-free nature, which acts to
retain the corrosion resistance of the alloy following surface treatment. In fact, it is generally
accepted that the S phase surface layer possesses enhanced resistance in comparison with the
untreated austenitic stainless steel. This phenomenon is most clearly seen following etching of
a treated material, whereby the S phase treated layer presents as a featureless bright white

layer, while clear topographical features are present on the untreated material (Fig. 2-28).

As previously mentioned in sections 2.1.3 and 2.3.2, the formation of chromium nitrides has
the effect of developing areas of the alloy matrix depleted of chromium (Fig. 2-4), below the
levels necessary for uniform surface passivation (i.e. stainlessness), and therefore a loss in
corrosion resistance. Hence, it is paramount for the success of any S phase treatment to avoid

the formation of such detrimental precipitates [115].

The exact structure, and degree of expansion, of the austenite phase following the formation

of the S phase is still a subject of scientific debate. XRD and TEM analysis have both helped to
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clarify (e.g. prove it is still an FCC austenite phase) and create new questions (inhomogeneous
distortion) on the state of the S phase layer [123]. Crystallographic analysis has indicated that,
unlike the untreated austenite in ASS, the S phase does not contain an ideal FCC structure.
Instead, it has been found that plastic deformation, in the form of stacking faults, dislocations
and microtwinning, develops during the formation of the S phase [138]. The influence of plastic
deformation on the inhomogeneous distortion of different crystal planes is well documented,
and assumed to play a role on the observed inhomogeneous shifting and peak broadening in

S phase X-ray and electron diffraction analysis (Fig. 2-29) [139, 140].

Although the S phase was originally assumed to be an ideal solid solution (homogeneous
interstitial occupancy), recent investigations in the last two decades have cast doubt on this,
with findings of short range ordering (SRO; nearest neighbour positioning) between nitrogen
and chromium having been observed. The chemical attraction between chromium and
nitrogen, brought about by the potential formation of stable chromium nitrides (Fig. 2-31), is
well-established, and thought to play an important role in both the formation (trapping and

detrapping; see section 2.4.1) and ordering within the S phase [91, 140].

Studies using extended X-ray absorption fine structure (EXAFS) spectroscopy have shown non-
uniform distribution (SRO) of nitrogen atoms across interstitial octahedral sites, with strong
tendencies for nitrogen atoms to be found in nearest neighbour positions to substitutional
chromium atoms, typically occupying 5 out of 6 of the interstitial nearest neighbour sites in S
phase layers with maximum nitrogen compositions (Fig. 2-32). Additionally, denitriding of the
S phase has also revealed preferential removal of nitrogen at sites adjacent to iron or nickel

(Fig. 2-32) [140, 141]. X-ray photoelectron spectroscopy (XPS) measurements have also
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supported this finding by revealing shifts in the chemical state of both chromium and nitrogen
atoms in the S phase to new binding energies that lie between their expected elemental and
CrN bonded states. Under similar examinations, no significant shift away from the metal
bonding state was observed for nickel and iron within the nitrded layer [142-144]. This has also
been further reinforced by a recent study by Tao et al. [145], which has demonstrated the
presence of peaks forbidden in FCC structures at the surface of a low-temperature nitrided
chromium containing ASS, which have been attributed to the high ordering (i.e. long range
ordering) of the nitrogen atoms around chromium atoms. Short range ordering and random
distribution were also found under varying nitrogen compositions and depths. No such
ordering was observed on a chromium-free ASS (i.e. no strong nitride formers). Therefore, this
suggests that to develop highly supersaturated S phase layers, the presence of chromium in
the alloy is critical. However, it is still not known whether this is unique to chromium, or can

also be observed with other strong nitride forming elements (e.g. Ti or Nb).
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Fig. 2-31 Gibbs free energy (per mole of chromium atoms) of chromium nitrides and carbides at
different temperatures. Note the significantly lower energy and therefore thermodynamically more
stable state of the CrN precipitates at all plotted temperatures [91, 146].
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Fig. 2-32 EXAFS study on untreated (unnitrided), S phase treated (nitrided) and denitrided S phase
(using H; gas). Following nitriding, the distance to the nearest metal-metal atom (vertical dotted line)
shifts for Fe, Ni and Cr in comparison to the untreated samples. Following denitriding, only shifting of

the metal-metal spacing for Cr is seen. Following nitriding, all elements show somewhat similar
nearest neighbour interstitial occupancy, whereas following denitriding, only Cr shows strong nearest
neighbour occupancy [91, 140].
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2.4.3. Thermodynamic Metastability

Since the beneficial properties (hardening & corrosion resistance) of the S phase rely on the
retention of the precipitate-free structure, extensive research has been dedicated to

understanding and measuring the thermodynamic stability of the phase [8, 87, 911].

The chemical attraction between chromium and nitrogen is well-established, and dictates the
formation of stable chromium nitrides during traditional high-temperature plasma nitriding
(Fig. 2-31) [141]. Given the strong affinity between chromium and nitrogen, the SRO between
them, and the general lattice inhomogeneity found within the S phase (section 2.4.2), it is not

difficult to deduce that the S phase is a structure that is frozen in a metastable state.

The thermodynamic metastability of the S phase has been examined using isothermal [21, 130,
147, 148] and isochronal annealing [149] experiments (Fig. 2-33). Extrapolations of these
results have shown that decomposition (nitride formation) of the S phase can be expected to
begin occurring within several minutes at temperatures above 500 °C, with 50 %
decomposition developing in the region of 1 hour. However, when kept at relatively low
temperatures (under 300 °C), the initiation and growth of the nitrides can be expected in the
order of several years. Therefore, the S phase is not recommended, or useful (for the purpose
that it is treated for), for elevated temperature use above 200-250 °C. At these lower
temperatures, decomposition of the S phase can be effective prevented, either indefinitely or

of the scale of 100 years [21, 149].
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Fig. 2-33 Isothermal stability plot (line shows 50 % decomposition) of S phase formed on AlSI 304L and
316L using isochronal annealing data [91, 149].

2.4.4. Properties

Following S phase surface treatment, it can be expected that there will be improvements in
the mechanical strength, the fatigue strength & limit [125], the electrochemical corrosion
resistance, and an increase in hydrophilicity [143, 150, 151] in comparison with the base

austenitic stainless steel alloy [8, 87].

The elastic modulus of the S phase has been shown to increase in comparison with the
untreated bulk. However, unlike typical FCC structures (e.g. austenite), which possess their
highest elastic modulus in the <111> family of directions, the S phase has instead been shown
to have its lowest values in the <111> directions (= 225 GPa at around 5 pum depth) and its

highest values in the <001> family (= 260 GPa at same depth) [152]. In line with these findings,



the tensile strength of the S phase has also been found to increase, but at the cost of a decrease

in ductility and toughness (lower strain until rupture under tensile testing) [125, 153].

Surface hardness values of nitrogen S phase are commonly measured to be above 1000 HV
under both micro and nano hardness measurements, with surface measurements even
reaching up to 1450 HVo1 [8, 18, 130, 154]. Hardness depth profiles have also been shown to
have complementary trends to nitrogen depth profiles through the S phase (Fig. 2-30 & Fig.

2-34) [152, 155].
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Fig. 2-34 Hardness profiles of AlSI 316L samples plasma nitrided at 400 °C for 20 hours in 25% N, (HN)
and 20% N; (LN) [155].

In agreement with the improvement in hardness, the S phase has also been shown to have

significantly improved resistance to wear and changes in dominant mechanisms of wearing.
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Unlike untreated austenitic stainless steels, which are typically subjected to severe adhesive
wearing (section 2.2.4.4), S phase treated surfaces are more likely to undergo oxidative (when
counterpart has similar hardness) or abrasive (when counterpart is significantly harder)
wearing [156-159]. Under the same conditions (pin-on-disk wearing using a steel or alumina
ball), a study by Sun and Bell [79] found that S phase treated surfaces dramatically reduce the
wear rates (2 orders of magnitude) in comparison with untreated surfaces. Under corrosive
wear conditions, the presence of a precipitate-free S phase (treated at 450 °C) resulted in an
80 % reduction in wear volume in comparison with high-temperature (550 °C) plasma nitrided
equivalent surfaces (10 mm?3vs 50 mm?3, respectively; 15 % HCl + 5 % HNOs + 85 % H>0, alumina

ball, 20 N of load, 1200 m sliding distance) [79].

Despite the general excellent corrosion resistance of austenitic stainless steels (AISI 316L alloy
in particular), they do still suffer from issues of crevice and pitting corrosion, especially when
subjected to chloride containing media (as mentioned in 2.2.2). It is known that, through
various potential mechanisms (section 2.2.2.3), the addition of nitrogen into austenitic
stainless steel alloy compositions has a positive effect on the corrosion resistance of the alloys,
especially in regards to pitting and crevice attacks [8, 87, 160]. Therefore, if the nitrogen
introduced through plasma nitriding is maintained as an interstitial solid solution, then it can
be expected to possess improved corrosion resistance, even when compared to the already
excellent resistance of the untreated alloy. In line with these expectations, electrochemical
testing performed on S phase treated surfaces has demonstrated enhanced passivity (more

cathodic potential; Fig. 2-35), resistance to pit growth (Fig. 2-35), more positive corrosion
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potential (open circuit potential; Fig. 2-35) and similar current density (Fig. 2-35) when

compared with untreated surfaces [115, 160-163].
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Fig. 2-35 Anodic polarisation curve on untreated, 360 °C nitrided and 380 °C nitrided AISI 316L surfaces
in 5 % NaCl media [161].

2.4.5. Limitations

Given that austenitic stainless steels show poor resistance to bacterial fouling, and that they
are widely used in the food and medical industries (section 2.2.5), it is therefore important
that measures are taken to address this [6, 19]. Although the formation of the S phase on the
surface of these alloys can improve their mechanical weaknesses, it does not however
significantly enhance the antibacterial performance [164]. Therefore, it is important to use

complementary surface modification technologies to address this problem. However, the most
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obvious limitation of the S phase, which is its thermodynamic metastability, presents a barrier
for its combination with antibacterial surface modifications, such as laser surface texturing,
which are typically thermal in nature [26]. Therefore, finding solutions to this problem is both
challenging and potentially highly rewarding (can form durable and antibacterial surfaces on

materials already in service in the food and medical industries).

2.5. Antibacterial Surfaces

Antibacterial surfaces can be classified as either anti-biofouling (preventing bacterial
attachment and growth) or antimicrobial (killing bacteria) [165]. Typically, physical
modifications make up the bulk of anti-biofouling surfaces, with surface patterning (e.g. bio-
inspired texturing) and surface grafting (e.g. with polyethylene glycol (PEG)) being the most
popular choices [166, 167]. In some cases patterning, such as nanoscale rods or pillars, may
also be classified as antimicrobial because of their ability to puncture/lyse (burst) bacteria (Fig.
2-36) [168, 169]. Due to their ability to effectively kill a broad spectrum of Gram-negative and
Gram-positive bacteria (e.g. superbugs like MRSA), bactericidal elements such as silver or
copper are currently the most common antimicrobial measure [170]. Their excellent efficacy
has been measured in hospitals, where a 90 to 100 % decrease in the number of viable bacteria
was observed following the replacement of touch surfaces with copper containing equivalents
[171]. Other common antibacterial techniques include the changing of surface chemistry (e.g.
super/ultrahydrophobic surfaces; anti-biofouling) and the incorporation/leaching of antibiotic

substances on the surface (antimicrobial). Although many studies show very promising results
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in the labs, it is rare to find any antibacterial products that show long lasting activity, cheap

production costs and durability in practice [172].
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Fig. 2-36 Electron micrographs demonstrating antimicrobial effect of nanopillars found on cicada
wings. Image A (scale bar = 1 um) shows Pseudomonas aeruginosa cells on the surface of cicada
wings, with clear signs of nanopillar penetration. Image B (scale bar = 200 nm) is an angled higher
magnification image showing the penetration more clearly [169].

2.5.1. Demand for Antibacterial Surfaces

Healthcare-acquired infections (HAI) and cross contamination of food are two major public
health and economic problems present in the food and medical industries [12]. In the UK alone,
there are over 300,000 cases of HAls and over 500,000 cases of foodborne diseases every year

[13]. Itis estimated to cost the NHS (National Health Service) in the UK approximately £3 billion
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annually [14, 15]. The costs are even greater in the US, with the total coming over $40 billion

each year [173, 174].

Cross contamination of foods, which occurs when microorganisms are unintentionally
transferred between different material surfaces or foods, accounts for a significant percentage
of all foodborne outbreaks, with one study attributing 39% of the cases to cross contamination
(N = 231) [175]. On the other hand, hospital prevalence studies on HAls in the US predict
around 1 in every 31 hospital patients will contract at least one HAI. In many cases these are
preventable HAls, and even with inefficient approaches, the low-cost saving estimates are
comparable to the financial burdens of whole diseases such as strokes, chronic obstructive

pulmonary diseases and diabetes to the healthcare industry [173].

2.5.2. Current Control Measures & their Limitations

Currently, preventative measures do exist that are helping to reduce the number of cases of
both HAIls and cross contamination of foods. Within the medical industry these measures
include the increased use & education about hand hygiene [176], the use of biocidal elements
(e.g. silver and copper) [177, 178], the use of antibiotics (e.g. before arthroplasty surgery)
[179], and the use of disinfectants, autoclaving of tools and sterilisation of tools (e.g. with UV
light) [180]. All the previously mentioned techniques can also be applied to the food industry
in order clean machinery/tools and keep liquids free from sources of contamination [181]. Due
to the indirect sanitation controls methods (i.e. away from the consumers) and increased
variability found in the food industry, a much wider array of control measures exists in

comparison to the medical industry [182]. Some common measures include the heating of
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foods (e.g. pasteurisation of milk) [181], physical cleaning of tools and foods [7, 183], the use
of pulsed current cleaning (e.g. to produce chloride ions) [184], the use of chlorine containing
cleaning agents (e.g. sodium hypochlorite (bleach)), the use of chelating agents (e.g.
ethylenediaminetetraacetic acid (EDTA)) [181] and the use of filtration/membrane systems

[184].

However, many of these control methods come with major drawbacks that are creating
concern for their future use, both in terms of efficacy and in relation to the new problems that
they are creating. One widely publicised example of this is the ever-increasing prevalence of
antibiotic resistant strains of bacteria (e.g. methicillin resistant Staphylococcus aureus (MRSA))
that have developed due to over-use and improper use (e.g. not completing the full course) of
antibiotics [180, 185, 186]. Moreover, studies have also shown that even antibiotic susceptible
bacteria (e.g. methicillin susceptible Staphylococcus aureus (MSSA)) can become highly
resilient to the action of antibiotics through the formation of biofilms on surfaces. Bacteria
within biofilms behave very differently to free-floating (planktonic) bacteria, they are able to
modify their metabolic activity (e.g. through quorum sensing) and secrete an extracellular
polysaccharide (EPS) matrix that acts to hold the bacterial community together and protects
against external agents (e.g. antibiotics, disinfectants) [7, 182, 187]. Studies have shown that
bacteria in biofilms require several hundred times higher doses of antibiotics in comparison to
planktonic bacteria [188, 189]. In the food industry, some success has been observed through
the combination of electrical currents and antibiotics to increase the efficacy of the antibiotics
against the bacteria in the biofilm [190]. However, in many cases there are unfortunately no

solutions currently available, and consequently in the US alone, there are over 2.8 million
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infections each year associated with antibiotic resistant bacteria, with over 35,000 of those

resulting in deaths [185].

2.5.3. Future Preventative Measures

Given the limitations of current control methods stated in section 2.5.2, it is therefore
apparent that other measures are necessary to address the current situation, with
preventative approaches implemented & acting before problems arise being the ideal solution

[181, 191].

For the most part, addressing this need has been predominantly attempted through more
materials or engineering based strategies in both the medical and food industries. An example
within the food industry would be the enforcements of good design, regular maintenance and
general good manufacturing practices [183]. These requirements include the use of sanitary
materials (e.g. corrosion resistant ASS alloys) for all food contacting surfaces, regularly
scheduled & recorded cleaning of equipment and improved machine/equipment/tool designs
that enable easier cleaning (e.g. few sharp corners or hard to reach areas) [183]. Similarly, in
the medical industry this approach has been observed with the uptake of copper incorporated
hospital door handles (as mentioned in section 2.5) or the use of silver embedded urinary

catheters to prevent the potential infections before they arise [178, 191].

2.5.4. Anti-Biofouling Surfaces

The trend towards these preventative approaches have created a demand for equipment and

surfaces that are inherently antibacterial. In particular, the demand for anti-biofouling surfaces
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that repel or resist the attachment and spread of bacteria has dramatically increased [192].
The potential for such surfaces to, instantaneously and repeatedly, prevent the attachment of
bacteria and formation of biofilms onto them is clearly an appealing quality. By reducing the
need for regular cleaning, whilst increasing the efficacy of other sanitation control methods,
such as antibiotics (e.g. increasing susceptibility of MSSA, as mentioned in section 2.5.2), these
surfaces can increase the production vyield, reduce costs & improve overall hygiene [193].
Moreover, since these anti-biofouling surfaces do not specifically target individual species or
strains of bacteria, these surfaces would not be expected to increase the prevalence of
antibiotic resistant strains. Overall, this driving force has created a lot of scientific interest in
the field of functional surfaces, and it has now become an important subject area with new

innovative ideas being regularly published [19, 167, 194].

Research into the production of functional anti-biofouling surfaces has, in one form or another,
existed for several decades, although the awareness and importance of the subject has only
recently gained wider attention. Research has evolved from the modifications of macro- and
microscale surface topography, to the modification of surface chemistry and more recently to
the utilisation of biomimetic (e.g. lotus leaf) and nanoscale structures [167, 195-197]. The
scientific understanding of the anti-biofouling functional performance of surfaces has also
advanced over time, from the belief that it was directly related to the surface hydrophobicity
to a more complex, not yet fully understood, theory that is influenced by a mixture of the
surface wettability (Cassie-Baxter state in particular), surface free energy and surface
structure. It should be noted that none of these terms are fully characterised yet, and there

are still ongoing scientific discussions regarding them [167, 198, 199].
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In terms of performance related to surface structures, it is generally accepted that smaller
features provide better functionality. The current consensus is that the anti-biofouling
performance of a surface is related with the periodicity of the surface structures (Fig. 2-37),
i.e. if the periodicity is smaller than the dimensions of the bacteria then the strength of the
attachment and migration is limited and mitigated, respectively [200, 201]. Coincidentally,
micro- to nanoscale features tend to give rise to physical hydrophobicity through the formation

of trapped pockets or air (i.e. creating a gap between the surface and the liquid) [198].
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Fig. 2-37 Periodicity and aspect ratio effect on the available surface area for bacterial (E. coli)
attachment on untreated (Ti NT), Hydrothermally treated A (TiA) and hydrothermally treated B (TiB)
commercially pure titanium [201].

2.6. Surface Texturing

All surface structuring approaches can be broadly categorised as either adding material,
removing material or re-organising existing material. There are a wide variety of techniques
available for achieving this, including etching, selective milling, laser melting, laser ablation and
photolithography. Each technique comes with its own advantages and disadvantages, which
can include the maximum precision achievable, speed of formation, scalability, cost, and

reproducibility [167, 202-204].



Due to the rapid processing times, excellent reproducibility and ease of scaling, laser surface
texturing has become an industrially attractive approach for the production of functional
anti-biofouling surfaces [22]. Therefore, for the purposes of this study, only methods utilising

lasers will be explored.

2.6.1. Ultrashort Pulsed Laser Texturing

With the development of pulsed laser technologies, faster fabrication and more precise control
over the final surface topography has become possible. In particular, the progress into
ultrashort pulsed laser texturing has enabled rapid micro- and nanoscale texturing of surfaces
[20]. In pulsed laser texturing (even down to nanosecond durations), localised melting is
achieved through rapid heating and self-quenching using significantly higher laser intensities
than non-pulsed lasers [25]. Additionally, since 1965, unique self-forming repetitive textures,
known as laser-induced periodic surface structures (LIPSS), have been found to form on
surfaces when processing close to the ablation threshold of the materials. It has been
hypothesised that this phenomena (periodic self-formation structures) arises due to the
interactions of electromagnetic waves from the laser with the surface topography of the
material, as well as the formation and excitation of surface plasmon polaritons [24]. In most
cases this results in the formation of ripple like textures that are parallel to each other, with a
periodicity of the order of the wavelength of the laser source (typically 100-200 nm smaller
than the wavelength) and are usually referred to as low spatial frequency LIPSS (LSFL; Fig. 2-38)

[205-207].
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Textures comprised of LIPSS are known to have antibacterial properties. Research findings
have revealed increased antibacterial efficacy for stainless steels containing LIPSS, in
comparison to their untextured counterparts, against all types of bacteria, regardless of the
bacterial surface structuring. Consequently, this non-specific resistance to both Gram positive
(single thick cell wall) and Gram negative (thin cell wall that resides within a periplasmic space
between an inner (plasma membrane) and outer lipopolysaccharide layer) bacteria such as
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), respectively, has attracted

significant research attention for biomedical and food industry related applications [208-210].

Fig. 2-38 Scanning electron microscope image showing both (a) low spatial frequency LIPSS and (b)
high spatial frequency LIPSS formed on the surface of titanium samples [205].
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2.6.1.1. Limitations of Laser Texturing

The main limitation to the uptake of laser texturing arises due to the thermal effect that it
typically has on the targeted material, thereby limiting the suitable materials and applications
it can be utilised for. Due to the effect that heating has on the surface chemistry,
microstructure and properties, temperature sensitive/thermodynamically metastable
materials have traditionally not been viable for laser processing [198, 211]. Although the
introduction of nano- and picosecond pulsed laser technologies have minimised many of the
problems associated with laser heating, there are still many materials unable to retain their
structural and chemical integrity or tolerate the thermal shock induced by the rapid heating

and cooling [212, 213].

In addition to the development of surface cracking, recasting of molten materials,
re-organisation of adjacent material (due to the formed shock waves) and damage to
structures within the vicinity of thermal laser pulses (Fig. 2-39), the development of
microstructural changes within the solid material has also traditionally limited the uptake of
laser texturing [213]. Even under nanosecond laser texturing, significant surface damage
(melting and formation of burrs) and microstructural changes (coarsening and equiaxed grains)
can readily develop due to the thermal nature of the processing (Fig. 2-40). However, such
surface damage or microstructural change can be avoided through careful use of athermal
femtosecond laser processing (Fig. 2-40). In such cases, it is possible to ablate surface matter,
even with high aspect ratios, without the development of thermal effects [214]. This advantage

has allowed for the development and uptake of femtosecond laser texturing, alongside focus
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ion beam (FIB) milling, for the lamella sample preparation of transmission electron microscopy

(TEM) specimen [212].
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Fig. 2-39 Schematic diagram of the phenomena observed in long pulsed thermal laser machining and
athermal femtosecond laser ablation. Original diagram from Clark-MXR Inc (original source material
not available) [213].

Fig. 2-40 Fabrication of a cantilever through nanosecond (a-d) and femtosecond (e-h) laser processing.

The scan patterns (a and e), magnified top views (b and f), magnified cut edges (c and g) and electron
backscatter diffraction analysis of the cross sections (d and h) at positions D-D and H-H, respectively,
are shown. The inset at the top right corresponds to the colour coding of the grain orientation with
respect to an external reference. Note the lack of coarsening and variation in the grain structure
following femtosecond laser processing (h) in comparison with nanosecond laser processing (d) [212].

85



2.6.2. Femtosecond Pulsed Laser Texturing

It was not until the introduction and more widespread application of femtosecond (fs) laser
texturing that many more barriers were removed [23, 26]. Laser pulses in the femtosecond
(10'> s) range deliver energy to a surface (valence electrons) faster than can be dissipated
away to the surrounding matter (= 1x10%? s; electron-phonon coupling time) [215]. Therefore,
if the delivered energy during the pulse can exceed the ablation threshold of the target

material, it is possible to athermally sputter away surface matter [26].

LIPSS formed using fs pulses present with unique features, the most profound of which is the
formation of secondary structures with periodicity much smaller than the wavelength of the
laser source, known as high spatial frequency LIPSS (HSFL; Fig. 2-38). These HSFL typically
overlay and arrange perpendicular to the LSFL [205]. In addition to these structures, it is also
possible to generate more complex and new forms of LIPSS by varying the laser polarisation.
A particularly interesting and useful pattern is observed when circularly polarised light is used.
Under the right conditions, instead of ripple-like features, triangular shaped and hexagonally
organised pillars, resembling the surface of springtails, are formed with similar periodicity to
LSFL in 3 different directions (Fig. 2-41) [206, 216]. Due to the near nanoscale features and high
hydrophobicity, these new structures, named triangular LIPSS, are promising for anti-
biofouling applications, and studies on similar structures have produced excellent results

[208].

However, it should be noted that since the functional properties are directly related to the

structure integrity of the nano-scale triangular LIPSS, there are major concerns over the
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longevity of the properties. Durability is of concern within the food and medical industries,
where surface interaction-induced wear is expected to occur on medical tools and body

implants as well as for food equipment during processing and pre-&-post-cleaning [167].

Fig. 2-41 Electron microscope image (main image) showing triangular LIPSS formed on steel using
femtosecond pulsed laser texturing (310 fs, 500 kHz). Top right image is a fast Fourier transform taken
of the same image, showing the multi-directional ordering in the texture [206].

2.6.2.1. Potential Use with S Phase Surfaces

Due to the metastable nature of the S phase, laser texturing (even using ultrashort pulses) has
traditionally been avoided since the associated heating leads to the decomposition of the
phase and loss of corrosion resistance. A recent industrial report also discovered a similar issue
(nitride precipitation) following the heating of low-temperature nitrocarburised AISI 316L
stainless steel during laser welding [211]. Therefore, the challenge faced when attempting to
combine surface texturing and low-temperature nitriding is to introduce the desirable textures
on the thermodynamically metastable S phase without damaging or decomposing it. Given the
above barriers, very little research has been carried out thus far on the surface

functionalisation via texturing of S phase treated stainless steel surfaces.
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However, the development and availability of potentially athermal fs pulsed laser texturing of
metallic surfaces [205, 217] has created new opportunities for the functionalisation of S phase
treated surfaces [23, 218]. It should be noted that as of the beginning of this study no research
had been published on the response of the metastable S phase to texturing using these

ultrashort pulsed lasers.

2.7. Summary

Owing to their bio-inert nature and superior corrosion resistance, even within the stainless
steel family, austenitic stainless steels have already found widespread applications throughout
the food and medical industries (sections 2.1 and 2.2). However, further uptake of these alloys
requires their limitations of poor wear resistance and susceptibility to bacterial colonisation to
be addressed. Surface engineering (section 2.3) has produced successful approaches to
overcome these challenges individually, through low temperature plasma nitriding to form the
hard and corrosion resistant S phase (section 2.4), or through antibacterial surface
modifications (section 2.5) using laser surface texturing (section 2.6). However, given the
traditional thermal nature of laser patterning and the thermodynamic metastability of the
S phase, no research has been reported, thus far, to have successfully combined these
technologies. Fortunately, the recent development and increased availability of athermal
ultrashort femtosecond pulsed laser texturing has created new opportunities to engineer
surfaces capable of simultaneously overcoming the poor wear resistance and susceptibility to
bacterial fouling of austenitic stainless steel alloys, such as the widely used AISI 316L alloy

(section 2.2).
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CHAPTER 3 MATERIALS & METHODS

3.1. Materials and Sample Preparation

5 mm thick AISI 316L austenitic stainless steel cylindrical coupons, with composition as listed
in Table 3-1, were cut from hot rolled bars (25 mm diameter) using SiC cutting wheels. Coupons
were initially ground to 1200 grit size and then polished using 6 um, 3 um and finally 1 um
diamond suspensions to achieve a mirror finish (Ra = 22.1 + 3.6 nm). Ultrasonic cleaning with

Teepol and acetone were carried out between each step.

Table 3-1 Chemical composition of AlSI 316L coupons measured using average glow-discharge optical
emission spectroscopy depth readings

Element Cr Ni Mo Mn Si S N C Fe

Composition | 16.22+ | 1235+ | 2.02+ | 1.90+ | 0.34+ | 0.02+ | 0.07+ | 0.01%

Bal
(wt%) 0.06 0.04 0.01 | 0.001 | 0.01 | 0.006 | 0.02 | 0.0004 @

3.1.1. Cross-Section Preparation

Cross-sections were prepared by cutting and mounting samples in conductive Bakelite.
Microstructures of samples were revealed for scanning electron microscope (SEM) imaging by
etching (50% HCl + 25% HNOs + 25% H,0) for up to ten seconds on untreated samples, and up
to thirty seconds for S phase treated samples. For the UntA sample type (triangular LIPSS
textured on untreated AISI 316L coupons; see section 3.1.4 for more detailed labelling

information), nickel plating was necessary to protect the textured surface from damage during
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cross-sectional sample preparation. Nickel plating (Sifco ASC, part No. 2086) was carried out
for approximately 10 minutes using a Skytronic DC power supply set at a controlled current of

0.1A (<10 V).

3.1.2. Plasma Surface Treatment

Interstitial solid solution hardening of the surface was carried out using low-temperature
active screen plasma nitriding (ASPN) in an adapted DC Kléckner lonon 40 kW plasma furnace
(Fig. 3-1). Freshly polished samples were treated for 20 hours at 400 °C in a gas pressure of 3
mbar and gas mixture of 25 % Nj: 75 % H,. Samples were kept at a floating potential and
enclosed in an AISI 316 ASS active screen. Samples were separated from the AlISI 316 ASS active
screen lid by 20 mm. Brief re-polishing using a 1 um diamond suspension was carried out

following treatment to return samples to a mirror finish (Ra = 25.3 £ 2.8 nm).

Water

WeABGRE Cooled

Active Screen

Power Supply

O-ring

Cathode

Fig. 3-1 Schematic diagram of active screen plasma treatment setup.
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3.1.3. Laser Texturing

To examine the feasibility of laser texturing of S phase treated surfaces, both femtosecond (fs)
and nanosecond (ns) ultrashort pulsed laser texturing were initially attempted. Based on the
results obtained (section 4.2), optimisation and further analysis of specifically antibacterial
textures were only carried out using the femtosecond laser source. Femtosecond pulsed laser
texturing was performed using a femtosecond laser source (Satsuma from Amplitude Systems)
with a wavelength of 1032 nm and a pulse duration of 310 fs. Nanosecond pulsed laser
texturing was performed using a MOPA-based Yb-doped fibre on a SPI G4 50W HS-S set up
with a laser source wavelength of 1064 nm. A gaussian beam spot of 15 um radius (wo) was

used for both lasers.

3.1.3.1. Channel Textures

Channel textures were chosen to examine the response of the S phase to the different laser
sources and settings. Large horizontal spacing (300 um; Fig. 3-2) was used to separate adjacent
channels to minimise/eliminate potential thermal interactions (e.g. from heat affected zones).
These textures were chosen for their structural simplicity, ease of comparison (i.e. controlled
moving energy density), and that they were not subjected to secondary phenomena (e.g.
HSFL). Three different laser settings were used to create channel textures on ASPN treated
samples (see Table 3-2): 310 fs textured (310 fs), 15 ns textured (15 ns) and 220 ns textured
(220 ns). By altering the frequency and speed of the laser, the theoretical amount of energy

delivered to the surface per unit distance travelled by the laser (moving energy density =



dof | .
w) was kept constant between all textures. Details of the laser

single pulse energy/ P——

settings are listed in Table 3-2.

Table 3-2 Pulsed laser texturing settings for channel textured sample types.

Sample Code 310fs 15 ns 220 ns
Pulse Duration (s) 3.1x1013 1.5x108 2.2x107
Frequency (kHz) 500 100 70
Single Pulse Energy (J) 4.68 30.89 50.14
Speed of Laser (mm/s) 100 132 150
Moving Energy Density (lW/pum) 23.4 23.4 23.4
Hatch Spacing (um) 300 300 300

Fig. 3-2 Schematic diagram of the rastering strategy used during the laser texturing. With labels for
grid/hatch spacing (h) and Gaussian spot beam diameter (2*wo) [206].



3.1.3.2. Antibacterial Textures

Four different bio-inspired antibacterial textures were formed using femtosecond pulsed laser
texturing on ASPN treated samples: low aspect ratio lotus (ASPNL1), high aspect ratio lotus

(ASPNL2), shark skin (ASPNS) and triangular LIPSS (ASPNA).

Both lotus-inspired textures (ASPNL1 & ASPNL2) were formed by rastering a circularly-
polarised beam across the sample surface with a velocity of 500 mm/s, frequency of 500 kHz
and grid spacing of 25 um (Fig. 3-2). Identical settings were used for both textures, but with
different repetition rates. The ASPNL1 texture settings were repeated 4 times, whereas the

ASPNL2 texture settings were repeated 9 times.

The shark skin inspired texture (ASPNS) was created by rastering a circularly-polarised beam
across the sample surface with a velocity of 500 mm/s and frequency of 500 kHz. Three
different rastering patterns (Fig. 3-2) were used: (1) the first was a full power raster with grid
spacing of 25 um, (2) the second was a half power raster at 45 ° to step 1 and grid spacing of
106.1 um, and (3) the third was the same as step 2 but at 135 ° to step 1. These three steps

were repeated 10 times to achieve the texture.

Triangular LIPSS textures were achieved by rastering a circularly-polarised beam across the
sample surface with a velocity of 500 mm/s, pulse frequency of 250 kHz, and grid spacing of
approximately 2 um, both horizontally and vertically (Fig. 3-2). Overall, the effective
accumulated fluence was 92 mlJ/cm?. Triangular LIPSS were also performed on polished

untreated AISI 316L coupons (UntA).



3.1.4. Sample Coding

In total, 10 different surfaces were used within this study: (1) untreated AISI 316L ASS (Unt),
(2) S phase treated AISI 316L ASS (ASPN), (3) ASPN samples with 310 fs channel textures (310
fs), (4) ASPN samples with 15 ns channel textures (15 ns), (5) ASPN samples with 220 ns channel
textures (220 ns), (6) ASPN samples with low aspect ratio lotus textures (ASPNL1), (7) ASPN
samples with high aspect ratio lotus textures (ASPNL2), (8) ASPN samples with shark skin
textures (ASPNS), (9) ASPN samples with triangular LIPSS textures (ASPNA), and (10) Unt
samples with triangular LIPSS textures (UntA). A list of the different sample codes, including

their treatment and texturing conditions, can be found in Table 3-3.

Table 3-3 Sample codes, treatment condition and texturing condition of all sample types.

Sample Code Treatment Condition Laser Source Texture Morphology
Unt Untreated - -

ASPN ASPN Treated - -

310fs ASPN Treated fs Channel

15 ns ASPN Treated ns Channel

220 ns ASPN Treated ns Channel
ASPNL1 ASPN Treated fs Low Aspect Ratio Lotus
ASPNL2 ASPN Treated fs High Aspect Ratio Lotus
ASPNS ASPN Treated fs Shark Skin
ASPNA ASPN Treated fs Triangular LIPSS

UntA Untreated fs Triangular LIPSS
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3.2. Characterisation

3.2.1. Material Characterisation

Before texturing of the Unt and ASPN samples, surface roughness measurements were taken
using an AMBIOS XP-200 surface profilometer (tip radius 2 um) to demonstrate similar surface
conditions. The elemental depth profiles of treated surfaces were measured and analysed
using a glow-discharge optical emission spectrometer (GDOES; GDA 650 Spectruma Analytic
Gmbh). GDOES was also utilised to determine the as-received untreated AISI 316L alloy
semi-quantitative composition. GDOES measurements were carried out with a crater spot
diameter of 2.5 mm, excitation potential of 1000 V and current of approximately 12 mA. Due
to limitations with the availability of standard specimens containing nitrogen (maximum of 2
wt% nitrogen), only semi-quantitative data was possible for nitrided specimens that
characteristically contain much higher concentrations of nitrogen. However, the main purpose
of the GDOES measurements within this study were for the determination of the treatment
layer thickness. Confirmation of the crater depth formed following GDOES etching was

performed using surface profilometry over the crater (AMBIOS XP-200).

Hardness measurements were taken to demonstrate the depth of S phase treatments, as well
as, to quantify changes in hardness following triangular LIPSS texturing of S phase treated
surfaces. Surface hardness (and Unt hardness depth profile) measurements were taken using
a Mitutoyo MVK-H1 Vicker’s microhardness tester with a load of 50 gram-force (gf). Hardness
depth profiles were taken using nanoindentation (MicroMaterials NanoTest Vantage) with a

Berkovich indenter and a depth control of 200 nm. Raman spectroscopy, using a Renishaw



inVia Raman Microscope fitted with a 488 nm excitation laser and a Raman shift range of 250
to 2000 cm, was performed to show surface contamination (e.g. oxidation) following laser
texturing. X-ray diffraction (XRD; Bruker D8 Advanced or Proto AXRD) analysis using a Cu
radiation source (Ka = 0.145 nm) was used to confirm the formation and nature of the S phase

layer on samples.

SEM imaging (JEOL 7000F; accelerating voltage 20 kV) was used to reveal signs of material
thermal shock, melting, sputtering or cracking, the response of the S phase to the different
textures, and the layer structure of the S phase. Energy dispersive X-ray spectroscopy (EDS;
Oxford Instruments Ultim Max 40) of point spots and area maps were used to determine the
chemical composition of samples, to confirm sites of chromium nitride precipitation, and to
detect sites of elemental segregation. EDS spot analysis was carried out at identical
accelerating voltage (20 kV) to imaging, for 3 minutes on each spot, and X-ray spectrum range
of 0-20 keV. For EDS mapping, a dwell time of 1000 us (1 ms), processing time of 5 s, and energy
spectrum range of 0-20 keV was used, resulting in an approximate total mapping time of 3
hours per map (1 full scan). Although long EDS scanning times were used to account for the
difficulty related to the accurate measurement of light elements such as nitrogen and oxygen,
guantitative data from these measurements were still deemed to not be quantitative, but

rather qualitative/comparative.

Transmission electron microscopy (TEM) was used to accurately observe the surface condition
of 310 fs channel textured samples to confirm the precipitate- and damage-free state of the
surface. Cross-sections of the 310 fs textured samples were prepared for TEM analysis using

manual sample preparation (cutting and grinding) and a focussed ion beam milling (FIB; FEI



Quanta 3D) approach to produce samples of = 50 nanometre thickness. Prior to milling, a
protective platinum coating was deposited using the gas injection system to shield the
textured areas. A JEOL 2100 TEM was used to study the surface microstructure (imaging) and

phase characterisation (selected area diffraction) of the 310 fs channel textured S phase layer.
3.2.2. Texture Characterisation

Scanning electron microscope imaging (JEOL 7000F) was used to examine the surface
morphology, cross-sectional morphology/structure, texture channel spacing and laser-induced
damage of the textured samples. Optical camera imaging was used to demonstrate the light
scattering effect of the triangular LIPSS textured samples (UntA & ASPNA). Periodicity and
symmetry of the triangular LIPSS textured samples were determined using fast Fourier

transforms (FFT; Imagel) of low magnification surface SEM images.

3.3. 1-D Surface Temperature Modelling

Analytical models were used to predict the temperatures immediately following single and
multiple pulse nanosecond laser texturing. These values were then combined with diffusion
data to determine the feasibility of S phase decomposition (i.e. chromium nitride precipitation)
during the nanosecond laser texturing of the channels. Surface temperatures (where depth =
0) during and following the nanosecond pulses (15 ns & 220 ns) were calculated analytically
using Fourier’s second law [219]. Temperatures for the femtosecond laser pulses were not
examined as they follow different mechanisms (non-equilibrium excitation of valence

electrons) that are beyond the reach of this study [23, 217]. Also, since the maximum



temperature achieved with the laser was the main purpose of the calculation, material loss
and phase changes (i.e. latent heats) were not taken into consideration for the heat flow.
Additionally, since the maximum temperature is achieved at the laser spot, only one-
dimensional heat flow was used for the calculation. The following heating (equation 3-1) and
cooling (equation 3-2) equations were used to calculate the temperature during and after each

laser pulse [219].

Tt<nt)= 210(1}( R Aat. %+ To (equation 3-1)
T(t>1) = w.\/;\/a [Vt -Vt =1] (equation 3-2)

where t is the time since the last pulse started (s), T is the pulse duration (s), I, is the
calculated laser intensity (equation 3-3); W.m2), R is the surface reflectivity at the wavelength
of the laser source (value used is 0.6352), k is the thermal conductivity (16.3 W.m.K1), a is
the calculated thermal diffusivity (equation 3-4; m2.s?) and T, is the starting temperature

before the pulse begins (25 °C) [220].

Iy = £ > (equation 3-3)
nr
k
a=— (equation 3-4)
Cpp

where E is the energy of the pulse (J), 7 is the Gaussian spot radius (m), G, is the specific heat

of the material (500 J.Kg*.K?) and p is the material density (8000 Kg.m3).



The accumulation of heat with successive pulses was accounted for by re-calculating how long
a pulse duration would have to be from the starting temperature to reach the temperature at
the end of the last pulse (equation 3-5). The new pulse duration was then directly inserted into

equation 3-2 to calculate each cooling cycle.

_ k(T -Ty)
(equation 3-5)
210(1 R)f

t(T) =
where T is the temperature reached just before the laser turns off (°C).

3.4. Electrochemical Corrosion Testing

Potentiodynamic anodic polarisation and electrochemical impedance spectroscopy were
performed to examine the effect of the different types of laser patterning on the corrosive
behaviour of S phase treated surfaces. For both testing conditions, electrochemical testing was
carried out under room temperature conditions and using a standard three electrode setup. A
platinum plated rod, a saturated calomel electrode and sample surface acted as the counter

electrode, reference electrode and working electrode, respectively.
3.4.1. Potentiodynamic Anodic Polarisation

Potentiodynamic anodic polarisation was performed using Ringer’s solution (9 g/L NaCl, 0.64

g/L CaCl.2H20, 0.42 g/L KCl and 0.2 g/L NaHCOs3), which closely resembles bodily fluid, as the
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electrolyte media [221]. A Gamry Interface 1000 instrument was used to measure current
changes during the experiments. An open circuit potential test was initially performed for 3600
seconds to stabilise the surface voltage and obtain an estimated open circuit corrosion
potential (Eoc). Anodic polarisation was then performed between -0.5 mV and 1.5 mV of the

obtained Eoc at a scan rate of 2 mV/s.

Following the tests, SEM imaging of the surfaces were used to look at the morphology of the
samples as well as measure the total length of laser created channels within the tested areas
for each sample. Cross-section SEM imaging was also used to roughly measure the extra
surface area provided by the channels. By multiplying this extra surface by the total length of
the channels in the test area it was possible to approximate the surface area tested for each
electrochemical test performed. Tafel curve fitting (equation 3-6) was then utilised to
determine the corrosion potential (Ecorr), corrosion current density (lcorr) and corrosion rates

of each sample type.

2.303(E—Ecorr) 2.303(E—Ecorr)

N PO Ba —e Bc (equation 3-6)

where I is the measured cell current (A), I, is the corrosion current (A), E is the electrode
potential (V), Ecorr is the corrosion potential (V), B4 is the anodic Tafel coefficient (V/decade)

and B is the cathodic Tafel coefficient (V/decade).

3.4.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis was carried out using a Gamry Interface

1000 instrument. EIS testing was carried out following an open circuit potential test performed
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for approximately 5400 seconds. The EIS test was performed using Ringer’s solution (see
section 3.4.1), an AC amplitude of +10 mV and a frequency range between 102 and 10° Hz with
10 points per decade. Automated computer extrapolation of the impedance magnitude and
phase angle (between the voltage and current) from each decade of frequency tested were

obtained using Lissajous plots.

3.5. Wettability Testing

Calculated surface energies and wetting properties of different sample surfaces were
measured using 6 pl sessile drops of diiodomethane and Milli-Q water. Average contact angle
measurements were taken using an Attension Theta Optical Tensiometer over a 15 s period
after the drops had stabilised. Prior to testing, samples were cleaned using Teepol and allowed
to fully dry. To account for the influence of ageing, treated and/or textured samples were
prepared 3 months in advance. Surface free energy calculations were carried out according to

Fowkes theory (as described by Rulison [222]).

3.6. Tribological Testing

3.6.1. Reciprocating Sliding Wearing

Sliding wear testing was carried out to obtain comparable surface wear resistance data, obtain
texture structural integrity information, and to give insights into wear mechanisms present.
Reciprocating sliding ball-on-plate wear testing was performed using a Phoenix TE79
tribometer and an 8 mm diameter alumina ball counterpart. Both dry and Ringer’s (see section

3.4.1) lubricated conditions were tested. A total sliding distance of 5 m was used (5 mm/cycle
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x 1000 cycles) with varying loads (50 gf, 300 gf, 500 gf) and maximum Hertzian contact
pressures (Table 3-4). The volume of removed material was measured by multiplying the
stroke length (5 mm) by the average cross-sectional surface area removed through wearing
(measured using an AMBIOS XP-200 surface profilometer). Wear factor (m3/Nm) was then
calculated using the volume of material removed (m3), the applied load (N) and the total sliding
distance (m). Surface morphology of the wear tracks and damage to the textures were

observed using SEM (JEOL 7000F) imaging.

Table 3-4 Load and maximum Hertzian contact pressures during reciprocating sliding wear testing.

Maximum Hertzian Contact Pressure (GPa)
Load (gf) Load (N)
Unt ASPN
50 0.5 0.49 0.51
300 3.0 0.88 0.93
500 5.0 1.05 1.10

3.6.2. Pattern Durability Testing

To simulate real contact conditions, large area wear testing was carried out on an automated
polishing machine (Struers LaboPol-5/LaboForce-3) using 3 um diamond suspension and a
polishing cloth (Struers MD-Dac). The LaboPol-5 and the LaboForce-3 were both kept at
constant rotational speeds of 50 rpm and 250 rpm, respectively (Fig. 3-3). Throughout testing,
the diamond suspension was reapplied every 15 seconds to replenish any counterpart particles
that were lost due to the rotations. Samples were kept under a constant load of 10 N, while

the amount of wearing was varied with time (Table 3-5). Samples were subjected to a total
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sliding distance of 900 mm (90 mm x 5 (lines) x 2 (slide up/down)) per rotation of the LaboPol-5

(Fig. 3-3). Following testing, samples were ultrasonically cleaned (Teepol and acetone) and

then imaged using an SEM (JEOL 7000F) to observe the damage to the surface and the textures.

o0 rpm

Fig. 3-3 lllustration of the large area wear testing. Image on the left shows the setup for the test.
Image on the right shows the sliding trajectory and distance travelled per rotation.

Table 3-5 Total sliding distances of the large area wear testing with changing cycle counts.

Cvcle Name Distance Per Rotation Rotations Per Minute Time Total Sliding

y (m/rotation) (rotation/min) (min) Distance (m)
Low 0.9 50 0.5 22.5
Medium 0.9 50 1.0 45.0
High 0.9 50 2.0 90.0

103



3.7. Antimicrobial Testing

Antimicrobial testing (shown in Fig. 3-4) against both Gram-positive Staphylococcus aureus (S.
aureus) and Gram-negative Escherichia coli (E. coli) was carried out similar to the Japanese JIS
Z2801:2000 spread plate protocol previously described by Suzuki et al. [223]. Each bacterium
was tested separately and from a single colony. Initially, the bacteria were put into 10 ml of
sterile tryptone soya broth (TSB; Oxoid) and then cultured overnight in a mixing incubator at
100 rpm and 37 °C. Before testing, serial dilutions were made from the overnight cultured
bacteria to achieve a bacterial suspension concentration of the order of 10* cells/ml for S.
aureus and 10° cells/ml for E. coli. Freshly steam autoclaved (121 °C, 100 kPa, 15 minutes) and
sterilised samples (3 of each sample type) were inoculated with 20 pl of the diluted bacterial
suspension and then covered with a glass coverslip to stop the liquid drying. Samples were
then place into an empty petri dish and incubated for 6 hours at 37 °C. Following incubation,
samples were placed into 50 ml MD Falcon tubes containing 10 ml of sterile phosphate
buffered saline (PBS; Sigma-Aldrich) and vortexed for 20 s to release bacteria into the solution.
100 ul aliquots of the PBS suspension were transferred and spread onto tryptone soya agar
(TSA; Oxoid) filled petri dishes. 3 repeats were performed for each individual coupon (i.e. 9
dishes per sample type), before overnight incubation at 37 °C. Within this time, every viable

bacterial cell was able to grow into colonies visible by eye.

Counting of the colony forming units (CFU) was performed using Imagel) (Trainable Weka
Segmentation plugin). In situations where colonies had overlapped with each other, the

number of CFU was determined by dividing the total area covered by the colonies by an
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average colony size (N = 10). To determine the antimicrobial efficacy, comparisons were made
to the control (equation 3-7). The control for this test was a 20 ul inoculate of the original
10%/10° cells/ml bacterial suspension directly inserted and vortexed into a 50 ml MD Falcon
tube containing 10 ml of PBS. All the other steps were carried out in the same way as the

samples (with 3 repeats).

. No- N .
Efficacy (%) = [ ] x 100 (equation 3-7)

0

where N is the CFU count from the sample and No is the CFU count from the control.

3.8. Statistical Analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with a
Holm-Sidak post-hoc test. Differences were considered statistically significant when p < 0.05.
In all cases without statistical analysis, the means and standard deviations are reported

instead.
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Fig. 3-4 Overview of antimicrobial testing procedure.
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CHAPTER 4 EXPERIMENTAL RESULTS

To examine the feasibility and capability of combining S phase surface hardening and
ultrashort pulsed laser texturing, as outlined in the aims and objectives of this study (section
1), comparisons were initially made for different ultrashort pulsed laser texturing parameters
(310 fs, 15 ns and 220 ns; section 4.2) against as-treated surfaces (ASPN; section 4.1). Following
confirmation of the feasibility of femtosecond pulsed laser texturing of the S phase surface
layer, various bio-inspired antibacterial surface textures were produced using the
femtosecond laser texturing (section 4.3) under different rastering strategies (section 3.1.3).
Due to the superior antibacterial performance of the triangular LIPSS, further detailed
examinations were carried out to determine the surface characteristics, electrochemical
performance and antibacterial efficacy of the triangular LIPSS (section 4.4). Finally, the
mechanical performance and antibacterial durability of the triangular LIPSS produced on
S phase treated surfaces are characterised and compared against untreated equivalent

surfaces (section 4.5).

4.1. ASPN Surface Layer

The ASPN sample type was used to determine the conditions of the surface layer prior to
texturing. Elemental depth profiling by GDOES revealed an approximately 8 um deep nitrided
surface layer following the 20 hours treatment at 400 "C. Semi-quantitative measurements

from GDOES also demonstrated a maximum nitrogen content at the surface of approximately
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35 wt% (Fig. 4-1A), with an improvement in hardness from 200 to 1130 (HV0.05) following
treatment, which are all typical for an S phase surface treatment [8]. Cross-section SEM
micrographs (Fig. 4-1B) confirmed the presence of a precipitate free S phase surface layer
measuring approximately 8.17 + 0.4 um deep, which agrees with the depth profiling data (Fig.
4-1A). X-ray diffraction data (Fig. 4-2) further confirmed the formation of the S phase on the
ASPN samples with characteristic left shifted austenite (Y) peaks at 42 ° (S1) and 47 ° (S2)
without any appreciable peaks for chromium nitrides. Additionally, the Y(111) peak, present

from the underlying bulk material, can also be seen at a 20 angle of 44 °.
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Fig. 4-1 Characterisation of the ASPN sample type. (A) shows elemental depth profiling and (B) shows
the cross sectional morphology of the S phase. Although only three elements are displayed in the
elemental depth profiling, all elements present in the alloy were measured.
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Fig. 4-2 XRD phase comparison of Unt and ASPN samples.

4.2. Nano- and Femtosecond Pulsed Channel Textures

The primary aim of this work was to ascertain whether decomposition of the S phase occurred,
following channel texturing (310 fs, 15 ns & 220 ns) with either femtosecond or nanosecond
laser sources (see section 3.1.3.1). Confirmation of the condition of the S phase following
texturing were carried out using morphological analysis, compositional mapping, phase
analysis and electrochemical corrosion behaviour. Analytical modelling of maximum surface
temperatures following nanosecond laser texturing were also carried out to support and

explain the observed S phase decomposition.
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4.2.1. Morphology of Textured Surfaces

ASPN treated samples were textured using nanosecond and femtosecond pulsed laser
texturing. From the electron micrographs (Fig. 4-3) it is clear to see that the spacing of the
channels are consistent with the set hatch spacing of 300 um. However, it is also obvious that
the width of the channels varies between sample types. The channel widths become larger
with increasing pulse duration, going from 29.97 + 1.4 um for the 310 fs sample type, to
52.44 + 3.3 um for the 220 ns sample type. The morphology of the tracks and the surrounding
areas also varies greatly. Clear signs of melting and recasting are visible in both of the 15 ns
and the 220 ns samples, with re-solidified metal droplets being spread within and around each
channel (Fig. 4-3B3 & C3) [198]. The 15 ns textured samples display a smooth and
perpendicularly layered inner track with regular surface cracking. The 220 ns textured samples
demonstrate the most significant change in surface morphology, with the presence of vast
amounts of droplets, especially within each channel. Additionally, the 220 ns tracks appear to

have segments whereby the channels close in on themselves.

The 310 fs textured samples, on the other hand, present with minimal change in surface
morphology to the surrounding areas of the channels. Fine nanoscale debris and particulates
are present adjacent to channels, which most likely arise due to the ablation and back
sputtering that occurs during the texturing process (Fig. 4-4B) [224]. No obvious signs of
melting or cracking can be deduced from the surface images. Also, typical sub-micron ripple-
like LIPSS textures can be clearly seen within the channels (Fig. 4-4A). Altered periodicity,

changing orientation and presence of holes can be seen within the channels, which are likely
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to be due to incomplete optimisation of the laser source and should be considered for the

morphology of the surface following electrochemical corrosion testing.
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Fig. 4-3 Surface morphology of the ASPN treated and channel textured samples. (A1-3) 310 fs samples,
(B1-3) 15 ns samples and (C1-3) 220 ns samples. Hatch spacing (a) was also measured to be 300.6 *
1.1 um. Arrows indicate areas where cracks are present and where channels have closed in on
themselves.
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Fig. 4-4 Surface morphology of 310 fs textured samples. The fine sub-micron ripple textures along each
channel can be seen in image A, with some inconsistencies in the texturing process (a). Image B shows
the back-sputtered particulates (b) found adjacent to the channels.

4.2.2. Cross-Sectional Layer Structure

Comparisons of the structures underneath and around the laser textured channels were made
with the as-treated sample type (ASPN, Fig. 4-1B) to determine any changes or damage to the
S phase. Other than the addition of the channels and LIPSS textures, no visible changes can be
distinguished in the cross-sections of the 310 fs treated samples (Fig. 4-5A1-3). Even under
backscattered electron imaging, no variation in contrast density can be seen (Fig. 4-5A3). EDS
mapping (Fig. 4-6A & B) also helped to show no discernible changes to the elemental profile
across the 310 fs channels. On the other hand, both nanosecond laser textured samples
displayed clear signs of damage to the surface layer. Obvious cracks can be seen near the
surface of the 15 ns textured samples (Fig. 4-5B2-3), while complete loss of the S phase is
observed within and atop of the channels in the 220 ns textured samples (Fig. 4-5C1 & 6D).
Moreover, EDS mapping of the cross-sectional areas of the nanosecond textured samples
conclusively show the altered elemental profile (Fig. 4-6B & C). In particular, the formation of

localised areas of high chromium, high nitrogen, low iron and low nickel in the superficial
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regions of the textures (as indicated in Fig. 4-6) help to confirm the presence of chromium
nitrides. Additionally, both nanosecond textured samples also present clear signs of general
compositional changes at the surface (Fig. 4-5B3 & C3) and initiations of the formation of
lamellar structures (Fig. 4-5B2-3 & C2-3). Confirmation of the composition of these formations

was made using EDS spot analysis (Table 4-1).

Table 4-1 shows the changing chemistry within these regions in comparison to surface
composition data from ASPN samples. A clear increase of Cr, N and Mo was detected on the
15 and 220 ns textures samples, with the latter showing the greatest increase. However, the
concentration of Fe and Ni were reduced following both ns textures (also found under EDS
mapping (Fig. 4-6)). Again, the most profound changes were observed following the 220 ns
texturing. On the other hand, the only observable changes found with the 310 fs textured
samples were with the detected compositions of S and Mn, which were both only slightly

altered.

The formation of the lamellar structures (Fig. 4-5) and compositional changes (Table 4-1 & Fig.
4-6) on the nanosecond textured samples have already demonstrated the formation of
chromium nitride precipitates, and hence TEM analysis was not carried out on these sample
types [225]. Instead, TEM analysis was carried out to conclusively confirm whether the S phase
on the 310 fs samples had remained precipitate free. As the textured surface was directly in
contact with the femtosecond laser beam, a protective layer of Pt was deposited before ion
beam cutting and milling (Fig. 4-7A). Cross-sectional TEM microstructures shown in Fig. 4-7B
and C revealed the contours of the texture at the top surface. Observations at the areas just

beneath the contour line confirmed no CrN precipitation (Fig. 4-7B & C). Selected area
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diffractions taken from the S phase area showed FCC structured patterns (Fig. 4-7D) with
expanded austenite d-spacing, consistent with expected XRD data [8]. High density
microstructure defects, such as micro-twins (Fig. 4-7B) and dislocations, were presented within

the layer, which are the characteristic of the S phase layer [8, 131].

Table 4-1 Elemental concentrations (wt%) from the location shown in Fig. 4-5. ASPN spots were taken
from the surface.

Sample Cr Fe N Ni Mo Mn Si S
ASPN 16.73 | 65.08 4.32 9.73 1.75 | 1.88 | 0.48 | 0.03
310fs 16.40 | 66.34 4.10 9.52 1.66 | 1.58 | 0.36 | 0.04
15 ns 21.10 61.45 5.77 7.49 201 | 1.88 | 0.25 | 0.05
220 ns 2486 | 51.17 | 10.08 8.95 299 | 1.54 | 0.41 | 0.00

Fig. 4-5 Secondary (A1-A2, B1-B2 and C1-C2) and backscattered (A3, B3 and C3) electron images of
cross-sectional layer structures of the channel textured samples. (A1-A3) 310 fs samples, (B1-B3) 15 ns
samples and (C1-C3) 220 ns samples. Areas of material cracking are indicated with an arrow. Labels
(a, b and c) indicate locations of elemental spot analysis listed in Table 4-1.
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Increasing Intensity

Fig. 4-6 Backscattered electron imaging (top row) and EDS elemental mapping through the cross-
sectional areas of each sample type: (A) ASPN samples, (B) 310 fs textured samples, (C) 15 ns textured
samples and (D) 220 ns textured samples. Samples are organised in columns, with each row
representing a different element (as labelled). Colour intensity mapping used is relative to each
individual element map. Arrows correspond to sites of precipitation that match elemental composition
changes in the related maps.
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310 fs textured
surface

Fig. 4-7 Cross-sectional TEM sample preparation and characterisation of the 310 fs textured sample:
(A) SEM image of FIB cutting and milling of the sample for thin TEM specimen preparation; (B) TEM
image of the S phase layer, showing the surface texture contour line; (C) enlarged 310 fs textured top
surface, and (D) selected area diffraction pattern from S phase area shown in (C).

4.2.3. Predicted Surface Temperatures

To attribute the rapid deterioration of the S phase following nanosecond texturing, 1D heat
conduction modelling was carried out to predict the maximum possible temperatures at the
surfaces of the samples following single (Fig. 4-8) and multiple (Fig. 4-9) pulses from the laser
source. No sources of heat loss (e.g. phase changes & material loss) other than conduction
have been accounted for in the model. Therefore, in both cases (single and multiple pulses) it

can be regarded as the maximum possible temperature following laser heating. Due to the
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significantly different inherent mechanism of action, a temperature model for femtosecond

laser texturing was possible within this study (as previously explained in section 3.3).

The calculated peak temperatures (Tpeak)were found to vary greatly between the two laser
settings, with the 15 ns pulses achieving approximately 18000 °C after a single laser pulse,
while the 220 ns pulse reaching a much lower, but still incredibly high, temperature of around
8000 °C (Fig. 4-8). Following multiple pulses, only a limited amount of heat accumulation
occurs before an equilibrium between the heating and cooling rates is achieved (Fig. 4-9).
Although counterintuitive, the higher temperatures reached following a shorter pulse can be
explained as a result of the much greater laser intensity of the 15 ns pulse (2.91x10*2 Wm™2) in

comparison to the 220 ns pulse (3.22x10%* Wm™).

The cooling rates of both pulse durations follow a similar trend, leading to a saturation
temperature (Tsat) of 390 °C for the 15 ns pulses and 577 °C for the 220 ns pulses. Additionally,
by taking an average temperature across the data in Fig. 4-9 and then calculating the time
taken for the laser to move the distance of one spot diameter (Table 3-2) it is possible to
approximate the temperature (757.24 °C (15ns) and 1111.45 °C (220 ns)) and length of time
(227.27 ps (15 ns) and 200 ps (220 ns)) any one spot on the sample will be subjected to.
Similarly, using extended version of the data presented in Fig. 4-8, it is also possible to predict

average temperatures for single pulses of each laser (729.2 °C (15 ns) and 981.8 °C (220 ns)).
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Fig. 4-8 Single pulse surface temperature modelling following 15 ns and 220 ns laser pulses.
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Fig. 4-9 Multiple pulse surface temperature modelling following 15 ns and 220 ns laser pulses. Dash
and dot lines indicate the peak temperatures, while the dotted lines show the saturation
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4.2.4. Corrosion Behaviour

4.2.4.1. Potentiodynamic Anodic Polarisation

The calculated corrosion rates (Table 4-2) demonstrate that the as-treated (ASPN) and 310 fs
textured samples possess the best average resistance to corrosion (4.5 and 30.2 um/year,
respectively) across the tested area. Both sample types displayed significantly better predicted
corrosion rates than the 15 ns (264.4 um/year) and 220 ns (685 um/year) textured samples.
Correspondingly, the corrosion current density (lcorr) follows the same trend for all sample
types. Corrosion potential (Ecorr) data revealed that the ASPN and femtosecond textured
samples (-206 and -218 mV/SCE, respectively) were the most noble. On the other hand, the 15
ns textured samples showed the most negatively charged corrosion potential (-567 mV/SCE).
The 220 ns textured surface displayed a more noble corrosion potential (-294 mV/SCE), which

can be attributed to the extensive oxidation that occurs during thermal laser texturing [198].

Table 4-2 Quantitative corrosion measurements of the channel textured sample types.

ASPN | 310fs | 15ns | 220 ns

leorr (MA/cm?) 0392 | 261 | 228 | 59.1

Ecorr (MV/SCE) 206 | -218 | -567 | -294

Corrosion Rate (um/year) 4.5 30.2 264.4 | 685.0

The polarisation curves (Fig. 4-10) match up clearly to the calculated corrosion potentials. As
expected, multiple signs of re-passivation are obvious on the ASPN samples. The 15 ns textured

samples also show signs of current density stagnation between the potentials of approximately
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-0.3 and 0.2 mV/SCE. Almost no signs of passivation can be observed with the 220 ns textured

samples, while only limited passivation is present on the femtosecond textured samples.
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Fig. 4-10 Polarisation curves of the different channel textured sample types in Ringer’s solution.

Surface SEM imaging was carried out following anodic polarisation testing in order to observe
the condition of the textured surfaces (Fig. 4-11). Extensive damage to the surface structure
can be seen on both nanosecond textured samples. On the surface of the 15 ns samples, grain
boundary corrosion related to the precipitation of chromium nitrides can be clearly
distinguished (Fig. 4-11B1-2) [8]. Whereas, the surface of the 220 ns samples reveals large

amounts of cracks perpendicular to the channels as a result of the thermal shock following the
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rapid heating and cooling cycles [198]. On both nanosecond textured samples there are signs
of partial (15 ns) and complete (220 ns) removal of the bulges at the sides of the channels (Fig.
4-11B & C). On the other hand, the 310 fs channels show almost no change or damage to the
surface, even under backscattered electron imaging (Fig. 4-11A1-2). In particular, the fine LIPSS
textures within the channels demonstrate excellent resistance to the Ringer’s solution, despite

the vastly greater surface area.

Fig. 4-11 Secondary and backscattered electron imaging following anodic polarisation testing of (A)
310fs, (B) 15 ns and (C) 220 ns textured samples. Arrows indicate areas of material damage or
profound corrosion attack.
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4.2.4.2. Electrochemical Impedance Spectroscopy

The Bode (Fig. 4-12) and Nyquist (Fig. 4-13) plots both demonstrate correlating results to the
data obtained through anodic polarisation testing, with the best total resistance to polarisation
(Rf + Rp; see Fig. 4-14 for explanation of terms) being found in the ASPN and 310 fs textured
samples (Table 4-3). The superior impedance (real component, imaginary component and total
magnitude) of these surfaces over the nanosecond textured surfaces can be further discerned
from the data obtained at the lowest frequency (102 Hz). Additionally, the phase angle
differences in the bode plots (Fig. 4-12) indicate a change in surface structure with the
nanosecond textured surfaces, whereas almost identical trends are captured with the ASPN
and 310 fs textured samples. This is particularly highlighted by the different equivalent circuits
used for each sample type fitting (Fig. 4-14), with both nanosecond textured surfaces
demonstrating some form of diffusion based impedance (Warburg impedance) that can be
attributed to the formation of a thick porous surface oxide layer as a result of the rapid heating
and cooling laser texturing process (Fig. 4-6; Fig. 4-15). This is also clearly demonstrated by the

slope of the Nyquist plot of the 220 ns textured sample (Fig. 4-13 inset) [198, 226].

Furthermore, data collected from Raman spectroscopy (Fig. 4-15) also help to confirm the
presence, and increased thickness, of the surface oxides (as well as the presence of some
carbon deposits) following laser texturing [227, 228]. From Fig. 4-15, a significant increase in
overall surface oxides is observed for all textured surfaces, with both nanosecond textured
surfaces undergoing the most extensive surface oxidation, with particularly significant

increases of CrO2 (= 680 cm?) [229, 230]. This rapid increase of the oxide layer following
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nanosecond laser texturing likely contributes to the significantly larger Rt values measured for

the 15 ns and 220 ns samples, in comparison with the ASPN and 310 fs samples (Table 4-3).

The large disparity in Rf values between the 15 ns and 220 ns can be attributed to the depth of
texturing (i.e. whether the S phase surface layer is penetrated; Fig. 4-5 & Fig. 4-6). For 15 ns
textured samples, the S phase surface layer is not fully penetrated, and therefore, the rapidly
formed and porous oxide develops on the S phase layer, which forms the outer
electrolyte-S phase interface, and gives rise to the large resistance to polarisation (Rf). On the
other hands, for the 220 ns laser textured samples, the S phase layer is fully penetrated, and
therefore, the rapidly formed and porous oxide can develop on both the S phase surface, and
the exposed untreated surfaces. Consequently, this creates a situation whereby there is
potential to bypass the S phase surface layer (electrolyte-S phase interface) to a large extent,
through the exposed untreated surface (electrolyte-untreated bulk interface), and therefore
results in the significantly larger Ry value. No such disparity, or change in absolute measured
value, of the Rf and Rp value are observed for the 310 fs samples, in comparison with the ASPN

treated surface (Table 4-3).

Table 4-3 Measurements of resistance (Q) to polarisation of the channel textured sample types.

ASPN 310fs 15 ns 220 ns
Rt 58.98 43.80 1.93 x10° 2096
Rp 3.202 x10° 3.203 x10° 404.8 1.97 x10*
Rrotal 3.202 x10° 3.203 x10° 1.93 x10° 2.18 x10*
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Fig. 4-12 Bode phase (top) and magnitude (bottom) plots of the channel textured sample types. Fitted
lines were made according to the equivalent circuit models in Fig. 4-14.
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Fig. 4-13 Nyquist plot of impedance of the channel textured sample types. Fitted lines were made
according to the equivalent circuit models in Fig. 4-14. Inset magnifies the Z...; region between 0-30
x10° Q to show the 220 ns plot more clearly.
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Fig. 4-14 Equivalent circuit models used for EIS analysis where R;s is solution resistance, Ry (resistance
to polarisation) & Qs (double layer capacitance) relate to the outer electrolyte-sample interface layer,
R, & Q, relate to the S phase-untreated bulk interface, and W relates to the Warburg impedance
associated with diffusion resistance. Model A was used for ASPN and 310 fs textured samples. Model
B was used for 15 ns and 220 ns textured samples.
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Fig. 4-15 Raman spectroscopy of all the channel textured sample types. Peaks relating to surface
carbon deposition and surface oxidation (Cr,0s and CrQ;) are labelled accordingly.
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4.3. Antibacterial S Phase Texturing

Based on the findings of section 4.2, only femtosecond laser texturing was deemed viable for
use with S phase treated surfaces. In response, multiple bio-inspired antibacterial textures (see
section 3.1.3.2) formed using femtosecond pulsed laser texturing were characterised. In
addition to describing the surface morphology and layer structure, composition mapping was
also carried out to confirm the precipitate-free nature of the S phase. Finally, the antibacterial
efficacy of the textures, including the 310 fs channel texture from section 4.2, were compared
to determine an optimal texture for further characterisation (section 4.4) and durability

analysis (section 4.5).
4.3.1. Texture Morphology

The surface morphology of four distinct types of textures formed using femtosecond laser
texturing on S phase treated surfaces are shown in Fig. 4-16 & Fig. 4-17. Detailed analysis of
the morphology & features of the ASPNA sample type can be found in section 4.4. Both ASPNL1
and ASPNL2 samples present with cross-hatched textures with similar vertical/horizontal peak
spacings (a; 23.7 £ 1.1 um and 25.1 + 1.6 um, respectively) and 45 ° diagonal peak spacing (b;
34.6 £ 0.9 um and 35.4 + 1.1 um, respectively). Moreover, the peak tip diameter (c) for both
samples are comparable as well (Table 4-4). The surface morphology of the ASPNS samples are
significantly different to the lotus leaf inspired textures (ASPNL1 & ASPNL2; Fig. 4-17), with
minimal peaks and valleys present. Instead, shallow channels with similar widths to the laser

spot size (c; 27.2 + 0.8 um) separate the square/diamond shark skin features. From Table 4-4,
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it can be observed that the horizontal/vertical spacing (a) of the ASPNS sample type is also

much larger than both of the lotus-like textures.

Severe re-deposition and back-sputtering are visible within the valleys of the ASPNL2 samples
in the higher magnification imaging found in Fig. 4-16B2, which consequently have caused
roughening and rounding of the surface. This effect can be attributed to the extra repeated
laser runs over for the generation of the higher aspect ratio of the ASPNL2 sample type in
comparison with the ASPNL1 sample type (described in section 3.1.3.2). Aside from the re-
deposition, only ripple LIPSS features are present on the ASPNL2 samples, whereas nanoscale
pillars can be seen on the surface of the ASPNL1 samples. As a result of this, the channel
spacing (S1; Table 4-4) between the two textures differ, with the ASPNL2 showing smaller
channel spacing. Similar channel spacing is found on the ASPNS samples, but with more

shallow appearing valleys (Fig. 4-17A2).

Table 4-4 Pattern spacing, tip diameter and channel spacing of the ASPNL1, ASPNL2 and ASPNS

textures.
Sample a (um) b (um) ¢ (um) S1 (nm)
ASPNL1 23.7+1.1 34.6+0.9 7.1+1.2 553.9+61.3
ASPNL2 25.1+1.6 354+1.1 72110 430.2 £103.9
ASPNS 111.3+2.3 22.2+3.1 27.2+0.8 547.6 +216.7
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Fig. 4-16 Surface morphology of the (A) ASPNL1 and (B) ASPNL2 textures. Labels (also used in Table
4-4) correspond to the 90 ° peak spacing (a), 45 ° peak spacing (b), tip diameter (c) and channel
spacing (S1). Arrow indicates location of severe back-sputtering.

Fig. 4-17 Surface morphology of the (A) ASPNS and (B) ASPNA textures. Labels (also used in Table 4-4)
correspond to the 90 ° spacing (a), 45 ° inner spacing (b), channel width (c) and channel spacing (S1).
Labelling and in-depth detail of the ASPNA sample can be found in section 4.4.
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4.3.2. Cross-Sectional Layer Structure

The most notable difference between the cross-sectional layer structure of the different
textures is the depth of the valleys (Fig. 4-18 & Table 4-5), with the textures on the ASPNL2
samples frequently penetrating through the S phase treated layer by approximately 5.1 £ 2.1
pm. On the other hand, the depth of the S phase layer at the peaks of both lotus-inspired
textures (ASPNL1 & ASPNL2) are quite similar (Table 4-5), while the depth is slightly reduced
on the ASPNS sample peaks (5.1 £ 0.6 um). The difference between the peak and valley of the
ASPNL1 and ASPNS textures are quite similar (3.4 & 2.9 um, respectively), while the difference
is much larger for the ASPNL2 samples (11.2 um). Details of the ASPNA sample type can be
found in section 4.4, but it should be noted that there were no discernible peaks or valleys
within this texture, and the depth of the S phase layer was consistent (6.93 + 0.11 um) and

comparable to the as-treated (ASPN; 7.07 £ 0.07 um) material.

Both cross-sectional imaging (Fig. 4-18) and elemental mapping (Fig. 4-19) revealed no signs
of S phase decomposition following femtosecond laser texturing on all sample types. No signs
of element segregation or contrast density variation could be distinguished. The only
measurable change between the as-treated (ASPN) sample type and the textured sample type
was the development of a thin surface oxide layer, which likely develops from the oxidation of

sputtered and re-deposited matter during the texturing process.
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Table 4-5 S phase layer thickness on textured peaks and valleys .

Textured S Phase Layer Thickness
m
Sample (um)
Peak Valley
ASPNL1 6.5+1.2 3.1+1.0
ASPNL2 6.3+15 -5.1+£21
ASPNS 5.1+0.6 2.2+04

m_ WD 10.0mm

SE 20.0kV X1,000 10um WD 10.0mm

Fig. 4-18 Cross-sectional electron microscopy imaging of the (A) ASPNL1, (B) ASPNL2, (C) ASPNS and
(D) ASPNA sample types.
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Fig. 4-19 Backscattered electron imaging (top row) and EDS elemental mapping through the
cross-sectional areas of the (A) ASPN, (B) ASPNL1, (C) ASPNL2, (D) ASPNS and (E) ASPNA sample types.
Samples are organised in columns, with each row representing a different element (as labelled).
Colour intensity mapping is relative to each individual element map. It should be noted that a different
magnification was used in E.
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4.3.3. Antimicrobial Efficacy

For comparison, the 310 fs channel textures shown in section 4.2 were also analysed against
the four texture types introduced in this section. It can be seen from Fig. 4-20 that the ASPNA
sample type was the most effective texture at reducing the number of colony forming units of
S. aureus following contact with the surface (91.4 £ 4.7 % reduction), and was statistically
superior to all other texture types (p<0.001). The ASPNL1 sample type showed the next highest
resistance (76.5 = 1.8 % reduction), and like the ASPNA sample type, possessed significantly
higher antimicrobial resistance (p<0.001) than the other texture types. The ASPNL2, ASPNS
and 310 fs channel textured samples showed antimicrobial efficacies in the range of 55.3 %
(310 fs) and 62.7 % (ASPNL2), and in some cases were not statistically different to one another
(p>0.05; Fig. 4-20). The difference in antibacterial performance between the lotus-like textures
of varying aspect ratios (ASPNL1 and ASPNL2) can be attributed to the penetration of the S
phase layer (Fig. 4-18 & Fig. 4-19), therefore reducing resistance due to the exposure of the

untreated surface.
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Fig. 4-20 Antimicrobial efficacy of the different textured sample types against S. aureus. Dotted line
corresponds to the efficacy for the ASPN sample type. Other than the labelled comparisons, all other
comparison were found to be significantly different to each other (p<0.05).

4.4. Triangular LIPSS Textures

Based on their superior antibacterial efficacy (section 4.3.3), the triangular LIPSS textures were
chosen for further analysis. In-depth characterisation of the surface morphology, layer
structure, electrochemical corrosion behaviour, antibacterial efficacy against S. aureus and E.
coli, and surface wettability were carried out. To differentiate the effect of ASPN treatment
and triangular LIPSS texturing, comparisons were made between untextured and triangular

LIPSS textured surfaces formed on untreated and S phase treated samples.
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4.4.1. Texture Morphology

Optical camera imaging (Fig. 4-21A & C) and electron microscopy (Fig. 4-22A & C) helped to
reveal that both the Unt and ASPN sample types had smooth, almost featureless, surfaces.
Measurements of the surface roughness, R, (Table 4-6), before surface texturing confirmed
the similar surface condition of the Unt and ASPN samples (22.1 £ 3.6 nm & 25.3 £ 2.8 nm,

respectively).

Fast Fourier transformations (FFT) of the surface micrographs (Fig. 4-23) quantified the pattern
periodicity (Table 4-6), which revealed the repetitive nature of the triangular LIPSS textured
surfaces in varying directions. Both textured (UntA and ASPNA) sample types were found to
have 3 orders of symmetry at angles 0 ° (direction a), 60 ° (a1) and 120 ° (a1 + a2) with overall
hexagonal structuring. In agreement with previously published triangular LIPSS literature, the
periodicity of the textures were measured to be slightly smaller (= 2-6 nm™) than the
wavelength of the texturing laser (1032 nm) [205-207]. Almost identical periodicity was
measured for the UntA and ASPNA sample types in each direction, with the highest frequency
being found in direction b (=~ 885-889 nm; Table 4-6). As a result of the pattern periodicity,
scattering of white light was seen with optical camera imaging for both UntA and ASPNA
sample types (Fig. 4-21). Additionally, due to the 3 orders of symmetry (Fig. 4-23), white light
becomes scattered in multiple directions upon interaction with the textures and leads to the
appearance of different colours across the surface (Fig. 4-21), as well as, at different viewing

angles [231].
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Other than periodicity, the effective widths of the valleys within the textures (named channel
spacing) were also measured. Two types of valleys were found on the textured surfaces (S1 &
S2; Fig. 4-22), with both UntA and ASPNA samples possessing similar channel spacing for S1
(230.6 £ 63.9 and 239.5 + 76.3 nm respectively) and S2 (732.0 £ 78.9 and 734.9 + 108.4 nm

respectively).

Table 4-6 Pattern periodicity, channel spacing and surface roughness (pre-texturing) for the Unt, UntA,

ASPN & ASPNA samples.
. . . -1 .
Sample Pattern Periodicity (hm™) Channel Spacing (nm)
d Ra (nm)
code a b c S1 S2
Unt 22.1+3.6 - - - - -

UntA - 930.0+4.3 | 889.2+2.7 | 936.3+10.5 | 230.6+63.9 | 732.0+78.9

ASPN 25.3+2.38 - - - - -
ASPNA - 924.1+4.7 | 885.4+2.8 | 934.0+5.6 | 239.5+76.3 | 7349+ 108.4

Fig. 4-21 Camera pictures of the surface colours and uniformity of Unt (A), UntA (B), ASPN (C) and
ASPNA (D) samples.
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Fig. 4-22 Surface morphology of the different sample types: Unt (A), UntA (B1-2), ASPN (C) and ASPNA
(D1-2). Lines labelled S1 and S2 depict the two types of channel spacing present within the textured
surface.
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Fig. 4-23 Pattern periodicity (labelled as a, b and c) of UntA (A) and ASPNA (B) sample types revealed
by surface micrographs (labelled 1) and image FFTs (labelled 2). Hexagonal structuring is
demonstrated by both sample types, and consequently, 3 orders of symmetry are found with angles
al and a2 (where al = a2 = 60 °).

4.4.2. Cross-Sectional Layer Structure

Following on from previous results in section 4.2 of this study on the response of the S phase
to ultrashort pulsed laser texturing [26], testing and analysis was also performed on the
triangular LIPSS (A) textures to confirm that no changes arose in the structure of the nitrided
surface layer following treatment and/or texturing. Particular attention was paid to the ASPNA

samples to detect potential precipitation of new phases (Fig. 4-24 & Fig. 4-19), changes to the
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existing crystal structure (Fig. 4-25) or changes in the mechanical properties (Fig. 4-26) of the

treated layer.

Cross-sectional imaging (Fig. 4-24) revealed no discernible signs of S phase decomposition on
the ASPNA samples. Instead, a clear 6.93+0.11 um thick precipitate-free S phase, similar with
the ASPN sample type (7.07+£0.07 um), was observed. The only noticeable difference was the
presence of the triangular LIPSS textures on the surface, which were also found on the UntA
sample type (Fig. 4-24D). In both UntA and ASPNA samples, the depth of the texturing (peak
to valley) was measured to be less than 300 nm. Due to the poor mechanical properties of the
UntA samples, a nickel surface coating (Fig. 4-24B) was necessary to protect against damage
to the fine surface textures during sample preparation. Whereas, with the ASPNA samples (Fig.
4-24D), such a protective coating was not required due to the vastly improved hardness (Fig.
4-26). Another noteworthy difference between the untreated (Unt, UntA) and treated (ASPN,
ASPNA) sample types was with the presence of pores in the bulk of the treated surfaces (Fig.
4-24C & D). However, this was not due to any change to the bulk material, but instead, due to

the significantly longer etching time required to reveal the S phase.

Elemental mapping (Fig. 4-19) of the layer structure of the treated samples further
demonstrated the homogeneous S phase surface treated layer on both the ASPN and ASPNA
sample types. Other than the boundary between the S phase and the underlying bulk, no signs
of element segregation could be detected within the material. Backscattered electron imaging
also supported this finding, with no discernible change in contrast density between the
samples (Fig. 4-19A & E). A thin heterogeneous surface oxide was noticeable on the ASPNA

sample type (Fig. 4-19), which likely arose as a result of the ablation and back-sputtering
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process involved with the athermal femtosecond laser texturing process (similar to the findings

of the other textures in section 4.3.2).

Left shifting (increased d-spacing) of austenite peaks (Y) in XRD phase analysis (Fig. 4-25)
verified the formation of the S phase. An approximately 3 ° and 4 ° shift was measured in the
S1 and S2 peaks of the ASPN treated samples, respectively. The mechanical superiority of the
S phase over the untreated material (Unt) was observable within the hardness depth profiling
(Fig. 4-26). An approximately 5-fold increase in surface hardness was found between the
S phase (1200-1300 HV) and the untreated 316L material (= 250 HV; Unt). No change in
hardness across the depth of the S phase was detected following texturing (ASPNA). The
recorded drop in hardness at the surface of both treated samples was attributed to the
interaction volume of the indent overlapping into the softer adjacent Bakelite. The difference
between the bulk hardness of the treated (ASPN & ASPNA) samples in comparison to the
untreated (Unt) samples was due to the different measuring techniques used

(nanoindentation vs. microhardness).
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Fig. 4-24 Cross-sectional secondary electron micrographs of the different sample types: Unt (A), UntA
(B), ASPN (C) and ASPNA (D). Arrows indicate the surface of the texture, while the * represents the
nickel protective plating layer on the UntA sample type. Scale bar is the same for all images.
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Fig. 4-25 XRD phase analysis of Unt, ASPN and ASPNA samples.
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Fig. 4-26 Hardness depth profiling of Unt, ASPN and ASPNA samples.

4.4.3. Corrosion Behaviour

In addition to the detection methods used to determine the precipitate-free nature of the
surface layer following S phase surface treatment and triangular LIPSS texturing (ASPNA; Fig.
4-18, Fig. 4-19, Fig. 4-24 & Fig. 4-25), electrochemical impedance spectroscopy was also
performed and compared against the 310 fs textured samples from section 4.2. Whilst the
UntA sample type shows a slight reduction in total resistance to polarisation in comparison
with the Unt sample type, the ASPNA sample, instead shows a slight improvement despite the

increased surface area introduced during the texturing process (Table 4-7). Fig. 4-27 & Fig. 4-28

141



reveal no increase in corrosion susceptibility of the ASPNA sample type on either the Bode or

Nyquist plots, even at the lowest frequencies. The most significant differences observed in

Table 4-7 relate to the Rf values of the electrolyte-S phase interface layer on the 310 fs, ASPN

and ASPNA sample types. The difference in R¢ resistance between the ASPN and ASPNA

samples can be attributed to the difficulties associated with measuring (or representing) the

true surface area of the samples following the triangular LIPSS texturing. However, despite an

expected increase in surface area in comparison with the 310 fs samples, the ASPNA were

found to have a significantly higher R resistance. This increase is likely to be due to the

difference in depth of the textures, with the 310 fs samples displaying regions of thin S phase

layers within the channels (Fig. 4-5), whereas a thick S phase layer is found across the whole

surface of the ASPNA samples (Fig. 4-18 & Fig. 4-24).

Table 4-7 Measurements of resistance (Q) to polarisation of the 310 fs, Unt, UntA, ASPN and ASPNA
sample types. The lack of R, value for the Unt and UntA samples related to the equivalent circuit
models in Fig. 4-29.

310fs Unt UntA ASPN ASPNA
Rt 43.80 3.8 x106 1.84 x106 3.11 x10° 5.33 x10*
Rp 3.203 x10° - - 2.19x10° 8.10 x10°
Rrotal 3.203 x10° 3.8 x10° 1.84 x10° 3.1 x10° 8.15 x10°
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Fig. 4-27 Bode phase (top) and magnitude (bottom) plots of the Unt, UntA, ASPN and ASPNA sample
types. Fitted lines were made according to the equivalent circuit models in Fig. 4-29.
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Fig. 4-28 Nyquist plot of impedance of the Unt, UntA, ASPN and ASPNA sample types. Fitted lines were
made according to the equivalent circuit models in Fig. 4-29.
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Fig. 4-29 Equivalent circuits models used for EIS analysis where R is solution resistance, Ry (resistance
to polarisation) & Qs (double layer capacitance) relate to the outer electrolyte-S phase interface, and
R, & Q, relate to the S phase-untreated bulk interface. Model A was used for Unt & UntA samples.
Model B was used for ASPN & ASPNA samples.

4.4.4. Surface Wettability

Wettability testing (Table 4-8) revealed a decrease in the contact angle readings going from
the untreated sample type (Unt) to the treated sample type (ASPN). This change is likely to be
caused by the introduction of nitrogen to the surface of the ASPN sample type [232, 233]. This
is also supported by the increase in the calculated surface free energy; particularly, the
increase in the polar component (Fig. 4-30). A more pronounced difference was observed
between the textured samples, with the ASPNA sample type demonstrating a 56.8 ° increase
in the water contact angle when compared with the UntA sample type. The reason for this
change s likely to be due to a mixture of physical and chemical differences between the sample
types (see section 5.3.2 for further details). On the other hand, negligible differences were
found between the textured samples when using dilodomethane (Table 4-8). Both textured
sample types (UntA, ASPNA) were found to have an increase in surface free energy (polar
component, dispersive component and total) when compared to their untextured

counterparts (Unt, ASPN). When compared with each other, the total surface free energy was
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found to be similar for the UntA and ASPNA sample types (45.8 + 2.0 and 43.9 + 3.1 mJ/m?,

respectively; Fig. 4-30).

Table 4-8 Contact angle measurements of the Unt, UntA, ASPN and ASPNA sample types.

Contact Angle (°)
Liquid
Unt UntA ASPN ASPNA
Water 99.1+3.5 66.9+4.4 80.3+4.8 123.7+4.4
Diiodomethane 60.2+3.1 449+2.9 513+1.6 42.1+2.4
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Fig. 4-30 Surface free energy calculations of the Unt, UntA, ASPN and ASPNA sample types.
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4.4.5. Antimicrobial Efficacy

Excellent antimicrobial efficacy against S. aureus (Fig. 4-31) was measured for both textured
samples, with reductions of CFUs by 96.5 £ 2.5 % and 92.2 + 1.0 % (against control; section 3.7)
for the UntA and ASPNA samples types, respectively. Although not significantly different to
each other (p=0.44), both sample types possessed significantly improved efficacy in
comparison to the Unt and ASPN sample types (p<0.001). Likewise, plasma treatment alone
(ASPN) also was effective in improving the antimicrobial efficacy of the surface from 32.0+ 4.3
% (Unt) to 48.3 + 3.1 % (p<0.001). Similar results were found with the textured surfaces
following testing against E. coli (Fig. 4-32), with CFU reductions of 85.1 £ 7.1 % and 75.6 £ 10.9
% for the ASPNA and UntA samples types, respectively (p<0.001 against Unt and ASPN).
However, unlike testing against S. aureus, a significant difference was observed between the
efficacy of the UntA and ASPNA surfaces against E. coli (p<0.05). ASPN samples also showed a
significant, and more pronounced, improvement in efficacy in comparison to the Unt samples
(p<0.001). Fig. 4-33 shows the optical images of the viable CFUs following 6-hour exposure to

each surface type.
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Fig. 4-31 Antimicrobial efficacy of the Unt, UntA, ASPN and ASPNA sample types against S. aureus.
Other than the labelled comparisons, all other comparison were found to be significantly different to

each other.
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Fig. 4-32 Antimicrobial efficacy of the Unt, UntA, ASPN and ASPNA sample types against E. coli. All

samples were found to be significantly different to each other.
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S. aureus E. coli

Fig. 4-33 Camera pictures demonstrating the number of colony forming units of S. aureus (images on
the left) and E. coli (images on the right) present following contact with each sample type: Unt (A),
UntA (B), ASPN (C) and ASPNA (D).

4.5. Texture Durability

Reciprocating sliding wear testing (under dry and lubricated conditions) and large area wearing
of triangular LIPSS textures on untreated and S phase treated surfaces were carried out to
examine the structural durability of the textures, as well as the functional durability

(antibacterial efficacy).
4.5.1. Dry Sliding Reciprocating Wear

Significantly reduced wear factors (also known as wear coefficients) were measured on both

treated samples in comparison to their untreated counterparts (Fig. 4-34). The wear resistance
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of the ASPN sample type was found to be 60 to 220 times better than the Unt sample type.
Similar wear rates as the ASPN sample type were measured on the ASPNA samples, with a
maximum recorded wear factor difference of 1.3x101* m3/Nm (50 gf load). The UntA sample
type demonstrated excellent improvement in wear resistance under 50 gf of loading in
comparison to the Unt sample type. The improvement likely arises mainly due to the
deposition of wear debris into the valleys of the texture during the early cycles, thereby limiting
severe abrasive wear induced by wear debris at the point of contact [202]. In addition, the
formation of a thin oxide film during laser texturing in air could also have contributed to the
improved wear resistance (promoting mild oxidative wearing). At higher loads the wear
resistance dramatically dropped, which can be explained due to the quicker loss of the
textures, as well as the very thin oxide film, and eventual return to properties of the bulk

material.

No appreciable texture features could be identified within the wear tracks of the UntA
samples, even under the lowest load. In contrast, texture features were easily recognisable
within the tracks of the ASPNA sample types, even under the highest load (Fig. 4-35).
Additionally, only signs of abrasive and possibly oxidative wear mechanisms could be identified
from the imaging of the ASPNA wear tracks. On the other hand, clear signs of severe adhesive

and abrasive wear were visible on the UntA sample types.
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Fig. 4-34 Wear Factor of the Unt, UntA, ASPN and ASPNA surfaces following dry sliding reciprocating
wear testing under 3 different loads: 50 gf, 300 gf and 500 gf.
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Fig. 4-35 Electron micrographs of the resulting wear tracks following dry sliding wear of the UntA
surface under a load of 50 gf (A) and ASPNA surface under a load of 500 gf (B).

4.5.2. Ringer’s Lubricated Reciprocating Wear

Both treated samples types (ASPN & ASPNA) demonstrated excellent wear resistance, with a
maximum absolute wear factor difference of 4.84 x10*> m3/Nm between them (Fig. 4-36). In
line with the dry testing data (section 4.5.1), the UntA was measured to have significantly
improved wear resistance at a load of 50 gf in comparison to the Unt sample type. At higher

loads the difference dropped dramatically, and the average wear factor of the UntA samples
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were indeed larger than that of Unt samples; although the difference was negligible at 500 gf

of loading.

Fig. 4-37 shows the wear track morphology following the Ringer’s lubricated wearing. In
contrast to the dry surface wearing (Fig. 4-35), the triangle LIPSS textures are shown to remain
on the UntA samples under 50 gf of loading, which is likely to have contributed to the excellent
wear factor (Fig. 4-36). At higher loads the textures are removed, and the wear tracks become
wider and deeper. On the other hand, no loss of the textures can be found with the ASPNA
sample types, even under the highest loading.
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Fig. 4-36 Wear Factor of the Unt, UntA, ASPN and ASPNA surfaces following Ringer’s lubricated sliding
reciprocating wear testing under 3 different loads: 50 gf, 300 gf and 500 gf.
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Fig. 4-37 Electron micrographs of the resulting wear tracks following Ringer’s lubricated wearing of
the UntA (A) and ASPNA (B) surfaces under loads of 50 gf (1), 300 gf (2) and 500 gf (3). Insets at the
top left of each image are lower magnification micrographs taken at the same spot.




4.5.3. Antibacterial Durability

4.5.3.1. Large Area Surface Wearing

Fig. 4-38 and Fig. 4-39 demonstrate the surface morphology after large area wearing of the
UntA and ASPNA sample types, respectively. Almost complete removal of the triangular LIPSS
textures are found on the UntA sample type following low cycle wearing (Fig. 4-38B). In
contrast, a similar level of damage to the textures of the ASPNA sample type is only found
following high cycle wearing, which is equivalent to a four-fold increase in distance travelled
in comparison to low cycle wearing (Fig. 4-39D). Almost no loss of texture features or
homogeneity are apparent under low cycle wearing of the ASPNA sample type (Fig. 4-39B),
with the flattening of the top-most surface being the only distinguishable change. After
medium cycle wearing, areas of complete texture removal and areas of retained triangle LIPSS
textures are found on the ASPNA sample type. Finally, almost complete removal of the textures
is observed following high cycle wearing of the ASPNA sample types (Fig. 4-39D). Additionally,
similar with the low cycle wearing of the UntA sample, only faint, sparsely spread, remnants of
the triangle LIPSS patterns can be seen across the surface of the ASPNA samples after high

cycle wearing.
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Fig. 4-38 Surface morphology of UntA surfaces at different stages of large area wearing: untouched
surface (A1-2) and low cycle wearing (B1-2).
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Fig. 4-39 Surface morphology of ASPNA at different stages of large area wearing: untouched surface
(A1-2), low cycle wearing (B1-2), medium cycle wearing (C1-2) and high cycle wearing (D1-2).

156



4.5.3.2. Worn Surface Antimicrobial Efficacy

Results of antimicrobial testing of the worn surfaces (Fig. 4-38 & Fig. 4-39) against S. aureus
and E. coli are shown in Fig. 4-40 and Fig. 4-41, respectively. In the case of the UntA sample
type a significant drop in antimicrobial efficacy against both S. aureus and E. coli was observed
after large area low cycle wearing (p<0.001 for both), dropping to 38.2 + 1.7 % (from 95.1 + 4.3
%) and 24.5 + 10.5 % (from 75.6 + 10.9 %), respectively. In contrast, the ASPNA sample type
was not found to have a statistically significant change of its antimicrobial efficacy against both
S. aureus and E. coli after large area low cycle wearing (p=0.88 and p=0.12, respectively).
Significant loss of antimicrobial properties (against untouched ASPNA) was found after large
area medium cycle and high cycle wearing. Even under more severe wearing, the antimicrobial
efficacy of the ASPNA (medium cycle) sample type was found to be significantly higher than
the UntA (low cycle) sample type for both S. aureus and E. coli testing (p<0.001). Higher efficacy
against E. coli was found even after large area high cycle wearing of ASPNA samples in
comparison to low cycle worn UntA samples (p<0.001; Fig. 4-41). The only comparison that
revealed significantly higher antimicrobial efficacy for the large area low cycle worn UntA

sample type was with high cycle wearing of the ASPNA against S. aureus (p<0.001; Fig. 4-40).
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CHAPTER 5 DISCUSSION

Within this chapter, an analysis of the structure and properties of the as-treated S phase layer
(ASPN) produced on the AISI 316L alloys is given, along with explanations for the
thermostability and traditional incompatibility with thermal laser texturing (section 5.1). An
overview and discussion of the findings following ultrashort nanosecond and femtosecond
laser texturing on S phase treated surfaces is provided, especially with respect to their
subsequently changes in corrosion resistance (section 5.2). This is then followed by a review
of the different bio-inspired textures produced on S phase treated surfaces using femtosecond
laser texturing, before more in-depth evaluation of the characteristic morphology/structure
and antibacterial performance of the optimised triangular LIPSS textures are given (section
5.3). Subsequently, the antibacterial durability of the triangular LIPSS textures formed on
untreated and S phase treated surfaces are discussed, along with the difficulties related to
accurate assessment of this property (section 5.4). Finally, some suggestions are made for
future research opportunities, and the scientific and industrial insight that they may provide

(section 5.5).

5.1. S Phase & Its Thermostability

5.1.1. Characterisation & Properties of S Phase

A mixture of cross-sectional layer structure (Fig. 4-1B), cross-sectional elemental mapping (Fig.

4-6) and crystallographic phase analysis (Fig. 4-2) helped to confirm the precipitate-free nature
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of the as-treated S phase (ASPN). The lack of any variable etching resistance, composition
variance or formation of nitride peaks demonstrated the successful S phase low-temperature
plasma nitridation of the AISI 316L. Both the measured XRD peak left shifting (Fig. 4-2) and the
S phase layer thickness (8.17 £ 0.4 um; Fig. 4-1B) were found to agree with previously published
work on AISI 316L alloys [8, 154, 155]. As expected, a significantly harder (1130 HV) and more
wear resistant (Fig. 4-34 & Fig. 4-36) surface layer was formed, with hardening depth (Fig. 4-26)

in accordance with the nitrogen elemental depth profile (Fig. 4-1A).

5.1.2. Thermostability & Laser Texturing of S Phase

The precipitation of chromium nitrides following low-temperature plasma nitriding of stainless
steels is usually used as an indicator for a poor or failed treatment. Much of the literature
states that this formation has detrimental effects on the corrosion resistance of the surface
[234]. Although chromium nitrides themselves possess excellent corrosion resistance, the
issue with the formation of these precipitates is the effect that they have on the surrounding
material (as previously mentioned in section 2.1.3). In stainless steel, the corrosion resistance
is obtained through the formation of a continuous passive chromium oxide (Cr,0s) film [235,
236]. When the distribution of chromium becomes inhomogeneous and localised areas
contain levels below the minimum value required for stainlessness, like it does within adjacent
areas to chromium nitrides, it leads to the breakdown of the protective layer, which
subsequently causes the deterioration of the corrosion resistance [123, 237, 238]. This has
been supported by the electrochemical test results (Fig. 4-10 to Fig. 4-14, Table 4-2 & Table

4-3). Therefore, it is important to avoid precipitation of chromium nitrides and the
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decomposition of the S phase during laser surface texturing, especially at grain boundaries,

which give rise to sensitisation [31].

Laser energy transfer onto material surfaces is known to predominantly occur through
absorption by valence electrons [215, 217]. Significant transfer of energy between the
electrons and the surrounding lattice has also been shown to take approximately 1 picosecond
(1012 5). Therefore, pulsed laser texturing, even down to nanosecond (107 s) pulse durations,
always involves the heating of surface matter to create textures. This obviously involves high

local (“flash”) temperatures that increase the risk of decomposition of the S phase.

Alternatively, it is possible to texture stainless steel surfaces prior to low-temperature plasma
nitriding of the samples; however, the rounding effect that the deposition of matter has on
the surface effectively coats and negates any nanoscale features present on the surface. On
the other, this can be a useful approach, and has been previously attempted by other studies,
for creating macroscale textured S phase surface for applications such as wear resistant or

reduced friction coefficient surfaces (dry conditions) [101, 239].

5.2. Response of S Phase to Ultrashort Pulsed Laser Texturing

5.2.1. Effect of Nanosecond Laser Texturing

Kinetic analysis is a common approach that can be utilised to analyse the response of a material
to heating. Additionally, it has already been implemented successfully to predict the degree of
precipitation that can be expected following heating and annealing of an S phase through-

treated material [149]. Due to the success of this approach it is only natural to also apply the
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same technique to predict whether decomposition of the S phase will arise following
nanosecond laser texturing. Owing to the rapid heating and cooling of the patterned areas (Fig.
4-8 & Fig. 4-9), laser texturing can be regarded as a non-isothermal heat treatment of the
surface. Therefore, following on from the work by Christiansen and Somers [149], calculations
were carried out to determine the expected degrees of precipitation following laser texturing

using equations for non-isothermal isochronal annealing (equations 5-1 & 5-2).

The results suggest that, in both 15 ns and 220 ns textured surfaces, there should be complete
decomposition (f = 1) of the S Phase. Seemingly, this does not directly match the observed
outcomes following the texturing (Fig. 4-5). However, upon more careful analysis of the results,
the calculated transformed fractions are likely to be true. Firstly, as predicted through the
simulations (Fig. 4-8 & Fig. 4-9), the immediate surface temperatures (18000 and 8000°C for
15 and 220 ns pulses respectively) expected during the texturing are comfortably above the
melting point of the 316L stainless steel. This implies that the superficial S phase material is
melted then vapourised (ablated), and can easily be pushed away or removed during the
texturing. This is evidenced by the pile-up of material along both sides of the laser channels as
shown in Fig. 4-3B1 and the key-hole shown in Fig. 4-3C1. By combining both arguments it is
easy reach the conclusion that the missing material, that physically leaves the voids that form
the textures, would have been decomposed. Therefore, if we consider a scenario whereby the
melted/ablated matter remained in position, it would be expected that this S phase material
would be fully decomposed, and hence, in accordance with the calculated fractions

transformed.
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f=1—exp[-p"] (equation 5-1)
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where f is the fraction transformed, 8 is the path variable, n is the Johnson-Mehl-Avrami
equation for heterogeneous reactions, k, is the pre-exponential factor (s?), ¢ is the heating
rate (K.s%; 4.88 x10%° K.s* for 15 ns and 4.94 x10° K.s* for 220 ns), R is the gas constant (8.31
J.molt.K1), t is the time held at this temperature (s; 227.27 ps for 15 ns and 200 ps for 220 ns),

T, is the starting temperature (298 k) and Q is the overall activation energy (139 kl.mol?).

The observed decomposition of the S phase material adjacent to the laser channel or beneath
the 15 ns and 220 ns textured surfaces can be explained using the predicted average
temperature (section 4.2.3). Since nanosecond laser texturing is known to be a thermal process
it is possible to apply Fourier’s second law (heat conduction) in order to predict whether
enough mobility is introduced into the surface to initiate the formation of precipitates [217].
Chromium nitrides that form within nitrided surfaces of stainless steels predominantly have
the empirical formula of CrN that grows with a face-centred cubic (FCC) crystal structure [225,
240]. Itis already known that interstitial elements such as nitrogen can move significantly more
freely through the metallic crystalline lattice than substitutional elements such as chromium.
Therefore, it can be deduced that the determining step for the initial formation of chromium

nitrides is directly related to the mobility of chromium atoms. The minimum amount of

(equation 5-2)
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diffusion necessary to initiate the precipitation of a chromium nitride would require the
movement of one chromium atom at least the distance of one lattice parameter of CrN (0.414
nm) [130, 225]. In this case, it is assumed that all the other randomly distributed elements, by

chance, already occupy the necessary positions to initiate the formation of CrN [8, 241].

Combining this logic with the data from the models allows for the prediction of whether, in
theory, it is feasible to form chromium nitrides following nanosecond texturing. By using
diffusion coefficient calculations (D; equations 5-3 & 5-4) for Cr in austenite with the average
temperatures and durations predicted in section 4.2.3, it is possible to estimate the expected
distance that Cr atoms are able to move during the time that the surface is heated (equation
5-5). The diffusion equations are based on experimental data obtained from radiotracer
(equation 5-3) and microprobe analysis (equation 5-4) [242]. Table 5-1 shows that in both
nanosecond laser texturing settings it is more than feasible for chromium nitrides to
precipitate. In fact, even when repeating the same process for a single pulse of each laser
setting it was still found to provide much greater than the minimum movement (355-546 nm
(220 ns) and 41-61 nm (15 ns)) required for the chromium atoms to form nitrides (0.414 nm)
(Table 5-1). Although the values for the Cr distance travelled within Table 5-1 appear
extraordinary, it should be noted that within this kinetic analysis, the material would retain its
solid metallic crystalline structure, without any phase changes or melting of the material.
Moreover, the limitations stated in sections 3.3 and 4.2.3, are likely to play an important role
in increasing the calculated diffusion distance values (particularly the effect of latent heats and

material transfer away from the laser spot) [215].
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(equation 5-4)

(equation 5-5)

where D is the diffusion coefficient (m2.s), R is the gas constant (8.31 J.mol*.K?), T is the

temperature (K), x is the distance travelled (m) and t is the time (s).

Table 5-1 Total distance of chromium diffusion for any surface spot following nanosecond laser

texturing.
Average Diffusion Coefficient of Time Distance Equation
Temperature (°C) Crin y-Fe (x107 m?2s?) (ps) Travelled (nm) 9

25.30 23980 5-3
220 ns 1111.45 227.27

10.61 15528 5-4

3.16 7946 5-3
15 ns 757.24 200.00

1.37 5238 5-4

In agreement with both kinetic analysis and the Cr diffusion predictions, both nanosecond

texturing processes were found to cause decomposition of the S phase. This is most clearly

demonstrated with the presence of chemically altered regions under cross-section SEM

imaging (Fig. 4-5B3 & C3) and EDS mapping (Fig. 4-6C & D). In both cases, the precipitated

areas formed at the lips of the channels present with rod and lamellar structures that arise

from the formation of nitrides interlaced with chromium depleted austenite [225].

Additionally, the increasing concentrations of Cr, N and Mo (Table 4-1 & Fig. 4-6) within these
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darkened areas following chemical etching of the material further confirmed the presence of

precipitates (Fig. 4-5).

Electrochemical corrosion results (Fig. 4-10 & Table 4-2) emphasised the decomposition of the
S phase and the presence of the precipitates by demonstrating significant increases in the
corrosion rates of both of the nanosecond textured samples [16]. Additionally, this is
highlighted by the significant reductions in impedance (Fig. 4-12 & Fig. 4-13) & total resistance
to polarisation (Table 4-3) following nanosecond texturing, which occur due to the
decomposition of the surface S phase layer. Moreover, the development of an altered
electrochemical circuit model (Fig. 4-14), increased presence of surface oxides (Fig. 4-15 & Fig.
4-6) and change in phase angles across the EIS study (Fig. 4-12) following nanosecond texturing
further demonstrate the change in surface structure of the nanosecond textured samples in
comparison to the as-treated (ASPN) sample type [229]. The rapid formation of the thick
porous surface oxide layer (300-500 nm for 15 ns, and 600-700 nm for 220 ns; Fig. 4-6) also
exhibits the heating effect of the nanosecond laser texturing. The presence of intergranular
damage and quench cracking (Fig. 4-11) on the samples also outline the thermal shock effect
of the laser on the surface, and may also play a role in the development of Warburg (diffusion

based) impedance observed on the nanosecond textured surfaces [57, 243, 244].

As already discussed in section 4.2.4.2, a change in the dominating interface responsible for
the measured resistance to polarisation of the nanosecond textured surfaces is observed
between the 15 ns and 220 ns textured surfaces. Under 15 ns texturing, the S phase surface
layer is not fully penetrated (Fig. 4-5B), and therefore, the rapidly formed and porous oxides

grown superficial to the S phase layer (i.e. electrolyte-sample surface interface; Fig. 4-14) can
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act as the rate determining step in the electrochemical cell (R¢; Table 4-3). On the other hand,
the complete penetration of the S phase layer under 220 ns laser texturing (Fig. 4-5C) leads to
a change in the dominating step within the electrochemical circuit, through the formation of a

new route (electrolyte-untreated bulk interface) for the transfer of electrons [57].

5.2.2. Effect of Femtosecond Laser Texturing

Based on the data obtained, it can be deduced that the femtosecond laser texturing is suitable
for use in combination with the S phase. No discernible change in composition (Table 4-1 &
Fig. 4-6), morphology (Fig. 4-5) or presence of CrN precipitates (Fig. 4-7) could be detected
following the texturing. In particular, the lack of other crystal structures, such as hexagonal
closed packing (HCP; Cr2N), or nanocrystalline phases, under TEM electron diffraction
conclusively confirmed the precipitate-free nature of the S phase [225]. Additionally, the
femtosecond texturing also did not lead to the development of detrimental defects such as
the cracking observed with the nanosecond laser channels (Fig. 4-3) or the pile-up of materials

along the sides of the laser channels (Fig. 4-5) [212].

This is ultimately because during femtosecond laser texturing enough energy is provided
within the extremely short pulse duration to cause evaporation of the irradiated surface. The
consequence of this is that fine evaporation (ablation) occurs at the laser spot without, in
theory, any opportunity for heat to be transferred to the surrounding material [20, 23, 217].
This idea is supported by the limited increase observed in the thickness of the surface oxide
layer (Fig. 4-6 & Fig. 4-15), that would be expected to form had the surface been exposed to

heat, on the femtosecond textured samples. Application of the same 1-D surface temperature
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modelling equations used for the nanosecond pulsed laser (section 3.3) to the femtosecond
pulsed laser further prove the difference in energy transfer mechanisms, with calculated
maximum temperatures exceeding 600,000 °C (at the 310 fs time point), which are clearly
invalid, and indicate the incompatibility of the mechanisms between such varying pulse
durations (10° s difference) [23, 217, 245]. Hence, femtosecond laser texturing provides a
promising route for the patterning of S phase treated surfaces to produce wear resistant,
corrosion resistant and functionalised stainless steel surfaces capable of being used in the food

and medical industries.

As previously discussed (sections 2.4.5 & 2.6.2.1), the lack of research into laser texturing of S
phase surfaces has been due to the damaging effect it is thought to have on the corrosion
resistance of the surface. Therefore, to confirm the viability of femtosecond laser texturing for
use with S phase surfaces, it is necessary to demonstrate the retained corrosion properties. As
evidenced in Fig. 4-10, no appreciable change in corrosion potential was observed following
310 fs texturing. Although the corrosion rate and current density did increase slightly, this is
likely due to the difficulties associated with the accurate quantification of sub-micron textured
surface areas (Fig. 4-4) [246]. If the increased surface area could be accounted for, then both
the current density and corrosion rate would be expected to match the values for the
as-treated (ASPN) surfaces. Indeed, the lack of any observable damage (e.g. formation of pits;
Fig. 4-11) following the anodic polarisation testing also suggests the retention of the
precipitate-free homogeneous S phase [8]. Furthermore, the similarities between the total
resistance to polarisation, impedance (real, imaginary, and total magnitude) and phase angle

all suggest that no significant change occurred to the surface chemical structure following
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femtosecond texturing (when compared to the ASPN treated surfaces). Additionally, no such
disparity, as seen with nanosecond textured samples (section 5.2.1), or change in absolute
measured value of the Rf and Rp value (Table 4-3) are observed for the 310 fs samples, in

comparison with the ASPN treated samples.

5.3. Antibacterial Texturing

5.3.1. Optimising Femtosecond Textures

The first step towards the development and characterisation of durable antibacterial surfaces
is the initial introduction of antibacterial features onto the hardened S phase surfaces without
detrimental decomposition. Therefore, given the successful response of the S phase to
femtosecond pulsed laser texturing (section 5.2), only textures utilising this range of pulse
durations were used. Cross-sectional elemental mapping (Fig. 4-19), which was used as a
precautionary measure, revealed no elemental segregation on any of the textured samples,
thereby demonstrating feasibility of all the different femtosecond pulsed laser textures used

within this study.

The initial study of the spaced apart adjacent channel textures was chosen to only examine the
influence of each 2D overlapping LIPSS setting (enabled accumulation of fluence on single
spots), with minimal interaction between channels (hence 300 um hatch spacing).
Antibacterial efficacy was not intended or hoped for with these textures; however, given that
the textures were feasible and that the samples had already been produced, the 310 fs channel

textures were also examined for antibacterial performance.
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All other textures chosen for the comparison and optimisation were inspired by naturally
occurring biological structures (biomimetic) which have previously been known to possess
antibacterial functionality. The lotus leaf (N. nucifera), which is one of the most widely known
antibacterial structures, is thought to gain its properties from a mixture of micro- and nano-
scale features (Fig. 4-16) that enable super hydrophobicity and strong anti-biofouling
properties [247]. Both functions act to enable the leaves to limit the available surface for
attachment by, either trapping air in the microscale grooves, or by physically limiting surface
available to bacteria (nanoscale features) [248]. Consequently, two forms of lotus leaf
structures were utilised (ASPNL1 & ASPNL2), with one possessing deeper and more prominent
microscale features (ASPNL2, Fig. 4-16B). In relation to the shark skin inspired texture (ASPNS),
which possess anti-biofouling properties amongst other functional properties (e.g. drag
reduction and self-cleaning), the most prominent influence on their antibacterial efficacy is
thought to be due to the diamond-like interlaced structures (Fig. 4-17A), which can successfully
disturb the migration of bacteria and suppress the build-up of biofilms on the surface [249-
251]. The triangular LIPSS, which closely resemble features found on springtails (Collembola),
are built almost exclusively with nanoscale structures (Fig. 4-17B & Fig. 4-22) [216]. Although
not extensively explored for their antibacterial performance, the springtail cuticular
morphology is known for its strong omniphobic liquid repellence, and has therefore,
stimulated significant scientific interest [252-255]. Similar structures have also been shown to
have potential for strong antibacterial performance [208]. Overall, textures ranging from
largely microscale (ASPNS) to almost completely nanoscale (ASPNA) structures were chosen

for comparison.
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Since the antibacterial performance of these textures are largely assumed to arise as a result
of anti-biofouling properties, only antimicrobial efficacy against S. aureus (the smaller of the
two bacterial species typically tested) was used as the determinant for choosing the optimal
texture to continue further analysis and durability testing on. As expected, all textures
(including the channel texture) had a positive effect on the antimicrobial efficacy of the
surfaces against S. aureus (Fig. 4-20). The most significant improvement was found with the
triangular LIPSS, which were subsequently chosen as the texture to analyse and characterise
further. Therefore, analysis for the effect of triangular LIPSS texturing will not be discussed in
this section, instead, detailed analysis of this can be found in sections 5.3.2 and 0. The
antibacterial performance of the rest of the textures follows according to the scale of their
structures, with smaller featured structures possessing the best properties (ASPNL1 > ASPNL2
> ASPNS > 310 fs channels > ASPN; Fig. 4-20). This trend follows widely accepted and expected
results for anti-biofouling textures, in which finer features produce the best resistance, which
is largely attained through the limitation of the surface area available for attachment [198,
201, 256-258]. Interestingly, the comparison between the channel spacings (S1; Table 4-4) of
the two lotus-inspired textures would initially promote the idea that, since the measured
channel spacing is smaller on the ASPNL2 samples (= 120 nm smaller), the antibacterial efficacy
should be better for this texture. However, this is not the case for these textures, and this can
be attributed to the change in texture morphology (Fig. 4-16). The ASPNL2 samples present
with ripple LIPSS structures that produce large continuous top-most surface areas that bacteria

can adhere to. Alternatively, the ASPNL1 surface morphology more closely resembles the
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triangular LIPSS (ASPNA) structures, with significantly reduced available surface area for

bacterial attachment.

Aside from the antibacterial performance, another noteworthy characteristic of the textures
was related to the depth of the valleys of the textures (Fig. 4-18). With regards to the S phase
treatments, it can be observed that with the deep lotus leaf structures (ASPNL2), it was
possible to penetrate through the S phase surface layer and into the bulk matter. Therefore,
even in the absence of the antibacterial performance, it can be deduced that such a texture is
incompatible for use with the S phase produced within this study, since it negates the intended
value that the treated layers brings to the material surface (although it may find future use for
thicker S phase layers). Additionally, even though the other textures (not including triangular
LIPSS) do not penetrate through the S phase layer (Fig. 4-18), they do remove significant
portions of the treated layer, and therefore, may be more suited to a dual texturing approach,
whereby microscale textures are introduced prior to S phase treatment, with nanoscale
features (like the triangular LIPSS) being further incorporated through a secondary texturing

step after plasma nitriding.

5.3.2. Properties of Triangular LIPSS Textures

As has been reported within this study, the novel duplex treatment combining S phase plasma
pre-hardening with athermal femtosecond laser texturing can produce stable hydrophobic
properties (section 4.4.4) with strong antibacterial performance against S. aureus and E. coli
due to the formation of triangular LIPSS patterns (section 4.4.5). Most importantly, the S phase

pre-hardening can significantly improve the wear resistance (Fig. 4-34 & Fig. 4-36) and the
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structural integrity of triangular LIPSS textures (Fig. 4-35 & Fig. 4-37), and therefore, effectively
increase the durability of the antibacterial properties (section 4.5). Additionally, in line with
previous 310 fs channel texturing (section 5.2.2), no signs of deterioration of the corrosion
resistance of the S phase surface layer is seen following triangular LIPSS texturing (Fig. 4-27 &

Fig. 4-28).

Triangular LIPSS are a new form of LIPSS patterns that have recently been discovered to occur
when using femtosecond pulsed circularly polarised light under specific conditions (e.g.
frequency, pulse energy, scanning speed). In the founding study by Romano et al. [206] in
2018, the triangular LIPSS textures were shown to have long-range ordering with three
directions of periodicity that were each approximately at a 60 ° angle to neighbouring
directions. Functionally, the triangular LIPSS textures have been found to be superhydrophobic
and highly antibacterial [208], which has attracted attention for applications within the food

and medical industries.

Although the substrate material from this study differs from the study by Romano et al. [206]
(which used an X6Cr17 ferritic stainless steel), the physical properties, such as texture
periodicity, symmetry and general morphology, appear almost identical, therefore, suggesting
similar functional performance is to be expected (Fig. 4-22 & Fig. 4-23). However, wettability
testing (functional property) does not follow the same trend, with water contact angle
readings decreasing following triangular LIPSS texturing of the untreated 316L ASS samples
(Table 4-8). Although the findings of this study initially appear to contradict the literature, the
true reasoning for this change is more likely to be due to the prolonged time gap between the

formation of the textures and the testing of the properties [259, 260]. It is already
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well-established that surfaces undergo changes in chemistry, which are thought to be due to
the introduction and then annihilation of active species, deoxidation of the surface and
alterations of functional groups at the surface following laser texturing [261-263]. Therefore,
since the testing within this study was carried out after a 3 month period of rest, it is more
likely that the results represent the stabilised properties of the surfaces [259]. The S phase
treated and triangular LIPSS textured samples (ASPNA), on the other hand, demonstrated
water contact angles that were almost two times bigger than their untreated counterparts
(UntA; Table 4-8). This increase in water contact angle is likely to be due to a mixture of
reduced periodicity (slight but consistent reduction across all directions; Table 4-6), lack of
surface tension breaking nanoparticles/nano roughness (Fig. 4-22) and increased surface
stability over time in comparison to the UntA samples. Although not the main objective of this
study, the interesting retention of the large water contact angle on the ASPNA sample type
provides hope for future production of long-lasting hydrophobic surfaces (e.g. for anti-icing

applications) [264].

The surface morphology of the UntA and ASPNA samples differs greatly at the nanoscale (Fig.
4-22). A typical rough surface with ablated and re-deposited particles can be found on the UntA
sample type (Fig. 4-22B2), whereas a much smoother surface is observed on the ASPNA (Fig.
4-22D2) samples. This change in surface morphology is likely to be due to the formation of
finer sputtered individual atoms or clusters of atoms from the surface of the ASPNA sample
type as a consequence of the increased ablation threshold in comparison with the UntA sample
type, which can then be re-deposited further away from the laser spot due to their lower mass

[198, 260, 265]. As expected with femtosecond LIPSS textures, HSFL running perpendicular to
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the LSFL directions can be found within the channels of both UntA and ASPNA samples [205].
Additionally, at the microscale, consistently smaller periodicity has been measured on the
ASPNA sample type (Table 4-6), which is likely to arise due to residual stress relaxation that
follows removal of surface matter during laser texturing. Furthermore, this relaxation over
time could also help to explain the increase in deviation measured in the channel spacing (S1
and S2) of the ASPNA sample type in comparison with the UntA sample type. Since the Young’s
modulus, and therefore residual stress, of the S phase varies with grain orientation; non-
uniform relaxation is expected for different grains (due to different orientations), which leads
to bigger variance in channel spacing [266, 267]. At the macro scale, the triangular LIPSS
textures appear almost identical for both S phase treated and untreated sample types, with

similar homogeneous & multi directional scattering of light (Fig. 4-21).

Although surface texturing primarily aims to introduce anti-biofouling properties, and not
antimicrobial properties (which the test in section 4.4.5 is measuring), it does however lead to
a similar effect of reducing the number of colony forming units present following contact with
the surface [200]. This occurs due to a greater number of bacteria remaining in the planktonic
state, which typically has a slower growth rate, and consequently results in the reduction of
viable bacterial cells following contact with the textured surface (as would be expected from

an antimicrobial surface) [268].

S phase treated surfaces showed slight improvements in antibacterial efficacy against S. aureus
and E. coli, in comparison to the untreated surfaces (Fig. 4-31 & Fig. 4-32). Previous studies
have attributed this enhancement to the increased dissolution of chromium and/or iron ions

from the metastable S phase surface (in comparison to untreated surfaces), which can then
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affect the bacteria through mechanisms such as promotion of reactive oxygen species

formation and displacement of catalytic or structural cations in enzymes [164, 269, 270].

A clear and significant improvement in antibacterial efficacy was observed for the textured
(UntA and ASPNA) sample types. Unlike the study by Lutey et al. [208], which used a texture
similar to the triangular LIPSS (called nano-pillars), the triangular LIPSS within this study were
found to be effective against both S. aureus and E. coli; with the strongest activity against
S. aureus. The overall significant improvement in antibacterial efficacy can be attributed to the
channel spacing (Table 4-6) of the triangular LIPSS, which were predominantly smaller than the
S. aureus (500 nm) & E. coli (500 nm x 2000 nm) being tested against; therefore, effectively
reducing the available surface area for attachment and growth [194, 257, 258]. Additionally,
since more bacteria stay in the planktonic state, they also remain more susceptible to external
factors (e.g. hydrodynamic forces, antimicrobial agents, chemical agents) [188, 268]. This
improvement in antibacterial performance was achieved despite increasing surface free

energy (Fig. 4-30), which is widely accepted to increase surface fouling susceptibility [257].

The slightly stronger resistance (in terms of quantity) against S. aureus, in comparison to E.
coli, can be explained by the motility of the bacteria. Unlike S. aureus, E. coli bacteria typically
present with protruding flagellae that can drive the cells to surfaces, and therefore, enable

more bacteria to adhere and grow [271-274].
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5.4. Assessing Antibacterial Durability of Triangular LIPSS

5.4.1. Difficulties Associated with Assessing Texture Durability

One of the biggest contributors to the lack of publications on the durability of functional
properties related to textures results from the difficulties associated with carrying out
repeatable tests with controlled homogeneous wearing of large surfaces. To wear a texture, it
is necessary to use a material that is harder than the textured sample, in order to inflict damage
[76]. This is trivial for a point contact test (e.g. ball-on-plate; Fig. 4-35), where there is no need
for levelling of the point of interaction, but this only provides a small contact point and at most
it can only create a single line of wear (Fig. 5-1A). It is exponentially harder to carry out line
and 2D area contacts (plane/surface-on-surface contact; Fig. 5-1B). The difficulty arises from
the lack of deformation (conformation) in the harder counterpart, thereby, only permitting the
most protruding asperities to make contact (see section 2.2.4.1). Therefore, to overcome this
issue, the counterpart and the textured surface are required to be complementary in surface
asperity shape prior to testing to enable equal spread of forces and homogeneous wearing of
the entire contact line/2D surface area. In practice, this is extremely difficult to achieve on
both the counterpart and the textured surface (especially when both materials are
mechanically hard). Multiple unsuccessful attempts were made during the development of this
study to find suitable approaches to large area wearing, including various line contact & 2D
surface contact testing approaches (similar to Fig. 5-1B). Progress was only made once liquid
suspended counterparts were attempted (Fig. 5-1C). The success of these approaches comes

from: (1) the conformation of the essentially liquid counterparts, which enables even force
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exertion (similar to section 2.2.4.3) and (2) homogeneous suspension of the harder
counterpart particles, allowing for uniform wearing. Additionally, the ability to choose the size
of the counterpart particles, speed of sliding and distance of sliding allows for the rate of
surface damage/wearing to be made bespoke to the material and/or application. Essentially,
this forms a closed three-body abrasive wear scenario (as described in section 2.2.4.4.1), and
at its core, this approach to large area wearing is just a repurposing of the identical automated
diamond suspension polishing regularly performed in any metallurgical lab (and also regularly
used within this work) [76, 77]. However, under controlled conditions this can become a
repeatable, reliable and readily accessible approach for assessing the durability and functional

performance of often nanoscale textures (Fig. 4-38 & Fig. 4-39).

Diamond
Counterpart Suspension
Point of
Texture Contact
Surface B3
Sample

Fig. 5-1 Different set ups for wear testing. Image A represents ball-on-plate contact (e.g. Fig. 4-35)
with a single point/small area of contact. Image B represents plane/surface-on-surface contact with
localised points of contact due to irregularities in the texture (B1), uneven surface on the sample (B2)
and uneven counterpart surface (B3). Image C represents diamond suspension large area wearing
where conformation of the liquid allows for equal pressure and the homogeneous spread of the
diamond particles for controlled damage of the texture under all conditions (irregularities in the
texture (C1), uneven counterpart surface (C2) and uneven surface on the sample (C3)).
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5.4.2. Antimicrobial Durability of Textured Surfaces

With the growing demand for, and use of, functional surfaces, it is now more important than
ever before to expand our understanding of the longevity of properties associated with
textured surfaces [275]. Durable textures are intentionally added surface features with high
structural integrity (i.e. resistant to damage). They differ from textures that improve wear
resistance of surfaces through mechanisms such as sacrificial wearing or wear debris
entrapment (e.g. high aspect ratio pits/channels) [276, 277]. There are very few published
papers that have examined the durability of textures, and even less that have studied the
functional durability [257, 260, 275, 278-280]. This is particularly alarming as most functional
textures rely on the preservation of fragile nanoscale features. To date, no other published

works have analysed the antibacterial durability of surfaces.

As has been shown in Fig. 4-40 and Fig. 4-41, triangular LIPSS texturing can introduce similar
high antibacterial performance on both untreated AISI 316L surfaces (UntA) and S phase
treated surfaces (ASPNA). However, the antibacterial efficacy of the UntA sample type against
both S. aureus and E. coli was shown to drop by 56.9 and 51.1 %, respectively, after low
distance large area wearing. This demonstrated a need for the susceptibility of such surfaces
to the loss of functionality, and the need for both, the production of durable textures, and the
characterisation of long lasting antibacterial properties, thereby enabling determination of

safe long-term use.

A clear increase in antibacterial durability (both S. aureus and E. coli) was found with the ASPNA

sample type against the UntA sample type (Fig. 4-40 & Fig. 4-41). After both low and medium
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distance large area wearing, the ASPNA samples were still shown to possess significantly better
antimicrobial efficacy than low distance large area worn UntA surfaces. A more prominent
drop in efficacy was found for the ASPNA samples against S. aureus than E. coli, which is likely
due to the differing bacterial cell sizes [208, 281]. During surface wearing the initially shielded
texture valleys (described in Section 5.3.2) become available sooner for attachment for S.
aureus than for E. coli. Within the parameters of this study, no such phenomenon could not be

observed with the UntA samples as the texture features were rapidly lost.

The significantly enhanced antibacterial durability of the textured surfaces can be attributed
to the effective increase of surface hardness through S phase hardening, as evidenced by the
nanoindentation hardness depth profiling (Fig. 4-26). In line with previous findings of this study
[26], the lack of any crystallised nitride peaks (Fig. 4-25), over-etched areas (Fig. 4-24) or
localised aggregation of elements (Fig. 4-19) allowed confirmation of the precipitate-free
nature (unchanged chemistry) of the textured S phase surface (ASPNA). This hardening,
therefore, predominantly arises due to interstitial (N) supersaturation, increased dislocation
density and increased deformation twin density at the surface [8, 282]. Additionally, no change
in the mechanical properties across the depth of the S phase layer could be found following
the triangular LIPSS texturing, which reflects one of the key advantages of athermal fs laser

texturing [23].

The successfully improved durability of textured surfaces through the novel synergetic
combination of S phase hardening and laser texturing can pave the way towards long-lasting
high efficacy antibacterial surfaces for high performance medical devices and food processing

equipment. Equally, such an approach will be valuable for generating durable functional
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properties, such as anti-icing [283], anti-biofouling [284] and anti-wetting [257], that are

frequently finding industrial applications.

5.5. Future Perspective

5.5.1. Proposed Future Work on Antibacterial Textures

The findings of this study have helped to demonstrate the successful use of laser texturing on
thermodynamically metastable S phase treated surfaces. Additionally, it has been shown that
this novel synergetic combination can produce long-lasting antibacterial properties
throughout various stages of surface damage. Going forward, it would be scientifically valuable

to explore the following areas:

(1) Expand the understanding of the functional durability of these surfaces with regards to
the other properties (e.g. hydrophobicity) that they possess. This can be performed
using the strategy outlined within this study (section 3.6.2). The findings of this can help
to characterise and optimise future generations of durable antibacterial and
hydrophobic/hydrophilic surfaces. To obtain accurate representations of these
properties, it is necessary for close control and regulation to be kept over the surface
ageing (following texturing) and quality/cleanliness (ambient storage condition) of the
surfaces to be measured.

(2) Examine the changes in bacterial attachment following texturing, with focus on the
location of attachment. The findings of this work can help to further characterise the

antibacterial functional performance of the triangular LIPSS textures, as well as,
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enabling the examination of “cleanability” of the textures (as would be expected to be
performed on a long-lasting antibacterial surface).

(3) Examine in further detail the surface structures and chemistry present on both
nanosecond and femtosecond textured surfaces in more detail. Given the initial
findings within this study, that modification of the oxide layer and state arises during
laser texturing, it would be scientifically valuable to examine in detail, using Raman and
XPS analysis, the subsequent surface characteristics.

(4) Since untreated surfaces succumb to significantly greater wear than S phase treated
surfaces, it can be expected, and shown in this study, that under the same wearing
conditions, the surface morphology of the two sample types varies greatly.
Consequently, the functional properties of the two surfaces are also vastly different.
For application purposes, this demonstrates the need to produce durable textured
surfaces. However, to expand scientific understanding on the mechanism behind the
change in functional property during wearing, it would be interesting to explore the
difference between equally worn triangular LIPSS textures on untreated and S phase
treated samples (i.e. identical morphology following large area wearing). The findings
of this can help to differentiate the influence of chemistry and topography on the
functional properties.

(5) The combination of more advanced plasma treatment technologies, such as triple-glow
plasma nitriding, with these triangular LIPSS textures can potentially produce highly
multifunctional and durable surfaces [285]. In particular, the combination of silver and

S phase co-alloyed surface layers, produced through triple-glow plasma nitriding, with
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these triangular LIPSS textures, have the potential to produce surfaces that possess
both highly anti-biofouling (from texture) and antimicrobial (from bactericidal effect of
silver) properties. Moreover, early indications of these novel triple-glow plasma
nitriding treatments (unpublished work) reveal that, despite the relatively weak
mechanical properties of pure silver, such silver containing co-alloyed layers can
possess mechanical properties that are even superior to the already hard nitrogen S
phase, and therefore, are expected to have even higher resistance to wearing.
Additionally, the silver that resides in these co-alloyed layers can also act as a solid
lubricant, and thus, help to further reduce both the wear and friction of the subsequent

surfaces.

5.5.2. Future Use of Texture Channel Spacing

Currently, there is a lack of general parameters available for the description and comparison
of functional textures. Periodicity is the most widely used descriptor for textures, and although
it does provide valuable information about the patterns, it falls short when used to explain
antibacterial properties. Finer periodic structures are typically associated with antibiofouling
properties; however, this is not always the case [258, 281, 286]. Fig. 5-2 highlights the pitfalls
of using periodicity as a functional descriptor, with increasingly smaller periodicities being both
beneficial (Fig. 5-2B1) and detrimental (Fig. 5-2B2) to the functional performance. Tip
diameter, which describes the top-most available surface of a texture, is another parameter
that is regularly found within the literature [201]. It has been successfully used to describe the

antimicrobial properties introduced as a result of needle or nano-spike textures (through
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penetration and lysing of bacteria) [169]. However, like periodicity, tip diameter also fails to
capture the functional performance of textures, with larger tip diameters leading to both
beneficial (Fig. 5-2C1) and detrimental effects (Fig. 5-2C2). Additionally, the shortcomings are
also apparent when the antibacterial performance changes while the periodicity or tip

diameter are kept constant (Fig. 5-2).

It is therefore recommended that in the future, channel spacing, a much less commonly used
parameter, should be used in combination with tip diameter and periodicity when describing
antibacterial textures. From Fig. 5-2 it can be deduced that channel spacing is a function of
both tip diameter and periodicity (i.e. changes in response to both variables). In particular, the
combination of tip diameter and channel spacing can comprehensively describe the physical
availability of the top-most surface (tip diameter) and the valleys (channel spacing) of the

texture to the attachment of bacteria.
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Fig. 5-2 Changing surface morphology and availability for bacterial (b) attachment. Images B1 and B2
describe the available surface with reducing periodicity (/). Images C1 and C2 describe the available
surface with increasing tip diameter (d). Note that only channel spacing (S) changes with both
periodicity and tip diameter.
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CHAPTER 6 CONCLUSIONS

The findings of this study can be summarised as follows [26]:

1. Feasibility studies of laser texturing on S phase surfaces was performed by forming
channel textures on untreated and nitrogen S phase treated AISI 316L surfaces using
nanosecond (ns) and femtosecond (fs) pulsed laser texturing.

2. Surface texturing using laser pulses within the nanosecond regime (15 and 220 ns) led
to severe damage of the S phase surface, decomposition of the metastable S phase,
and formation of precipitates. Subsequently, distinct losses in corrosion resistance
were revealed through anodic polarisation testing & electrochemical impedance
spectroscopy.

3. Heat conduction modelling revealed that nanosecond pulsed laser texturing provided
significantly higher temperatures than is necessary for decomposition of the
metastable S phase layer. Well-established kinetic analysis also predicted similar
outcomes.

4. Femtosecond laser texturing within the kHz frequency range did not cause any
appreciable decomposition of nitrogen supersaturated metastable S phase surfaces.
This was largely attributed to the athermal nature of fs pulse laser texturing via rapid
evaporation/ablation without appreciable heat diffusion.

5. No discernible changes in chemical composition, cross-sectional layer structure or

electrochemical corrosion properties could be found in the S phase following fs
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10.

11.

texturing. Hence, it was concluded to be feasible to texture metastable S phase
surfaces using fs lasers without causing undue deterioration of the S-phase layers.
Femtosecond laser texturing of S phase treated surfaces was expanded to produce
different bio-inspired surface structures (springtails, lotus leaves and shark skin). Brief
analysis of the response of the S phase following the formation of the different textures
revealed no change in chemical composition or layer structure.

Textures characterised by larger proportions of nanoscale features were found to
possess better antibacterial efficacy against S. aureus, with the triangular LIPSS, which
closely resembling springtails, demonstrating the strongest resistance.

Triangular LIPSS textures were found to consist of hexagonally organised peaks with
periodicity in three different directions. As a result of the periodicity of approximately
900 nm, multi directional scattering of light was observed from the triangular LIPSS
textures.

Due to the fine periodic structures and small channel spacing associated with the
triangular LIPSS, strong antibacterial performance against S. aureus and E. coli was
measured following texturing of both untreated and S phase treated AlSI 316L stainless
steel surfaces.

Following a stabilisation period of 3 months, hydrophobic properties were found to be
retained on S phase treated and triangular LIPSS textured surfaces, while hydrophilic
properties developed on identical untreated surfaces.

Rapid removal of triangular LIPSS textures through severe adhesive wearing, even

under light loading, was observed on untreated AISI 316L surfaces.
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12. Improved wear resistance and structural integrity were found following duplex S phase
hardening and triangular LIPSS texturing of AISI 316L surfaces. Therefore, the durability

of the antibacterial properties were discovered to be effectively improved (at least two

fold).
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