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1. Abstract Summary

This thesis has been produced as a result of academic (Swansea University) and Industrial
(Langley Alloys Ltd.) collaboration, facilitated through Swansea University’s M2A organisation

under the Masters by Research (MSc) scheme of study.

The scope of this investigation was set in the hopes of contributing to the current collective
understanding and literature surrounding the localised electrochemical breakdown activity in
Super Duplex Stainless Steels (SDSS). With specific consideration being given to highlighting
the influence of Copper and Tungsten alloying additions on SDSS’s observed passivation and
breakdown tendencies, when immersed and anodically polarised in a range of acidic &
alkaline chloride media. This would, ideally, give an idea into how said additions impact and

dictate the consequential states of nobility in the dual-phasic microstructure and bulk-alloy.

In pursuit of these aims, it was the scope of this study to electrochemically investigate 3

different high Cr-content (25wt%) SDSS alloys of identical composition (excluding Cu- and W
wt%) in various chloride-containing aqueous media. Consequently this would help ascertain
their strengths/weaknesses in given conditions, with specific consideration to their addition-
differences which would then be attributed to observed differences corrosion features with

specific element additions.

The alloys investigated in this study were UNS-S3550 (Ferralium® 255) UNS-S3750 (SAF 2507)
and UNS-S3760 (Zeron®100). Under external anodic-polarisation these alloys were tested in
various deoxygenated electrolyte solutions of 0.6M NaClzq) at a maintained ambient
temperature of 25°C, in both alkaline and acidic conditions ranging from pH 3 to 11.
Adjustment of pH was achieved via drop-wise addition of NaOH and HCI. PP and SVET analysis
was employed to help quantify, map and explain the bulk & localised ionic-transport

behaviour (respectively), both under open-circuit and non-polarised conditions.

Findings from bulk anodic current characterisation using potentiodynamic polarisation were

in good agreeance with observations made in a previous iteration of this study. That is to say
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it was found that in these conditions, anodic current increases typically associated with the
phenomena of passive layer (PL) breakdown were mainly a result of transpassive dissolution
kinetics, spotted with instances of localised pitting. Post-corrosion microscopy showed the
anodic dissolution to unfold as a surface-wide, selective etching of constituent phases,
typically attacking the less noble ferrite phase. This was later further supplemented with
localised in-situ SVET scanning, showing the corrosive damage to evolve as an anodic “front”,
steadily progressing across the active region of the corroding surface until stoppage of
polarisation. Hysteresis loop data from potentiodynamic polarisation (PP) sweeps
demonstrated a clear benefit of Cu-additions in mitigation of pitting damage in both acidic
and alkaline chloride media. W-additions were also found to be beneficial for suppression of

corrosion damage when compared to non-Cu/W containing grades (UNS-S3750).
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2. Introduction: Corrosion of Super Duplex Stainless Steels

2.1. Historical Context — Duplex Stainless Steels

Duplex stainless steels (DSS) are defined microstructurally by their highly-dual phasic
ferrite/austenite structure. DSSs are well known to possess highly desirable mechanical &
electrochemical properties, particularly in the case of the even more specialised Super
Duplex Stainless Steel (SDSS) grades, distinguished largely by its exceptional pitting corrosion
properties (PREn > 40).

The proportionally-equal, ferritic & austenitic dual phase microstructure was first referenced
by Bain and Griffith in a 1927 study on ferritic/austenitic structures in Fe-Cr-Ni systems [1].
Subsequent to release of this study, DSS alloys were first commercially established in 1930,
being well known for their greater castability and corrosion resistance at elevated
temperatures. As such, in the early stages of their development DSSs were commonplace in
creation of castings, valves, plates and forging across multiple industries[2]. Metallurgists
continued to develop the alloys over the following years both compositionally (N, Mo, Ni-
additions) and processing/treatments-wise, thereby, elevating its competitive position with
the already-established and comparably strong austenitic grades (at the time of discovery).
The addition of nitrogen for assistance in control of ductility for casting and weldability is a
notable example of such developments. Early on in DSS history, a less-intentional
development in the form of a melting error at the J. Holtzer Company (France) in 1933, lead
to the production of a DSS grade (20%-Cr, 8%-Ni, 2.5%-Mo)[3] - much less sensitive to
intergranular corrosion (IGC) in a number of corrosive media. This became a distinguishing
feature for DSSs compared to austenitic grades, as their carbon-rich nature was known to
often lead to formation of continuous Cr-carbide networks, ending in rapid corrosion via
numerous Cr-depleted zones. This disadvantage of austenitic stainless steels in addition to
the superior strength properties of DSSs lead to an increase in patent entries at the time,
including a later issuing involving larger copper additions to assist in particularly aggressive

media.
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Nickel shortages became more pronounced during war times (1940s/50s) and as such,
research and investment into comparatively low-nickel DSS grades was elevated[4]. Soon-
after, the advantage of ferrite-austenite balanced structures over austenitic grades in

chloride stress corrosion cracking (SCC) became more established and clear.

The years following saw a number of processing-related improvements, including the widely
marketed and used French UR50 grade[5]. Produced using precisely-weighed alloying
additions in a high-frequency induction furnace; under partial vacuum to ensure carbon
removal, deoxidation and impede nitrogen ingress. Then came cast-alloy CD4-MCu (UNS
J93370) in the late 1950s; initially known for its relatively poor toughness and ductility, but
then was improved via reduction of Cr-content (to 22-23%) and introduction of quench-
annealing treatment to enhance ductility. Subsequent to this DSSs saw a dormant period of
popularity and development due to notoriety brought about by difficulty with manufacturing

and fabrication (crack sensitivity).

In the late 1960s/ early-70s came the significant development of the implementation of the
vacuum & argon decarburisation (VOD/AOD) methods (Gunnarson, 1963). Consequentially
allowing for greater control of N- and Cr-% as well as the reduction of carbon/sulphur/oxygen
content in steels and thus, restricting presence of deleterious carbides[6], [7]. UNS-S31500
was a notable example of said improvement, known for its enhanced resistance to SCC. This
was owed to a more controlled compositional make-up allowing for optimised
ferrite/austenite phase proportions, as well as a carbon content of no more than 0.03%. Such
development in process methodology, coupled with the growing economic requirements
from; (1) inflation of austenitic-grade prices from further nickel shortages[8] and (2)
increased demand from booming off-shore oil industries needing more inert SSs, was hugely
beneficial to further establishment of DSSs at this time. AOD/VOD processing methods are
still used in SS production to this day, with all three SDSS alloys used in this study being
produced using this method also. Importance of maximising Nitrogen content within
specification limits largely became recognised in the 1970s, ushering another boom in
development of DSSs with new-found establishment of production and welding metallurgy.
This lead to development of highly-alloyed, large Cr-content grades, including one of the first
“Super” DSS grades known as Ferralium 255 (UNS-532550). A grade known for its excellent

resistance to pitting corrosion, used in offshore industries for sulphuric-acid containing
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environments and as castings in products such as pumps and valves. SDSSs are a grade of
stainless steel containing a minimum of 25wt% Chromium and possessing a dual-phase,
equally-proportionate microstructure consisted of Austenite - y (FCC) and alpha-Ferrite -a

(BCC).

Improvement of the new-found Super Duplex SS grades continued into the 1980s, where
greater specificity in proportion of alloying elements, as well as the implementation of
tungsten as an addition, continued to provide greatly improved mechanical properties and
thermal stability. This was however, at cost of greater overall propensity to precipitating
deleterious phases, although correct processing & temperature control matched with correct
solution annealing practices will typically mitigate this. Driven by the aim of reducing raw
material costs in the mid-1980s, the Lean Duplex SS (LDSS) grade was developed with
significantly lower nickel content, leading to more affordable costs of production, albeit with
diminished pitting corrosion resistance[5]. The 80s concurrently saw the introduction of the
even more pitting-resistant grade of Hyper Duplex SS (HDSS), possessing a PREn of up to 50.
Despite this HDSS grades were not as largely circulated due to the scarce range of

applications in requirement of such properties.

2.2. Mechanical Properties of Super-Duplex Stainless Steels (SDSS)

SDSSs possess superior corrosion resistance to standard stainless steels and even duplex
stainless steels; particularly in environments with high propensity for localised pitting
corrosion and stress corrosion cracking [9]. To achieve this duplex (dual-phase)
microstructure, the correct proportions of austenite- and ferrite-stabilising elements must be
added (i.e. Cr, Cu, Mo, N, Mn, Ni) alongside a carefully controlled cooling process [10]. This
microstructure develops at a temp range of around 1000-1200°C; as the newly solidified
ferritic mixture begins to precipitate austenite islands (ref. Fe-Cr-Ni equilibrium diagram in

fig. 1 [11]).
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Figure 1: Fe-Cr-Ni system phase diagram (70% Fe). Red-dotted line shows microstructural

development of SDSS grades. Adapted from previous study[11]

DSSs possess superior mechanical and corrosion properties in comparison with austenitic
grades of SS in temperatures ranging from -50 to 250°C [10]. Outside of this range however,
the susceptibility of the ferrite phase to embrittlement renders DSSs inferior to austenitic
grades, specifically with regard to toughness and strength. The favourable mechanical
properties of DSSs can be largely attributed to the morphology and distribution of their
constituent phases. Tensile strength can be linked mostly to the strong yet brittle a-phase,
which is typically observed to possess a slightly higher modulus of elasticity in comparison to
austenite[12] at the expense of ductility. Tao et al found that when subjecting solution-
annealed and quenched 2205 DSS to nanoindentation tests, ferrite exhibits a marginally
higher elastic modulus (206.94GPa vs 199.84GPa), as well as lower nano-hardness (3.95GPa
vs 4.1GPa) compared to Austenite. This being said, it was also found that ferrite possessed a
lower yield strength and work-hardening exponent[12]. Generally speaking, the enhanced
mechanical properties of DSSs compared to other grades are largely a result of finer grain
sizes within the microstructure. This gives DSS alloys superior yield strength (Hall-Petch
relationship) as well as improved toughness [10]. When quenched and annealed correctly,
the strength of DSS is comparable to that of austenitic and ferritic grades; o-ys (yield

strength) is 2-3 times larger than in austenitic grades. Strength properties of SDSSs are
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further enhanced by the solid solution strengthening from substitutional constituent
elements of chromium and molybdenum, as well as the interstitial element of nitrogen.
Furthermore, chromium and molybdenum also act as ferrite stabilisers while nitrogen acts to
stabilise austenite - due to its higher solubility within the phase [10]. This infers that additions
of each alloying element further improve the respective strength and toughness/ductility

properties of ferrite and austenite phases within the alloy.

Toughness of DSSs is dominated mainly by the y-phase. This is generally understood to be as
a result of y’s ability to impede the progression of cleavage fracture through the a-phase.
DSSs also exhibit strong anisotropy of mechanical properties, particularly when cold-rolled,
due to the resultant characteristically textured microstructures. For example, Hutchinson et
al found a cold-rolled alloy with the composition of 22wt% Cr + 5wt% Ni + 3wt% Mo exhibited
higher impact & fracture toughness performance in the transverse direction as opposed to
the longitudinal, relative to its banded structure. This was as a result of its crystallographic

texture, being: (100)[001] in the c-phase and {110}<112> in y-phase[10].

Fatigue properties are generally superior in DSSs compared to austenitic SSs due to better
strength. DSSs exhibit better fatigue performance with higher fatigue limits under load/
stress-controlled test conditions. This can be ascribed to the finer grain size of DSSs’ dual-
phase microstructure, which assists in impediment of fatigue cracks developed at grain
boundaries, slip bands and inclusions[1]. Initiation of fatigue cracks differs slightly between
cold and hot-rolled steels, specifically with regards to their observed cracking mechanisms.
However generally speaking, literature supports the typical cause of fatigue cracks being the
accumulation of strains around surface defects. M.W. Tofique for example looks into these
mechanisms quite closely as part of an investigation into very-high cyclic-fatigue strength
(VHCF) evaluation of DSSs[13]. T. Bjork et al. studied the fatigue strength of welded DSS and
SDSS alloys both with- and without post welding treatment, eventually finding that both sets
of samples performed exceptionally under low-stress ratios[14]. Previous studies also
indicate a dependency of tensile-fatigue performance on the yield strength of DSS. In
instances where the max-stress applied per-cycle approaches that of the yield-strength of the
alloy, the resultant plastic deformation is sufficient to allow formation of small fatigue cracks.
Under immersion in corrosive media, relative fatigue strength of DSSs can be correlated to

their respective resistance to various mechanisms of electrochemical attack. For example,
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the fatigue strength performance of DSSs in seawater solution and in air can be correlated as

a function of resistance to pitting corrosion, namely, an alloy’s PREN value[15],[16].

2.2.i Secondary Phases

If correct measures are not taken during the cooling & solidification process of DSS alloys, a
number of deleterious secondary/ intermetallic phases can develop within the
microstructure. Once established, these precipitates extensively disrupt and degrade the
corrosion and mechanical performance of the alloy, often leading to failure in service [17].
Avoiding formation of these detrimental precipitates is feasible so long as the correct cooling
rates at specific compositions are used with reference to the CCT and TTT curves of DSSs (ref.
fig 2). Among these phases are intermetallic elements such as sigma (o), chi (x), tau (1), pi ()
and then precipitates such as nitrides (e.g. CrN), carbides (M23Cs/ M7C3) and secondary

austenite- (y2).

1 °C|
e M7C3
CrN (HAZ)
Cr o-phase
9 Mo b, Cr2N
= W x-phase
® Si Yo
8_ M23Ce
e R-phase
()]
|_
Cr, Mo, Cu, W =
300 °C Y

Cr, Mo, Cu, W

Figure 2: Secondary phases of DSSs and the effects of alloying elements on the shape and location of

their Time-Temperature-Transformation curves [10],[18]

Amongst the range of secondary phases/ precipitates, the o-phase can be deemed

particularly important. This is due to the extent to which it can degrade the alloys’
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mechanical toughness & corrosion properties, in addition to its potential range of stability in
DSSs compared to the other phases. Such detriment typically comes about via the localised
depletion of Cr & Mo, at o-sites, from the eutectoid precipitation of the phase. The resultant
depletion de-stabilised the passive film making the alloy more susceptible to corrosive

attack[19].

o is a tetragonal-crystalline intermetallic which forms in DSS preferentially at ferrite-austenite
grain boundaries across high working temperatures (600-1000°C) and is rich in elements of
Cr, Mo and Si [10][16]. As such, additions of Cr and Mo which work to improve an alloys’
corrosion properties, can potentially also conversely deteriorate them — due to these
elements stabilising 0. This bears true even more so for SDSSs, which considering their
increased Cr and Mo proportions, are inherently more sensitive to o formation and thus
require faster cooling times. Cr and Mo additions increase the rate of precipitation as well as
the volume fraction of the o-phase, resulting in the displacement of the “C” curve on the TTT
diagram towards shorter times. Mo particularly is known to extend the range of stability of o-
phase towards higher temperatures [10][20]. Figure 2 aptly shows the resultant effects
different alloying additions have on the C-curve, with Mo in particular demonstrating the
most benefit to detrimental phases despite its well-noted benefits to stabilisation of the

passive film.

Charles et al [21] found that tungsten can also have a similar-effect as Mo when it comes to
stabilising the o-phase by way of increasing its precipitation rate, as well as expanding its C-
curve on the TTT to higher temperatures. It was also observed that Cu seemed to have no
effect on the precipitation kinetics of 0. o-phase preferentially precipitates at either (1) triple
grain-boundary junctions of y/a in DSSs, (2) Cr-rich ferrite sites in ferritic SS or (3) at y/a grain
boundaries in austenitic SS. It is a product of the transformation of ferrite into secondary
austenite and o (o = y2 + 0) and once precipitated, grows within the ferrite phase [10].
Formation of o in production is typically avoided by quenching of DSS alloys from high
temperatures (1200°C), whilst avoiding its range of formation (1000-600°C). Doing so at a
sufficient cooling rate suppresses precipitation due to o’s relatively slow transformation; as a

result of its large tetragonal structure (32 atoms)[1].
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2.3. Corrosion of Super Duplex Stainless Steels (SDSS)

Corrosion properties of alloys in industry are of particular interest when aiming to anticipate
the behaviour/responses of products in particular service environments. In SS, propensity to
corrosion is primarily dictated by chemical composition of the alloy [22],[23]. The ability for
an alloy to resist chemical attack depends heavily on its tendency to produce a protective
passive layer, preventing the ingress of aggressive species. The formation & stability of said
passive layer is directly influenced by multiple factors, including chemical composition, alloy
composition, pH, applied electrode potential and electrolyte composition. [24],[25]. The
electrochemical characteristics, thermodynamics and kinetics of the passivation process have

been extensively researched and presented in literature[26].

Passivation and breakdown, specifically in the context of corrosive aqueous electrolytes, is a
somewhat complex process which we try to explain via correlation with current/potential
behaviour of alloys. A large part of this complexity stems from the sheer variability of this
measured behaviour, based on factors such as temperature, electrolyte composition, alloy
properties, boundary conditions (metal/electrolyte/air) and electrodes. As a result of this,
studies into corrosion resistance of alloys focused on observing and analysing passivation
behaviour are typically done under prescribed conditions (pH, ion concentration,
temperature). These studies often serve to evaluate the ability to passivate and remain

passivated until the point of breakdown within service environments.

Inclusions in the form of oxides born from alloying additions - such as from chromium,
sulphur and manganese, are often focal points of root-cause studies due to their tendency to
cause localised breakdown. As such said studies commonly relate to localised pitting
resistance examples again due to its correlation with point defects such as inclusions[27]—
[29]. Electrochemical Impedance Spectroscopy (EIS) is one of the commonly used techniques
to evaluate the characteristics of passive films, usually alongside surface chemistry analysis
such as X-ray photoelectron spectroscopy (XPS), energy-dispersive spectroscopy (EDS) and
Auger electron spectroscopy (AES). EIS quantifies electrical measurements of resistivity and
capacitance changes in the oxide layer to anticipate propensity to breakdown or

passivation[26].
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In a study of passivation chemistry on SDSS, Cui [30] et al sought to investigate the passive
film growth and dissolution kinetics of commercial SAF 2507 (UNS S32750) SDSS. Following
preliminary potentiostatic polarisation to remove air-formed oxides, samples were polarised
in a series of sodium chloride solutions. Solutions tested were composed of (a) modified
sodium chloride sparged with N2 (no oxygen), (b) acidic sodium chloride sparged as well as
pH-adjusted using Acetic acid (CH3COOH) and (c) regular sodium chloride containing oxygen
(un-sparged). Polarisation was carried out within a potential range of -0.8Vsce to 1.3Vsce, at a
scan rate of 0.5mV/s, then followed by potentiostatic polarisation immersion for 1 hr post-
testing. Capacitance measurements for impedance were taken following 1 hr of polarised
immersion at an anodic potential, during a sweep from anodic to cathodic potentials. A
frequency range of 10mHz to 100kHz was employed during the sweep, with an step-rate

25mV/s using a 10mV AC amplitude signal at 7 points per decade.

Impedance measurements presented in the form of Bode and Nyquist plots showed
consistent passivation kinetics across all 3 solutions. Bode resistivity measurements from low
to middle frequencies were linear with moduli close to -1, then phase angles evolving
between 60°C and 85°C, indicating a mainly capacitive film. Measured polarisation resistance
plots showed a lack of oxygen to have minimal effect on film resistance, unlike with the
presence of acidic media. In spite of this, capacitance measurements indicated an increase of
the film’s electric field strength (Eo) associated with increased oxygen in the passivated layer.
EIS and XPS film composition analysis found that acidification of the ASW solution lead to a
reduction in film thickness, as well as an increase in amount of oxidised Cr, Fe(ll) and
hydroxides in the passive film. It was also shown that during pre-passivation in acidic media,
the protective layer forms as a thin film consisted mostly of Cr-hydroxides. Within the passive

region however, the film develops a thicker depth with a higher oxide content.

With potentiodynamic polarisation, oxygen presence was shown to have distinct effect on
the position of the cathodic curve portion, yet not the actual shape of the curve. Compared
with that of the aerated solution, the cathodic sweep of SAF 2507 in deaerated conditions
was shifted to lower current density densities (left of plot), but unchanged in general shape.
This lead to conclusions of H,O reduction contributing little to the overall cathodic reaction.

In the acidic solution, lack of oxygen from sparging meant that H* ions instead of H,O drove
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the 2H*+ 2e -> H; reaction. What’s more, increased transpassive dissolution was present in

acidic ASW, this was attributed to the breakdown of Cr(lll) in the oxide layer.

Langberg, Ornek et al[26] pointedly investigated and evaluated the transpassive breakdown
of solution-annealed UNS-$32750 SDSS samples immersed in 1M NaCl solution. In efforts to
redefine what qualifies transpassivity, the study utilised EIS measurements as well as
operando synchrotron X-ray analysis (XRF, XRR, GIXRD) to extensively show the onset- and

development of transpassive breakdown.

[ Air/OCP in 1 M Nacl | M [ <900 MV, 0, | S [1000-1200 mV,, . | S ) [ 1400 MV 0

1M NaCl

Ni Ni Ni Ni
CrMoFe Fe CrMo Cr Mo Fe Fe CrMo

Ni,Mo

Fe Fe

-Ax

Vacancy/defect

Oxide layer _
Alloy surface
layer

Bulk T EEN Y

I‘ Onset of breakdown |

Figure 3: Summarised findings of dissolution mechanics during anodic potentiodynamic polarisation of

UNS S32750 (SAF) SDSS in 1M NaCl. Arrow thickness is representative of dissolution magnitude

associated with potential increase[26].

Operando synchrotron XRR was accurately used to observe thickness and density of the
passive layer and alloy surface layer, all while working under the assumption of the 2-layer
oxide film model. The passive layer is usually a few nanometres thick, increasing marginally as
potentials rise through the passive range (900 mV/ag/agc onwards). Subsequently, in the
range of transition from passivity to transpassivity 1000-1200 mV/ag/agci, enhanced anodic
dissolution of Fe leads to a decrease in passive layer density, despite continued increase in
the layer thickness. XRR data coupled with electrochemical measurements infer this change
in density to be responsible for the resultant increase in anodic dissolution, by way of

introducing vacancy defects in the PL allowing further ingress of aggressive ions.
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Data then showed onset of transpassive breakdown at 1000mV/ag/agct With Fe being the main
element of dissolution, along with continued progressive thickening of the passive layer up to
1200 mV/ag/agal. At 1200 mV/ag/ngerdissolution of both Ni and Mo could be detected with the
possibility of also Cr. However at this point the passive film was still present. From 1300
mV/ag/agcionwards, rapid dissolution of Cr is detected as well as for Fe, the rate of oxide
dissolution was seen to exceed that of formation leading to the thinning of the passive layer.
It is at this point at which both the degradation of thickness as well as density of the passive

layer is first noted.

Consequentially, authors stipulate the transpassive breakdown i.e. transition of passive
behaviour to transpassive behaviour, actually occurs over a definable potential range
(~200mV in study). Moreover, it can be characterised by electrochemical changes occurring
at lower potentials, accompanied by structural & compositional changes at higher potentials.
It was noted however, the uncertainty of defining transpassivity solely by an increase in
current density, due to the increasing potential-driven kinetics of the oxygen evolution

reaction likely contributing to current density transients through this E-range also.

2.3.i Corrosion Resistance - PREn

With a Pitting Resistance Equivalency number (PREn) of 240, SDSSs have excellent resistance
against pitting corrosion and stress corrosion cracking in aggressive chloride-containing
environments. The PREy is simply a measure of an alloy’s pitting corrosion resistance based
on the most beneficial alloying additions. There are multiple versions of the equation but the

commonly used is expressed as:

PREN=%Cr + 3.3 x%Mo + 16 x %N

And for instances where there is also Tungsten alloyed with the metal:

PREN=%Cr + 3.3 x (%Mo +0.5% x W) + (16 x %N)

The PRE number is derived from empirical formula originally developed by Lorentz and
Medawar in 1969 to approximate the relative corrosion performance of corrosion-resistant
alloys (CRAs). It has since been revised and/or supplemented by various research &

standardisation bodies such as NORSOK and ISO. Both these organisations have distinct
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standards for estimating chemical resistance of alloys under certain conditions, standards
which do not always agree on the benefit of additions like tungsten, such as with NORSOK M-
001 and ISO 21457. A notable example of unanimous revision was the addition of the subtext

“N”, denoting the favourable contributions of nitrogen.

Although a good measure for anticipating general corrosion resistance, consideration must
be given to constituent phases (i.e. for SS, ferrite and austenite) in order to better anticipate
corrosion behaviour. Pragmatically speaking, an alloy’s corrosion properties are defined by its
constituent phase with the lower PREn value, with optimal performance occurring when both
phases possess similar PREn values. Difference in the proportion of alloying elements
distributed (partitioned) between the two phases in DSSs naturally cause a difference in
nobility and potential between the phases[31]. Meaning that when immersed in an active
environment, y and a phases react differently depending on a number of factors. Typically in
DSSs, the BCC a-phase tends to form with a lower nobility and hence, often preferentially
corrodes anodically via dissolution. The distinct corrosion properties of austenite and ferrite
phases also serve to effectively hinder the propagation of micro-cracks in chloride-containing
solution during environmentally assisted cracking (EAC). Engelberg et al for example noted
how anodic activity at propagating crack-tips within ferritic phases of modern SSs is
suppressed when confronted with phase-boundaries of austenite, which typically has a

higher corrosion potential than its galvanic couple, ferrite[32].

2.4. Alloying Additions to Duplex Stainless Steels — Tungsten and Copper

There are a number of alloying additions that can be made to stainless steels (SS) in order to
enhance their mechanical and corrosion properties for specific conditions across a range of
environments and applications. Chromium, nickel, molybdenum, copper, manganese, silicon
and nitrogen are all typical alloying additions made to SSs, serving as either stabilisers and/or
strength & corrosion resistance enhancers. Chromium (Cr) can be considered to be the
primary alloying component which grants SSs their superior corrosion properties, compared
to other grades of steel. This is due to its contribution to the formation of the passive
chromium-oxide film on the surface of the alloy, which acts as a protective barrier to

chemical attack. It is typically alloyed in proportions ranging from 10wt%-30wt%, although to
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be classed as a stainless steel alloys need only have a minimum proportion of 10.5wt% Cr.
Table 1 below briefly lays out the range of typical alloying additions for DSSs, their resultant
impact on pitting & crevice corrosion resistance and also the practical limitations of addition

for said elements in terms of weight percentage .

Table 1 — Typical DSS Alloying elements and phases, their resultant effects on corrosion resistance and

the practical limitations of their addition (wt%) — adapted from Gunn’s book[1]

Element Impact on Alloy Practical-limitation of addition

Causes precipitation of chromium carbides with

c ) ) About 0.03% maximum
accompanying chromium depleted zones
. . . L About 2% maximum, due to its effect on structural stability
Si Si stabilies passive film . I,
and on nitrogen solubility

Mn Mn-rich sulphides act as initiation sites for pitting. Mn may About 2%. Higher levels may also increase the risk of

also destabilise the passivefilm. intermetallic precipitation
si Sulphides, if not Cr-, Ti- or Ce-rich, tend to initiate pitting [ About 0.003%, if maximum pitting resistance is required. For

attack reason able machinability, upto 0.02% allowed

Between 25 and 28% maximum depending on the Mo-
Cr Cr Stabilises passive film content. Higher Cr-content increases the risk of intermetallic
precipitation.

Increased Ni, other elements constant, dilutes the y-phase with
regard to N, which in turn decreases the PREn of the y-phase. Ni should primarily be used to give the alloy the desired

Ni .
If the alloy is very sensitive to precipitation of chromium austenite content.
nitrides, Ni can have a positive effect.
Mo Mo stabilises the passive film, either directly or through About 4-5% maximum depending on the Cr-content. Mo
enrichment beneath the film enhances the risk of intermetallic precipitation.
N increases the PREn-number of the y--phase dramatically,
N not only by increasing the N-content of that phase, but also by | About 0.15% in Mo-free grades. About 0.3% in super duplex

increasing the Cr and Mo contents through their partitioning | grades and some 0.4% in 25% Cr, high-Mo, high-Mn alloys.
coefficients.

Disputed for DSS; widely believed to be beneficial for
Cu enhancing surface insolubility of alloys against agrgresive ions.
Otherwise marginal positive/negative effects

Approx. 2.5% - larger additions reduces hot-workability and
increases unwanted hardenability

Likely same as Molybdenum's effects (synergistic). Also

. . . . Not Given
increases tendency for precipitation of intermetallics

The non-uniform partitioning of these elements into the constituent phases of duplex alloys,
is the reason for the differing corrosion properties of individual phases. N and Ni
preferentially partition into y while a is enriched in Cr and Mo. Besides the atomic & chemical
properties, partitioning of these elements is heavily influenced by the post-

working/processing cooling rates as well as the solution treatment conditions, namely
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temperature [23]. Cr and Mo are also incorporated into the composition of the oxide film in
SDSS s and they produce the passivating inhibitors of chromium (IIl) (Cr,03) and molybdate
(Mo04?). These preferentially adsorb to the surface of the steel, leading to the stabilisation
and rebuilding of the passive layer by blocking ingress of aggressive species. Inhibitors are
also understood to further reduce propensity to pitting by altering the pH and ion-content
within developed pits, often forming insoluble compounds which block further anodic
(dissolutive) reactions[1]. Hence the observed improvement in corrosion resistance with
increasing additions [23]. The film produced is relatively thin, but possesses a low ionic

permeability [33].

Contributions of Copper (Cu) and Tungsten (W) alloying additions to pitting and crevice
corrosion properties have been researched and debated in the field of corrosion, particularly
across standardisation committees responsible for certifications (see ISO and NORSOK

examples).

2.4.i. Tungsten

Historically, tungsten has long-been understood to be highly beneficial as an alloying addition
to the mechanical strength of SSs across a wide range of temperatures. Depending on the
application it can be added in weight proportions ranging from up to 2% for stainless steels.
This improved strength and hardenability develops due to increased stability of the strength-
influencing ferrite phase, via the precipitation of fine carbides within the microstructure (i.e.
solid-solution strengthening)[34]. Depending which elements it is alloyed with, W can offer
even greater strength & hardness levels in steels by forming complex carbides which are
distributed across the microstructure. Although it’s worth noting that this comes at the cost
of reduced plasticity and impact-strength[35]. In industry, W is added to SS alloys in
environments subject to high friction or heat, due to the added stability it gives at higher
temperature ranges, hence the common usage of high-speed stainless steel grades (HSS) in

tooling and excavation applications.

Notwithstanding this, Tungsten has not yet been universally recognised as a net-positive
contributor to pitting corrosion resistance, as inferred by its absence from the standard
NORSOK-001-spec PREn equation. One reason for this dispute is the dichotomy of its
relationship with addition of molybdenum; where some researchers believe its addition, in

contrast to Mb, to be detrimental to corrosion performance, whereas others believe W



Page |17

exhibits a strong positively synergistic effect with Mb when added. Despite this dispute, there
appears to be consensus between academics on the presence of an optimal range of
Tungsten alloying additions, outside of which, the effects become negligible or even

detrimental[36].

This being said, there are multiple accounts from studies testifying to both the benefit and
detriment of W to electrochemical properties. J.S. Kim[37] et al presented an instance of such
benefit when looking into the influence of W and Ni additions on repassivation behaviour of
rolled & treated SSs. The study found that in acidic solutions, SS specimens with W additions
substituting for Mo displayed decreased passive current densities in the active region during
potentiodynamic polarisation sweeps. Repassivation properties were also improved in the W-
dominant alloys, due to W’s enhancement of stabilising Mo-compounds in the passive film;
namely Iron (II) Molybdate (FeMo0Q4). Despite this however, an increased active current
density was also observed in high-W alloys[37]. Ogawa et al. [38][39] found that Tungsten
aided to retard the growth rate of the deleterious sigma-phase in DSSs at low temperatures,
as well as improve the resistance to localised pitting corrosion. On the contrary however, in
high-temperature conditions W was also observed to accelerate growth of x/o-phases. This
detrimental effect of W was also somewhat corroborated by Nilson et al[40], who found W-
rich weld metals to exhibit higher proportions of intermetallic phases than W-poor and W-
free alloys. In the study, precipitation kinetics of deleterious phases in SDSSs and their
relationship to chemical compositions were investigated. 3 rectangular SDSS plates of
identical preparation, geometry and composition (Sandvik SAF2507 -UNS32750) were welded
in horizontal-series using 3 filler metals. These filler metals were identical in base
composition and distinguished only by their proportions of W and Cu, i.e. 1 without Cu/W, 1

with W only and the last with Cu & W.

After being subjected to isothermal aging treatments and water quenching, followed by
optical microscopy and SEM-EDX/WDX analysis, results showed a fairly clear relationship

between presence of W and prominence of x, 0 and y; in microstructure.

Ogawa et al [41], in studying the effects of W on the toughness & pitting corrosion behaviour
of HAZ’s within modified DSSs, found and presented a distinct benefit of pitting corrosion
resistance increase with addition of W to the base alloy. Base steels SUS329J4L, composed of

25%-Cr, 7%-Ni, 3%-Mo and 0.3%N were alloyed with W in varying amounts up to 4%, then
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formed into 100mm x 300mm x 9mm plates, followed by machining and finally TIG welding
with matching filler at 17 kJ/cm. 24 hr critical pitting temperature immersion tests were run
in 10% FeCls(aq) solution, revealing that higher W-additions increased the pitting resistance
of the base alloy. The HAZ's pitting resistance was also increased with greater % of W up to
2%, after which no added benefit was observed until 4.2%, where effects then became
detrimental. Contrastingly, Charpy impact testing on the artificially-notched HAZ’s of post-
welded samples indicated a detrimental effect of W additions on impact toughness. Most
likely attributable to increased presence of intermetallic compounds in the experimental
temperature range (800-1050°C). It is worth noting however, that practically suitable values
of toughness were achieved with 2%-W, in AT of -30°C and >80 J/cm? impact energy. Beyond

this W %, detrimental effects on toughness were significantly worsened.

Haugan et al[36] were able to convey a distinctly positive benefit of W addition when
subjecting 2 DSS alloys to a series of electrochemical experiments. The two base alloys, UNS-
S32750 and -539274, modified to contain low and high W proportions respectively, were
tested in standard natural seawater conditions; 3.5 wt% NaCl at temperatures ranging from
20°C - 95°C. Alloys were subjected to anodic circular Potentiodynamic polarisation (CPP),
open-circuit potential (OCP) and fixed anodic-potential temperature ramping testing
methods. It was found that at 2.2wt%, W provided a significant increase in Epi and Egep Values

and benefitted pitting and crevice repassivation kinetics as well.

2.4.ii. Copper

Copper (Cu) is another key alloying element, particularly in Duplex Stainless Steels (DSS) used
in environments containing hydrochloric and sulphuric acids. Copper has long been an
treasured asset in the materials industry, thanks in no small part to its chemical nobility,
formability, machinability and electrical conductivity. Numerous research studies [42]—[45]
support one main attribute of copper’s corrosion resistance in sulphuric media being its
suppression of anodic dissolution; commonly explained to be achieved by enrichment of Cu-
atoms at the surface, subsequently forming insoluble compounds around sulphur inclusions.
This prevents further pit formation and growth, thus impeding further reaction (dissolution).
Complimenting this effect, the enrichment of Cu-atoms at the surface of the metal during

anodic dissolution are said to provide a secondary passivating layer. The comparatively higher
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nobility of copper-sulphide as opposed to iron-/nickel-sulphide, causes its preferential

formation in addition to the original chromium-oxide passivating layer [44].

In one such study, Jeon, Kim et al [46] sought to observe the effects of Cu on passivity and
corrosion resistance of Hyper-duplex Steels (27%-Cr, 7%-Ni), both in passive and active
states. Subsequent data showed that Cu had a distinct benefit on active corrosion resistance
of SS alloys immersed in sulfuric acid. Potentiodynamic testing conducted on samples in 2M
H2S04 solution showed lcorr and Ic to be higher for Cu-rich samples immersed at 60°C. One of
the attributed reasons for this was Cu’s tendency to reduce the overpotential of the cathodic
reaction, thereby promoting transition to passivity by facilitating formation of the passive
film. Another was Cu’s affinity for adsorption to oxygen, which would also aid to better
passivate the alloy. In spite of this, the Cu-rich alloy was also observed to have an increased
passive current density (l,), indicating a reduction in corrosion resistance within the passive
region. These preventative benefits of overpotential and dissolution-retardation can also be
observed in Hong, Lee, Kim and Yoon’s study [43] of low-Cu steels in sulphide environments.
In it, it was likewise noted that in acidic media of 10 wt% H,SQ4, the hydrogen evolution
reaction (HER) overpotential was measured to be higher with increasing proportions of Cu,
therefore, suppressing the cathodic reaction of hydrogen evolution. Overall, alloys in this
study with higher amounts of Cu exhibited slower corrosion rates, partially attributed to
accelerated redeposition of Cu?* ions onto the alloy surface. This electroplating effect was
observed to impede further dissolution of the alloy, indicated by the subsequently reduced

current densities observed within said alloys in polarisation experiments.

Banas et al [45] investigated coppers influence on ferritic and duplex stainless steels polarised
in sulfuric acid solution. Ferritic (Fe-18% Cr) and Duplex (24%Cr, 6%-Ni, 3%-Mo) SS samples
were polarised in 1M H;S04 and 1M H,SO04 + 1M NaCl solutions at 20°C. The results obtained
pointed towards a correlative relationship between increased copper additions and
decreased passivity in ferritic steels. This was explained to be due to the lower solubility of Cu
in ferrite compared to austenite. Where copper additions provided solution strengthening to
austenitic phases, contrastingly, ferritic phases saw increased growth of e-phase and thus,
were more susceptible to localised attack. In the duplex steel, there was an observed
absence of e-phase in ferritic phases despite the solubility of Cu being exceeded. Researchers

believed this to be due to higher solubility of Cu in the austenite phase which is
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comparatively larger in duplex SS as opposed to the ferritic. in addition to this, it was noted

Ni also aids to discourage growth of €.

Contrastingly, mass-loss immersion tests performed by Kivisakk et al[47] ,indicated no
significant benefit of copper additions on iso-corrosion curves. With immersion tests of
various SDSS samples in both hydrochloric and sulphuric acidic media; all varying in Cu wt%
from 0.02 to 2.01%, it was concluded Cu provided little to no benefit depending on which
solution tests were performed in. In hydrochloric acid, Cu was found to have negligible
effects, whilst in diluted sulfuric acid (weight % up to 40) it was also observed to have either
little or no detrimental effect. Further to this, the higher Cu wt%-alloys exhibited the lower
corrosion limits. This sentiment was echoed in the study of De Lima et al[42] also, where
through critical pitting temperature tests, it was established that Cu proportions of 3.1% in
cast DSS diminished the pitting corrosion resistance, particularly in chloride media. Similarly,
in 0.3M H,S04 solution addition of Cu was also found to negatively affect the onset of

passivation.
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2.5 Corrosion Characterisation Techniques — Potentiodynamic Polarisation
and SVET

Electrochemical characterisation techniques help to isolate, identify and analyse the
symptoms and resultant impacts of corrosion phenomena. Development of these techniques
is crucial for better anticipation of metal and alloy’s performance in critical service
environments. The reason for this is the complex and highly variable nature of corrosion and
it's strong dependency with parameters which are rarely consistent in service, such as
varying pressure, temperature, chemical composition & concentration, and alloying

proportions.

Characterisation techniques are often oriented towards observing a particular mode of
corrosion, either uniform (generic) or localised in nature. With generic forms being cases
where dissolution occurs equally/uniformly across the surface, showing no visual separation
of anodic and cathodic sites. Then localised cases showing the opposite; preferential attack in

specific areas of the active area determined by electrochemical potential differences.

Leygraf and Graedel aptly conveyed the fundamental principles and deliberations concerning
mechanisms of both indoor and outdoor atmospheric corrosion in their book[48]. In it, they
discretise the process into distinct preliminary, intermediate and terminal/final stages. In line
with the scope of this study, literature presented will focus more on localised corrosion
characterisation as opposed to bulk/general techniques. Such techniques are succinctly

presented and discussed below.

2.5.i. Potentiodynamic Polarisation (PP)

Potentiodynamic polarisation is an effective localised corrosion characterisation technique,
used to assess the susceptibility of an alloy to breakdown in a specified electrolyte solution.
In principle, PP involves imposing a chosen potential difference in DC across a working
electrode (sample) through a defined range of potentials. This imposed potential is varied
either positively (anodic-going) or negatively (cathodic-going) and the resultant observed

current density from doing so is used to interpret electrochemical behaviour of the alloy i.e.
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breakdown, passivation, transpassivity etc[49]. Cyclic Potentiodynamic polarisation is a
common variant of the PP Testing method, used specifically for analysing an alloys resistance
to localised pitting corrosion. It involves polarising the applied potential across the working
electrode, either anodically or cathodically, until the current density output reaches a pre-
specified value, at which point the scan polarity is then reversed and continued until the
starting potential is reached. Cyclic polarisation experiments are often set-up and executed
according to the ASTM G61 or F2129 standard, with regular polarisation scans being covered
in ASTM G59[50].

Potentiostats measure current and control the potential difference between a series of
electrodes connected in an electrochemical cell. These electrodes are typically set up as a
standard 3-electrode cell; (1) Working, (2) Reference and (3) Counter/ Auxiliary, with each
serving a specific purpose in the cell setup. Depending on the type of electrochemical
experimentation being undertaken, electrodes will be ideal conductors either made of an
inert element (e.g. gold, platinum, rhodium) or a reactive element (e.g. copper, zinc,

silver)[50].

The working electrode (WE) is the one at which current & potential is measured, often
making it the target specimen in experiments. Usually made of an inert metal, its surface
hosts the electrochemical reactions of the cell setup. The reference electrode (RE) measures
the potential of the working electrode i.e. as a reference point. As such it is required to have
a near constant potential when no current is present, in order to provide accurate readings
for the WE when potential is applied to the cell. Such consistent potential values are usually
maintained through an inert REDOX reaction. Conventional electrodes used as references in
electro-chem experiments include Silver/Silver Chloride (Ag/AgCl) and Saturated Calomel

Electrode (SCE).

Lastly, the Counter/Auxiliary electrode (CE/AE) provides an end point for current to flow
from/ to with respect to the WE, thereby completing the circuit of the cell. In order not to
disrupt/ influence experimental results, it too is usually made of an inert conductor such as

platinum (Pt) or graphite[49], [50].
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2.5.ii. Scanning Vibrating Electrode Technique (SVET)

The scanning vibrating electrode technique (SVET), is a non-invasive, non-destructive
electrochemical analysis technique[51]. In corrosion studies, SVET utilises a vibrating micro-
electrode tip to sense ionic current variations (i.e. corrosion) through the electric field of
electrolyte solution. This tip is vibrated via an oscillating piezo-electric unit and when used
near the surface of a corroding specimen, it can detect local anodic and cathodic interactions
with relatively high resolution[52]. These interactions are presented as a series of positive
(anodic) and negative (cathodic) current density quantities distributed across the entire scan
area (map). Thus, giving good indication of the distribution of oxidation and reduction
reactions across a given scan area. When multiple scans are performed in succession, their
resultant maps provide a progressive account of corrosion evolution across the entire
surface[51]. It is for this reason that SVET exhibits a distinct advantage over bulk-
characterisation techniques such as Potentiodynamic polarisation. With PP, measured
electrochemical interactions are only presented as a general current density, giving no

indication of the proportion of anodic/cathodic REDOX reactions at a given time in sweeps.

The process of measurement using the SVET begins with a conductive sample immersed in
electrolyte solution. The conductivity of the electrolyte, in addition to local REDOX activity at
the sample surface, results in development of an equipotential gradient at the surface i.e. an
electric field (depicted in fig. 4B). A conductive microelectrode probe head is brought into
close proximity with the surface (around 50 to 200um), then axially-vibrated perpendicular to
the sample’s surface (fig. 5) via a piezo-actuator unit. It is this vibration that eventually
enables the modulation of the resultant signal, which is later demodulated into the desired

DC current density value[51], [53].
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Figure 4: Diagram showing electrochemical corrosion cell ion movement and electrode formation in
acidic, neutral and alkaline media (a), as well as current lines between anode and cathode (b)[51].
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Figure 5: Schematic of electric field distribution at metal surface under SVET probe at a oscillation

distance of 4z

The probe head picks up the potential difference (0V) at various points in the solution (x,y,z)
across its vibration span dr (usually around 10-40um in length) and equipotential region.
Voltage measurements are determined by the electrometer, which alongside the z-axis sin-
wave amplitude signal (obtained via the lock-in amplifier), allows for calculation of the local

potential gradient in solution (V) given by the equation:

ovx ., 0Vy. 0Vz
VO = i k
® orx + ary] + orz

Terms i, k and j are standard x, y, and z directional unit vectors, respectively[51]. These

gradient values can then be used to calculate the electric field strength (E), calculated via:

E=—-VD
Subsequent to this measurement, solution conductivity (k) between the vibration span can

be calculated using the obtained amplitude signal and solution resistivity (p)[53]. From this
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point, the E and k measurements can simply be multiplied using Ohm’s law to give the local

current density value, i [52].

i=k.E
Considering most SVETs make solely omnidirectional field measurements, usually

perpendicular to the sample surface, it follows naturally that the current density flow

perpendicular to the sample surface is:

vz
lz —_ -

orz

The bulk-signal picked up by the probe head is high impedance, hence the need for the
electrometer to measure the signal response alongside distinction using the LIA. Offsetting
the measured ‘noise’ signal with the LIA’s generated sin wave signal (demodulation) results in
the desired DC current density measurement[51]. Thus demonstrating the SVET’s capability

for producing high signal-to-noise data ratio [52], [54].

Feurtes et al [55] used SVET analysis as a tool for investigating corrosion resistance of TIG-
welded SAF-2507 SDSS and standard 316 SS joints. In the study, the initiation and
propagation of corrosion activity as well as the dissolution of oxides was electrochemically
mapped and represented using SVET current density maps. This was done in the hopes of
evaluating efficacy of various post-weld cleaning methods, including; (1) brushing, (2)
brushing & polishing and (3) brushing & pickling paste application. SVET maps proved useful
for comparison with in-situ depiction of the dissolution process as well as for correlation with
discoloration, thickness and composition of tested oxides. It was found brushing & pickling
was the most effective method for improving post-weld corrosion resistance. Credited to its
association with alloys displaying higher critical pitting temperatures (CPT), as well as

decreased anodic activity on the surface.

In another such study, Williams and McMurray [56] characterised 2 aerospace-standard
steam-turbine blade steels, FV566 (11wt%-Cr) and FV520B (13.5wt%-Cr), with respect to
chloride-induced pitting corrosion using anodic-PP and SVET analysis. Polarisation scans were
effective for determining Ey, (pitting potential) of samples as a function of [Cl7] and T, whilst
SVET scans aptly mapped and conveyed stable pitting kinetics as a function of [Cl'] on a non-

polarised surface.
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Samples were subjected to anodic-going polarisation with a starting potential of 0.8Vyssce, at
a rate of 0.5mV/s until reaching a terminal anodic current density value of 100mA.cm™, as
part of a standard 3-electrode setup with SCE as reference and Pt-gauze as counter
electrodes. Scans were conducted within a water bath-immersed (temperature-controlled),
gas-tight electrochemical cell in deaerated aqueous NaCl solution, with chloride
concentrations [Cl] ranging from 5x10“*mol.dm™ to 5mol.dm= at a pH of 6.3 —6.7. SVET
scans were performed with a probe vibrator assembly consisted of a 125um-diameter Pt-
wire sealed within a glass sheath (probe), axially-manipulated by 3 orthogonal linear bearings
driven by stepper motors. A probe vibrational frequency of 140Hz was used with a peak-to-
peak vibration amplitude (App) of 30um 5, at a scan height of 100um above the immersed
sample surface. Obtained voltage signals were detected by a lock-in amplifier and subjected
to digital averaging (typically 10 successive measurements), for enhancement of signal-to-
noise ratio. Once immersed, SVET scans commenced immediately across an isolated
10x10mm? area with a 1-hour scan interval across 24 hrs, producing Vpp values later

converted to j; in order to produce current density development maps.

Results demonstrated both the 11wt% and 13.5wt%-Cr alloys’ Ep exhibited a definable semi-
logarithmic dependence on [ClI] and T, across a range of temperatures (25-100°C) and ion
concentrations ([ClI'] of 5x10* to 5 mol.dm=3) within a near-neutral pH. This dependency was
demonstrated with acquired PP results linearly plotted via the equation E,=A+BxLog1o[Cl].
Where A and B are constants attained by least-squares linear regression, A shows a linear

dependence on increasing T whilst B remains temperature-independent.

SVET current density maps established a threshold for stable pitting within the 11wt% Cr
when immersed in aerated electrolyte under no external polarisation. It was found within 1
hour of immersion at 20°C in electrolyte of [CI] > 1 mol.dm™3, pitting would occur. Whereas
under similar conditions, the 13.5wt% Cr specimens exhibited no pitting corrosion artefacts
when immersed for up to 4 days, even at the highest chloride concentration (5 mol.dm3).
Initiated pits within the 11wt% Cr specimens were observed to steadily increase measured
anodic current over the 24-hr test duration, implying no instances of repassivation, neither
reversible nor non-reversible. Furthermore, pit number density was seen to increase from 1

to 4 per cm?, correlating to an increase of [Cl'] from 1 to 5 mol.dm™.
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2.6 Aims and Objectives for this study

This thesis is centred around a number of aims regarding the characterisation of SDSS alloys’
corrosion performance in chloride media. Chloride-containing media represents a large
proportion of service environments utilising corrosion resistant metals in industry,
particularly in petrochemical and maritime applications. As such, it is within the aims of this

study to:

1 — Generally, contribute to the understanding of the initiation, propagation and passivation
stages of localised corrosion in chloride media, primarily through the use of the

electrochemical techniques described in preceding sections of this chapter.

2 — Provide distinction and validation to the proposed benefits/detriments of Copper and
Tungsten alloying additions in commercial SDSS alloys. Considering the lack of studies with

direct comparisons thus far, doing so would subsequently validate their advertised attributes.

3 — Provide a basis for recommendation of further work that would supplement and clarify
the conclusions made from this study, previous iterations to it and the wider field of wet-

corrosion academia.
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3. Experimental Methodology

3.1. SDSS Sample Production

The three alloys investigated in this study were provided in wholly by Langley Alloys Ltd, a
producer and distributor of specialist metal alloys currently based in Newcastle, UK.
Ferralium 255 (UNS-S3550), Zeron 100 (UNS-S3760) and SAF 2507(UNS-S3750) SDSS alloys
were all provided in both medallion and cylindrical form (rods), with their relative
compositions and dimensions listed below in table 2. All materials provided for this study
were supplied with corresponding data-sheets certifying the relevant industry standards the
alloys were manufactured, treated and supplied to. Including verification of post-processing

mechanical, microstructural and chemical examinations.

Samples were melted via electric-arc furnace melting (EAF), followed by refinement with
Argon-Oxygen Decarborisation (AOD) and then subsequently formed to cylindrical form by
hot rolling. Following the hot-rolling process, the prospective-rods were peeled to achieve
final dimensions as well as eliminate surface defects and acquire a more homogenous surface
guality. Once formed, rods were then solution annealed at a temperature of 1060°C,
followed by water-quench cooling. Post production, all alloys were certified to be free of
microstructural defects and deleterious phases/precipitates by the relevant quality-assurance

authorities, as per ASTM E562.
3.1.i Justification of Comparison and Denotations

As all three alloys are highly compositionally-similar and have been produced according to
the same specifications i.e. processing, metallography and dimensions, It is the assumption of
this study that any reproducible difference in electrochemical behaviour observed in
experimentation, comes as a result of the compositional difference between the alloys’

Copper (Cu) and Tungsten (W) additions highlighted below.
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Table 2 — Relative compositions (Wt%) of study’s SDSS alloys (UNS-S3760), (UNS-S3550) and (UNS-
S750), along with industrial tradenames and chosen denotations

Ferralium®255 (UNS-S3550) - FER{Cu+)

Cr Ni Mo Cu C Mn N Si P S Fe

Min 24.5 5.5 31 | 15 0.8 0.2

Max | 26.5 6.5 3.8 2 0.025 1.2 0.25 0.7 | 0.025 | 0.005 Bal

SAF 2507 (UNS-S3750) - SAF

Cr Ni Mo Cu C Mn N Si P S Fe

Min 24 6 3 0.24

Max 26 8 5 0.5 0.3 1.2 0.32 0.8 | 0.035 | 0.02 Bal

Zeron®100 (UNS-S3760) - ZER(W+)

Cr Ni Mo Cu W Mn N Si P S Fe
Min 24 6 3 0.5 0.5 0.2 0.1
Max 26 8 4 1 1 1 0.3 0.8 | 0.025 | 0.005 Bal

Throughout the rest of this thesis, rather than referring to the full trade-names and UNS
numbers, subject alloys will be denoted by abbreviations indicating their key additions i.e.

Copper surplus, Tungsten surplus and neither Copper nor Tungsten.

As such, Ferralium 255 having the highest copper addition shall be denoted as FER(Cu+),
Zeron 100 will be ZER(W+) for higher tungsten addition and SAF 2507 will simply be SAF, as a
result of having neither copper/tungsten additions. This denotation shall be used for both

medallion and rod specimens henceforth.
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3.2. PP Testing Sample Prep —Medallions and Rods

Medallion samples were drilled and fitted with a 3.25mm bare copper wire. Then silver-
soldered and cleaned for establishment of electrical connection. This connection was
subsequently insulated using RS-Pro self-amalgamating tape, leaving round 1-inch of bare
wire for electrode connection. After wire insulation, medallion samples were cold-mounted
in 2 part epoxy resin and left to cure overnight in air/temperature controlled fume

cupboards.

For surface preparation, samples were all iteratively wet-grinded with silicon carbide (Si-C)
paper in increasing European grit-grades from P50 to P2500. Each grade/iteration of grinding

consisted of cleaning the samples with de-ionised water (DI) and ethanol.

For isolation of the active test area (for PP and SVET testing), 3M extruded 5490 PTFE tape
was used to mask the general testing area, roughly 6cm? in size. The final test area (10mm x
10mm) was then achieved via application of G371 Lacomit varnish followed by air curing in a
fume cupboard. This making method was preferred due to previous test sweeps (with
samples masked only using PTFE) repeatedly exhibiting crevice-effects when reviewed post-
sweep. Which thus compromised integrity of results/observations made from said sweeps

due to lack of distinction between pitting and crevice current/potential behaviour.

NB: Whilst the implementation of Lacomit varnish for isolating the active area eliminated a large
degree of crevice-effect conflation, it remained the case in a number of medallion-PP sweeps that
crevice effects were still scantly present. In response to this, SDSS specimens were later provided in
the form of rolled rods for partial immersion into electrolyte, in hopes to altogether eliminate the need
for masking and hence, the opportunity for crevice formation. Medallion PP sweeps were also
compared to subsequently acquired rod sweeps, in an effort to comparatively validate the observed

sweep artifacts and retain credence of the data by crafting error margins.

Rod specimens were prepared metallographically similarly to medallion specimens.
Progressive wet-grinding with SiC paper in grits ranging from P50 to P2500 was used to prep

the surface, followed by thorough cleaning/degreasing with DI water and ethanol. As for
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establishing an electrical connection for the 3-electrode setup, rods were affixed with
conductive brass jubilee clips connected to the Potentiostat via plier (crocodile) clips.
Isolation of the active area for testing was done simply by partial immersion, 20mm, into the
test solution, then held in place by desktop lab stands with insulated grips. Once the test
solution was ready, rod samples were set up in a configuration similar to that of the

medallion setup, depicted in fig 7 below.

3.3. PP electrolyte preparation and electrode configuration

Sodium chloride electrolyte solutions were prepared, consisted of 3.5% NaCl (0.6M) in a pH
range of 3-11ph. Each solution was pH-adjusted via drop-wise addition of reagent-grade
hydrochloric acid (HCL) and sodium hydroxide (NaOH). For medallions, 300-400 ml of solution
was used for each electrolyte (depending on volumetric size of mounted sample). Whereas
for rods, solution volume was kept to roughly 350ml. Once prepared, to remove oxygen from
the electrolyte all test solutions were deoxygenated with nitrogen gas (N3) via a tube inlet
placed into the electrolyte for a minimum of 25 minutes. Immediately after, the sparge tube
was raised to a level just above the solution to insulate the above airspace from oxygen

ingress, as well as avoid flow corrosion effects from bubbles in the electrolyte during testing.

All preparations and experiments were conducted in an ambiently-controlled lab
environment set at 25°C. A standard calomel electrode was used as the reference electrode
alongside a platinum-gauze acting as a counter/auxiliary electrode. The configuration of the
3-electrode setup for OCP and PP testing of this studies’” medallion & rod specimens is shown

in figures 6 and 7 respectively below:
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Figure 6: 3-electrode sample setup for Potentiodynamic Polarisation Tests (Medallions)[57]
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Figure 7: Diagram of 3-electrode sample setup for Potentiodynamic Polarisation Tests (Rods)
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Polarisation experiments were conducted with a Solartron SI 1287 analytical Potentiostat in
DC setup. Open circuit potential (OCP) and PP experiments were configured and facilitated
using Scribner’s CorrWare application, then later processed and presented using CorrView.
Prior to starting anodic polarisation, each specimen was immersed and tested in prepared
solution for 30 minutes under open-circuit conditions (OCP). This is done to determine the
potential between the WE (sample) and RE (SCE), under no external circuit load /E, whose
positioning was as close to each other as possible to minimise voltage-drop in solution. Once
each sample’s OCP had been recorded, the software setup was then switched to polarisation

mode.

Scan parameters for polarisation were set as follows; starting potential was selected as 0.3V
below E recorded between WE and RE in preceding OCP measurement, with a scan rate of 1
mV/s. Scans were set to reverse polarity (i.e. anodic to cathodic sweep direction) once a
current density of 0.005A.cm™ was reached. These limits were taken as a follow-on from a
previous iteration of this study completed by J. Bonfield for the sake of continuity between
results[57]. Once samples had repassivated, i.e. after sweeps intersected their initial plots

upon reversal, scans were promptly stopped and presented as E vs Log(l) plots.

Specimens were tested a minimum of 2 times each to ensure observed behaviour/features

were reproducible and thus, accurately representative of alloy’s performance characteristics.
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Figure 8: Schematic plot showing the characteristic shape of an anodic-going potentiodynamic
polarisation plot with key events. Adapted for SDSSs from Nature-Scientific Data Article [58]

Figure 8 depicts the appearance of a hypothetically characteristic anodic-going
potentiodynamic polarisation curve, specifically for metals with a high-degree of resistance to
pitting corrosion immersed in NaCl solutions, as is the case with the subject alloys

investigated in this study.

As SDSS are designed to be highly resistant to pitting corrosion compared to standard SS
grades (i.e. high PREN), their polarisation scans can have additional artifacts correlating to

various mechanisms across the stages of passive, active and transpassive behaviour.

Starting at Ecorr, anodic and cathodic electrode reactions are in equilibrium. Following this, as
the overpotential is increased the curve enters a period of active behaviour, indicated by the
disproportionate increase in current density. However upon reaching the potential
corresponding to ipass, the current density stabilises and no longer increases with increasing
overpotential. This is the point at which the protective oxide film is generated and signifies

the onset of passive behaviour (active-passive transition). As the scan continues and the alloy
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reaches potentials closer to that of Epi, the passive film begins to lose stability and
metastable pits start to form —indicated by transients in current density displayed above.
These pits often quickly subside due to the strongly-regenerative nature of SDSS passive
films. However once Epi is reached, the passive film is further destabilised by the
overpotential and stable pitting begins to occur; indicated by a constant further sharp
increase in current density. Although once again due to the high pitting-resistance of SDSSs,
pitting is passivated briefly before reaching the value Epq, at which point the once-passive

metal exhibits transpassive behaviour.

Once Ery is reached, the scan direction is reversed and current density rapidly decreases

(transpassive dissolution slows down), due to the applied potential dropping back to values
where passive layer elements are more stable and hence, combat further dissolution. Once
the plot intersects with the initial scan line (i.e. near E.p, on plot), the alloy is considered to

have repassivated, indicated by a significantly lower current density.

The plot above suitably represents the parameters of interest to be discussed later in the

results section. Namely, the Epit, End, Erev and Erep values.

3.4. SVET

In-situ scanning vibrating electrode measurements on anodically polarised SDSS specimens
were carried out using an SVET instrument of in-house construction whose design, mode of
operation and calibration are described in detail elsewhere [1]. The instrument consisted of a
probe comprising a 125 um diameter platinum wire sealed in a glass sheath and this became
the active portion of the probe tip. The probe was rastered over the surface of interest by
means of a computer-controlled arrangement of stepper motors, allowing control of scan
dimensions and probe-to-specimen distance. In this work, the SVET peak-to-peak voltage
signal was converted to values of current density along the axis of probe vibration (j,), by
galvanostatically checking the calibration using a two-compartment cell as described

previously [[56], [59]].
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For SVET analysis of galvanostatically polarised SDSS specimens, the samples were prepared
in a manner similar to that described previously for potentiodynamic polarisation
experiments. Copper wire was connected to drilled specimens which were then cold
mounted in two-part epoxy resin so that one of the circular faces of the medallion was
exposed. This face was abraded using silicon carbide paper and polished using an aqueous
slurry of 5 um polishing alumina, washed with aqueous surfactant and rinsed with distilled
water followed by ethanol. Test samples were then prepared by covering the surface with 90
pm thick extruded PTFE 5490 tape (3M Ltd), such that only a 5 x 5 mm square area was
exposed to electrolyte. SDSS samples were completely immersed in an electrolyte bath
containing aqueous 3.5 w% (0.6 mol L-!) sodium chloride at pH 6.5. The electrolyte bath was
left unstirred and in contact with room air at a nominal temperature of 20°C. The SVET probe
was held vertically and scanned at a fixed height (100 um) above the metal surface. For the
experiments described here a constant anodic current density of 10 mA cm™ was applied to
the specimen by means of an in-house micro-galvanostat, employing a Pt gauze counter
electrode. SVET scans were carried out immediately following the start of polarisation and at
8 min intervals thereafter for periods of up to 4 hours. A schematic diagram of the
experimental set-up allowing in-situ SVET analysis under sustained anodic polarisation is

shown in Figure 9 below.



Page |37

Galvanostat
_ Ag/AgCl
Glass container SVET probe Reference i
_ \l electrode ]
SDSS sample
v
t |
|
NaCl (aq) Levelling
electrolyte stage /

Platinum gauze counter electrode

Figure 9: Schematic diagram showing the experimental set-up for SVET mapping of current

density distributions over anodically polarised SDSS specimens immersed in corrosive test

solution under galvanostatic control.

Important Note: While it was within the initial scope and intention of this study to utilise the
analytical method of SKPFM to evaluate local nobility-variances of the three alloys, regrettably
lockdown measures hampered the ability to make use of facilities. It is my hope that further
extensions of this work will make use of the data from this paper and the SKPFM technique to draw
more substantial conclusions of alloy performance based on nobility readings as described in the

“Further Work” section.
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3.5. Pourbaix Diagram for SDSS
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Figure 10: Pourbaix diagram for compounds formed in a 70wt%-Fe SDSS alloy as well as
region of water stability (dotted) at 20°C — adapted from [60]

Figure 10 shows the thermodynamic stability of compounds formed by a SDSS system at

various potentials and pHs. Throughout this study this figure will be referenced in an attempt
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to relate observed alloy corrosion behaviour with thermodynamic changes in stable elements

represented by the various regions displayed in the diagram.
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4. Results and Discussion

4.1. Optical Microscopy

Figure 11: (a) 10x magnification optical micrograph scan of post-corroded ZER(W+) sample
anodically polarised in 0.6M NaCl at a pH of 5 and (b) 20x mag micrograph of post-corroded

FER(Cu+) specimen anodically polarised at a pH of 9
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NB: There was intention to obtain multiple micrographs across a number of pHs for each alloy, but as with
SKPFM measurements, time & access restrictions imposed by the covid pandemic made acquisition unfeasible.
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4.1. Anodic-Potentiodynamic Polarisation in Aqueous Chloride Solution

Anodic polarisation sweeps were performed for each alloy in deoxygenated 0.6M NaCl(aq)
(3.5wt %) solutions as a standard 3-electrode setup, with varying pH levels ranging from 3 to
11. These data plots are presented firstly as multi-pH/same alloy sweep compilations for each
alloy in figures 12-14, then as multi-alloy/same-pH compilations in figures 15 to 19 and tables
3-7 respectively. Sweeps with extended reverse current density limits (0.1 A.m™ compared to
0.05) for alloys FER(Cu+) and ZER(W+) are presented both individually and comparatively
(FER vs ZER at 0.1A.m™2) in figures 20-22. Summary plots of key corrosion-indicating

parameters are shown in figures 23-25.



4.1.i PP - Multi-pH, same-alloy anodic sweep compilations
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Figure 12 : (a) Anodic polarisation sweep compilation for alloy Ferralium 255 (FER(Cu+)) in NaCl(aq) at

pH-3, pH-5, pH-7, pH-9 and pH-11 with (b) corresponding hysteresis loop compilation marked with

repassivation points (+)
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Figure 13: (a) Anodic polarisation sweep compilation for alloy SAF 2507 (SAF) in NaCl(aq) at pH-3, pH-
5, pH-7, pH-9 and pH-11 with (b) corresponding hysteresis loop compilation marked with

repassivation points (+)
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Figure 14: (a) Anodic polarisation sweep compilation for alloy Zeron 100 (ZER(W+)) in NaCl(aq) at pH-
3, pH-5, pH-7, pH-9 and pH-11 with (b) corresponding hysteresis loop compilation marked with

repassivation points (+)
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4.1.ii PP - Same-pH, multi-alloy anodic sweep compilations
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Figure 15: (a) Anodic polarisation sweep compilation for alloys ZER(W+), SAF and FER(Cu+) in NaCl(aq)

at pH-3 with (b) enhanced view of associated hysteresis loops
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Table 3: Table of key corrosion parameters measured for data presented in figure 15

Breakdown Repassivation Protective Reverse
\ Solution OocCP \ p . Potential Range .
Specimen H (V vs SCE) Potential (Eoa/Vvs Potential (Exep— OCP) Potential (Erev/V
P SCE) (Erep/V vs SCE) e"M vs SCE)
ZER(W+) 3 0.4337 1.2791 1.4767 1.043 1.6883
SAF 3 0.4388 1.2721 1.3909 0.9521 1.6791
FER(Cu+) 3 0.357 1.2708 1.6244 1.2674 1.7323

In acidic conditions of pH 3, all three alloys exhibited similar behaviour with a few
distinctions in passive/transpassive transition. FER(Cu+), SAF and ZER(W+) all exhibited
relatively stable passive regions with little signs of disruption or early pit-nucleation. FER
(Cu+) showed rapid transition from the anodic peak (Ecorr) into the passive region, whilst SAF
exhibited a brief transient in anodic activity prior to primary passivation. As a result of the
scan start-point being above that of the Ecorr for ZER(W+), it could not be concluded whether
or not it underwent primary passivation. All three alloys also showed a progressive increase
in current density with higher potentials along the passive region, this can most likely be

attributed to oxygen evolution being thermodynamically feasible at this potential range[60].

All three alloys yet again showed similar transpassive sweep-dynamics, with their
breakdown potentials (Ebg) being in the range of 0.921 — 0.937V,s sce. Post -breakdown,
FER(Cu+) showed signs of brief yet rapid repassivation as its plot stabilises (i.e. straightens
up) before subsequently reaching the pitting breakdown potential (Epit) at 1.27 Vys sce. SAF
and ZER(W+) also showed signs of brief repassivation but inevitably reached the same
breakdown point (1.27V) before being able to meanigfully repassivate. Upon reversal of the
scanning direction, FER(Cu+) was the first to rapidly repassivate at 1.62V s sce showing little
signs of pitting activity, soon followed by SAF and ZER(W+) at potentials of 1.39 and 1.48V s
sce respectively. This is indicated in fig 15(a) by the coloured crosses which correspond to the

colours indicated on sweep legend.

With regards to pitting, both shape and size of the hysteresis loops for all three alloys differ
at 3pH, with ZER(W+) having the largest and widest loop followed by SAF and finally,

FER(Cu+) with the smallest and narrowest. FER(Cu+)’s minimal hysteresis loop coupled with
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its lower OCP and high repassivation potential of 1.62V.s sce indicates its superior
repassivation performance in Cl-containing media at low pH compared to W-containing and
non-W/low Cu-containing alloys. This could be explained by the well noted tendency of
copper-containing stainless steels to be especially resistant to pitting in chloride-containing

environments[42], [44].
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Figure 16: (a) Anodic polarisation sweep compilation for alloys ZER(W+), SAF and FER(Cu+) in NaCl(aq)

at pH-5 with (b) enhanced view of associated hysteresis loops
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Table 4: Table of key corrosion parameters measured for data presented in figure 16

Protective Potential

Solution ocp Breakdown Repassivation Range Reverse
Specimen Potential (Epd/V vs Potential 8 Potential
pH (V vs SCE) (Erep — OCP)
SCE) (ERrep/V vs SCE) ) (Erev/V vs SCE)
ZER(W+) 5 0.1981 1.2541 1.2842 1.0861 1.6536
SAF 5 0.2618 1.2523 1.2346 0.9728 1.6204
FER(Cu+) 5 0.2324 1.2485 1.5334 1.301 1.6486

At pH 5 distinctions in passive behaviour between the three alloys became more pronounced
through earlier phases of the sweep. ZER(W+) and SAF showed similar OCPs at 0.23V and
0.26Vys sce respectively, contrasted with FER(Cu+)’s notably higher OCP of 0.19Vys sce —
indicating slightly better stability of ZER and SAF alloys in 5pH chloride solution.
Subsequently, SAF appeared to show a significant yet brief spike/transient of anodic activity
before reaching passive potentials of ~0.33V,ssce, likewise to ZER(W+); showing a lesser
degree of primary passivation up to 0.125Vyssce. This would indicate SAF had more difficulty
with primary passivation as opposed to ZER(W+) at this pH, which passivated within 1/3 of
the potential range used by SAF. FER(Cu+)’s plot had no sign of defined primary passivation at
the start, although it is entirely plausible its curve was cut off due to insufficiently high

sweep-starting potential.

Nevertheless all three alloys exhibited well-defined regions of passivity across similar ranges
of potential (~0.25 — 1.25 Vs sce). In spite of this, there are a number of artifacts which
inferred difference in alloys’ stabilities within the passive region. Initially, all three alloys
showed different passive current densities (ip), which has been stated to indicate different
rates of corrosion[61], with higher i-densities correlating to faster rates. Contrary to its
apparent difficulty with initial passivation, SAF showed the lowest i, quickly followed by
FER(Cu+) and lastly ZER(W+). In spite of this, transient current-spikes in the passive regions of
all three alloys told a different story of stability. All three alloys appeared to show increased
frequency & severity of transients around ~0.6V, SAF and FER(Cu+) both displayed their large
transients around this point, whereas ZER(W+) did not display spiking to the same degree.
With similar sentiment to its difficulty in initial passivation, SAF showed a large degree of
current transients specifically in more noble potentials of the passive region, 0.57Vto 0.87Vys

sce. This was also the case for FER(Cu+), although it also showed earlier signs of transients at
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less noble potentials as low as 0.3V, up to 0.69V,ssce. As for ZER(W+), despite displaying the
highest apparent corrosion rate through its higher passive current densities, it also exhibits
the least amount of current transients in a less-noble and narrower potential range of 0.38V
to 0.62V. Interestingly, unlike ZER(W+), both SAF and FER(Cu+) alloys show on average more
sever instances of transient metastable pitting, most notably at potentials of 0.64V and 0.6
Vs sce respectively. This could be explained when referring to the pourbaix diagram indicating
the thermodynamic stability of the compound Tungstate (W0O4%) at this range (ref. fig 10). It
could be the case that tungstate in the PL of ZER(W+) acts to impede the evolution of oxygen
reaction, thus suppressing the anodic current observed in the passive region. However, to
validate this idea in-situ compositional analysis would be needed to determine the specific

reactions and resultant compounds in this situation.

Approaching the breakdown point SAF displayed a brief attempt to repassivate at 1.15Vys sc,
which was not observed in the FER(Cu+) and ZER(W+) specimens. Aside from this feature, all
three alloys displayed similar breakdown dynamics, with all three having breakdown/pitting
potentials (Epd/Epit) of around 1.25 Vyssce. As with results acquired at a pH of 3, FER(Cu+)
again displayed the smallest and narrowest hysteresis loop in a chloride environment at 5pH,
evidenced by its rapid repassivation at a potential of 1.53Vssce and thus, indicative of less
pitting corrosion damage. This idea is corroborated by general consensus of copper’s
usefulness for increasing pitting corrosion resistance in chloride-containing environments via
formation of insoluble oxides in the passive layer[62]. SAF and ZER(W+) both possessed larger
hysteresis loops albeit with different geometries, ZER(W+) displayed a significantly-thicker
hysteresis loop in comparison to SAF’s slender loop, indicating a greater degree of dissolution
severity in the former. ZER(W+) and SAF repassivated at 1.28V and 1.23 Vs sce respectively.
This occurred at much lower potentials than their reverse potentials and closer to their
original breakdown points, unlike FER(Cu+) which repassivated at a potential much higher

than that of its initial Epa/Epit.
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Figure 17: (a) Anodic polarisation sweep compilation for alloys ZER(W+), SAF and FER(Cu+) in NaCl(aq)

at pH-7 with (b) enhanced view of associated hysteresis loops
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Table 5: Table of key corrosion parameters measured for data presented in figure 17

Protective Potential

Solution ocp Breakdown Repassivation Range Reverse
Specimen Potential (Ebda/Vvs Potential g Potential
pH (V vs SCE) (Erep — OCP)
SCE) (Erep/V vs SCE) ) (Erev/V vs SCE)
ZER(W+) 7 0.1428 1.2326 1.2949 1.1521 1.69
SAF 7 0.13914 1.2454 1.4536 1.31446 1.6602
FER(Cu+) 7 0.1101 1.2467 1.5431 1.433 1.6927

In neutral conditions (7pH), following intermediate potentials of around 0.6Vyssce, alloys
showed high degrees of characteristic conformance in breakdown and repassivation
behaviour[57], [63], [64]. ZER(W+) presented a comparatively greater range of passivity at
7pH of about 0.19V, albeit at the expense of a less-noble OCP of 0.24V.s sce. Although partially
obscured, SAF and FER(Cu+) both possessed OCPs in the more noble direction of potentials at
approximately 0.04V, with FER(Cu+)’s taken just prior to the anodic peak of primary

passivation and SAF’s at the end of what appears to be PP.

Compared to previous sweeps at 3- and 5 pH, for SAF and FER(Cu+) particularly, the slope of
the region of passivity was noticeably flatter (less steep), indicating a more active passive
current density. More notably, ZER(W+) appeared to be the only alloy at pH-7 to show a clear
transition from passive to transpassive behaviour (~0.55Vyssce). SAF and FER(Cu+) on the
other hand, displayed a consistent slope of activity following PP up until the point of
breakdown. It is difficult to postulate what particularly causes this difference in behaviour
without chemical/in-situ analysis of the alloys in these conditions. However as with the
reasoning of the current transients at 5pH this could be due to presence of tungstate, which
in these conditions could be reduced at cathodic sites to form the protective-compound
tungsten oxide (WOs), this reaction would likely be observed as WO4% + 2H,0 -> WO, + 40H.
Alternatively, previous study has stated the tendency of tungstate to also act as a oxidising
agent to released iron ions (Fe?*) at anodic sites within high E-ranges to form passive iron
tungstate (FeaWOs) complexes[65]. In either such case, W would pose a significant benefit to
passivity of SDSS immersed in neutral/acidic chloride media within this potential range

compared to that of non W- and Cu-containing alloys.
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Whilst ZER(W+) exhibited stronger passive tendencies at the earlier potentials, it does so with
the highest current density (ipass) among the three. This is up until a potential of about 0.6Vys
sce, at which point it’s sweep became concurrent with that of SAF and FER(Cu+)’s, indicating
the onset of the oxygen evolution reaction (ref pourbaix fig 10). As with data obtained at a pH
of 5, alloys again possess a number of current transients most significantly at intermediate
potentials of the passive range ~ 0.4 to 0.81V.ssce. SAF appears to be most afflicted with
transients repeatedly occurring in this potential range, followed by FER(Cu+) with less
frequent & significant (low-i) transients. Lastly, as before ZER(W+) displayed current
transients of lesser frequency and severity. SAF and FER(Cu+) both undergo single occasions

of large current transients at 0.74V and 0.54V,s sce respectively.
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Figure 18: (a) Anodic polarisation sweep compilation for alloys ZER(W+), SAF and FER(Cu+) in NaCl(aq)

at pH-9 with (b) enhanced view of associated hysteresis loops
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Table 6: Table of key corrosion parameters measured for data presented in figure 18

Protective Potential

Solution ocp Breakdown Repassivation Range Reverse
Specimen H (V vs SCE) Potential (Ebd/V Potential (E —%CP} Potential
P vs SCE) (Erep/V vs SCE) “epm (Erev/V vs SCE)
ZER(W+) 9 -0.2171 1.2271 1.5158 1.7329 1.642
SAF 9 -0.1924 1.2181 1.2445 1.4369 1.6873
FER(Cu+) 9 -0.1791 1.2218 1.5187 1.6978 1.6822

In this alkaline solution (pH 9), FER(Cu+), SAF and ZER(W+)’s OCP’s were well defined with
minimal difference between the three alloys at -0.18, -0.19 and -0.22Vys sce respectively,

slightly less-noble potentials in comparison with acidic pH’s.

Instability in the preliminary stage of the passive region was evident particularly for FER(Cu+)
and SAF alloys. Both displayed signs of ongoing activity/noise following prompt passivation
after the OCP, extending all the way past the middle of the region of passivity (~-0.15V to
0.7Vyssce). FER(Cu+) appeared to undergo some metastable pitting at -0.03Vys sce but quickly
repassivated, whilst SAF showed no distinct signs of metastable pitting until later potentials
around 0.45V to 0.64Vssce. ZER(W+) on the other hand, displayed no signs of metastable

pitting or noise within the region of passivity up until the breakdown potential (Epd/Epit).

In comparison to the passive regions observed in acidic (pH 3/5) and neutral (pH 7) chloride
media, alkaline conditions of pH-9 appeared to impair stability of the passive film, particularly
at higher potentials. This is indicated by the non-linear/discontinuous nature of all three
alloy’s passive regions when compared to lower-pH sweeps. With exception of the early-
stage artefacts present on SAF and FER(Cu+)’s sweeps, all three alloys appear to show
relatively consistent passive layer conditions after the OCP up until around 0.25Vys sce. After
which, current densities visibly increase with increasing potential. This could potentially be
explained by referring to the pourbaix diagram presented from a previous study in figure 10
[60]. The plot shows that for potentials reaching 0.25Vys sie (Y0.5Vys sce) in 9pH chloride
media, the Cr® species chromate (CrO4?") becomes more thermodynamically stable than the
protective/stabilising chromium oxide (Ill) (Cr,03) element. Such a change in PL chemical
formulation would explain a marked decrease in film stability, due to the facilitation of ion

ingress consequential with the formation of soluble Cr®* species[26].
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With regards to breakdown, SAF and ZER(W+) reached their breakdown points at the same
potential around 1.2Vyssce, likewise to FER(Cu+), albeit at a notably higher current density
(iba). As with previous breakdown potentials presented, these values are in agreeance with
previously reported potentials in similar studies. Interestingly, unlike with previous sweep
compilations, hysteresis data obtained in 9-pH conditions showed ZER(W+) underwent the
least amount of pitting damage as opposed to FER(Cu+). This is evidenced by ZER(W+)’s
narrow and short-ranged hysteresis region compared to the noticeably thicker and much
wider hysteresis loops of FER(Cu+) and SAF respectively. Both FER(Cu+) and ZER(W+) then
repassivated shortly after the reverse potential at 1.51Vyssce, followed by SAF at a much
lower 1.24Vyssce. This may infer that whilst W and Cu additions appear to increase the passive
current density of SDSS’s in alkaline chloride media, they also serve to inhibit pitting
corrosion damage at more noble potentials compared to normal SDSSs, hence the difference

in repassivation potentials observed.



Page |58

15
(a) —— Anodic PP SDSS - (FERROD-5) 3.5% NaCl - 11ph
—— Anodic PP SDSS - (SAFROD-8) 3.5% NaCl - 11ph
—— Anodic PP SDSS - (ZERROD-7) 3.5% NaCl - 11ph
i j/f
0
ke
2 05
LIJ ))
(@)
()]
n
>
L
0
b
-0.5 Ll Lol Lol Ll Lol Ll
107 10° 10° 10* 10° 107 10™
(b) Log (1) (Amps/cm?)
1.5
/
14 /

—— CPP Anodic SDSS - (FERROD-5) 3.5% NaCl 11pH.cor
—— CPP Anodic SDSS - (SAFROD-8) 3.5% NaCl 11pH.cor
—— CPP Anodic SDSS - (ZERROD-7) 3.5% NaCl 11pH.cor

7

iz
/ /}V
{\

E vs SCE (Volts)

i

10° 10* 103 102
Log(l) (Amps/cm?)

Figure 19: (a) Anodic polarisation sweep compilation for alloys ZER(W+), SAF and FER(Cu+) in NaCl(aq)

at pH-11 with (b) enhanced view of associated hysteresis loops
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Table 7: Table of key corrosion parameters measured for data presented in figure 19

Protective Potential

Soluti ocp Breakdown Repassivation R Reverse
Specimen olution Potential (Ebd/V Potential ange Potential
pH (V vs SCE) (Erep — OCP)
vs SCE) (Erep/V vs SCE) ) (Erev/V vs SCE)
ZER(W+) 11 -0.1389 1.1032 1.0505 1.1894 1.4666
SAF 11 -0.0374 1.1325 1.0476 1.085 1.4238
FER(Cu+) 11 -0.1781 1.3699 1.5653 1.7434 1.6292

Electrochemical behaviour of the SDSS alloys in chloride media at a pH of 11 was charaterised
mainly by transpassive dissolution dominating the region of passivity. Alloy sweeps started
with scattered OCP’s, with FER(Cu+) being the most noble at -0.15Vs sce and ZER(W+) the
most anodic on the other end at -0.42V.ssce. This being said, scanning parameters for sweeps
at 11pH are likely to have missed the brief period of primary passivation subsequent to Ecorr,
possibly due to software error with 11pH sweeps being performed shortly after testing in
acidic conditions. In the early stages of the passive region, ZER(W+) showed the most stable
passive behaviour with a relatively vertical scan, allbeit with occasional current transients, up
until around OVyssce. At more noble potentials, FER(Cu+) also showed a notable effort to
remain passive between potentials of -0.12V to 0.1Vys sce, despite undergoing it’s own
instance of current transients at -0.01Vys sce. Whilst it showed a less well-defined region of
passivity, prior to potentials up to ~ 0.12Vys sce SAF displayed significantly lower passive
current densities (ipass). Coupled with the observation of it's lower ipsss at @ pH of 9 also, such
results could indicate a lower corrosion rate for W and Cu-free specimens in highly alkaline

chloride conditions.

The brief regions of passivity shown by all alloys was quickly followed by the onset of what
can most likely be identified as transpassive breakdown, evidenced by the significant increase
in current density experienced by all three alloys post-0.1Vyssce. As with the set of results at
9pH, this can at least partially be attributed to the absence of the PL-stabilising Chromium
Oxide (I11)/(Cr203(s)) ellement, thermodynamically replaced with chromate (CrO4%). This leads
to weakening of the passive layer and hence increases the observed corrosion current
density. All three specimens then promptly repassivated reaching potentials of around 0.3V
and appear to continue repassivation until a second concurrent current-transient occurred at
0.7Vyssce. This spike in current is far steeper than the first seen at lower potentials, with

added consideration of its occurrence at the upper-limit of the region of water stability on
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the Pourbaix diagram, it’s likely this feature of the sweep was facilitated by the evolution of

oxygen reaction.

At ~0.8Vyssce alloys promptly repassivated and exhibited brief yet distinct periods of strongly
passive behaviour up until the pitting potential of ~1.1Vyssce. As observed at the start of the
11pH scan, SAF yet again showed the lowest current density at the point of pitting
breakdown (ipi) — 0.05mA followed by ZER(W+) with 0.10mA and lastly FER(Cu+) with
0.18mA. SAF and ZER(W+) breakdown at similar pitting potentials of 1.07V and 1.06Vys sce
respectively, whilst FER(Cu+) saw the onset of pitting at a more noble potential of 1.18V. In
accordance with trends highlighted in previous sweeps with exception of the 9-pH data set,
FER(Cu+) again displayed the smallest hysteresis loop indicating superior pitting resistance in
high-pH conditions. In contrast, SAF appears to show the greatest degree of pitting (largest
hysteresis loop) followed by ZER(W+). Unsurprisingly, FER(Cu+)’s small hysteresis loop was
coupled with a comparatively highly-noble repassivation potential of 1.36Vyssce, followed by

SAF and ZER(W+) simultaneously at around 1.04V.

4.1.iii PP — Effect of higher reverse current density limit (i..y) comparison — FER(Cu+) / ZER(W+)

In addition to the anodic polarisation scan presented thus far, FER(Cu+) and ZER(W+) alloys
were also subjected to polarisation scans with larger reverse potentials (Erev) imposed. This
was done to ascertain whether dissolution behaviour following transpassive breakdown
would develop differently at more active potentials between the two Cu- and W-alloyed

specimens. The results are presented below in figures 20 to 22.
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Figure 20: (a) Anodic potentiodynamic polarisation sweep for FER(Cu+) with an i, of 0.05 vs 0.1
A.cm, with (b) enhanced view of associated hysteresis loops - tested in deoxygenated 0.6M NaCl at

apHof3
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Both curves showed well-defined regions of active, passive and transpassive behaviour
generally. Distinctions in performance between the two samples was revealed upon the
reversal of scan direction/polarity. It was apparent that increasing the reverse current density
limit from 0.05 to 0.1 A.cm™ resulted in a much lower repassivation potential of 1.2Vyssce,
compared to a more noble 1.62V for FER(Cu+) (low irev). FER(Cu+) (high irv) developed a more
extensive hysteresis loop than with a lower reverse current. Considering the visibly greater
degree of pitting on its surface post-testing, it can be inferred that higher i, leads to
sustained dissolution activity in acidic species, likely due to more severe/ penetrative pitting
impeding repassivation efforts upon scan reversal. As expected, higher reverse current
density limits imposed on polarisation scans did not affect any pre-breakdown features or

events within sweeps.
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Figure 21: (a) Anodic potentiodynamic polarisation data for ZER (W+) with an jrey of 0.05 vs 0.1 A.cm”

2 with (b) enhanced view of associated hysteresis loops - tested in deoxygenated 0.6M NaCl at a pH

of 3
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Similar to FER(Cu+)’s comparison, ZER(W+)’s higher reverse limit sweep also showed good
conformity to the regular scan and characteristic potentiodynamic features. This included the
passive, transpassive and breakdown regions, all showing potential values as-anticipated for
the alloy in these conditions compared to preceding sweeps. As was the case with FER(Cu+),
sweep features prior to pitting breakdown potentials were unaffected by an increased
reverse current density limit. In addition to this, ZER(W+) with the higher i, also showed a
larger degree of hysteresis (wider loop), as well as a notably lower repassivation potential of
1.3V against 1.4Vssce of ZER(W+) with a lower iry. This yet again demonstrates the impact of
a higher current density on passivity, with higher current densities being indicative of greater
levels/faster rates of ion transportation, representative of corrosion REDOX reactions
(oxidation/dissolution). To determine whether this inhibited repassivation stems from
deep/severe pitting damage vs altered passivation kinetics of PL element formation, more

direct in-situ chemical analysis is required.
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Figure 22: (a) Anodic potentiodynamic polarisation data for FER(Cu+) & ZER(W+) with an ire, 0.1

A.cm, with (b) enhanced view of associated hysteresis loops - tested in deoxygenated 0.6M NaCl at

apHof3
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FER(Cu+) displayed a marginally lower repassivation potential of 1.27V compared to ZER(W+)
at 1.3Vyssce. Additionally, pitting current densities displayed by FER(Cu+) were marginally
higher than ZER(W+) up until ~1.5Vyssce where it was overtaken by ZER(W+), as presented in
sweep comparison above. ZER(W+)’s hysteresis loop subtly infers a larger degree of pitting
with its slightly wider geometry, it also reaches the iy limit of 0.1A.cm™ at a lower (less
noble) corresponding potential of 1.78V, compared to ZER(W+)'s 1.87Vssce, @ margin of
90mV. This implies a greater degree of bulk charge-transfer across the active area, which in a
N,-deoxygenated electrolyte, corresponds to higher anodic dissolution/ water reduction (O-
evolution) activity. Whilst not entirely conclusive, these instances point towards a greater
capability of larger Cu-wt.% specimens in mitigating the effects of pitting corrosion at higher

current densities in acidic chloride media, compared to alloys with higher W-wt.%.
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4.2 PP Summary Plots - Dependency of Passivation and Breakdown behaviour on alloy type and
pH

0.5

——ZER(W+) -M-{SAF - -FER(Cu+)

0.4

0.3

0.2

0.1

E VS SCE (V)

-0.1

-0.2

-0.3

ELECTROLYTE pH

Figure 23: Dependency of OCP on pH for FER(Cu+), SAF and ZER(W+) alloys tested in deoxygenated
0.6M NaClatapHof3,5,7,9and 11

In figure 23 the dependency of the SDSS alloys’ OCP measurements immersed in a series of
acidic and alkaline chloride-containing media is presented. Data stongly suggests that the
open-circuit potential of all three alloys showed a negative, almost-linear dependency on pH
across acidic, neutral and limited alkaline conditions[66]. OCP data obtained between alloys
at pHs of 9 and 11 however indicate the OCP becomes more noble in highly-alkaline
conditions.* The most noble OCP’s of FER(Cu+), SAF and ZER(W+) measured as 0.357, 0.439
and 0.434V,ssce respectively at 3pH, compared to the negative and least noble
measurements at 9pH of -0.179, -0.192 and -0.217Vys sce. Regarding OCP as one measure of
alloy’s passivity, no significant relationship could be established between the compositional

differences of the alloys and obsereved OCP data in neither acidic or alkaline NaCl media.
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Figure 24: Dependency of Pitting potential (Eyi) on pH for FER(Cu+), SAF and ZER(W+) alloys tested in
deoxygenated 0.6M NaClata pHof3,5,7,9and 11

Figure 24 displays the variation of observed pitting potential (E,it) across acidic to alkaline
media of all three alloys. FER(Cu+), SAF and ZER(W+) all adhered well to characteristic
potentiodynamic pitting breakdown behaviour described in previous literature. As such, all
three alloys also exhibited similar trends in depency of Epit with pH. As with OCP data, Epit is
most noble in stongly-acidic media of 3pH, but then steadiliy declines to lower potentials
approaching neutral conditions. Amongst these conditions (3- 7pH), it was clear FER(Cu+)
exhibited notably less-noble pitting potentials on average, indicating a slightly greater
propensity to pitting breakdown. At 3pH, SAF and ZER(W+) had Epi values of 1.271V and
1.28Vys sce respectively, compared to FER(Cu+)’s 0.96Vys sce (~0.31V difference), although this
gap proceeds to reduce to ~0.01V at 7pH; with FER(Cu+)’s Epit averaging at 1.23V against SAF
and ZER(W+)’s Epit of 1.241V and 1.244V.ssce. This observation is somewhat contrasted by
FER(Cu+)’s superior resultant hysteresis geometry presented across nearly all pHs, where it’s
comparatively narrow and thin loops point to a lower degree of sustained pitting damage
compared to SAF and ZER(W+) alloys. This being said, FER(Cu+)’s more active E,i: values
alongside its smaller hysteresis loops may indicate Cu’s benefit to PL integrity stems from
repassivation kinetics/ pit penetration resistance, as opposed to prevention of onset of

localised breakdown.
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W-alloyed specimens displayed comparatively nobler E,i: values across most pHs, save for
11pH (ref. plotin fig 24 above), displaying the same trend of acidic-to-neutral Eit decline (3-
7pH) followed by an upturn in alkaline conditions. Although at pH of 11, ZER(W+)’s Epit is
overtaken in nobility by FER(Cu+). This in addition to ZER(W+)’s characteristically narrower
hysteresis loop geometry, when compared to SAF, indicates a marked benefit of W-additions
to enhancing PL stability and preventing pitting corrosion in SDSSs. Especially when compared
to Cu-containing alloys acidic chloride media of pH 3 & 5 and standard SDSS alloys in alkaline
media of pH 9. This being said, to confidently conclude this further PL chemical analysis and
electrochemical impedance spectroscopy (EIS) would be required, possibly as future work to

supplement this study.

Large W- and Cu-wt% alloys both indicated enhanced PL integrity at the point of breakdown
when compared to SAF, but in slightly different conditions. In alkaline media (9 and 11 pH)
both FER(Cu+) and ZER(W+) displayed nobler Epi: values, contrastingly in acidic and neutral
media FER(Cu+) is outperformed by SAF and ZER(W+). These instances lead to suggestion
that W-additions increase resistance to onset of localised breakdown in SDSSs within both
acidic and alkaline chloride-containing media, as opposed to Cu-additions’ enhancement in

exclusively alkaline pHs (9 and 11).
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Figure 25: Dependency of repassivation potential (Erep) on pH for FER(Cu+), SAF and ZER(W+) alloys
tested in deoxygenated 0.6M NaClata pHof3,5,7,9 and 11
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Alloy performance in repassivation potential comparison was generally less concurrent than
with previous plots, most notably with FER(Cu+)’s Erep data. Aside from data taken at pHs of 3
and 7, where all 3 alloys showed relatively similar Eep values, FER(Cu+) was shown to
repassivate at significantly nobler potentials compared to SAF and ZER(W+). This was
especially the case at alkaline pHs of 9 and 11, as well as at the acidic pH of 5, with FER(Cu+)’s
Erep sitting at +0.26V, +0.12V and +0.25V higher than SAF or ZER(W+)'s respectively in
chloride media. FER(Cu+)’s nobler Erep values and it’s narrower hysteresis loop geometry
strongly inferred it’s effectiveness in mitigation of pitting damage/penetration. This may be a
result of the thermodynamically favourable formation of insoluble Cu-compounds in the PL,
instigated by larger Cu-proportions in these conditions. This being said, as with previous and
forthcoming chemical/passive-layer related conclusions drawn, validation using localised in-
situ chemical analysis techniques during the breakdown/repassivation process is needed for a

more substantive claim.

SAF and ZER(W+) exhibited similar behaviour trends across acidic, neutral and alkaline
conditions. Both had repassivation potential-drops in nobility moving from a pH of 3 to 5,
followed by a subsequent climb in Erep at a neutral pH of 7. ZER(W+)'s Erep then follows suit
with FER(Cu+)’s and increases in nobility at 9pH where it then drops, whereas SAF sees a drop

of Erep Nobility from 7 to 9 pH, but then follows suit with ZER(W+)’s drop from 9 to 11pH.

In spite of a noticeable advantage displayed in pitting damage mitigation, namely when
comparing it’s hysteresis geometry to SAF’s (low wt%-Cu and 0 wt%-W), ZER(W+) appeared
to show no significant influence in resultant repassivation potentials. Consequentially, no
added benefit to repassivation of SDSSs in acidic or alkaline NaCl-containing media could be
attributed directly to greater W-additions. Cu on the other hand however, displayed a clear

advantage to alloys in chloride media of 5, 9 and 11 pH respectively.
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4.3 SVET - In-situ analysis of transpassive SDSS behaviour

Previous in-situ studies of corrosion morphology development of the three different types of
SDSS investigated in this study were carried out by time-lapse optical microscopy of anodically
polarised specimens held in 3.5 wt% NaCl (aq) [57]. In the case of each SDSS, the transpassive
behaviour was characterised by a selective etch of the exposed surface, typified by the images
shown in Figure 26 for a SAF surface held at a potential of +1.25 vssce in and photographed at
low magnification using an optical microscope at regular time intervals over a 10 min duration
when immersed in 3.5 wt% NaCl (ag) at pH 6. It can be seen from Figure 26, that the visual
evidence of grain darkening and selective phase dissolution initiates around the periphery of
the exposed circular area and with time affects the entirety of the surface. This previous visual
investigation, however, did not yield any information on the magnitude of the anodic currents
emerging from the corroding surface, nor demonstrate if the regions affected by anodic

dissolution retained their activity throughout the time of polarisation.

Figure 26: Time-lapse microscopy sequence showing the development of corrosion

morphology over a 1 mm diameter circular area of exposed SAF (UNS32750) surface under
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immersion in 3.5% NaCl (aq) electrolyte at pH 6, when polarised at a potential of +1.25 Vs sce.
Time key: (a) 0 min, (b) 1 min, (c) 3 min, (d) 5 min, (e) 8 min, (f) 12 min after the start of

polarisation. Adapted from reference [57]

In order to obtain more information on the trans-passive behaviour of SAF, FER(Cu+) and
ZER(W+) SDSS types, an in-situ SVET analysis of their time-dependent localised corrosion
behaviour under anodic polarisation was carried out. Using an approach previously adopted
for the investigation of pure Mg under anodic polarisation [67], [68], SVET mappings of current
density distributions over 25 mm? areas of exposed SDSS surface were carried out as described
in Section 3. The anodic polarisation was carried out under galvanostatic control at an applied
current density of 10 mA/cm? using the SDSS specimen as a working electrode, with a Pt gauze
electrode, immersed in the same electrolyte bath used as a counter electrode. SVET scans were
recorded initially under open circuit conditions and subsequently at 8 min intervals after the
start of anodic polarisation over a total duration of 4h immersion. The results obtained for a
SAF specimen prior to and immediately after the start of anodic polarisation are given in Figure
27, where (a) shows a colour-coded current density (j;) image map obtained under freely
corroding conditions while (b) shows the distribution of j; values 8 min after the application of

an externally imposed anodic current density of 10 mA/cm?.

( ) J, (Am?) ( ) J, (Am?)
0.1 0.05 0 -0.05 -0.1 6 55 5 45 4 35 3 25 2 156 1 05 0
5’__A_ - - a— 5
4.5 f 4.5
4 4
— 3.5q — 3.5
E E
E 3 E ,
=
= >
8 2.5 @© 25
= 2
© 2 = |
.- 2
[} -
& o
18 0 45
! 1
0.5 05
0 T T T T T T +
0 05 1 15 2 25 3 35 4 45 5 0

) 0 05 1 15 2 25 3 35 4 45 5
Distanes. x (mm) Distance, x (mm)
’



Page |73

Figure 27: SVET-derived current density (j) distribution maps obtained for a SAF surface
immersed in a 3.5wt% NaCl (aq) solution with a pH of 5 at, (a) under freely corroding

conditions (i.e. at OCP) and (b) 8 min after starting galvanostatic polarization at +10 mA cm™.
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Figure 28: SVET-derived current density (j,) distribution maps obtained for a SAF surface
immersed in a 3.5 wt% NaCl (aq) solution with a pH of 5 at (a) 1h, (b) 2h, (c) 3h and (d) 4 h

after starting galvanostatic polarization at +10 mA cm™.
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Fig 27 (a) confirms that the specimen is passive in the absence of applied current, where the
measure of j; values in the range -0.05 to +0.05 A m™ are indicative of the values obtained
when scanning over an inert surface (e.g. a glass slide). Once an anodic current is imposed,
most of the exposed surface is shown as a weak anode where j, values of up to +1 A m~ are
measured, although a 0.5 mm wide strip close to the upper edge of the specimen showed
significantly higher values of up to +5 A m. At longer times, the j, patterns change and more
significant anodic activity develops in the bottom half of the scanned area as shown in the
sequence of maps given in Figure 28 which are obtained at hourly intervals during the 4 h
experiment. At these protracted holding times, the maximum measured anodic j, values have
decrease to ca+1 Am?, but the exposed area affected by anodic dissolution appears to expand
from the bottom edge of the scan area with each hourly scan, eventually affecting most of the
lower half of the scan area after 4h. However, at no point during the 4 h experiment did the
SVET analysis detect highly focal intense anodic events, such as those associated with the
pitting corrosion of stainless steels [56]. As such it can be concluded that regions of SAF SDSS
undergoing selective etching under anodic polarisation were characterised by jz values of ca
+5 A.m?, dropping to significantly lower values of ca +1 A.m™ with time, although occupying a

markedly larger area of the exposed surface.
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Figure 29: SVET-derived current density (j.) distribution maps obtained for a FER(Cu+)
(UNS32550) surface immersed in a 3.5 wt% NaCl (aq) solution, (a) under freely corroding

conditions (i.e. at OCP) and (b) 8 min after starting galvanostatic polarization at +10 mA cm™.

The same type of experiment was also carried out using a FER(Cu+) specimen to ascertain
whether the different copper content would produce a variation in the observed j; distributions
determined by SVET mapping. The results obtained prior to and immediately following the
application of an applied galvanostatic current density of +10 mA/cm? are shown in Figure 29,

confirming that the initial behaviour remains very similar to that observed for the SAF sample
(ref Figure 27).
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Figure 30: SVET-derived current density (j.) distribution maps obtained for a FER(Cu+)
(UNS32550) surface immersed in a 3.5 wt% NaCl (aq) solution (a) 1h, (b) 2h, (c) 3h and (d) 4

h after starting galvanostatic polarization at +10 mA cm™.

At longer holding times (see Figure 30), the areas of most intense anodic activity, marked by j;
values of ca 1 A.m™ become confined to the outer edges of the scan area and do not appear
to grow inwards with time. As such, the findings agree with visual observations made using
time-lapse microscopy [57], where activity initiates in the vicinity of the physical boundary used
to isolate a known working area of specimen. However, in this work a significantly larger
working area (25 mm? compared to 0.8 mm?) is used and as such the evolution of anodic j,
values associated with selective phase dissolution to regions within the centre of the scan area
is not detected over the 4 h duration of the experiment. A 3™ experiment using a ZER(W+)
specimen also showed similar results over an initial 30 min duration, but had to be halted due
to a faulty connection to the SVET probe. Time constraints meant that this experiment could

not be repeated.
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5. Conclusions

5.1. Anodic PP

Regarding OCP as one measure of alloy’s passivity, no significant relationship could be
established between the compositional differences of the alloys and obsereved OCP
data in neither acidic or alkaline NaCl media.

W- and Cu- alloyed specimens displayed comparatively nobler Epg values across most
pHs, save for 11pH (ref. plot (a) in fig 24 above), displaying the same trend of acidic-
to-neutral Epg decline (3-7pH) followed by an upturn in alkaline conditions. Although
at pH of 11, ZER(W+)’s Epq is overtaken in nobility by FER(Cu+)’s. This in addition to
ZER(W+)’s characteristically narrower hysteresis loop geometry, when compared to
SAF, indicates a marked benefit of W-additions to enhancing PL stability and
preventing localised corrosion in SDSSs. Especially when compared to Cu-containing
alloys in acidic chloride media of pH 3-5 and standard SDSS alloys in alkaline media of
pH 9. This being said to confidently conclude this postulation, further PL chemical
analysis and electrochemical impedance spectroscopy (EIS) would be required,
possibly as future work to supplement this study.

FER(Cu+)’s more noble Epg values alongside it’s smaller hysteresis loops may indicate
Cu’s benefit to PL integrity stems from repassivation kinetics/ pit penetration
impedence, as opposed to prevention of onset of localised breakdown. This is
supported in existing literature surrounding the kinectics of PL element diffusion
mechanics within copper-alloyed stainless steels.

FER(Cu+)’s nobler Erep values and it’s narrower hysteresis loop geometry strongly
inferred it’s effectiveness in mitigation of pitting damage/penetration. This may be a
result of the thermodynamically favourable formation of insoluble Cu-compounds in
the PL, instigated by larger Cu-proportions in these conditions. This being said, as with
previous chemical/passive-layer related conclusions drawn, validation using localised
in-situ chemical analysis techniques during the breakdown/repassivation process is

needed for a more substantive conclusion.
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5.2. SVET

e Results of in-situ SVET analysis of relevant SDSS specimens showed that trans-passive
behaviour consisted of a weakly anodic surface with regions of the most intense
anodic dissolution always confined to the edges of the scan area. For the SAF
specimen, there seemed to be evidence of a growth in the area occupied by selective
anodic dissolution with time over a duration of 4h. However, for the Ferralium
specimen (FER(Cu+)), there was very little change of the j; distribution maps with time
and the most intense areas of anodic dissolution were always constrained to the
extremities of the scan area. In both cases the maximum measured anodic jz values
decreased rapidly from +5 A m? measured immediately at the start of anodic
polarisation to constant values of ca + 1 A m™ after 1h and for the duration of the 4h

experiments.

6. Recommendations for Future Work

Drawing from the findings and conclusions from this work, there are a number of
recommendations for future work which can be made. For one; using the SKPFM technique
on SDSS test surfaces to produce pre- and post-corrosion volta-potential maps, similar to that
of the galvanostatic scans discussed in the SVET results section. Doing so could potentially
reveal the development of localised nobility changes during corrosion and further clarify the
roles of ferrite and austenite phases in transpassive dissolution/local pitting. Furthermore,
the SKPFM may be used to evaluate nobility gradients at grain boundaries, as well as for
further characterisation of nobility gradients at the boundary of the active areas. This may
help understand the observed edge-effects which seemed to concentrate anodic dissolution

at the test boundaries within the course of this study.

Further in-situ optical analysis of corroding SDSS specimens would also better help correlate

SDSS alloy performance to observed phenomena presented in the PP and SVET. Similar to
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previous work with time-lapse microscopy[57], such work would help distinguish the
dominant mechanisms of dissolution in each alloy postulated in the results section of this

thesis.

Finally, it may be of particular interest to study the effects of alternative media on observed
corrosion performance and mechanisms of SDSS alloys. Particularly with regard to Hydrogen
embrittlement, considering the increasing prominence of green energy applications making

use of the element.
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