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Abstract

Atmospheric pitting corrosion of stainless steel was studied to determine pit growth
mechanisms and Kkinetics. Inkjet printing of chloride was used to investigate the growth of
atmospheric corrosion pits. It has been shown that the pit size increases with increasing

chloride deposition density, as well as increases with increasing deposit diameter.

Atmospheric pit growth was characterised in situ and in real time with synchrotron X-ray
micro-tomography. Most pits were found to have open mouths and shallow depths. Growth of
a deep pit was also observed in a pre-existing defect. Pit growth in depth does not appear to be

under diffusion control.

Electrochemical kinetics of the metal dissolution reaction including the Tafel slope as well as
the critical metal ion concentration for pit propagation were studied with 1D artificial pits in
high chloride concentration solutions relevant to atmospheric conditions. The
diffusion-limited current density and ratio of the critical metal ion concentration for pit
propagation to the saturation concentration were found to decrease with increasing chloride
concentration. However, there is no significant effect of the chloride concentration on the
Tafel slope. The pitting potential and repassivation potential were measured on abraded wires

and were found to decrease with increasing chloride concentration.

Salt layer formation has been observed on 1D artificial pits in 1 M and 6 M solutions with
synchrotron XRD. The dominant phase of the salt layer was found to be FeCl,-4H,0. The

formation of FeCl,-2H,0 was also observed, predominantly at higher applied potentials.

This work can be used to provide a basis for developing a model to predict pitting corrosion
of stainless steel under atmospheric corrosion conditions, for example in the case of storage of

stainless steel intermediate nuclear waste containers.
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List of symbols

Symbol Definition

A Cross-section area

Aciectrode Electrode cross-section area

ba Anodic Tafel slope

Cp Metal ion concentration at the pit bottom

Cerit Critical metal ion concentration for pit propagation
Cn Metal ion concentration at the pit mouth

Csat Saturated metal ion concentration

D Diffusion coefficient

E Electrode potential

Eapp Applied potential

Ecorr Open circuit corrosion potential

Epit Pitting potential

Erep Repassivation potential

F Faraday's constant

i Current density

Ia Anodic current density

i Current density of critical metal ion concentration for pit propagation
Icorr Open circuit corrosion current density

™ Diffusion-limited current density

Isat Current density of saturated metal ion concentration
IX Pit stability product of 1D artificial pit

I Current

IR Product of current and resistance/potential drop
lsait Salt layer thickness

m Mass of the substance liberated at an electrode

My, Molecular weight

n Number of electrons produced in metal dissolution
Q Transferred charge

R Gas constant

Rbulk Bulk solution resistance

Rsalt Salt layer resistance

Riotal Total cell resistance

Rsaltfree Pit solution resistance and approach resistance in the salt free state
RH Relative humidity

r Pit radius

T Temperature

t Time

X Pit depth

p Pit solution resistivity

n Salt layer porosity
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1 Introduction

Stainless steel is a corrosion resistant alloy which is widely used in many applications.
However, it can be susceptible to atmospheric pitting corrosion. Under atmospheric
conditions, aerosols containing salts such as NaCl and MgCl, can deposit on the metal surface.
The salt particles can deliquesce and form salt droplets when the relative humidity (RH)
increases, and when the chloride concentration in the droplet exceeds about 6 M, atmospheric

pitting corrosion of stainless steel can take place [1].

This is a particular concern for the storage of intermediate level radioactive waste (ILW) in
stainless steel containers in the UK [2-4]. They are planned to be stored above the ground for
a period of a century during which time they will be exposed to atmospheric conditions. Thus
it is essential to understand the mechanism of atmospheric pitting corrosion of stainless steel
in order to determine the chloride deposition levels and relative humidity for safe storage of
ILW.

The mechanism of pitting corrosion of stainless steel is well understood from previous studies
[5, 6]. However, most of the previous work has been carried out under full immersion

conditions [7], and relatively little has been carried out under atmospheric conditions.

In order to study the atmospheric pitting corrosion using lab based measurements, it is
necessary to control the deposition of salt layer, and for this purpose, deposition techniques
such as using a fine tube or a pipette to deposit salt droplets, or placing salt particles on metal
surfaces are commonly used. In this project, it is shown that inkjet printing can be used to
produce well-defined deposition patterns than those produced with droplets or particle
deposition.

The evolution of the morphology of atmospheric corrosion pits has not been extensively
studied owing to the difficulty of characterising pits in-situ under droplets. X-rays can
penetrate liquid and metal, and are therefore a suitable probe. Synchrotron X-ray
micro-tomography can be carried out with far shorter data acquisition times than lab-based

measurements, and is particularly suitable for in-situ visualisation of corrosion behaviour.



Since real pits have complex geometry, one dimensional artificial pit methods have long been
used to study the electrochemical kinetics of metal dissolution inside pits. In the present work,
pit growth Kinetics, including the Tafel slope, as well as the critical pit solution chemistry
required for pit growth are obtained using 1D artificial pit electrodes, with particular emphasis
on the highly concentrated chloride solutions since the environment is close to the real
atmospheric conditions. For example, 6 M chloride concentration MgCl, solution corresponds
to about 65% RH.

When the amount of dissolving metal ions in an artificial pit exceeds the saturation point, a
salt layer can be formed at the dissolving interface. The salt layer is difficult to characterise
since it is not static and can only be observed during the corrosion process. Synchrotron X-ray
diffraction is a suitable method for investigating the structure and chemistry of the salt layer
on 1D artificial pits in-situ and in real time: in this work, the formation of salt layers in

concentrated solutions is investigated for the same reason as described above.

In the present study, an inkjet printing technique has been developed to study the effect of
deposition levels, deposition areas and relative humidity on atmospheric pitting corrosion.
The evolution of pit growth and electrolyte layer have been measured by synchrotron X-ray
micro-tomography as well as estimation of pit growth kinetics. 1D artificial pits have been
used to study the electrochemical characteristics in high chloride concentration solutions. The
salt layer formation in high chloride concentration solution has been characterised by
Synchrotron XRD.



2 Literature review

2.1 Stainless steel

Stainless steels are iron-chromium alloys that can form a passive chromium oxide film on the
metal surface to resist corrosion [8-10]. There are four different types of stainless steel:
austenitic, ferritic, martensitic, and duplex stainless steels. Austenitic stainless steel has a
single austenitic phase, and it has been widely used in industry. The 300 series austenitic

stainless steel has a typical composition of “18%Cr-8%Ni” [8-10].

Stainless steel 304 and 316 are the most common austenitic stainless steels. The difference of
the chemical composition between Type 304 and Type 316 stainless steels is the presence of
molybdenum. Commercial stainless steel 316 normally has 2%-3% molybdenum, which can

improve its resistance to pitting corrosion.
2.2 Pitting corrosion of stainless steel
2.2.1 Introduction

Stainless steel is widely used as it has good corrosion resistance owing to the formation of a
thin passive chromium oxide film on the surface that is resistant to dissolution and which
reforms if the surface is damaged. However, stainless steel is susceptible to localised
corrosion such as pitting corrosion and crevice corrosion when it is exposed to a corrosive

environment, especially one containing chloride ions [8, 11].

Pitting corrosion is the most common form of localised corrosion. It normally initiates at a
secondary phase, such as a MnS inclusion or an oxide particle, which dissolves to form a
small pit. Metal dissolves to form metal ions (Equation 2-1), and metal ions can react with
water to produce acidity inside the pit (Equation 2-2). The lower pH inside the pit destabilises
the passive film and hinders repassivation [5]. In order to maintain charge balance, anions
(typically chloride ions) diffuse into the pit. The pit is the net anode. During the metal
dissolution process, electrons can transfer through the metal and react with oxygen dissolved
in the electrolyte by the oxygen reduction reaction (Equation 2-3). Oxygen is depleted within
the pit. The exterior surface where the oxygen reduction reaction takes place is the net

cathode. The schematic diagram of the mechanism of pitting corrosion is shown in Figure 2-1.



Me — Me™ + ne’ Equation 2-1
Me™ + H,0 — MeOH™™V* + H* Equation 2-2

O, + 4e” +2H,0 — 40H Equation 2-3

CI- drawn into crevice
for charge balance

cathodic reaction takes

Crl place outside pit
solution / 0, + 2H,0 + 4" > 40H-
l £
metal concentrated /
acidified hydrolysis passive
leads to film

metal chloride

acidification

pits often initiate
at inclusions or
intermetallic
particles

pit is net anode

Figure 2-1 A schematic diagram of the mechanism of pitting corrosion [12].

Pitting corrosion is usually described by three stages: pit initiation, metastable pit growth and
pit propagation (stable pit growth). The three stages are discussed in more detail in the

following sections.
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Figure 2-2 A schematic diagram of the polarisation curve of stainless steel in a neutral
chloride solution. The pitting potential (Eit), repassivation potential (Erp), meta-stable pit

growth and the passive current density are shown in the diagram.

The susceptibility of stainless steel to pitting corrosion can be determined by a polarisation
curve as shown in Figure 2-2 [13]. The arrows show the direction of change of applied
potential. The flat plateau of current density in Figure 2-2, which is independent of potential,
is the passive current density. When the potential further increases, there is a local breakdown
of the passive film leading to a sudden increase in current density at the pitting potential (Epit),
where a stable pit starts to propagate. When the potential is swept downwards, the current
density decreases steeply at the repassivation potential (Eep). The repassivation potential

indicates that the pit has stopped propagating and has repassivated.

The basic mechanism of pitting corrosion is fairly well understood in conditions where
stainless steel is fully immersed in the solution. However, there has been recent interest in

atmospheric pitting corrosion of stainless steel [1, 14-19].



2.2.2 Pitinitiation

Pit initiation has been widely studied. Frankel [5] has reviewed previous work in which it has
been proposed that pit initiation is a result of passive film breakdown. Three main
mechanisms have been proposed, as shown in Figure 2-3: (a) penetration mechanism, (b)

adsorption mechanism, and (c) film breaking mechanism.

20/ Metl

Oxide Passive Film

Electrolyte

e e o o m =

_‘-’.‘Iﬂ,r.n.ual,p‘,': o e

Figure 2-3 Schematic diagrams representing pit initiation by (a) penetration, (b) adsorption
and thinning, and (c) film breaking [5].



However, pits in stainless steel mostly initiate at inclusions or secondary phase particles,
rather than by film breakdown, and manganese sulphide (MnS) inclusions are reported to be
the most important site for the pit initiation process [20-27]. It is generally agreed that the
sulphide inclusions can lead to local disturbances in the passive oxide film since MnS is not

stable in neutral environments containing chloride [21].

Different reactions have been proposed for the dissolution of MnS. Eklund [21] has applied a
program developed by Ingri et al. [28] and calculated the Pourbaix diagram for MnS in
chloride solution, suggesting that MnS dissolution proceeds as follows: MnS dissolves in the
neutral chloride solution and forms Mn?*, SO, ions and protons (Equation 2-4). The lower
pH leads to the reaction shown in Equation 2-5. The H,S can then be reduced to form sulphur

and more H" ions (Equation 2-6) leading to sustained dissolution of MnS [20, 21].

MnS + 4H,0 = Mn?* + SO,* + 8H" + 8¢’ Equation 2-4
MnS + 2H" = Mn*" + H,S Equation 2-5
H,S=S+2H" + 2¢” Equation 2-6

The formation of sulphur has also been demonstrated by Castle and Ke using Auger
spectroscopy to study the dissolution of MnS inclusions [26]. It has also been reported that the
S layer can decrease the strength of metal-metal bonds and increase the rate of the dissolution

process [29] .

Webb and Alkire [23-25] proposed that MnS inclusions can dissolve and produce protons and
thiosulphate ions as shown in Equation 2-7. The decreasing pH can further enhance the

dissolution of stainless steel.
2MnS + 3H,0 = 2Mn** + S,05> + 6H" + 8¢” Equation 2-7

Tsutsumi et al. [1] studied pitting corrosion of stainless steel under atmospheric corrosion

conditions; and they proposed a similar mechanism to Webb and Alkire shown in Figure 2-4.



b M™ saturated zone
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-
<M MM Ny

Figure 2-4 A schematic diagram of pit initiation and propagation at an MnS inclusion

proposed by Tsutsumi et al. [1].
2.2.3 Pit propagation

It is generally agreed that pits can propagate when the potential of the metal surface is higher
than the repassivation potential [30-32].

Pickering and Frankenthal studied the pitting corrosion of stainless steel with electrochemical
methods and characterisation of pit morphologies [33, 34]. They developed a one-dimensional
model of pit growth that involves metal dissolution and the potential drop in the pit cavity.
Galvele [32] proposed a similar one-dimensional pitting corrosion model combining
calculations of metal dissolution, metal ion hydrolysis and metal ion transportation by

diffusion as shown in Figure 2-5.
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Figure 2-5 A schematic diagram of pit geometry of Galvele's model [32] for pit propagation.
The pit is one dimensional since the dissolving surface is the pit bottom, and the walls of the

pit are passive.

In Figure 2-5, it can be seen that the walls of the one dimensional pit are assumed to be
passive, and the dissolving surface is the pit bottom, which dissolves according to Equation
2-8. The metal ions react with the water in the pit cavity and undergo a hydrolysis reaction
(Equation 2-9). To consider that the hydrolysis reaction might lead to a pH difference with the

bulk solution, the two equations can be rewritten as below:

Me = Me™ + ne” Equation 2-8
Me™ + H,0 = Me(OH)™* + H* Equation 2-9
2Me™ + H,0 + OH™ = 2Me(OH)™V* + H* Equation 2-10

Then the concentrations of species such as Me™, Me(OH)™* and H* shown in Equation
2-10 can be solved by five equations based on the balance of fluxes of metal ion species,
balance of net fluxes of species containing O atoms and H atoms, the equilibrium of the

hydrolysis reaction and the equilibrium of the ionic product of water.



Galvele proposed a critical value of ix for stable pit growth, where the i is the current density
and the x is the pit depth. The value of ix has been termed the 'pit stability product' in
subsequent literature [30, 35]. After solving the five equations, the concentration of Me"™,
Me(OH)™™* H* can be plotted with respect to the ix product as shown in Figure 2-6. It is
possible to calculate the ix product from this plot with any sufficient concentration of Me™. It
can be seen that in Figure 2-6 Galvele assumed that a relatively low metal ion concentration
was required to sustain the required current density compared with the more recent findings
which have shown that molar concentrations of metal ions are required for pit propagation [30,
36, 37].

| Fe'-HO = FelOH) + H’

R B

C,imaoll)
o] 3
[«
0
e o

%
e
\\
\b\:\
O

10" Gg° 17 15
X lAem™)

Figure 2-6 A plot of the concentration of Fe?*, Fe(OH)", and H* as a function of the i-x

product in a unidirectional pit [32].

Galvele's model was published in 1976 and his subsequent papers [32, 38] also demonstrate
the dependence of pitting potential on the pH and anion concentration. One of his key

statements concerns the dependence of pitting potential on chloride concentration in NaCl
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solution as shown in Equation 2-11, where Cyac is the concentration of the bulk NaCl

solution.
Epit = A - BlogCpaci Equation 2-11

Galvele reported that the dependence of the pitting potential on the chloride concentration B is
mainly due to the IR drop in the pit, which is about 59 mV/decade based on three
assumptions that have been summarised by Newman [30]: the pit solution chemistry at the
bottom of the pit should be the same at the pitting potential; the chloride is a non-reacting
species; and compared with the IR drop of the pit solution, the IR drop in the solution outside
the pit is negligible. Laycock et al. have questioned these assumptions for more concentrated
chloride bulk solutions [39]. In the following studies, B has been derived from experimental
results. Newman et al. found that B is about 60 mV for iron and about 90 mV for stainless
steel 302 [40]. Laycock and Newman reported B is 93 mV/decade of stainless steel 302 for
120 grit surface finishes, and 100 mV for 1200 grit surface finishes [31].

Galvele's work on the pit stability product has further influenced Pistorius and Burstein's work
[35]. They reported that the growth of metastable pits is associated with the pit stability
product as discussed below.

2.2.4 Metastable pits

Metastable pits initiate and grow below the pitting potential, but they cannot propagate for an
indefinite period and therefore repassivate fairly soon [31, 35, 41]. It is found that to sustain
the acidic and aggressive pit solution for stable pit growth, a pit cover is essential, acting as a
diffusion barrier to sustain the pit solution [35, 42, 43] or a resistive layer to control the
growth [41]. Frankel and his co-workers suggested that the cover works as a resistive layer
providing a high ohmic drop. If the cover ruptures forming an open pit mouth, a metastable
pit would repassivate unless a salt film is formed at the pit surface so that the pit growth is
stabilised [41]. Burstein and his co-workers reported when the pit growth is stable, then the
cover is no longer required and can collapse to form an open pit, because the pit depth can

supply a sufficient diffusion barrier [35, 42, 43].

Pistorius and Burstein [35] used a similar approach based on Frankel et al.'s work [41] to
measure the current density of metastable pit growth when the potential is below the pitting

potential. They integrated the current transients and assumed the pit has a hemispherical
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geometry, and hence were able to establish the current transient as a function of pit radius.
They reported that the pit stability product is between 0.3 A/m and 0.6 A/m, which is close to
Frankel's finding of 0.4 A/m [41] and Williams’ finding of 0.6 A/m [44]. Pistorius and
Burstein indicated that the pit growth can be stabilised when the pit stability product exceeds

0.3 A/m, and the perforated cover is no longer needed.
2.2.5 Solution chemistry of pits in stainless steel and salt layer

The pit solution chemistry of stainless steel has been studied by various researchers. Hoar
found that the pit solution is acidified [45]. Mankowski and Szklarska-Smialowska [46], and
Wilde and Williams [47] measured the pH of pit solutions. Wilde and Williams reported that
a low pH is developed in pit cavity which is associated with high ferrous ion concentration
[47]. Mankowski and Szklarska-Smialowska reported that the pH can be below zero
depending on the chloride concentration within the pit [46]. Suzuki et al. [48] extracted the pit
solution and measured the solution species by atomic absorption spectroscopy. They have
found the dissolved species are Fe?*, Cr®*, Ni**, which have been confirmed by other

researchers [49-51].

Isaacs et al. [52] have applied in-situ X-ray fluorescence to measure the concentration of
species in a pit. They reported that the total metal ion concentration at the bottom of a pit is
about 5 M, comprising 3.5 M Fe, 1.1 M Cr and 0.5 M Ni. The pit solution contains more than
11 M chloride ions. This calculation has not taken into account the solubility of metal
chlorides or the formation of metal chloride complexes. Sridhar and Dunn [53] and

Brossia et al. [54] used Raman spectroscopy to study the pit solution chemistry. They showed
that the Cr-Cl complexes existed in the pit/crevice solution of stainless steel. Davenport et al.
[55] studied the oxidation state of Mo in pit solutions in in-situ 1D pits using X-ray
spectroscopy. Monir [56] found that the chloro-complexes of Fe and Cr, Fe and Cr hexa-aquo
ions, and Ni hexa-aquo ions were present within the pit solution by in-situ X-ray spectroscopy.
He reported that chloro-complexes of Fe and Cr are found close to the metal dissolving
interface due to the high chloride concentration, and that Fe and Cr hexa-aquo ions are found
at the pit mouth. The Ni hexa-aquo ion is found throughout the pit solution.

2.3 One dimensional artificial pit

Real pits have a complex geometry. Artificial pits can provide one dimensional geometry

which allows examination of the electrochemistry of pits including the effect of resistance and
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diffusion [57-59]. The most commonly used artificial pit electrode is also called a
'lead-in-pencil’ electrode [31, 32]. Such a 1D artificial pit electrode consists of a piece of

metal wire or metal foil mounted in insulating epoxy resin as shown in Figure 2-7. When

metal dissolves, it forms a uniform one dimensional cavity that can be used to simulate the
dissolution kinetics in a real pit. The possibility of forming multiple pits is avoided as the pit
active surface can be monitored and controlled. The 1D artificial pit has also been extensively
used to study the mass transport, pit solution chemistry and salt film formation within pits [31,
36, 59-63].

<€ Pit cavity

< Metal wire/foil

<1—— Epoxy resin

Figure 2-7 A schematic diagram of 1D artificial pit.
2.3.1 Saltfilm

As described in Section 2.2.4, Frankel et al. reported that a metastable pit can repassivate
unless a salt film is formed at the pit surface so that the pit growth is stabilised [41]. The film
is not static and is only observed during the corrosion process. Hoar et al. [64] reported that
the film dissolves as fast as it forms. A range of papers have been published on investigations

of the structure, composition and mechanism of the salt film.
2.3.1.1 Structure

Vetter and Strehblow [65] reported the formation of a salt film at the bottom of a pit, and
stated that the film is not porous. Isaacs [66] used an artificial pit electrode to study the pitting
corrosion of stainless steel in chloride solutions, and showed that a resistive layer existed at
the electrode interface. He also reported this layer is about 10 nm thick and has a resistivity of
approximately 10® Q-cm. Beck has supported the assumption that the salt film is a halide
barrier layer, but also suggested there might be a hydrated outer layer that allows water to
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pass through [67, 68]. Danielson has investigated the formation of salt film of Ni in 0.5 M
HCI by stepped potential and impedance methods, and claimed that the salt film contains a
small number of pores [69]. Landolt and his co-workers [70-72] have suggested a model of
duplex salt film formation on Ni [70], iron [72] and Fe-Cr alloys [71] based on AC impedance
measurements. In Landolt and his co-workers' model, the salt film has a duplex structure as
shown in Figure 2-8, which includes an inner compact anhydrous layer with high field

conduction, and an outer porous hydrated layer with low field conduction.
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Figure 2-8 A schematic diagram of duplex salt film according to Landolt and his co-workers'
model. The salt film includes an inner compact layer with high field conduction and an outer

porous layer with low field conduction [71].

2.3.1.2 Composition

As described above, Isaacs et al. [52] used in-situ X-ray fluorescence to analyse the
concentration of metal ions in stainless steel artificial pits. They reported that the salt film on
stainless steel 1D artificial pit contains a very high amount of iron and small amounts of
nickel and chromium. However, the fluorescence technique cannot directly detect the
presence of the salt film. In order to obtain the species information of both the precipitated
salt film and the dissolved metal ions, Sridhar and Dunn [53] used Raman spectroscopy to
characterise the salt film on Ni 1D artificial pits. They detected a NiCl,-6H,0 salt film in the
artificial pit and the salt film data could be distinguished from the dissolved metal ion species.
Recently, Rayment et al. [73] used in-situ synchrotron X-ray diffraction to characterise the
salt film structure on Ni, iron and stainless steel 316 1D artificial pits in 1 M HCI. They found
that NiCl,-6H,0 is the dominant phase in the salt film on Ni and FeCl,-4H,0 is the

dominant phase on both iron and stainless steel 316.
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2.3.1.3 Self -regulating mechanism

Novakovski and Sorokina [74] reported that the dissolution rate of metal decreases linearly
with the reciprocal of the pit depth, which indicated that the pit current density is
self-regulated by diffusion or migration factors. An assumption was made that precipitation of
salt film present on the bottom of the pit can be self-regulated. When a potential is greater
than the potential of the salt film crystallisation supported by migration and diffusion, the film
can grow thicker automatically to consume the excess potential drop, and maintain the current

at the steady state value.

Isaacs [66] used the 1D artificial pit electrode to show that there is a resistive layer formed on
the electrode interface which self regulates its thickness when the applied potential is changed.
Isaacs reported that the current is independent of potential due to the presence of the layer,

and indicated that the transport rate of the metal ions from across this layer to pit solution is

equivalent to the diffusion rate of metal ions from the layer.

A further study was carried out by Tester and Isaacs [61] to investigate diffusion effects in
simulated pitting corrosion. The equation for the anodic current density at the steady state is
given by the Nernst-Einstein equation as shown in Equation 2-12, assuming that convection is
negligible:

# = —D[% +C % D %}} Equation 2-12
where i is the anodic current density, n is the number of electrons produced in metal
dissolution, F is the Faraday constant (96500 C/mol), R is the gas constant, T is the
temperature, @ is the potential drop in solution, and x is the pit depth. If only the diffusion
part in the equation is considered and the potential drop in solution is ignored, the equation
can be simplified to Equation 2-13 for a diffusion-limited current density (ijim).

nFDAC _
lim = T Equation 2-13
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2.3.2 Current-voltage characteristics of artificial pits

Cyclic voltammetry is one of the most common measurements made on artificial pit
electrodes. Figure 2-9 shows a schematic diagram of the current-voltage curve which is
characteristic of artificial pits. It starts from the salt free region A and B. The current increases
with the potential and is under the activation/ohmic drop control. The metal dissolution rate
increases as the current increases. From the region B to C, the production rate of metal ions
exceeds the diffusion rate of metal ions to escape the pit cavity. Therefore, supersaturation of
the metal ions occurs at the dissolving interface and a salt film precipitates at the metal
dissolution interface [31]. The salt film is highly resistive [66, 74], which leads a sudden drop
of current as shown in the D region in Figure 2-9. The drop of current causes the thickness of
the salt film to decrease, but since the potential then increases, the salt film thickens and the
current reaches a steady state in region E, where there is a diffusion-limited current (l;in). The

diffusion-limited current is independent of potential, and is under mass-transport control.

I A

1 fim

Figure 2-9 Current-voltage characteristics of artificial pits [58].

On the reverse potential sweep, the salt film thins with decreasing potential. In the region F,
the salt film is fully dissolved. The transition potential (Er) is defined as the potential in the
salt-film free region at which the electrode is the diffusion-limited current is passing [31]. In

the salt film free region G, the dissolution process is again activation/ohmic drop controlled.
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2.3.3 Critical pit solution concentration

Gaudet et al. [36] have used the 1D artificial pit method to study the pitting corrosion on
stainless steel 304 and high nickel alloy 600 with coupling of the rates of mass transfer and
electrochemical reaction. They generated plots of current density vs. surface metal ion
concentration as shown in Figure 2-10. In Figure 2-10 (a), the line GA represents the
diffusion-limited current density based on Fick's first law. GHIB and GB' represent two
theoretical plots of current density vs. surface concentration at different applied potentials.
When the potential decreases, the diffusion-limited current density A can drop to either B or
B' depending on the applied potential. The curve GHIB represents the rate of surface reaction
when the applied potential is relatively high, and the curve GB' represents the low potential

condition.

When the potential is relatively low, Figure 2-10 (a) shows that the surface reaction rate of
line B'G is lower than the rate of diffusion GA, thus the current density would drop to zero
and the metal would repassivate. When the potential is high enough, there are crossing points
(G, H and 1) of the line GHIB with the linear diffusion flux line, which represent points at
which the dissolution rate equals the diffusion rate. These points are predicted to be steady

states.
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Figure 2-10 (a) theoretical prediction of current density vs. surface concentration of multiple
states presented by letters A-H as described in the text (b) reaction rates vs. surface

concentration at different applied potentials on stainless steel 1D artificial pits [36].
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Figure 2-10 (b) shows the experimental results of the surface reaction rates obtained at
different applied potentials with IR correction. Gaudet et al. [36] reported that a pit can only
propagate when the surface concentration is higher than a critical metal ion concentration
(Cerit) Which is about 60%-70% of the saturation (Css;). A pit will repassivate if the surface
concentration is lower than the C.. Hakkarainen [75, 76] reported that C.i; needs to above

80% of the Cg,: to maintain the metal dissolution on stainless steel 304 and 316.

Similar studies on measuring the critical metal ion concentration were carried out by Steinsmo
and Isaacs for Fe-Cr alloys [59]. They found that Cj; increases with increasing Cr content.
For example, the critical metal ion concentration is about 10% of saturation on Fe-11.6Cr,
which is much lower than 32 and 36% of saturation on Fe-17.4Cr and Fe-24.3Cr.

Enerhaug et al. reported 30% of saturation of the surface concentration is needed for pit
growth on martensitic stainless steel [63]. Ernst and Newman investigated the behaviour of
stainless steel 316 in high chloride concentration NaCl and CaCl, solution [77]. The ratio of
Cerit to Csqt Was observed to decrease steeply when the chloride concentration increases, as
shown in Figure 2-11. The ratio Cqit/Csa Can drop to about 10% in solutions with more than

6 M CaCl; solution. Laycock et al. have assumed that there might be a similar change on

stainless steel 304, and possibly a more steep decrease [39].
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Figure 2-11 Dependence of the critical pitting temperature (CPT) and the C*/C; ratio on the
bulk concentrations of NaCl and CaCl, on stainless steel 316L. C” is the critical metal ion
concentration and Cs is the saturated metal ion concentration, the C/C values are measured at
30 °C [77].
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2.3.4 Tafel slope

The dissolution Kinetics of 1D pit growth can be described by Equation 2-14 [37] in which the
applied potential (Eapp) is a sum of the activation potential and ohmic drop.

Eapp = Ecorr + ba Iog( 2 ]“‘ ¢s + ¢Sf Equation 2-14
where Ecorr and icorr are the open-circuit corrosion potential and current density, i, is the

anodic current density, b, is the anodic Tafel slope, ¢, is solution resistance and ¢ is the salt

film resistance. The Ecorr and icorr are assumed to be constant, thus the Tafel slope b, can be

obtained by plotting the IR corrected potential vs. the anodic current density.

Newman and Isaacs [62] measured the anodic dissolution kinetics under conditions
near-saturation at the pit interface. The Tafel slope was obtained by plotting the log current
density vs. IR-corrected potential. They reported that the Tafel slope of Fe-19Cr-10Ni alloy is
about 60 mV/decade when the potential is higher than -300 mV, and is about 75 mV/decade
when the potential is lower than -300 mV as shown in Figure 2-12. It is possible that when the
potential decreases, the interface chemistry changes which leads to a change in the dissolution
Kinetics.

100 T T T T T

be® 60 mV/DECADE f

T T TTTTH

5]

T 1]I.!]ll

T T TTTTI

CURRENT DENSITY, mA /em?

\-buss 75 m\V/DECADE

o

lil_LI_I_LLLL]__L_LL_L 1Lt 1

-400 -200 0
POTENTIAL, mV (SCE)

Figure 2-12 Anodic dissolution kinetics measured by plotting log current density vs.
IR-corrected potential on Fe-19Cr-10Ni alloy [62].
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Gaudet et al. [36] measured the Tafel slope with 1D artificial pit electrode, and reported a
value of 54 mV/decade. The Tafel slope was measured at the supersaturation condition at the

pit interface by plotting the IR-corrected potential and current density.

Gaudet et al.'s method was used in Steinsmo and Isaacs's work [78], and Enerhaug et al.'s

work [63]. The Tafel slope measured by Steinsmo and Isaacs is about 108 mV/decade on

Fe-Cr alloys, which is much higher than the Tafel slope measured for alloys containing Ni
content [78]. Enerhaug et al. reported the Tafel slope of 57 mV/decade for martensitic

stainless steel [63].

Laycock and Newman [31] also used a 1D artificial pit electrode and obtained the anodic
dissolution kinetics by plotting the IR-corrected transition potential (Et) vs. diffusion-limited
current density as shown in Figure 2-13. They reported the average Tafel slope (b,) of

110 mV/decade for stainless steel 302 in 1 M NaCl solution, which is much higher than the
values shown above. It has been noticed that the IR-corrected transition potential used in their
work was only the potential drop out of the pit, but the potential drop within the pit cavity can

also have an effect.

Table 2-1 shows the Tafel slope measured in the previous works described above. It can be
seen that different methods of measuring the Tafel slope might use different interface

chemistry which in turn might lead to very different results.

20



200

100

E; (mV vs SCE)

50 micron

10 micron

-100 =T

i (A cm?)

Figure 2-13 Anodic dissolution kinetics measured by plotting IR-corrected transition potential

(Er) vs. diffusion limited current density (iim) for 10, 50 and 500 um diameter artificial pits of

stainless steel 302 in 1 M NaCl solution. The transition potential excludes the potential drop

outside the pit from the experimental results [31].

Table 2-1 Tafel slope measured in literature.

Author Tafel slope Materials Interface Reference
(mV/decade) chemistry
Newman and about 60 Fe-19Cr-10Ni alloy Near satuaration [62]
Isaacs
Gaudet et al. 54 Stainless steel 304 Supersaturation [36]
Steinsmo and 108 Fe-Cr alloy Supersaturation [59]
Isaacs
Enerhaug et al. 57 Matensitic stainless Supersaturation [63]
steel
Laycock and 110 Stainless steel 302 Saturation [31]
Newman
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2.4 Atmospheric pitting corrosion of stainless steel

Pitting corrosion of stainless steel has generally been studied in bulk solutions under full
immersion conditions. However, in many practical real applications, for example, on external
surfaces of pipework or architectural applications, corrosion takes place under atmospheric
conditions with a limited volume of electrolyte. This is a particular concern for the stainless
steel containers for intermediate radioactive waste storage since they are planned to be stored
above the ground and will be exposed in atmospheric conditions [2, 7, 79].

Under atmospheric conditions, aerosols (e.g. NaCl, MgCl; etc.) can deposit on a surface.
When the relative humidity (RH) increases, these aerosol particles can deliquesce and form
salt droplets or thin electrolyte layers. The concentration of the salt droplets or thin electrolyte
layers is controlled by the ambient relative humidity via the equilibrium between the gaseous
phase and the liquid phase. Figure 2-14 shows a plot of the relative humidity in equilibrium
with a range of magnesium chloride concentrations at 300 K [1]. Stainless steels are corrosion
resistant alloys, but are susceptible to atmospheric pitting corrosion, when the chloride
concentration of the deliquesced droplet exceeds about 6 M, which is equivalent to about
65% RH [1, 80].
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Figure 2-14 Relative humidity of gas phase in equilibrium with a range of chloride

concentrations of MgCl, solutions at 300 K [1].

It is well known that atmospheric aerosols are composed of a variety of salts such as NaCl,
MgCl,-6H,0, KCI, CaCl,-6H,0, and NaNOs. The deliquescence point of NaCl is 75% RH,
MgCl,-6H,0 is 33% RH, KCl is 84% RH, CaCl,-6H,0 is 29% RH, and NaNOg is 74% RH at
25 °C [81].
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Compared with the extensive literature on the pitting corrosion of stainless steel under full
immersion conditions, there is relatively little published work on the pitting corrosion of
stainless steel under atmospheric conditions [7].

2.4.1 Deposition of salts for lab-based atmospheric corrosion experiments

In order to study atmospheric pitting corrosion, outdoor exposure experiments and indoor lab
exposure experiments have been carried out. For the outdoor exposure experiments, samples
are placed at specific positions and exposed to marine environments for a period of time [82].
Airborne salinity can accumulate on the sample surfaces, which leads to atmospheric pitting
corrosion. Indoor lab exposure measurements are more common in the literature, since it is

possible to deposit controlled quantities of wet salinity on metal surfaces for analysis [83-86].
2.4.1.1 Deposition of salt droplet or particles

There are a range of salt deposition methods for lab exposure measurements. The two most
common methods are deposition of salt particles [83, 84, 87-91] and deposition of droplets of

salt solution on the sample surface [1, 14, 16, 92, 93].

Clusters of deliquescent salt particles can be deposited on samples by a variety of methods: a
probe can be used to select salt particles with a certain range of size then placed them on
sample surfaces [83]; The sample may be placed in a mist of salt solution produced by an
ultrasonic humidifier [90]; Salt may be dissolved in ethanol and placed as drops on the sample
surface which are then dried out to form clusters of salt particles [87-89]. In all of these
methods, the sample is subsequently placed in a humid environment to deliquesce the salt

crystals, forming droplets.

Direct deposition of droplets of aqueous salt solution has usually involved the use of a fine
tube or pipette to transfer a controlled volume and known concentration of salt solution to a
metal surface [1, 14, 16, 18, 92, 93]. Some empirical relationships between the droplet
volume and diameter have been determined from experiments [1, 16], or from theoretical

estimation [18].

However, with all these methods it is difficult to produce well-defined and reproducible

patterns on metal surfaces. In the present work, it is shown that inkjet printing can be used to
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produce well-defined salt deposits on metal surfaces, allowing systematic study of the effects

of salt density on atmospheric corrosion.
2.4.1.2 Inkjet printing technique and its application on corrosion

In the last few years, inkjet technology has been developed to print functional materials,
and become a useful tool for a range of fabrication process [94-96], including printing

polymers [96, 97], sol-gel materials [98] and nano-particles [99, 100].

In a recent preliminary study, Schindelholz and Kelly have demonstrated the feasibility of
using inkjet printing to deposit salt layers on metal surfaces [17] as shown in Figure 2-15.
NaCl particles were loaded with density ranged from 10 to 180 pgecm™, and shown to produce
multimodal size distribution. The inkjet printing technique has not previously been used to
deposit salt patterns on a metal surface in order to observe the atmospheric pitting corrosion

behaviour.
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Figure 2-15 A histogram of measured particle sizes for the 1 M, 40% opacity prints overlaid

on an SEM image of a typical particle field resulting from these prints [17].
2.4.2 Electrochemical measurements

As described above, one of the differences between atmospheric corrosion and full immersion
corrosion is the volume of electrolyte. It is more difficult to use the electrochemical methods

to study atmospheric pitting corrosion in a limited volume of electrolyte layer.
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Tsuru, Nishikata and their co-workers [101-104] developed a range of electrochemical
approaches to study atmospheric pitting corrosion. For example, they used a three-electrode
electrochemical cell to measure corrosion rates by electrochemical impedance spectroscopy
with humidity control [101, 103].They also developed a method which can combine the AC
impedance method and corrosion potential measurements to monitor the corrosion potentials

and corrosion rates at the same time.

Frankel et al. [105] used a Kelvin Probe potentiostat method developed by Stratmann and his
co-workers [106, 107] to study the atmospheric pitting corrosion. They found that there is a

sharp drop of open circuit potential which indicates the pit initiation.
2.4.3 Lab exposure measurements

There have been many studies published of atmospheric pitting corrosion produced by
depositing an amount of salt on sample surfaces and then observing the pitting corrosion

characteristic after a certain time of laboratory exposure with controlled parameters.

Tsutsumi et al. [1] deposited a range of salt droplets on stainless steel 304 surfaces and left the
samples in controlled relative humidity for a certain time. The pit morphology and the
composition distribution of the sample surface were analysed afterwards by SEM/EPMA.
Figure 2-16 shows one typical pit and its depth profile. At least one small hole about

10-30 um was always found in the centre of the corroded area, and was indicated as the
vestige of an MnS inclusion. There was always a ring outside the corroded area where rust
was deposited. Hastuty et al. [16] used a similar method to study the atmospheric pitting

corrosion characteristics of stainless steel 430.

25



Deapth profile
fom

Figure 2-16 Laser-microphotograph and depth profile of pitting corrosion under a MgCl,
droplet at 35% RH. The diameter of the droplet is 12 mm and the thickness is 1.9 um [1].

Maier and Frankel [18] measured the potential drop of the sample and the thickness of
droplets by Scanning Kelvin Probe. They used SEM and a profilometer to measure the pit
morphology and pit depth profile as shown in Figure 2-17. The morphology of the pits was
observed to be a dished shape after a certain time. Maier and Frankel also observed an
ear-shaped region on the pit as shown in Figure 2-18. They assumed this region was the only
active region of the pit when the anodic current demand exceeds the maximum cathodic

current.
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Figure 2-17 SEM image and corresponding profilometer depth profile of pit growing for
38.7 minutes [18].
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Figure 2-18 The SEM image of a pit exposed in atmospheric conditions. The white dashed

line is defined as active pit area according to Maier and Frankel [18].

Maier and Frankel [18] also used the volumes of the pits and active pit surface area measured
by profilometer to calculate the average current density of pit. Initially the whole pit surface
area was assumed to be active, but if an earing-effect took place as described above, the active
area was only considered to be the pit. They reported the current density was stabilised at
about 0.6 mA/cm? after exposure for a certain time, which is much lower than the current

density measured on pits in immersed conditions with electrochemical control.

The studies of atmospheric pitting corrosion described above were not carried out in-situ and

were not able to characterise the evolution of pit growth with time.
2.4.4 Effects of exposure conditions

Exposure conditions such as chloride deposition levels and relative humidity can affect the
atmospheric pitting corrosion of stainless steel. Matsumi et al. [80] reported that there is a
critical chloride concentration of 6 M below which a pit cannot initiate. They used an
electrochemical method to monitor the corrosion potential under an electrolyte layer and
reported that a pit can initiate in chloride solution above 6 M on stainless steel 304 at 298 K.
Tsutsumi et al. [108] exposed stainless steel samples in rural atmospheres and reported that
pitting corrosion process only took place when the relative humidity is between 35% to 75%
on 304 stainless steel. In subsequent work by Tsutsumi et al. [1], they measured the

probability of occurrence of pitting corrosion under droplets in lab, and reported there is a
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critical relative humidity for pitting corrosion to take place, which is between 55%
(corresponding to about 8.4 M chloride solution) and 75% (corresponding to about 4.9 M

chloride solution) for stainless steel 304 at 300 K.

Tsutsumi et al. [1] also reported that the probability of occurrence of pitting corrosion
increases with increasing droplet diameter, which is attributed to a larger cathodic area. Maier
and Frankel [18] showed that the initiation time for pitting corrosion is shorter under small
droplets than under large droplets in 33-34% relative humidity, which was attributed to a

faster evaporation rate leading to an increase in the chloride concentration of the droplet.

2.4.5 Kelly's model of atmospheric pitting corrosion

Kelly and his co-workers [109-112] developed a model to predict the maximum pit size on
stainless steel in atmospheric conditions under a thin electrolyte layer. The model was
developed by combining two factors: the minimum anodic current required for pit stability
and the maximum cathodic current. Figure 2-19 shows an example of how the model is used
to predict the maximum pit size. The straight line represents the required anodic current (I.c),
and the curved line represents the maximum cathodic current (Icmax). The pit is only stable
when the maximum cathodic current is higher than the minimum required anodic current to
supply enough current for pit growth. Otherwise the pit will repassivate. The crossing point of

the I.c and I¢max ON pit diameter represents the maximum pit size [110].
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Figure 2-19 The effect of the radius of the pit on the combination of the anodic current
demand and the maximum cathode capacity. The effect of the radius of pit on the anodic
current demand I ¢ is 1 A/m. The curved line represents the effect of the radius of pit on the
maximum cathode capacity, Icmax, Which is calculated from the model. The RH is 98% and
the deposited NaCl density is 100 pg/cm?®. The intersection of the two curves determines the
maximum pit size, which is 39 um in this condition [110].

The minimum anodic current demand (I c) used in Kelly’s model was based on pit stability
product. As described in Section 2.2.3 and Section 2.2.4, ix is the pit stability product for a
one dimensional pit. Williams et al. [113] developed a pit stability product (lpi/rpir) for a
hemispherical pit, and reported that hemispherical pit growth is stable when the pit stability
product 1pii/ryic €xceeds about 2.5 Am?. In Kelly's model, I,i/rpit is used as the dependence of
ILc on pit size, and the value of li/ryic that is 6.5 times the ix value of 1D stability product
(the value of 2zix) [110].

The maximum cathodic current capacity I max Can be written as shown below:

DD[1+ msalt (RH !T)MWsaIt]

rzx(RH,T)AE, £
Inl — ( ) ) msalt(RH’T)p(RH’T)MWsalt +|n[ﬂera2'[Echr (IC _IP)dE
o I AEmax

C,max

29



The first term relates the ohmic resistance in the solution layer. This will depend on its
conductivity, which will be controlled by relative humidity, and its thickness, which is

dependent on chloride deposition density and relative humidity.

The second term is the cathodic kinetics driven by the overpotential, which is the potential
difference between the corrosion potential (Ecorr) and the repassivation potential (Ep), since
the repassivation potential (Ep) is assumed to be the potential of pit mouth. E;, used in the
model is -0.4 V (SCE) for 304 stainless steel, and -0.25 V (SCE) E,, for 316 stainless steel
[109, 110, 114].

2.5 Synchrotron X-ray radiation techniques
2.5.1 Introduction

Synchrotron radiation is an extremely intense source of X-rays. Figure 2-20 shows a
schematic diagram of the third generation synchrotron radiation facility. It consists of an
electron gun, linac, booster ring, storage ring and a range of beamlines. When the radiation
facility operates, electrons are generated by an electron gun and are injected through the linac
into the booster ring and then the storage ring. In the storage ring, there are bending magnets,
focusing magnets and insertion devices. X-ray radiation is emitted whenever the electrons
change direction in a magnetic field. The beamlines are all approximately tangential to the
storage ring, and monochromatic X-rays can be produced which are focused on the sample by
suitable optics [115-117].

Pitting corrosion is a dynamic process and it is always associated with the wet environment,
which is difficult to study in-situ. The traditional characterisation methods such as SEM and
lab-based XRD normally require a vacuum environment. Pits can be characterised after the
corrosion process, but cannot be characterised with time dependence by the traditional
methods. Synchrotron radiation can supply intense X-rays to detect and characterise corrosion
processes in situ and in real time since a vacuum environment is not required. There have
been a number of previous studies in which synchrotron X-rays have been used to study
corrosion, e.g. [52, 73, 118-121].
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Figure 2-20 A schematic diagram of a synchrotron radiation facility (Courtesy of Diamond
Light Source) [122].

2.5.2 Synchrotron X-ray tomography
2.5.2.1 Principle of X-ray tomography

X-ray tomography is a non-destructive method that can provide three dimensional information
of the interior microstructure of materials [123-126]. The basis of X-ray tomography is X-ray
radiography. The X-ray beam can pass through a sample and be attenuated. A well known
equation is shown as Equation 2-15, where | is the intensity of the original X-ray beam, and |
is the attenuated beam intensity after it passes through a thickness of x of the material. [ is the

absorption coefficient of the material.
/1, =exp(—ux) Equation 2-15

The transmitted beam attenuated by the sample can be recorded by a suitable imaging detector.
The visible image is a two dimensional projection (or radiograph) of the material. If the
sample is rotated between 0° and 180°, and a range of the projections is recorded, then a

filtered back-projection algorithm can then be used to reconstruct these projections to create a
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three dimensional view of the sample [123-126]. Figure 2-21 shows a schematic diagram of

the setup of X-ray tomography.

monochromatic X-ra
—_

sample adjustme!

scintillator

Pitch, Roll

Figure 2-21 A schematic diagram of the setup for X-ray tomography [126].

The spatial resolution is a measure of how closely a feature can be located with a reference
feature, in some literature it has been defined as the smallest separation of two distinguished

points. The X-ray tomography spatial resolution can approach the level of micrometers.
2.5.2.2 Synchrotron X-ray tomography

There are two sources for X-ray tomography experiments: a laboratory micro-focus X-ray
tube or a synchrotron X-ray radiation facility. A recent review shows that X-ray tube
tomography can routinely achieve spatial resolutions to submicron level [125]. However, a
relatively long collection time is required due to the lower intensity, which makes in-situ time

dependent measurements less practical [124, 126].

A synchrotron radiation facility can supply a very high flux X-ray beam that is many orders of
magnitude brighter and more intense than a micro-focus X-ray tube. The synchrotron
radiation also allows the production of either a monochromatic beam or a white beam. The
resolution of the synchrotron X-ray tomography can be to submicron level [123-126].
Synchrotron X-ray requires a relatively short acquisition time for experiments, which can
benefit in-situ experiments of material characterisation since the scan time may be far less

than the time required to change the micro structure of the material.
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2.5.2.3 Synchrotron X-ray tomography in corrosion research

X-rays can penetrate water and metal with different attenuation. As X-ray tomography does
not require a vacuum environment and can characterise the microstructure non-destructively,
X-ray tomography is suitable for visualisation of corrosion behaviour in real time.
Synchrotron X-ray tomography requires a less acquisition time, which is more suitable for

characterisation of the in-situ corrosion process as the corrosion rate can be fairly fast.

X-ray tomography has been applied to study the corrosion process on aluminium, magnesium
and stainless steel alloys [118-121, 127-129]. For example, Marrow et al. have investigated
the intergranular stress corrosion cracking in austenitic stainless steel by X-ray tomography
[127]. Ghahari et al. have applied a capillary cell on a stainless steel pin with electrochemical
control and visualised pitting corrosion of stainless steel by synchrotron X-ray
micro-tomography [118]. Knight et al. have placed a droplet on the top of an aluminium pin
and have applied synchrotron micro-tomography technique to visualise the intergranular

corrosion of aluminium alloys [121].
2.5.3 Synchrotron X-ray diffraction in corrosion research

X-ray diffraction (XRD) is a tool to characterise the fine structure of matter, which is based
on the interference of the scattered X-rays. As described in Section 2.3.1, the salt layer in
corrosion pits is not static, but continuously precipitates and dissolves during the corrosion
process. Thus it is essential to characterise the salt film with solution present during corrosion.
Since X-rays can penetrate liquid, Isaacs et al. used a synchrotron XRF technique to
characterise the composition of the salt film on a stainless steel 1D pit. However, this work

can only supply a qualitative hypothesis of the structure and composition of the salt layer.

Rayment et al. [73] used synchrotron X-ray diffraction to characterise the composition of salt

films on dissolving surfaces in iron, stainless steel and nickel artificial pits. Recently, Ko et al.
[130] used this technique to characterise siderite (FeCOs) precipitation on carbon steel during

a carbon dioxide corrosion process. Dowsett et al. [131] have observed in-situ copper

corrosion and characterised copper corrosion products via a synchrotron XRD method.
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2.6 Summary

Stainless steel is known as a corrosion resistant material, but is susceptible to atmospheric
pitting corrosion in environments containing chloride. The mechanism of pitting corrosion of
stainless steel under full immersion conditions is relatively well understood but far less has
been published on pitting corrosion of stainless steel under atmospheric conditions. Since the
relative humidity determines the chloride concentration of the solution, which can lead to
highly concentrated salt solutions, it is essential to study electrochemical kinetics
corresponding to the atmospheric conditions, particularly in the higher chloride concentration

solutions.

In the current work, synchrotron micro-tomography is used to supply intense X-rays to
produce high resolution images of the evolution of corrosion pits and the electrolyte layer
in-situ and in real time. Synchrotron XRD is used to characterise salt films on stainless steel
artificial pits in relatively high chloride solutions. Electrochemical measurements are used to
determine the current-voltage characteristics, critical pit solution chemistry, and the Tafel
slope in solutions of various chloride concentrations. Inkjet printing technique is
demonstrated to be a feasible method to deposit salt patterns on 304 stainless steel foils to

observe atmospheric corrosion.
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3 Experimental method

3.1

Materials

Stainless steel 304 and 316L were obtained from commercial suppliers, Goodfellows

Cambridge Ltd., UK, and Advent Research Materials, UK. The details of materials applied in

the experiments are listed in Table 3-1.

Table 3-1 Alloys used in experiments (compositions were supplied by the vendors).

Thickness Composition
form Supplier Processing Experiments
/Diameter
Cr 17-20%
.' 1D artificial
Cold- Mn <2%, Ni 8-
electrode for
Goodfellow 50 um 11%,
worked C <800 ppm, Fe Synchrotron XRD
’ measurements
balance
foil
Cr 17-20%,
Mn <2%, Ni 8- Inkjet printing
Goodfellow | 100 um Annealed 11%, deposition
C <800 ppm, Fe measurements
Stainless balance
steel 304 Cr 17-20%,
Advent Mn <2%, Ni 8- | 1D artificial pit for
wire Research 250 um Annealed 11%, electrochemical
Materials C <300 ppm, Fe measurements
balance
Cr 17-20%,
cold Mn <2%, Ni 8- Synchrotron
rod | Goodfellow 2 mm 11%, micro-tomography
worked
C <800 ppm, Fe measurements
balance
Cr 16-18%, Ni
10-14%, Mo 2-
. ’ 1D artificial
Stainless Advent 3%, S<300 ppm, electrold; Iior
steel foil Research 50 pm Annealed P<450 ppm, svnchrotron XRD
316L Materials C<300 ppm, ymeasurements
Si<1%, Mn<2%,
Fe balance
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3.2 Sample preparation

3.2.1 Wire artificial pit electrodes and electrochemical cells

The wire artificial pit electrodes were made from stainless steel 304 wires (250 pum diameter)
mounted in epoxy resin; a schematic diagram of the wire artificial pit electrode is shown in
Figure 3-1. The stainless steel wire was degreased with methanol and soldered to an electrical
wire for connection. The wire was then placed within an acrylic tube, 6 mm outside diameter
and 4 mm inside diameter. EpoFix resin (supplied by Struers) was injected into the tube and
cured for at least 24 hours. The connection at the bottom of the wire was covered with Teflon
tape and Alradite epoxy to avoid contact with electrolyte. The resin is transparent, thus it is
possible to visualise the 1D pit from a horizontal microscope coupled to a CCD camera. In the
experiments, only the top surface of the electrode was exposed to electrolyte. The
electrochemical cell for measurements with wire artificial electrodes is shown in Figure 3-2,
which contains a SCE reference electrode, a platinum wire auxiliary electrode, and about

120 ml of test solution.

resin >
SS wire

A1\

acrylic —3 f'
tube i

gl 27

electrical
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Figure 3-1 A schematic diagram of a wire artificial pit electrode.
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Figure 3-2 A schematic diagram and the experimental setup for a wire artificial pit in an

electrochemical cell.
3.2.2 Abraded wire electrodes and electrochemical cells

The abraded wire electrodes are made from stainless steel 304 wires (250 um). The wires
were abraded along their length to either 120 or 4000 grit by SiC paper, and then rinsed with
de-ionised water, and were immediately immersed in the solution of the electrochemical cell.
The electrode was bent to form a 'J' shape so that the cut end of the electrode was exposed
above the waterline. The electrode was immersed to a depth in the cell solution and the
surface area immersed in the solution was controlled at 0.5 cm?. A mark of tape was made on
the sample which was placed about 5 mm above the waterline to indicate the position and

avoid to be immersed in solution and cause crevice corrosion.

Figure 3-3 shows a schematic diagram and a photograph of the experimental setup of the
electrochemical cell for abraded wire electrochemical experiments. The cell contains a SCE
reference electrode, a platinum wire auxiliary electrode, and about 200 ml of test solution.
The test solution was de-aerated with argon for 20 minutes before the electrode was placed

into the cell. Once the electrode had been immersed into the cell solution, the flow of argon
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gas into the test solution was switched off and the flow of argon gas above the test solution
was switched on to protect the solution and minimise interference by oxygen. Although the
flow of argon gas was intended to minimise the dissolved oxygen in the solution, the level of
oxygen in the solution was not controlled in the experiments. However, for pitting potential
and repassivation potential measurements, the dissolved oxygen level in the solution does not
affect the results. In each experiment, a freshly prepared electrode was used which was

discarded following use.
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Figure 3-3 The schematic diagram and the experimental setup of abraded wire

electrochemical cell.
3.2.3 Foil artificial pit electrodes and electrochemical cells

Foil artificial pit electrodes were made from 3 mm wide, 2.5 cm long strips of 50 um
thickness stainless steel 304 and 316L foils sandwiched with Araldite resin and Kapton tape
(RS Components). The Kapton tape was sealed to the end of a PVC plastic tube to form the
electrochemical cell as shown in Figure 3-4. The electrochemical cell contains an Ag/AgCl
reference electrode, a platinum wire auxiliary electrode, and approximately 20 ml of test

solution.
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Figure 3-4 The schematic diagram and the experimental setup of a foil artificial pit electrode

electrochemical cell.
3.2.4 Stainless steel foils for inkjet printing

Stainless steel 304 foils (100 um thick) of dimension 3 cm x 6 cm were used as the specimen.
The foil surfaces were hand ground with SiC papers up to 800 grit and cleaned with

de-ionised water and ethanol immediately before salt deposition.
3.2.5 Stainless steel pins and cell for X-ray tomography

Samples of stainless steel 304, length 25 mm and 2 mm diameter were machined from
stainless steel rod 2 mm in diameter (Goodfellow). The top surface was perpendicular to the
rolling direction, and was ground with SiC papers up to 800 grit and cleaned with de-ionised

water. The sample was immediately deposited with salt solution after being cleaned.
3.3 Test solutions

Aerosols are composed of a variety of salts, however, it is difficult to study the atmospheric
pitting corrosion in a mixed salt solution and apply the experimental results to pitting

corrosion prediction models. For initial studies, it is more practical to study the atmospheric
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pitting corrosion with a single salt that has a relatively low deliquescence point. As presented
in Section 2.4, the deliquescence point of MgCl,-6H,0 is 33% RH [81]. MgCl; solutions
were used in the experiments. Solutions were prepared from analytical grade magnesium
chloride hexahydrate (Sigma-Aldrich and Fisher Scientific), and de-ionised water (Millipore
18 MQ-cm).

3.4 Electrochemical procedures
3.4.1 Electrochemical sequences of wire artificial pits

The electrochemical sequences of wire artificial pits were carried out by lvium CompactStat.
All the wire artificial pit electrodes were dissolved to at least 500 um at an applied potential
of 600 mV (SCE) in MgCl; solutions. The depth of the pit was calculated from the charge
passed by use of Faraday's law. The depth of the pit was also measured using the optical
microscope coupled with a CCD camera. The depth measured by both methods agreed to
within about 8%. Once the electrode had dissolved to 500 um deep, the potential was
gradually swept downwards to a lower potential and was swept upwards to 600 mV (SCE).
The lower potential limit was chosen such that the current density decreased to about 80% of
the limiting current density. The sweep rates ranged from 2 mV/s to 10 mV/s. Cyclic
voltammetry was used to obtain current-voltage characteristics of artificial pits. After each
potential scan, the electrode was further dissolved by 200-300 pum at 600 mV (SCE), and
examined by cyclic voltammetry. For each electrode, cyclic voltammetry was carried out for
at least three cycles to obtain current-voltage characteristics at different pit depths. The final
measurement of each experiment involved passivation of the electrode. The procedure for
this involved setting the potential to 600 mV (SCE) for 10 minutes, then stepping the potential
to 200 mV (SCE) for 10 minutes to thin the salt layer. The resistance will drop at the same
time as the salt layer becomes thinner. The potential then was swept at a slow rate of 0.2 mV/s
to -300 mV (SCE) to passivate the electrode. The slow backscan of potential method was
developed by Ernst and Newman [132] to define the C.i; and Csa:. During the electrochemical
measurements, resistance was measured concurrently with impedance method at a fixed

frequency of 100 kHz and 5 mV amplitude.
3.4.2 Cyclic voltammetry experiments on abraded wires

After being immersed in the MgCl, solution, the open circuit potential (OCP) of the abraded

wire electrodes was measured for 15 minutes. When the potential had stabilised, cyclic
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voltammetry commenced. The electrode was polarised from -100 mV or -200 mV (vs. OCP)
to a possible upper limit of 2000 mV (vs. OCP) at a scan rate of 0.2 mVs™. When the current
density reached 1 mAcm, then the scan was automatically reversed. The pitting potential
(Epit) was defined as the potential at which the current density was 0.1 mAcm. The potential
then was swept downwards until the current density was below 10* mAcm™. The
repassivation potential (E,p) was defined to be the potential at which the current density was
10 mAcm™.

3.4.3 Electrochemical procedure on foil artificial pits

The foil artificial pit electrodes were used for all synchrotron XRD experiments. Pits were
grown to at least 1.5 mm deep prior to the XRD experiments at an applied potential of 0.6 V
(Ag/AgCI). This was carried out in a laboratory adjacent to the beamline. The foil electrodes
were uniformly dissolved and were covered with a salt film. The cell was then moved to the
experimental hutch for XRD experiments. Experiments on the beamline used an lvium

potentiostat. XRD data was collected at a series of fixed potentials.
3.5 Inkjet printing experiments

A Canon Pixma MP610 inkjet printer was used in the salt deposition experiments, since the
coloured ink in its cartridges can be washed out and exchanged with salt solutions. In the
current work, a yellow ink cartridge was cleaned and dried before injection of the salt solution
through a small hole drilled into the cartridge. The concentration of the salt solution for
printing was selected to be nearly saturated MgCl, solution. Another yellow colour cartridge

was prepared containing de-ionised water for cleaning the print head after deposition.

The deposition patterns were designed in Microscoft PowerPoint, which allows the salt
deposition density to be controlled by changing the colour intensity in the software. The salt
deposition printing was performed in CD printing mode, which is designed to print an image
on the surface of a CD. Stainless steel foil samples (thinner than the height of a CD) were
placed on the printer tray designated for CD printing. In all of the current work, a small gap
was maintained between the stainless steel foils and the top of the CD tray to reduce the risk
of smearing by the printhead. In order to deposit higher salt densities, the patterns were
printed multiple times on the same sample (“overprinting”). Figure 3-5 shows the result of
setting a colour intensity 20%, 50% and 100% for a single print pass, and overprinting 100%

colour intensity for 2, 5 and 10 times. The printing environment was 21+2 °C, 43+3% RH.
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When carrying out multiple over-printing, smearing of the previous salt layer was sometimes
observed. To minimize this effect, a hair dryer was used with cold air to dry the salt layer

between successive deposition cycles.

20% x 1 50% x 1 100% x 1

T00um T00um 700um
100% x 2 100% x 5 100% x 10

Figure 3-5 The salt deposition of 20%, 50% and 100% colour intensity for a single pass, and

100% colour intensity for 2, 5 and 10 times overprinting on a CD.

In the current work, a single printing pass with 100% colour intensity was found to give a
chloride ion density of 35+5 pg/cm?. The density of printing was measured in three ways:
determination of the mass gain (40 pg/cm?), measuring the chloride concentration washed off
the stainless steel surface using a Dionex ICS2000 anion analysis machine, (29 pg/cm?), and
measuring the Mg?* concentration washed off the stainless steel surface by EDTA titration
(30 pg/cm?). A weighing method was used to confirm that there was a linear relationship
between the “colour intensity” used in PowerPoint and the density of the deposited salt.
Figure 3-6 shows that there was a linear relationship for 20%, 50%, 100% printing densities

for a single printing pass.
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Figure 3-6 The relationship between the salt density deposited by printing a single uniform
layer on a stainless steel foil (determined by mass gain) compared with the colour density

selected for the printing area in PowerPoint.

The chloride levels selected for studies of corrosion were from 7+1 pg/cm? to 350+50 pg/cm?,
which are consistent with those found for atmospheric exposure at Waratah Bay and Flinders
Navy Base marine sites, Victoria, Australia, as reported by Cole et al. (10 to 12.3 pgcm2day™)
[84]. The levels are also in the same range as Tsuru's experimental work on deposited droplets
(around 180 pg/cm?) [1] and values selected for Chen and Kelly's model (10 and 100 pg/cm?)
[109].

Following salt deposition, the stainless steel foils were placed in a humid environment

(~90% RH) for one hour to deliquesce the salt deposits. The deliquescence point for MgCl, at
30 °C is 32% RH and at 20°C is 34% RH [133]. The initial period of high RH was designed
to form a salt droplet on the metal surface. The samples were then placed in a desiccator with
controlled relative humidity (45+1% RH or 55+1% RH). The humidity was controlled by the
equilibrium with MgCl; solution of known concentration in shallow dishes in a desiccator [1].
The desiccator was placed in a chamber with controlled temperature (300+1 K) for 24 hours.
A temperature and humidity sensor was placed in the desiccator to measure the humidity and
temperature during exposure. After exposure, macro, optical and SEM images were taken to

record corrosion behaviour.

A mechanical syringe pump (Aladdin Programmable Syringe Pump) was used to produce

dilute droplets of 50 mM MgCl,) with a similar diameter to the printed area, as a comparison

43



with the effect of the printed salt droplet. A specific volume (1.6 pl) of liquid was delivered
by the syringe pump, forming a droplet of ~2 mm in diameter. The syringe droplets were

placed on a 304 stainless steel foil. The foil was exposed at 300 K, 45% RH for 24 hours.
3.6 Synchrotron micro-tomography experiments

Figure 3-7 shows a schematic diagram of the experimental cell designed for tomography
studies of atmospheric pitting corrosion. A droplet of volume about 1.8 pl of MgCl, solution
was deposited on the top surface of a metal pin via a micro-pipette. The volume and solution
concentration were calculated to provide a chloride deposition density in the range of 0 to
4000 pg/cm?. The metal pins were placed into sealed x-ray transparent sample cells in which
a constant relative humidity was maintained by use of an appropriate saturated salt. The
sample cell comprised a short collar of silicone tubing at the base of the pin over which was
placed a longer tube of 4 mm internal diameter. A piece of filter paper impregnated with
saturated Mg,Cl, solution (about 4.2 M) was placed at the top of the outer tube which
maintained a constant relative humidity (RH) at 45%. The presence of an air gap between the
side of the metal pin and the vessel wall prevented crevice corrosion. The whole cell was

wrapped with parafilm® as an extra seal.
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Figure 3-7 A schematic diagram of experimental setup of micro-tomography

X-ray micro-tomography experiments were carried out at 112, the Joint Engineering,

Environmental and Processing (JEEP) beamline at Diamond Light Source using 70 keV
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X-rays. The field of view was 7.2 x 4.8 mm, and the pixel size was about 1.8 um. The
exposure time was typically 1 s per projection and 1800 projections were collected over a 180°
rotation were taken for each tomographic dataset. The total scan time was 40-45 minutes. The
projections were re-constructed using filtered backprojection at 112. Fiji and Avizo software
packages were used for data analysis. Avizo was used for 3D image visualisation and image

segmentation. Fiji was used for 2D image visualisation.

3.7 Synchrotron X-ray diffraction experiments

The XRD measurements were carried out in-situ with electrochemical control at Diamond
Light Source on Beamline 118. The beam size is about 2.5 pm (v) x 15 um (h) with the energy
of 12 keV (1.0332 A). Attenuation filters were used to reduce the incoming beam intensity to
avoid beam damage. A CCD area detector with resolution 26 um x 26 pm was used for data

collection.

The electrochemical cell was placed on a translation stage to collect the diffraction patterns at
different positions. Figure 3-8 shows a schematic diagram of the positions of the incident
X-ray passing through the electrochemical cell. Before collecting the diffraction data, the
sample stage was moved to where the incident X-ray beam located in the pit solution region
and then raised in 2 um increments through the salt film so that the final measurement was
through the metal foil. The sequence of XRD scans is shown with the blue arrow in Figure
3-8. Each single frame diffraction pattern was collected for 10 s exposure time. Scans through
the salt film were carried out five times on the same sample by moving the sample stage
horizontally by 0.1 mm each time. The diffraction data collected in various relative horizontal
positions can test whether the salt film is uniform across the electrode and also avoid the

beam damage. All the diffraction data were analysed by XRDua and FullProf software.
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Figure 3-8 A schematic diagram of the positions of the incident X-ray passing through the
electrochemical cell. XRD scans start from the pit solution above the salt film and the order of
XRD scans is shown via the blue arrow in the figure. Diffraction patterns were collected in 2
pum increments until the beam was located fully in the metal foil. (The cell was moving

upwards during the experiment so that the initial measurements were in the solution.)
3.8 Characterisation

38.1 SEM

SEM JEOL 6060 and Philips XL30 were used to characterise the materials and pit
morphology.

3.8.2 Confocal microscopy

Olympus LEXT OLS3100 confocal laser scanning microscope was used to measure the pit
depth profile and obtain a 3D pit morphology. Samples were stainless steel pins used in
synchrotron mico-tomography measurements after exposure. The samples were ultrasonically

cleaned in de-ionised water for three minutes to remove corrosion products.
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4 Inkjet printing deposition technique for investigation of atmospheric

pitting corrosion of stainless steel*

4.1 Introduction

As described in Section 2.4.1, the controlled deposition of salt layers is an important first step
in studies of atmospheric pitting corrosion of stainless steel, since the size and concentration
of salt deposits can influence the rate of corrosion. The two traditional methods of salt
deposition on a sample surface involve either transferring a volume of salt solution by a
micro-pipette [1, 16, 18, 92, 93] or deposition of clusters of deliquescent salt particles [87, 90,
134, 135]. It is difficult to produce well-defined and reproducible patterns on metal surfaces.
In the present work, it is shown that inkjet printing can be used to produce well-defined salt
deposits on metal surfaces, allowing a systematic study of the effects of salt density on
atmospheric corrosion. In this study the deposition of MgCl, has been selected because it is a

particularly corrosive constituent of marine aerosols owing to its ease of deliquescence.
4.2 Results

Two salt inkjet printing salt deposition patterns were designed to investigate the effect of salt
deposit diameter on pit size, and the effect of salt deposition density on pit size. The patterns

were designed using PowerPoint as described in Section 3.5.
4.2.1 Effect of salt deposit diameter on pit size

The salt deposition pattern shown in Figure 4-1 was designed to illustrate the effect of salt

deposit diameter on pit growth for deposits of the same salt density.

! The contents of this chapter are based on the paper by Mi, N., M. Ghahari, T. Rayment, and A.J. Davenport,
Use of inkjet printing to deposit magnesium chloride salt patterns for investigation of atmospheric corrosion of
304 stainless steel. Corrosion Science, 2011. 53(10): p. 3114-3121. According to Elsevier's policy, the contents
of published journal articles can be included in a thesis. http://www.elsevier.com/authors/author-rights-and-
responsibilities
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Figure 4-1 MgCl, deposition pattern with various colour intensities and circle diameters
overprinted 10 times on a 304 foil (10x overprinting with 100% intensity corresponds to a

chloride deposition density of 350+50 pg/cm?).

In each row, circles have the same salt deposition density but the diameters range from

0.5 mm to 2.8 mm. The whole pattern was over-printed 10 times, so that the chloride ion
deposition densities range from 175+25 pg/cm? (10x 50%) to 7+1 pg/cm? (10x 2%). Figure
4-2 shows the optical and SEM images of a foil printed with the pattern of salt shown in
Figure 4-1 following exposure at 45% RH for 24 hours. In the optical microscope images, the
droplets are still present and they appear to have a 'membrane’ over the pits. In the SEM
images, the 'membrane’ has been flushed away with deionised water so that the pits can be

observed.
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Figure 4-2 A 304 stainless steel foil deposited with MgCl, in the pattern shown in Figure 4-1
following exposure at 45% RH and 300 K for 24 hours (after 1 hour at ~90% RH): in the
optical and SEM images (upper and lower images, respectively). The initial printed area is
shown with a broken circle.

The optical microscope images in Figure 4-2 show that the corrosion products are generally
confined to the original printed deposit following 24 hours of exposure. Corrosion products
and a single pit could be observed in some of the circles. None of the circles showed multiple
pits. In this case a “pit” refers to a clearly-defined cavity that is at least 5 um in size: some
poorly-defined spots were observed that may have been smaller pits or small inclusions in the
stainless steel. Circles in the same row (fixed deposition density) tend to show similar
corrosion behaviour. For example, in the row of 50% salt deposition density, droplets with a
relatively continuous layer of electrolyte were formed and a pit could be observed within the
droplet. In contrast, in the row of 10% intensity, droplets appeared to have discontinuous
electrolyte layers: some of them showed rust and a very small pit, whereas others did not
contain a well-defined pit. Figure 4-3 gives a summary of the results shown in Figure 4-1 and
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another foil with the same pattern exposed to the same humidity, together with results for two
foils with the same pattern exposed to 55% RH. It is evident that the pitting behaviour at 55%
RH is similar to that at 45% RH, with slightly fewer pits for smaller amount of salt deposits.

45% RH @ Pit 55% RH @ Pit
O No pit O No pit
Pattern 1: 10x overprint
Diameter/ 2.8 mm 2mm 1.4 mm 1 mm 0.7 mm 0.5 mm
Colour | 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55%
intensity | RH | RH | RH | RH | RH | RH | RH | RH | RH | RH | RH | RH
30% 00 00 00 00 00 00 00 00 00|00 00 00
00 00 00 00 00 00 00 00 00 00 00 00
20% 00 00 00 00 00 00 00 00 00|00 00 00
00 00 00 00 00 00 00 00 00 00 00 00
10% 00 00 00 00 00 00 00 00 00 00 00 00
@000 @00 @0 |@0 @0 | @0 @0 |@0 |00 |00 @O
5% 00 @00 00 00|00 | 00|00 00|00 |00 |00 |00
Ooo0o|/o0o0 00/00|0O0O|0O0O|0OO|0OO|OOC|OO|0OO|0OO
2% oo/oo oo/loo|oo|oo|oo|o0o|o0|00O0|00|©C0O
oo|oo oo|oo|loo|oo|oo oo|oo|o0o|00|©0O

Figure 4-3 A summary of the results shown in Figure 4-2 for a 304 stainless steel foil

deposited with MgCl, in the pattern shown in Figure 4-1 following exposure at 45 %RH or 55%
RH and 300 K for 24 hours (after 1 hour at ~90% RH). For each condition, two foils were

tested and on each foil there are two deposited salt circles for each condition. The dots in a

horizontal line in the figure represent two deposited salt circles in the same foil.

Figure 4-4 shows SEM images of pits from circles in the top row (50% intensity) of Figure
4-2 with various diameters. The pit diameter as a function of the original salt droplet diameter
is shown in Figure 4-5. For the same chloride deposition density per unit area, the resulting pit

diameter increases with the size of the original salt droplet.
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Figure 4-4 SEM images of pits which were formed following deposition of circles of MgCl,
electrolyte layer at 10 x 50% colour intensity (chloride deposition density of 175425 pg/cm?),
and following exposure 45% RH and 300 K for 24 hours (after 1 hour at ~90% RH). The

diameter of the circle is shown as an inset in each image.
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Figure 4-5 The pit diameter plotted as a function of the original droplet diameter for pits
which were formed in circles of 10x 50% colour intensity (chloride deposition density of
175425 pg/cm?) with diameters ranging from 0.5 mm to 2.8 mm on the foil shown in Figure
4-2 following exposure at 45% RH and 300 K for 24 hours (after 1 hour at ~90% RH).
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4.2.2 Effect of salt deposition density on pit size

The second deposition pattern (Figure 4-6) was designed to investigate the effect of
changing the salt deposition density for a fixed salt deposit diameter (1.4 mm). It was also
used to confirm that the same salt density gave the same pitting behaviour regardless of
deposition method (i.e. 5x overprinting of 20% intensity gives similar behaviour to 2x
overprinting of 50% intensity). After an initial hydration at ~90% RH for 1 hour at 300 K,
the samples were exposed to 45% RH for 24 hours at 300 K. The results are shown in Figure
4-7 and Figure 4-8.

Overprint times

1cm

Figure 4-6 MgCl, deposition pattern of 1.4 mm diameter circles with various overprinting
times and colour intensities on 304 foil (10x overprinting with 100% intensity corresponds to
a chloride deposition density of 350+50 pg/cm?).
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Overprint times:

Figure 4-7 A 304 stainless steel foil deposited with MgCl; in the pattern shown in Figure 4-6
following exposure at 45% RH and 300 K for 24 hours (after 1 hour at ~90% RH). Optical
and SEM images show the appearance of droplets and pits found under the droplets. The

broken circles show the initial salt printed area.

Circles with a sufficient salt deposition density form droplets which have a membraneous film
and a pit underneath, as shown in Figure 4-7. Generally, one pit is formed in each continuous
droplet. In some printed circles, there is a limited expansion (~3-6% of the initial printed
diameter) after exposure to the controlled relative humidity environment. It was also observed
that micro-droplets less than 5 um in diameter formed around the primary droplet on some
occasions. Where there is insufficient salt, relatively discontinuous droplets are formed even
after initial hydration at 90% RH, as illustrated in Figure 4-8. Some droplets formed a small

pit with rust while some did not.
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Overprint times:

oy

[ X585 8BMn

Figure 4-8 A 304 stainless steel foil deposited with MgCl; in the pattern shown in Figure 4-6
following exposure at 45% RH and 300 K for 24 hours (after 1 hour at ~90% RH). Optical
and SEM images show the appearance of droplets and pits found under the droplets. The

broken circles show the initial salt printed area.
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A summary of the corrosion behaviour under salt deposits printed in the pattern shown in
Figure 4-6 is given in Figure 4-9. It can be seen that after 24 hours of exposure, similar
corrosion behaviour was observed when the total amount of salt was same: for example,
circles of 50% salt overprinted 10 times had a similar corrosion behaviour with the circle of
100% salt printed 5 times and circles of 20% salt printed 5 times had a similar corrosion
behaviour to the circles of 100% salt printed once. The results for 45 and 55% RH are similar,
with slightly fewer pits at 55% RH.

45% RH @ Pit 55% RH @ Pit
O No pit O No pit
Pattern 2 : initial printing area 1.4 mm diameter
Colour 100% 50% 20% 10% 5% 1%
intensity/
Overprint 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55% | 45% | 55%
times RH | RH RH RH RH RH RH RH RH RH RH RH
10x 00 00 g 00 00 00 00 40 @0 0O0C | @0|0O0
o0 00 o9 00 00 00 OO0 | 00|/ 00|00|00|0OO
5x o0 ©0 00 00 00 40 00|00 00|00 |0O0O|0OO
o0 0 00 00 OO |0OO0O|0O0O|0O0C|0QO|O0O|0OO0O|0O
2x 00 00 00 40 @0 00|00 |00 00 |0O0| 00|00
®® ®8® OO | 00O|lOO0O|0O0O|OO0O|0O0O|OO0O|0O0O|0O0O|0OO
1x 0| @0 OO OO0O|O0OO0O|O0OO0O|OO0O|O0O|OO0O | OO0 | 0O0O|0OO
OO0/ 00 0O0O| 00|00 |0CO|OO0O|0O0O0O0|OO0 | OO0 | 0O0O0|0O0

Figure 4-9 Summary of the results shown in Figure 4-7 and Figure 4-8 for a 304 stainless
steel foil deposited with MgCl; in the pattern shown in Figure 4-6 following exposure at
45% RH or 55% RH and 300 K for 24 hours (after 1 hour at ~90% RH). The dots in a

horizontal line in the figure represent two deposited salt circles in the same foil.
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Figure 4-10 shows the relationship between pit diameter and initial salt deposition density. It
can be seen that at a fixed area of salt deposition, the pit diameter increased with increasing

amount of salt per unit area.

o e 1 -1 T
O
i 100% x10 1
100 | O -
! o 100% X5 . .
-] E -
£ #
= i t J
“% 50% X10
9 [ 50% |
= o X5
o 100% x2 A
5 90 | IA -
= rF
o
L -
Fl
4
[ 20% X10 |
D |1 |1 |1 |1 I |1 |1 |1 | ] I | ] | ] | ] |1 I |1 |1 |1
0 100 200 300
[CIT pg cm™

Figure 4-10 The pit diameter as a function of the printing variables (colour intensity and
overprint times) for pits formed in 1.4 mm diameter MgCl, deposits (10x 100% colour
intensity corresponds to a chloride deposition density of 350+50 pg/cm?) on 304 stainless
steel foil as shown in Figure 4-7 and Figure 4-8 following exposure at 45% RH and 300 K for
24 hours (after 1 hour at ~90% RH).
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4.2.3 Effect of salt deposition method on pitting behaviour

The corrosion behaviour under dilute droplets of 50 mM MgCl, applied using a syringe pump
was compared with that under droplets formed by deliquescence of printed MgCl, clusters
deposited with the inkjet printer. A specific volume (1.6 pl) of liquid was delivered with the

syringe pump, forming a droplet of ~2 mm diameter, although the exact area was not very

reproducible. From the equation, X, =1.7V,>**[1], the chloride deposition density is

estimated to be ~180 pg/cm?. These droplets were compared with inkjet printing droplets
formed by 10 times overprinting and 50% colour intensity (chloride deposition density is
175+25 pg/cm?). Four routes of salt deposition were compared: (a) a droplet directly
deposited with the syringe; (b) syringe droplet dried before exposure; (c) inkjet deposition
with initial deliquescence at high humidity to form a continuous droplet before exposure (the
method used for the results shown above); and (d) and (e) inkjet deposition without the initial
deliguescence step. All samples were exposed for 24 hours in 45% RH, and pictures were
taken to record the corrosion behaviour (Figure 4-11). Figure 4-11 shows that the corrosion
behaviour of syringe-formed droplets was similar irrespective of whether the droplet was
dried out (a) or not (b). The behaviour of these syringe-formed droplets was similar to the
inkjet printed salt area that was subjected to 1 hour initial hydration. However, if the inkjet
printed area was not deliquesced prior to exposure, it would sometimes form a continuous

droplet (d) or sometimes a discontinuous droplet (e), which can lead to inconsistent results.
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Before lab exposure at 45% RH, 24 h After lab exposure at 45% RH, 24 hrs
S - P e S e

Figure 4-11 Optical images of MgCl, salt droplets formed by different routes before and after
lab exposure at 300 K, 45% RH for 24 hours. (a) 1.6 ul syringe droplet (~2 mm diameter) of
50 mM MgCl, dried and placed in lab exposure; (b) 1.6 pl syringe droplet (~2 mm diameter)
of 50 mM MgCl, directly placed in lab exposure; (c) 10x 50% colour intensity printed area of
2 mm diameter with initial deliquescence; (d) and (e) 10x 50% colour intensity printed area of

2 mm diameter directly placed in lab exposure.
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4.3 Discussion

The results show that salt deposition with an inkjet printer is an effective way to obtain
consistent results on the growth of atmospheric corrosion pits. Greater consistency of results
is obtained if the salt is initially deliquesced at high humidity, decreasing the risk of formation
of discontinuous droplets as shown in Figure 4-11. However, under realistic conditions of
exposure, a variable atmospheric corrosion response may result from the presence or absence

of initial fluctuations in humidity.

Salt can be deposited in patterns with controlled shapes and sizes, which are easily designed
with Microsoft PowerPoint or any similar drawing software that allows printing of patterns
with controlled dimensions and colour intensity. Higher salt densities can be obtained by
over-printing (providing the pattern is dried after each pass to avoid smearing). Figure 4-7
shows that similar corrosion behaviour is found for patterns with 20% colour intensity
overprinted 5 times compared with a single print with 1200% colour intensity. The method can
also be extended to deposit multiple salts from the different ink cartridges in combinatorial

arrays.

A possible reason for the limited secondary spreading and the formation of discontinuous
droplets is the relatively poor wetting behaviour of MgCl, droplets. Tsuru et al. [14] found
that NaCl droplets would spread out from the primary wet area and form micro-droplets
around the initial primary droplet, while the expansion of the wet area in the MgCl, droplet
was limited. The cathodic reaction takes place predominantly at the edge of the droplet since
this is the region for easiest access of oxygen. The cathodic reaction results in the local
formation of OH™ ions, and the charge is balanced by metal cations. For NaCl solutions, Na*
ions remain in solution. However, for MgCl, solutions, relatively insoluble magnesium
hydroxide can form at the edge of the droplet and this can block droplet spreading [14, 83].
Thus in the MgCl; solution, the secondary spreading should be limited: this is consistent with

the observation of little droplet spreading in the present work.

Since MgCl, droplets do not generally spread significantly beyond the original printed area,
the area available for the cathodic reaction will increase with printed area. In Figure 4-5, it is
evident that the pit diameter increased with the increasing initial printed deposition area,
which is consistent with the theory of cathodic limitation [1, 109]. A larger cathodic area

would supply more cathodic current, which will increase the pit growth rate. [1, 111]
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Figure 4-10 shows that for the same initial deposition area, the pit diameter increases with an
increased amount of salt deposition. Since the area of the droplet is the same as the initial
deposition area, changes in pit diameter cannot be directly attributed to changes in the cathode
area. For measurements at controlled humidity and controlled droplet area, an increase in the
salt deposition density will increase the height of the droplet since the salt concentration in the
droplet is controlled by the humidity. The droplet height can have two possible effects: if the
oxygen reduction rate is under diffusion control, [18] then a thicker droplet should decrease
the rate of the cathodic reaction, leading to smaller pits. However, if ohmic effects dominate,
[16, 110] then for a fixed humidity, a higher droplet will lead to a lower approach resistance
to the pit, leading to a higher pit current density. In the present work, the pit size is found to
increase with salt deposition density (for a fixed cathode size and relative humidity),
consistent with ohmic effects. However, it should also be noted that there may also be some
effect associated with the initial hydration phase: for a higher salt deposition density and

continuous droplet is likely to form more quickly, leading to a greater initial corrosion rate.

4.4 Conclusion

1. Inkjet printing is an effective method for production of salt deposition in patterns,

which can be used for atmospheric corrosion measurements.

2. More consistent results are obtained if the salt deposits are fully hydrated at high
humidity prior to placing in lower humidity environments; such measurements are

consistent with results from droplets formed with a syringe pump.

3. For a given MgCl, salt deposition density on 304 stainless steel, the pit diameter
increases with the original deposition diameter, which is consistent with the idea of

cathodic limitation of the pit current.

4. For a constant deposition area, the pit diameter increases with increased salt deposition
density: this may be associated with a lower ohmic drop resulting from a higher

droplet.
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5 Synchrotron micro-tomography studies of atmospheric pitting

corrosion of stainless steel

5.1 Introduction

The aim of the present work is to demonstrate the feasibility of applying synchrotron X-ray
micro-tomography to visualise the morphology of atmospheric corrosion pits and electrolyte
layers, and to quantify the rate of pit growth. Atmospheric pits were visualised in-situ in order
to study the time dependence of pit propagation. The work was carried out at 112, the Joint
Engineering, Environmental and Processing (JEEP) beamline at Diamond Light Source,
United Kingdom.

5.2 Tomographic observation of atmospheric pitting corrosion

Figure 5-1 shows typical horizontal and vertical section views, and a segmented 3D view of a
MgCl; electrolyte layer on a stainless steel pin surface after reconstruction of the tomographic
image. Figure 5-1 (a) shows that the corrosion pits are visible at two positions on the surface,
both of which are closer to the perimeter of the pin than the centre. The vertical section of
Figure 5-1(b) was taken through the larger pit where it can be seen that the pit morphology is
shallow. The electrolyte layer is thin and has a ‘dome’ shape. An inclusion or a defect in the
material matrix can also be observed. Since the X-ray transmission through the electrolyte
layer, pit and the metal pin are different, shown by a different grey level, the tomographic data
can be segmented into different fields. The fields can be segmented and rendered as a 3D
tomographic image shown in Figure 5-1(c).
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(c) Rendered 3D view

Figure 5-1 A typical (a) horizontal, (b) vertical and (c) rendered 3D views of a stainless steel
pin exposed at 21+1°C and 45% RH for 34 hours. The stainless steel pin is covered with
MgCl, solution, and the chloride deposition density is 1000 pg/cm?. Images are taken after
34 hours following deposition. In (c), the metal is shown in yellow and the electrolyte layer
(MgCl,) solution is in green.
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5.3 Electrolyte layer
5.3.1 Electrolyte layer data analysis

Typical 3D and 2D views of the electrolyte layer are shown in Figure 5-1. The volume of the
electrolyte layer shown in Figure 5-1 was quantified with Avizo software®. The image
segmentation process is associated with both threshold and personal judgement. The top of
the electrolyte layer, the electrolyte has an elliptical shape, which is segmented via the ellipse
selection tool in Avizo software (Figure 5-2). The electrolyte layer close to the top surface of
the metal pin is segmented differently, since both of the electrolyte layer and the metal part
can be shown in a horizontal view (Figure 5-3). This is probably caused by not placing the
metal pin in a completely horizontal position, or the top surface is not totally flat. To segment
the electrolyte layer on the same horizontal slice with a proportion of the metal pin as shown
in Figure 5-3, the pin horizontal view is first assumed to be fully covered with the electrolyte
layer, then a threshold selection tool in Avizo was used to vary the threshold to select the
region of the metal part on the pin horizontal view. The electrolyte layer was segmented by
deleting the metal part on the pin horizontal view from the fully covered view. Figure 5-4
shows a vertical section of the reconstructed data (left) compared with the same section
followed by segmentation of the electrolyte layer with Avizo (right) . It can be seen that the
segmentation is relatively well matched with the reconstruction data at the top surface of the
electrolyte layer, but is not well matched in the region close to the surface of the metal pin.
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Figure 5-2 A 2D horizontal section of the reconstructed data shown in Figure 5-1, through the
upper part of the electrolyte layer (a) compared with the electrolyte segmentation by Avizo
(b). The blue shadowed region shows the segmented electrolyte by ellipse tool in Avizo. The
stainless steel pin is covered with MgCl, solution, and the chloride deposition density is

1000 pg/em?, and is exposed at 21+1 °C and 45% RH for 34 hours.

electrolyte

electrolyte

Figure 5-3 A 2D horizontal section of the reconstructed data from Figure 5-1 through the

electrolyte layer close to the top surface of the metal pin (a) compares with the electrolyte
segmentation by Avizo (b). The blue shadowed region shows the segmented electrolyte in
Avizo. The stainless steel pin is covered with MgCl, solution, and the chloride deposition
density is 1000 pg/cm? , and is exposed at 21+1 °C and 45% RH for 34 hours.
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Left: 2D vertical view of the reconstruction data by Fiji Right: Electrolyte segmentation by Avizo

Figure 5-4 The 2D vertical view of the reconstructed data (left) compared with the electrolyte
segmentation by Avizo (right). The blue shadowed region is the vertical view of the

segmented electrolyte layer.

Two identical samples were prepared with a chloride deposition density of 1000 pg/cm? and
exposed to 45% RH for 17 hours. This was carried out by depositing a volume of

1.77+0.07 pl of 0.25 M MgCl; solution (0.5 M chloride solution) by a micropipette and
equilibration at 45% RH. Since 45% RH has the same water activity as ~8.4 M MgCl; [1] and
the amount of salt deposition is known, the theoretical volume of the electrolyte layer can be
calculated as Equation 5-1, where Coriginal iS the original chloride deposition concentration

0.5 M, Voriginal is the original chloride deposition volume 1.77+0.07 pl, Cineoretical 1S the
theoretical electrolyte chloride concentration at equilibrium 8.4 M. The theoretical volume of
the electrolyte layer is 0.105+0.004 pl.

C V.

v __ “original® original
theoreticd C

Equation 5-1
theoreticad

In order to check the consistency of the segmentation process, the volume of the electrolyte
layer on each sample was calculated twice via manual segmentation with Avizo: the results
are shown in Table 5-1. The error in the segmentation due to manual judgment is about 3%. It
is then possible to cross-check the volumes and hence quantities of electrolyte deposited onto

the stainless steel pins via tomography.
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Table 5-1 The comparison of the volume of the segmented electrolyte layer with the
theoretical volume of 1000 pug/cm?chloride deposition density MgCl, solution on stainless
steel pin exposed at 21+1 °C, 45% RH for 17 hours. The segmented volume has been
measured twice for both samples.

Theoretical volume Segmented volume Segmented volume
() Sample 1 (pl) Sample 2 (pl)
0.105+0.004 0.083 0.105
0.085 0.104

Table 5-1 shows the segmentation of the electrolyte volume of sample 1 is about ca 20%
lower than the theoretical volume, and the segmented volume of the electrolyte of sample 2 is
very close to the predicted volume. This discrepancy is possibly due to the deposition process.
It is also possibly caused by the small difference of the image contrast between the air and
electrolyte: some voxels of electrolyte layer are not included during the data analysis.
However for the data in Table 5-1, the electrolyte layers on both samples were segmented
twice, and the difference of the segmentation due to manual analysis is about 3%. Thus it is
more likely that the difference between the theoretical volume and the segmented volume has

arisen due to loss of the electrolyte volume during electrolyte deposition.

5.3.2 Time dependence of electrolyte layer morphology

Figure 5-5 shows the electrolyte layer on the stainless steel pin during a series of
measurements over a period of ~80 hours. There is no obvious change in the electrolyte layer
morphology. The volume of the electrolyte layer with time dependence is segmented by
Avizo, and the result is shown in Table 5-2. The change of the volume of the electrolyte layer
is less than 5% with time dependence, which means that the relative humidity control is fairly
stable during the experiment.
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(a) After 3 hours

Stainless steel pin : : 7 : | - 200 pm

(b) After 17 hours

(d) After 83 hours

Figure 5-5 Sectional views showing the time dependence of MgCl; electrolyte after
deposition (a) 3 hours (b) 17 hours, (c) 34 hours and (d) 83 hours on a 2 mm stainless steel
304 pin at 21+1 °C and 45% RH. The chloride deposition density is 1000 pug/cm?.

Table 5-2 Time dependence of electrolyte volume obtained via image segmentation. The
electrolyte layers are the same as Table 5-1. The electrolyte layer on both samples after
17 hours following deposition was segmented twice. An error of £0.002 is based on the

repeated segmentation of the two electrolyte layers.

Time Segmented volume Segmented volume
(hours) Sample 1 Sample 2
(1) (1)
3 0.087 0.102
17 0.083+0.002 0.105+0.001
34 0.082 0.099
83 0.081 -
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5.3.3 Effect of chloride deposition density on electrolyte layer morphology

The electrolyte layer morphology is affected by the salt deposition density. Figure 5-6 shows
vertical sections of electrolyte layers for a range of salt deposition densities.

(Cl10ugfem

[Cl7] 10 pg/cm?

[CI] 20 pg/cm?

[Cl] 100 pg/cm?

[Cl] 2000 pg/cm?

[Cl ] 4000 pg/cm?

Figure 5-6 Vertical sections of MgCl; electrolyte layer morphologies as a function of chloride
deposition density on stainless steel 304 2 mm pins at 21+1 °C and 45% RH. The deposition
density is shown in the figure.
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The electrolyte layers for the 0, 10, 20 and 100 pg/cm? chloride deposition density samples
are difficult to see. For all measurements, the region just above the pin surface has a mottled
appearance. This may be due to X-ray scattering from the stainless steel pin surface, which
may behave as a rather poor quality X-ray grazing incidence mirror. X-rays may be reflected
by the mirror due to a small angle of incidence forming bright and dark regions. As the
sample surface was rotating during the experiment, the “mottled” layer may be an irregular

scattering effect.

A distinct edge to electrolyte layer can be visualised when the deposition density is

400 pg/cm? or above, which makes segmentation feasible. In the current work, two samples
were prepared with chloride deposition densities of 400 and 1000 pg/cm?, and one sample
was prepared with chloride deposition densities of 2000 and 4000 pg/cm?. The segmented
volume of the electrolyte layer for these different deposition densities is shown in Table 5-3.
The difference between the segmented volume of the electrolyte layer and the predicted

volume lies in the range from 1% to 20%.

A comparison between the predicted and measured volume is shown in Figure 5-7. It can be
seen that there is a very good correlation. The experimental segmented volume lies in a linear
line close to the predicted volume, which suggests the deposition density and relative
humidity control is reasonably good. The segmented volume line is slightly lower than the
predicted volume line, which is possibly due to the error in the deposition process or some
uncertainty of the segmentation process.

Table 5-3 The segmented volume of the electrolyte layer with different chloride deposition
density on 2 mm stainless steel pin exposed at 21+1 °C, 45% RH for 24 or 34 hours. The

segmented volumes are also compared with the theoretical volume.

Chloride deposition density Segmented volume Theoretical volume Error
(Mg/em?) (k) (k)
400 0.039, 0.040 0.042 7%, 5%
1000 0.083, 0.105 0.104 20%, 1%
2000 0.173 0.208 17%
4000 0.393 0.416 6%
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Figure 5-7 The segmented volume and theoretical volume of the electrolyte vs. chloride

deposition density.
5.3.4 Formation of micro-droplets and corrosion products on the side of a pin

In the course of an experiment, it is possible that electrolyte can spread from the top surface
of the pin to form micro-droplets on the side. The spreading of the electrolyte down the side
of the pin might cause localised corrosion and form corrosion products. Micro-droplets and
corrosion products on the side of the pins are randomly observed on the samples exposed for
17 hours. A typical example of a vertical section of a micro-droplet and corrosion products is
shown in Figure 5-8. Formation of a micro-droplet on the side of a pin can lead the chloride

deposition density to be less than the amount of deposition.
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Figure 5-8 A micro-droplet formed on the side of a stainless steel pin at 21+1 °C and 45% RH
after 34 hours. The theoretical chloride deposition density on the pin surface was 400 pg/cm?,
but the height of the droplet is less than that seen for a chloride deposition density of

400 pg/cm? in Figure 5-6.

5.4 Quantification of atmospheric pitting corrosion of stainless steel
5.4.1 Pitting corrosion data analysis

Segmentation can also be used to quantify the size of pits with the semi-automatic “blow”
tool in Avizo: a point is selected in the centre of the pit to determine the grey level that
corresponds to the pit interior. The point is then dragged to a location on the edge of the pit.
The software then selects the rest of the edge of the pit according to the grey scale at the edge

point selected.

Figure 5-9 illustrates how the 'blow' tool is applied to segment the larger pit shown in Figure
5-1. Figure 5-9 (a) shows a horizontal 2D section through a reconstructed image of a pit and
Figure 5-9 (b) shows the result (purple shadow area) of semi-automatic segmentation. A 3D
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view of the segmented pit is shown in Figure 5-9 (c). The pit top surface is set by comparing
the segmented pit mouth area with the pit mouth area measured by SEM and confocal
microscopy, and comparing the segmented pit depth profile with the profile measured by
confocal microscope. The top surface is selected with the most similar horizontal and vertical

view.

Figure 5-9 The 2D horizontal view of the reconstruction data (a) of the larger pit showing in
the horizontal and vertical view in Figure 5-1 compared with the pit segmentation by the blow
tool in Avizo (b). The purple shadowed region shows the segmented pit by threshold. (c) is
the 3D view of the pit after segmentation. The stainless steel pin is covered with MgCl,
solution, and the chloride deposition is 1000 pg/cm?. The exposure conditions are 21+1°C and
45% RH for 34 hours.

72



A primary use of the segmentation process is to provide information of the pit volume. To
validate the quantification of the pit diameter, depth and volume derived from X-ray
micro-tomography, SEM and confocal microscope techniques have been used to provide
independent measurements of the pit mouth area and the pit volume.

One typical pit was selected for comparison. The pit was the same one shown in Figure 5-1.
Figure 5-10 shows a comparison of 2D horizonal, 2D vertical and 3D views of this pit by

SEM, confocal microscope and X-ray micro-tomography measurements.

Figure 5-10 (b) shows the pit surface horizontal view measured by SEM. The SEM image
was used to cross-check the surface features of the pit and compared with the X-ray
micro-tomography horizontal view (Figure 5-10 (a)), and determine the top surface of the pit.
This is done by comparing the top surface feature and pit mouth area. It can be seen that the
pit surface feature in Figure 5-10 (b) is very similar to the feature shown in Figure 5-10 (a).
The SEM image of the pit might indicate that there are small active pits grown in the main pit.
The small pits grown inside the main pit can be further confirmed in the 3D view by the

micro-tomography and confocal microscopy measurement (Figure 5-10 (e) and (f)).

Due to the phase contrast enhancement between the metal pin and the electrolyte, it is difficult
to determine the top surface of the pit from the vertical view measured by X-ray
micro-tomography. The pit depth profile measured by confocal microscopy can be used to
cross-check the top surface of the pit. Figure 5-10 (d) shows the 2D vertical view of the pit,
and the plateau of the depth profile is determined as the top surface of the pit. The top surface
is finally determined by both comparing the 2D horizontal view measured by SEM (Figure

5-10(b)) and the 2D vertical view measured by confocal microscopy (Figure 5-10(d)).

The confocal microscopy is also used to cross-check the 3D morphology of the pit. Figure
5-10(e) and (f) show the 3D views of the pit measured by X-ray micro-tomography and
confocal microscope. Figure 5-10(f) shows that the pit has a shallow and semi-ellipsoid shape
and small pits grown in the main pit measured by confocal microscopy, which is consistent

with the X-ray micro-tomography measurement shown in Figure 5-10(e).
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Figure 5-10 The 2D horizontal, vertical and 3D views of the pit shown in Figure 5-1
measured by SEM, confocal microscopy, and X-ray micro-tomography. The pit is on the
stainless steel pin covered with MgCl, solution, and the chloride deposition is 1000 pg/cm?.

The pin has been exposed at 21+1°C and 45% RH for 83 hours.
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Table 5-4 compares the results of segmentation for pit mouth area, depth and volume
measured by X-ray micro-tomography, SEM and confocal microscopy. The pit mouth area
measured by X-ray micro-tomography is similar to the surface area measured by SEM and
confocal microscopy, which confirms that the selection of the pit mouth by semi-automatic
segmentation is reasonable. The pit depth measured by confocal microscopy is slightly lower
than the pit depth measured by X-ray micro-tomography, which is probably due to the
limitation of the confocal microscopy caused by the noise of the reflection of the beam. There
is a significant difference between the pit volume measured by X-ray micro-tomography
compared with that measured by confocal microscopy. Two reasons are possible: firstly, the
confocal microscope can only scan from the top of the sample and uses the reflection of the
beam to estimate the pit volume, whereas X-rays penetrate through the sample and use
projections to reconstruct tomographic data. Any regions of a pit that are underneath
overhanging metal will not be detected by confocal microscope. A typical example which
might explain the difference of pit volume is shown in Figure 5-11, which shows vertical
views of a pit in which there are small pits that propagate under the surface of the main pit. It
can be seen that the two small pits were not detected by confocal microscopy, while they can
be visualised by X-ray micro-tomography. Secondly, some of the voxels might be included in
the pit volume during the segmentation process due to the X-ray scattering at the pit edge.
However, it is possible that more voxels are included as the pit volume during the
segmentation process of X-ray micro-tomography. It is also possible that the determination of

the top surface of the metal affects the pit volume segmentation result.

Table 5-4 The pit mouth area, pit depth and pit volume measured by SEM and confocal

microscope compared with the X-ray micro-tomography measurement.

Method Pit mouth area Pit depth Pit volume
(Hm®) (Hm) (um’)
SEM 4450 - -
Confocal microscopy 4500 28 56000
X-ray micro-tomography 4500 30 71000
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Figure 5-11 The pit depth profile measured by the confocal microscope (orange line), and the
segmented pit profile (purple region) of micro-tomography measurement compared with the
2D vertical view of the pit. The pit is on the stainless steel pin covered with MgCl, solution,
and the chloride deposition is 1000 pg/cm?. The pin has been exposed at 21+1°C and 45% RH
for 83 hours.
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5.4.2 Dish-shaped pit

Figure 5-12 displays a series of images which illustrate the time dependence of the growth of
a dish-shaped pit. This pit morphology is the most common in all experiments. It can be seen
that after three hours, a shallow pit is formed but a small hole is present at the bottom of most
pits. The pit grows larger after 17 hours, and grows slightly larger after 34 hours, but the
increase of volume is not as obvious by eye as the increase which occurs between 3 hours and
17 hours.

Horizontal section
3 hours

Figure 5-12 Time-dependent sequence of atmospheric pit growth on one stainless steel pin.
The pit has a shallow dish shape. The exposure conditions: chloride deposition density
1000 pg/cm?, 21+1°C and RH 45%.

The dish-shaped pit shown in Figure 5-12 after 34 hours is the same pit that was measured in
Figure 5-10 and Table 5-4 in which the segmented pit has been compared with the SEM and
confocal microscope measurements in 2D and 3D views. Table 5-5 shows the evolution with
time of the pit diameter, depth and volume. The average pit diameter (D) is calculated from
the measured pit surface area (S) by Equation 5-2:

D=2,(S/n) Equation 5-2
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The pit depth is directly measured and the pit volume is calculated via the segmentation
process. The results in Table 5-5 are plotted in Figure 5-13. It can be seen that initially, the pit
diameter increases rapidly, but does not increase after 17 hours, while the pit depth has a trend
to increase continuously. The pit volume increases fast initially, then increases slowly after

17 hours. This possibly indicates that the pit initially grows horizontally, and then grows

vertically.

Table 5-5 The pit diameter, depth and volume increase with the exposure time. The pit
diameter is calculated from the pit surface area. The pit is on the stainless steel pin 304
exposed at 21+1°C and 45% RH shown in Figure 5-12. The stainless steel pin is covered with

MgCl, solution, and the chloride deposition is 1000 pg/cm?.

Exposure time Pit diameter Pit depth Pit volume
(hours) (Hm) (Hm) (um°)
3 57.6 21 22000
17 75.2 24 57000
34 75.2 27 66000
83 75.2 30 71000
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Figure 5-13 Pit diameter, depth and volume vs. the exposure time. The pit diameter is
calculated from the pit surface area. The pit is on the stainless steel pin 304 exposed at
21+1°C and 45% RH as shown in Figure 5-12. The stainless steel pin is covered with MgCl,
solution, and the chloride deposition is 1000 pg/cm?.

5.4.3 Inclusions and defect within the stainless steel

In Figure 5-12, it may be seen that there is a small hole present at the bottom of the pit. The
cause of this depression is not known but it is likely to be a legacy of a dissolved inclusion
which is a typical site for pit initiation. The inclusions were characterised with EDX for the
material used for these micro-tomography experiments, and found to be MnS and mixed
oxides of Al,0O3, SiO, and MgO. The SEM image and EDX analysis of the inclusion is shown
in Figure 5-14.
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Inclusion composition Base material composition

Element |Weight%  Atomic% Element |Weight%  Atomic%
CK 1.9 5.8 CK 1.9 8.2
0K 10.4 245 CrK 19.2 19.1
Mg K 0.5 0.8 Fek 71.2 65.9
ALK 11.0 15.3 Ni K 7.7 6.8
SiK 0.3 0.4
SK 23 2.7 Totals 100.00
Cak 0.9 0.8
TiK 0.9 0.7
CrK 14.7 10.6

Topm Electron Image 1 Mn K 4.8 3.3
FeK 47.4 31.9
Ni K 4.9 3.2
Totals 100.00

Figure 5-14 A SEM image and the EDX analysis of an inclusion in a polished sample of taken
from the batch material used to prepare the stainless steel pins.

5.4.4 A special example of a shallow pit

A special example of the dish-shaped pit is shown in Figure 5-15. Instead of growing in a disk
or dish shape, there is a very shallow pit mouth region with a small hole underneath. The pit
mouth is poorly distinguished in the 2D vertical section shown in Figure 5-15, because the pit
mouth lies as the ‘steered’ region. Thus it is helpful to compare the pit mouth region with the
SEM images and pit depth profile measured by confocal microscopy for segmentation.

Figure 5-16 shows the 2D and 3D views measured by X-ray confocal microscopy, and
measured by SEM and confocal microscopy. In Figure 5-16 (b) and (c), it can be seen that the
pit has a wide pit mouth and a small hole in the middle in the SEM and confocal microscope
images, which proves that the pit mouth visualised in the horizontal sections by X-ray
micro-tomography is valid. The pit depth profile measured by confocal microscope (Figure
5-16 (e)) is not clear to indicate the top surface of the metal, but the 3D view (Figure 5-16(g))
shows that the blue edges appear to be the top surface and there is small hole below the
middle of the pit mouth.
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Figure 5-15 Time-dependent sequence of atmospheric pit growth on one stainless steel pin.

The exposure condition is chloride deposition density 1000 pg/cm?, 21+1°C and RH 45%.

81
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Figure 5-16 The 2D horizontal, vertical and 3D views of the pit shown in Figure 5-15
measured by SEM, confocal microscopy, and X-ray micro-tomography. The pit is on the
stainless steel pin covered with MgCl, solution, and the chloride deposition is 1000 pg/cm?.
The pin has been exposed at 21+1°C and 45% RH for 51 hours.

The pit mouth area, depth and volume derived from X-ray micro-tomography, SEM and
confocal microscope measurements were calculated, and the results are shown in Table 5-6.
The pit mouth areas measured by confocal microscopy and X-ray micro-tomography are
lower than the pit mouth area measured by SEM, although they do not show obvious
difference in Figure 5-16. It is possible due to the different segmentation processes of pit

mouth areas. Pit mouth areas measured by confocal microscope and micro-tomography are
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segmented by controlling threshold to cover the maximum pit mouth, while the area measured
by SEM is segmented by selection of pit mouth involves judgment. As before, the pit depth
and pit volume measured by confocal microscope are lower than that measured by X-ray
micro-tomography, which is probably due to the limitation of the confocal microscopy such

as the noise of the reflection of the beam.

Table 5-6 The pit mouth area, pit depth and pit volume measured by SEM and confocal
microscope compared with the X-ray micro-tomography measurement.

Method Pit mouth area Pit depth Pit volume
(Hm?) (Hm) (um°)
SEM 10800 - -
Confocal microscopy 9500 27 53000
X-ray micro-tomography 9700 29 67000

Table 5-7 shows the evolution with time of the pit diameter, depth and volume. The pit
diameter and pit volume both grow continuously, but the pit depth does not change
significantly during the pit growth. The results in Table 5-7 are plotted in Figure 5-17. It can
be seen that the pit volume is very likely to be linear to the square pit diameter which is quite
surprising, as for a semi-spherical shape pit the volume should be linear to the cubic pit
diameter. This is probably because the pit grows only in the horizontal direction, but does not

grow significantly in the vertical direction.

Table 5-7 The pit diameter, depth and volume increase with the exposure time. The pit
diameter is calculated from the pit surface area. The pit is on the stainless steel pin 304
exposed at 21+1°C and 45% RH as shown in Figure 5-15. The stainless steel pin is covered

with MgCl, solution, and the chloride deposition is 1000 pg/cm?.

Exposure time Pit diameter Pit depth Pit volume
(hours) (km) (km) (Hm)
3 27.2 28 7000
17 87.4 29 50000
33 104.0 29 60000
51 111.2 29 69000
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Figure 5-17 Pit diameter, depth and volume vs. the exposure time. The pit diameter is
calculated from the pit surface area. The pit is on the stainless steel pin 304 exposed at
21+1°C and 45% RH as shown in Figure 5-15. The stainless steel pin is covered with MgCl,
solution, and the chloride deposition is 1000 pg/cm?.

5.4.5 Pit growth down a defect

The growth of some of the pits took place along extended defects in the material, which was 2
mm stainless steel rod. Figure 5-18 shows a typical example of this pit and shows the time-
dependence of pit growth. After 3 hours, no pit is observed but a pre-existing defect can be
seen within the bulk of the metal pin. This defect is likely to be a narrow cavity in the rod
resulting from its fabrication, or an inclusion such as MnS, Al,O3, SiO, and MgO of the type
shown in Figure 5-14. After 17 hours, a hemi-spherical pit is formed at the pin surface, which
appears to ‘drill’ down the defect into the material. The shallow hemi-spherical upper part of
the pit grows larger and after 33 hours the width of the deep region of the pit has increased.
After 51 hours, a deep pit has formed which has a 'neck’ part way down. In this situation,
X-ray micro-tomography is a much better method to study pit morphology compared with
confocal microscopy or SEM since it is unlikely that either confocal microscope or SEM
could give information concerning the pit cavity below the ‘neck’. The pit growth also
indicates that only X-ray micro-tomography can supply the information on in-situ pit growth.

SEM and confocal microscopy can only be carried out on ex-situ samples.

84



Horizontal
3 hours 17 hours 33 hours 51 hours

Vertical

200 pm

Figure 5-18 Time-dependent sequence of atmospheric pit growth on a 2 mm stainless steel pin
under a droplet of MgCl,. The chloride deposition density is 1000 pg/cm?, the temperature is
21+1°C and the RH is 45%

This assertion is confirmed by the images in Figure 5-19, where the 2D and 3D views of the
pit measured with X-ray micro-tomography are compared with the SEM and confocal
microscope images. The pit mouth measured with X-ray micro-tomography is well matched
with the pit mouth measured with SEM. The SEM image shows that the pit has a fairly
circular mouth and is very deep. The vertical views of the pit measured by micro-tomography
and confocal microscopy (Figure 5-18 (c) and (d)) confirm that the pit has a hemi-spherical
shape at the top and growth in taking place of the bottom of the hemi-sphere. However, it can
be seen that the pit depth profile measured by confocal microscopy (Figure 5-18 (d) and (f)) is
about 70 um less than the pit depth measured by X-ray micro-tomography. This is probably
due to the limitation of the confocal microscopy method that the confocal beam cannot pass
through the cavity below the pit 'neck' and provides root information about the profile below
the neck. Another limit of the confocal microscope is the setting of the brightness. A bright
beam can be more helpful to study the bottom of a pit but will saturate the detector when it is
reflected from the sample top surface. The compromise of the brightness set in confocal
microscope means that it cannot be used to detect the bottom of a pit which is more than

200 pum deep.
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Figure 5-19 The 2D horizontal, vertical and 3D views of the pit shown in Figure 5-18
measured by SEM, confocal microscopy, and X-ray micro-tomography. The pit is on the
stainless steel pin covered with MgCl, solution, and the chloride deposition is 1000 pg/cm?.
The pin has been exposed at 21+1°C and 45% RH for 51 hours.
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Table 5-8 shows the pit mouth area, depth and volume derived from X-ray micro-tomography,
SEM and confocal microscope measurements. The pit mouth area measured by
micro-tomography is consistent with the pit mouth area measured by SEM and confocal
microscopy. The pit depth and pit volume measured by confocal microscope as much smaller
than that measured by X-ray micro-tomography, which is probably due to the limitation of the

confocal microscopy method as discussed above.

Table 5-8 The pit mouth area and pit volume measured by SEM and confocal microscope

compared with the segmented pit shown in Figure 5-18.

Method Pit mouth area Pit depth Pit volume
(um?) (um) (um?®)
SEM 5400 - -
Confocal microscope 5400 160 140000
X-ray microtomography 5400 229 230000

Table 5-9 shows the evolution of the pit diameter, depth and volume. The pit diameter did not
increase after 33 hours following deposition. The pit depth increases gradually with time. The
pit volume increases significantly between 17 to 33 hours, and increases slowly between 33 to
51 hours. The results shown in Table 5-9 are plotted as Figure 5-20. It can be seen that the pit
diameter does not increase after 34 hours exposure, and the pit depth increases approximately
linearly with time. However, it should also be noticed that the intercept of time at zero depth
is negative, which indicates that there is a pre-existing defect in the material before pit
initiation.

Table 5-9 The pit diameter, depth and volume as a function of the exposure time. The pit is on
a 304 stainless steel 2 mm diameter pin exposed at 21+1°C and 45% RH as shown in Figure
5-18. The stainless steel pin is covered with MgCl, solution, and the chloride deposition

density is 1000 pg/cm?.

Exposure time Pit diameter Pit depth Pit volume
(hours) (Hm) (km) (Hm)
3 - - -
17 59.8 192 64000
34 834 211 210000
51 83.4 229 230000
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Figure 5-20 The pit diameter, depth and volume as a function of exposure time. The pit is on
the stainless steel pin 304 exposed at 21+1°C and 45% RH as shown in Figure 5-18. The

stainless steel pin is covered with MgCl, solution, and the chloride deposition is 1000 pg/cm?.
5.4.6 Pit growth kinetics
5.4.6.1 Increase in pit depth with time

As described in Section 2.3, in a one dimensional artificial pit, the evolution of pit depth with
time is limited by diffusion. Ghahari [136] reported that the depth of two-dimensional pits
grown under full immersion conditions is also under diffusion control, but the width of the pit
is under ohmic drop control. Since the depth of atmospheric corrosion pits can be measured
by micro-tomography, it is feasible to estimate whether the pit growth is under diffusion
control. A relationship between the square of pit depth and time can be obtained from
Faraday's law of electrolysis as shown in Equation 5-3 and combined with Fick's first law as
shown in Equation 5-5. Faraday's law of electrolysis is shown below: it is normally used to
verify if the pit depth is under diffusion control.

_QM
F n

m Equation 5-3
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where m is the mass of the substance liberated at an electrode, Q is the transferred charge, F is
the Faraday constant (96500 C/mol), n is the transferred charge 2.2, M is the molecular weight.

It can be then written as Equation 5-4, where x is the depth of the pit and A is the area.

QM

X = Equation 5-4

FnAp

Fick's first law is shown as below
- nFDAC _ nFD(C, -C,,) Equation 5-5

X X

where i is the current density, D is the diffusion coefficient, and AC is the concentration
difference between the pit bottom and pit mouth. Cy, is the concentration at the pit bottom, Cy,
is the concentration at the pit mouth. Then a relationship combining Equation 5-4 and

Equation 5-5 can be written as Equation 5-6.

2 _2MDAC _ 2MD(C, -C,),
P P

Equation 5-6

The molecular weight (M) and the density of the material (p) are constant. If pit growth in
depth is diffusion-controlled, x* should be linear with t, and the intersection of the time should
indicate the pit initiation. The slope of the line would be D(Cyp-Cyy, ).

The square of pit depth x* vs. time t for the pits shown above is plotted in Figure 5-21. Figure
5-21(a) shows that there is no linear relationship between x? and t for either the dish-shaped
pit shown in Figure 5-12 or the very shallow pit shown in Figure 5-15. Figure 5-21(b) shows
that x> changes linearly with t on the pit growth with defects. However, the intercept of time at
zero depth is negative, which indicates that a pre-existing defect was present in the material. It
should be noted that there are limited data points in Figure 5-21(b) which do not provide
compelling evidence that pit growth in depth for defect-initiated pit is under diffusion control.
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Figure 5-21 The square of pit depth vs. time of (a) dish shaped pit (black) shown in Figure
5-12 and very shallow pit (blue) shown in Figure 5-15, and (b) pit growing with an elongated
defect (orange) shown in Figure 5-18. The pits are on 304 stainless steel pins exposed at
21+1°C and 45% RH. The stainless steel pins are covered with MgCl, solution, and the
chloride deposition is 1000 pg/cm?.

5.4.6.2 Average pit current density

Since the pit volume and the pit surface area can be quantified by X-ray micro-tomography, it
is feasible to calculate the evolution of the average current density within the pit. This is
calculated by taking the total volume of metal lost between each measurement and the
beginning of the experiment, and converting it to charge passed. For each measurement, the
total volume of the pit is used, assuming a flat surface at the beginning of the experiment.
This charge is then divided by the time to give the average current. In the case of the initial
measurement, it is assumed that the pit initiates immediately at the beginning of the
experiment; this means that the current density quoted is a minimum value since the pit is
likely to have initiated some time after the start of the experiment. The average current
density is then calculated from the current by using the surface area of the pit at the end of
the time interval. This is the maximum size of the pit during the growth period, so this
procedure may introduce an under-estimate of current density. It may also be the case that
part of the pit could have repassivated during the time interval, which would also lead to an

under-estimate of current density in the active region. For example, Table 5-5 shows that the
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dish-shaped pit diameter does not increase significantly in diameter after 17 h, supporting the

idea that the edge of the pit may have repassivated.

As described above, the average current density of pit growth can be calculated by Equation
5-7, where i is the average current density, | is the current, A is the pit surface area, Q is the
charge passed due to the metal loss, and t is the time at the end of each measurement. The pit
surface area (A) was segmented using Avizo software. The charge (Q) is calculated by
Equation 5-8, where V is the volume of metal loss which is shown in Table 5-5 and Figure
5-13, p is the material’s density 7.93 gcm™, n is the average valence 2.2, F is the Faraday

constant 96500 Cmol™, and M,, is the molecular weight 55.8 gmol™.

i= ! = Q Equation 5-7
A tA
pV .
= Equation 5-8
Q nFEM,, a

Figure 5-22 shows a plot of average current density of pits shown in Figure 5-12, Figure 5-15,
and Figure 5-18 as a function of time. It can be seen that from Figure 5-22 that the average
current density decreases significantly with time. It is probably affected by a combination of
diffusion and IR drop. Figure 5-21 shows that there is not a linear relationship between x? and
t, which would be expected for diffusion control. However, this interpretation relies on the
assumption that there is a constant difference in concentration between the pit mouth and pit
bottom. It is possible that there is an additional diffusion path along the thin layer of solution
outside the pit. In addition, when the pit initiates, the pit depth is relatively shallow and the IR
drop is relatively small, but as the pit grows deeper, the IR drop increases due to the
increasing pit depth, which can lead to decreasing current density. Further work is required to
confirm the controlling factors in pit depth growth.
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Figure 5-22 Average current density of a pit as a function of time. The dish-shaped pit is
shown in Figure 5-10 and Figure 5-12. The very shallow pit is shown in Figure 5-15. The pit
grows with defect is shown in Figure 5-18. The pits are on the stainless steel pin 304 exposed
at 21+1°C and 45% RH. The stainless steel pins are covered with MgCl; solution, and the
chloride deposition is 1000 pg/cm?.

5.4.7 Effect of synchrotron X-ray radiation on atmospheric pitting corrosion

According to Nagy and You [137], high flux synchrotron X-rays might lead to production of
peroxide, which may increase the corrosion potential, leading to enhanced pit initiation.
Figure 5-23 shows the optical images of samples where corrosion developed in the lab and
were examined ex situ at the end of the experiment, and two samples which were subjected to
several in situ X-ray micro-tomography scans at the synchrotron. All of the samples are
deposited with a chloride density of 100 pg/cm? and exposed at 45% RH. It can be seen that
there are one or two pits on the ex-situ samples, but there are multiple pits on the two in-situ

samples.
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Figure 5-23 Optical images of four stainless steel pins deposited with 100 pg/cm? and
exposed at 20£1°C, 45% RH. (a) and (b) were exposed in the lab for 24 hours, and (c) and (d)

were measured by X-ray tomography with three scans.

The number of pits per sample for ex-situ samples exposed in the lab and in-situ samples
measured with synchrotron X-ray micro-tomography is shown in Figure 5-24. It can be seen
that there are only one or two pits on most of the ex-situ samples, but there are multiple pits
on all the in-situ samples that had been exposed to X-rays for at least three micro-tomography
scans. The flux of X-rays (70 keV) is estimated to be about 2 x 102 photons/s. It is therefore
very likely that the synchrotron X-ray radiation has affected the atmospheric pitting corrosion

process, leading to the formation of more pits.
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Figure 5-24 The number of pits per sample for samples exposed in the lab without X-ray
exposure (blue) and measured with at least three 40-minute X-ray micro-tomography scans
(orange) with different chloride deposition densities. The stainless steel pins are exposed at
21+1°C and 45% RH, and are covered with MgCl; solution, and the chloride deposition is
1000 pg/cm?.

5.5 Effect of chloride deposition density on atmospheric pitting corrosion

Figure 5-25 shows the number of pits per sample on pairs of stainless steel pins with various
chloride deposition densities. It can be seen that for a chloride deposition density of

10 pg/cm?, there was no pit on one sample, and on the other, there was a possible pit or a
defect that was too small to resolve clearly. For a chloride deposition density of 20 pug/cm?,
two small pits formed on each stainless steel pin. The number of pits and the size of pits both

increase with the chloride deposition density.
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Figure 5-25 The number of pits per sample for samples measured with at least three
40-minute X-ray micro-tomography scans with different chloride deposition densities. The
stainless steel pins are exposed at 21+1°C and 45% RH, and are covered with MgCl; solution,

and the chloride deposition is 1000 pg/cm?.
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The volume of the largest pit on each sample was quantified with micro-tomography
measurements by Avizo, but this was not verified with confocal microscopy. A plot of pit
volume vs. the chloride deposition density is shown in Figure 5-26, which shows that the pit
volume increases with the increasing chloride deposition density. Figure 5-27 shows a plot of
average pit current density vs. the chloride deposition density. The average pit current density
is calculated by taking the total volume of metal lost between each measurement and the
beginning of experiment, and converting it to charge passed as described in Section 5.4.6.2. It
can be seen that the pit current density does not change by more than a factor of 2 for
concentrations of chloride between 10 pg/cm?and 1000 pg/cm? after the same exposure time

following deposition.
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Figure 5-26 Pit volume vs. chloride deposition density. The stainless steel pins are exposed at
21+1°C and 45% RH, and are covered with MgCl; solution, and the chloride deposition is
1000 pg/cm?. The dotted line is a linear fit to the data.
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Figure 5-27 The current density of pit vs. chloride deposition density. The average current
density is calculated at time intervals from beginning of the experiment following deposition
as shown in the figure. The pits are the biggest on each stainless steel pins, and the stainless
steel pins are exposed at 21+1°C and 45% RH.

5.6 Discussion

5.6.1 Atmospheric pit morphology

Figure 5-12 shows a shallow dish-shaped pit with a small hole at the bottom, whose
morphology is consistent with the findings of Maier and Frankel [18]. The small hole is
generally believed to arise from the inclusion, where the pit initiates [1, 138]. Figure 5-15
shows a particularly shallow pit with a small hole at the bottom, which is the only one case
found on 12 sample pins measured by the synchrotron micro-tomography method. This

particularly shallow pit morphology is different from the typical shallow dish-shaped pit.

The difference of the two morphologies is possibly due to the different process of dissolving
MnS inclusions, which has been discussed in Section 2.2.2. MnS is a well-known initiation

site for pitting corrosion of stainless steel.

The dish-shaped pit is consistent with the work of Eklund [21], and Castle and Ke [26], who

suggested that a sulphur layer can form on the metal surface adjacent to the inclusion whilst
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the inclusion dissolves. This S layer can decrease the strength of metal-metal bonds and
increase the rate of dissolution [29] for the metal surrounding the inclusion leading
dissolution of metal ions from area around the inclusion to form a relatively circular pit mouth
area like a dish. The small hole in the middle might be the bottom of the initial inclusion site
[1, 18].

The observation of a very shallow pit is consistent with the work of Webb and Alkire [23-25]
and Tsutsumi et al. [1]. Webb and Alkire [23-25] carried out a series of electrochemical
measurements of dissolving a single sulphide inclusion to study the stainless steel pit
initiation process, and suggested that pits preferentially grow from the dissolved inclusion
laterally at the metal surface as the pH is relatively low in this region. Tsutsumi et al. [1]
observed the pit morphology as a shallow region surrounding a small hole in the middle, and
proposed a similar mechanism with Webb and Alkire as described in Section 2.2.2. The very
shallow pit is only observed on one of the samples measured by micro-tomography, and has
not been observed in lab-based measurements. It is also possible that micro-pits formed the

shallow region due to beam damage.
5.6.2 Pit growth along an inclusion

Figure 5-18 shows a deep pit growing along an extended inclusion. This morphology has not
been published in literature before because relatively clean materials are more often selected
for study and furthermore the sample surface is usually parallel to the rolling direction. The
stainless steel pin samples in this study were machined from the cold rolled stainless steel
rods, and thus the top surface was perpendicular to the rolling direction, which can increase
the possibility of having an extended inclusion in the vertical direction. The pit grew to more
than 200 um deep in 51 hours, indicating that the use of clean steel and the orientation of the

metal surface relative to the rolling direction is of importance for industrial use.
5.6.3 Pits-within-pits: active regions

Figure 5-10 shows an SEM image of a shallow dish-shaped pit. It can be seen that there are
multiple small pits grown inside the main pit, which has also been shown by the X-ray
micro-tomography and confocal microscopy measurement in the vertical section. This is
probably due to the partial repassivation of the pit. There might be a limit to the available
cathodic current which is dependent on the electrolyte thickness, oxygen concentration and

diffusivity. During pit growth, when the anodic current is less than the maximum available
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cathodic current, a pit can propagate continuously. However, when the pit grows larger and
the anodic current demand exceeds the maximum available cathodic current, some part of the
pit has to repassivate and the remaining active parts of the pit continue to dissolve thereby
forming the pits inside the main pit. This observation is similar to Maier and Frankel's finding

of an ‘earing’ effect on atmospheric pits [18].
5.6.4 Evolution of pit depth

At high potentials, the growth of one-dimensional pits takes place under diffusion control. [36,
61]. Ghahari et al. [136] also observed that under immersion conditions a 2D pit growth in
depth is under diffusion control, and a linear relationship has been observed between the
square of pit depth (x?) and time (t). In the current work as shown in Figure 5-21, there is no
obvious linear relationship between x? and t, which is possibly due to the limited volume of
the electrolyte layer that might supply additional diffusion barrier.

It has been reported that pit growth in depth is under diffusion control in 1D artificial pits [36,
61, 63] and 2D pits [136]. However, these works were carried out in immersed conditions

where the metal ion concentration at the pit mouth can be assumed as zero. Equation 5-6 can

2MDC, t, Cy is the saturated metal ion concentration, ZMDC,
p P

a constant. Hence x? vs. t is a linear relationship.

is

then be simplified to x* =

Under atmospheric conditions in a real pit, the metal ion concentration at the pit mouth Cy,
2MD(C, -C,)
P

might change with time. The growth of real pits in depth is possibly not under simple

can be affected by the limited volume of the electrolyte layer, and hence

diffusion control.
5.6.5 Current density for pit growth

Current densities for pit growth on stainless steel have been reported widely in previous
works upon immersed solutions. For example, Frankel et al. measured the current density of a
pit on stainless steel 302 in different solutions and reported it in the range of 2 to 4 Alcm?
[139]. Pistorius and Burstein have measured the current density of a pit in 0.8 M NaCl and
0.2 M HCl solution and found that it is in the range of 2 to 8 A/lcm?[35].
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Maier and Frankel [18] measured the average current density of stainless steel at atmospheric
conditions. They used the volume of pits divided by the active area of the pits measured by
profilometer, and reported that the current density becomes quite stable at 0.6 mA/cm? after

6x10* seconds.

For the current work, Figure 5-22 shows the average current density of pits on stainless steel
304 under MgCl; electrolyte layer. The average current density decreases with time, and is in
the range of 0.2-2.5 mA/cm?. The current density is much lower than the current densities
measured in immersed conditions, but is close to Maier and Frankel's finding as shown in
Figure 5-28. However, the current density measured in the present work can decrease to a
lower value after longer exposure time. It is possible that there is an under-estimation of the
current density as described in Section 5.4.6.2. It is also possible due to the different
experimental conditions between the current work and Maier and Frankel's [18]: They carried
out lab-based experiment, the samples were covered with about 900 pg/cm? chloride
deposition and exposed at 33-34% RH, while the current work was carried out in the presence
of intense X-ray radiation covered with 1000 pg/cm? chloride deposition and exposed at

45% RH.
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Figure 5-28 Current density of pit growth as a function of time compared with current density
reported in Maier and Frankel’s work [18]. The pits in the current work are on the stainless
steel 304 pins exposed at 21+1°C and 45% RH. The stainless steel pin (2 mm diameter) is
covered with MgCl, solution, and the chloride deposition is 1000 pg/cm?. Maier and
Frankel's work was carried out on stainless steel 304 plates exposed at 33-34% RH. The initial
deposition is 0.44 M 2 pl MgCl; solution, and the chloride deposition density is about

900 pg/cm?.

5.6.6 Pitstability product

As described in Section 2.2.3 and Section 2.2.4, the notion of the 'pit stability product' has
been developed by Galvele [32] and has been further calculated in the immersion solutions
with electrochemical control [30, 35, 39]. Pistorius and Burstein have calculated the upper
and lower limit of the pit stability product and have found it should be between 0.3 and

0.6 A/m in the immersed condition. Maier and Frankel used the current density as shown in
Figure 5-28, assumed the pit depth is about 50 um, and reported an estimated pit stability
product about 3 x 10 A/m. In the current work, the pit depth is about 30 pm with several
hours exposure, the pit stability product can be as low as 6 x 10" A/m, which is far below the
pit stability product calculated in the literature. It might indicate the possibility of pit

propagation with a much lower pit stability product under atmospheric conditions. However,
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as described in Section 5.4.6.1, it is not clear that the real atmospheric pit growth in depth is
under diffusion control. Shallow dish shape of pits are common and so the use of the pit

stability product might not be helpful.
5.6.7 Effect of chloride deposition density

Figure 5-26 shows the pit volume vs. chloride deposition density. It can be seen that the pit
volume increases with the chloride deposition density, which is consistent with the
observation described in Section 4.2.2. As the salt droplet is deposited on the stainless steel
pin surfaces, the initial deposition area is the same and the cathode area is the same. For the
same controlled temperature and relative humidity exposure environment, the difference of
the chloride deposition density can lead to a difference of the electrolyte height, since the
electrolyte concentration is controlled by the relative humidity. The difference of the height of
the electrolyte layer is illustrated by Figure 5-6.

There are two possible effects which can result from the difference of the height of the
electrolyte. For a higher electrolyte layer, the oxygen reduction reaction can decrease as the
diffusion length of oxygen in the electrolyte layer increases. This would predict that smaller
pits form. On the other hand, for a higher electrolyte layer, the ohmic drop from the
electrolyte layer between the pit and the location of the cathodic reaction (edge of pin) can
decrease. This predicts that larger pits would form. In the present work, the pit volume
increases with the salt deposition density, which is more likely to be consistent with the
assumption of the domination of the ohmic drop.

5.6.8 Strengths and weaknesses of X-ray tomography in studying atmospheric
corrosion of stainless steel

Synchrotron X-ray micro-tomography has been used to observe in-situ pit growth in stainless
steel under atmospheric conditions and in real time. It has shown not only the evolution of pit
growth, but also the evolution of the electrolyte layer and the defects within the material.
Figure 5-19 and Figure 5-20 show that using X-ray micro-tomography is feasible to observe
the pit growth with defects, since the X-ray beam can pass through the cavity below the top
hemispherical part of the pit therefore providing information about the bottom of the pit. This
IS in contrast to other techniques such as SEM, confocal microscopy and profilometer which
cannot provide this information. It also can observe the real pits in 3D in-situ and therefore

give information about average pit growth kinetics.
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However, the time to collect each tomogram is about 40-50 minutes, and there is a risk of
beam damage. Nagy and You [137] reported that an intense X-ray beam can affect
electrochemical processes. The comparison of the synchrotron X-ray micro-tomography
measurements with the lab based measurements shows that beam damage may lead to
increasing numbers of pits (Figure 5-25). The multiple pits growth means that
cathodically-limited current is shared by the pits, which increases the difficulty of analysing

data. In addition, there is a limitation on sample size for micro-tomography measurements.
5.7 Conclusions

e Synchrotron X-ray micro-tomography is well suited to research on atmospheric pitting
corrosion of stainless steel. With this method, in-situ pit growth was studied and the
electrolyte layer, pits and defects can all be observed with phase contrast enhancement.

e Synchrotron X-ray micro-tomography method can quantify the pit area, depth and
volume, and the validation of this technique has been made by comparison with results
from SEM and confocal microscopy. Comparison with SEM and confocal microscopy
shows that this technigque can detect the corrosion cavities which cannot be observed
from the top, but care is needed to determine the top surface of the metal.

e The evolution of the electrolyte layer is fairly stable, which indicates the humidity is
well controlled. The volume of the electrolyte layer is generally a linear function of
the chloride deposition density.

e Most of the corrosion pits have an open mouth and a dish shape and preferentially
grow in a lateral direction at first. A small hole in the middle can be observed in the
dish-shaped pit, which is possibly the cavity that develops when an inclusion dissolves
in the pit initiation process.

e Pits can grow very deeply if there are pre-existing defects within the steel.

e Synchrotron X-ray radiation damage is observed to lead to the growth of multiple pits,
which might affect the atmospheric pitting corrosion process.

e The pit volume increases with increased salt deposition density, which may be
associated with a lower ohmic drop between the electrolyte layer and the pit.

e The current density of the pit is calculated to be in the range of 0.2 to 2.5 x 10 A/cm?,
which is far below the current density measured under immersed conditions, but is

fairly consistent with Maier and Frankel's finding under atmospheric conditions.
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6 Electrochemical kinetics of stainless steel in artificial pits containing
concentrated chloride solutions

6.1 Introduction

The aim of this chapter is to determine the dissolution kinetics of stainless steel in relatively
concentrated chloride bulk solutions similar to those found under atmospheric corrosion
conditions where a lower relative humidity (RH) can correspond to a higher chloride
concentration in the bulk solution. For example, 65% RH corresponds to a chloride
concentration of ~6 M. The measurements were carried out by using wire 1D artificial pit

electrodes as described in Section 3.2.1.
6.2 Electrochemistry of artificial pits
6.2.1 Validation of 1D pit depth and diffusion length

The depth of a wire artificial pit can be determined visually and by integration of the current

passed during its growth. The total charge passed during pit growth can be expressed as:

AxponF
Q= I It = A Equation 6-1
L QMm, |
= ApnF Equation 6-2

where Q is the total charge passed, | is the current, t is time, A is the cross sectional area, X is
the pit depth, p is the density, n is the average charge on the ions produced during dissolution
(2.2 for stainless steel), F is the Faraday constant, and M,, is the molar mass. The pit depth
estimated by integration of the current was cross-checked with visual observations. A long
working distance microscope coupled to a CCD camera was used in the experiment to
measure the depth of the dissolved pit. Figure 6-1 shows the relationship between the depth
measured by visual observation and the depth measured by integration of current. The line in
Figure 6-1 shows the condition when the pit depth measured by visual observation is
consistent with the depth measured by integration of current. It can be seen that the depths
measured by visual observation are slightly smaller than those measured by integration of the

current, which might be due to cathodic reaction during the early stages of pit growth, or due
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to an error of visual observation. The pit depth measured by integration of current is used

throughout this chapter.
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Figure 6-1The relationship between the pit depth measured by visual observations and the
depth measured by integration of current of 1D artificial pit of 304 stainless steel 250 pm
diameter wire at 20+2 °C.

As described in Section 2.2.6, diffusion of the dissolving metal ions out of a 1D pit is
controlled by diffusion away from the pit mouth as well as within the pit. When the pit is deep
enough, the diffusion of the metal ions around the pit mouth can be neglected. In order to
establish the minimum depth of pit where this is the case, a plot of current density vs. the

inverse pit depth is shown in Figure 6-2.
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Figure 6-2 A typical example plot of current density vs. inverse pit depth of 1D artificial pit of
304 stainless steel 250 pum diameter wire in 2 M MgCl, solution at 20+2 °C.

In Figure 6-2, the linear region corresponds to the condition where the pit depth is the valid
diffusion length, since the diffusion limited current density (i;im) has a linear relationship with

the inverse pit depth (1/x) as shown in Equation 2-13.

_ nFDAC
lim X

Equation 2-13

The curved region at higher current density corresponds to a shallow pit depth that can be
affected by the external solution [36, 63, 78]. In the present work, all the 1D artificial pits are

grown at least 500 pm deep, so that the inverse pit depths are <20 cm™.

6.2.2 Effect of a black layer within pits

During growth of 1D artificial pits, black layers in the pit cavity have been observed (Figure
6-3). The composition of the black layer inside the pit is not known. Kawaley [140] found a
similar black layer in commercial purity Fe 1D artificial pits but not in high purity Fe, which
has lower carbon content, suggesting that it may be a carbon layer. Steinsmo and Isaacs did
not make any visual observations in their work on stainless steel artificial pits, but detected a

“remnant” salt layer that can influence the dissolution kinetics [78].
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Figure 6-3 An image of a wire artificial pit electrode containing black layers. The pit was
grown to a particular depth, flushed with a syringe to remove the black layer, and then cyclic

voltammetry was carried out, which led to growth of another black layer in the bottom of the

pit.

As the black layer observed in the present work might affect the diffusion of metal ions, an
experiment was carried out to determine its effect on the diffusion-limited current density for
metal dissolution. The black layer was flushed three times during the experiment with a fine
syringe tip, and was observed with an optical microscope. The current density vs. the inverse
pit depth has been plotted in Figure 6-4(a). The red dotted line in Figure 6-4(a) was
determined by fitting the slope of current density vs. inverse pit depth after flushing the black
layers three times. This line can be assumed to be the theoretical diffusion-limited current
density without a black layer. Figure 6-4(b) shows the pit stability product (ix) vs. time, and
Figure 6-4(c) shows an expanded plot for the period before and after the first flushing
procedure. The orange dotted line indicates the average value of ix before flushing and the
red dotted line indicates after flushing the black layers. It can be seen that ix was slightly
lower when there were black layers in the pit cavity. The current density with the black layer
is about 4% lower compared with that without the black layer. The following results in this
chapter are measured with the black layer present as it was not possible for it to be

consistently removed.
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Figure 6-4 (a) Current density vs. the inverse pit depth, (b) pit stability product (i-x) vs. time,
and (c) expanded part of (b) for a 304 stainless steel 1D artificial pit. The pit was flushed three
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times to remove black layers that form in the pit during dissolution.
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6.2.3 Diffusion-limited current density during artificial pit growth

As described in Section 2.3, when a relatively high potential is applied to a 1D artificial pit
electrode, a salt layer can form due to supersaturation of the solution with metal ions, and the
current density is diffusion controlled. As described in Section 2.2.3 and 2.2.4, stable pit
growth is associated with a constant pit stability product (ix). Figure 6-5(a) shows the current
density and Figure 6-5(b) shows the pit stability product (ix) as a function of time for a 304
stainless steel 1D artificial pit in MgCl; solutions of different concentrations grown at the
same applied potential 600 mV (vs. SCE). It is clear that the current densities and pit stability
product (ix) during pit growth in 3 M and 5 M MgCl, solutions are much lower than the
current densities in 0.2 M and 0.5 M MgCl; solutions. In Figure 6-5, it can be seen that there
is noise in the current density, which may be attributed to local passivation and re-activation
events taking place beneath the salt layer reported by Newman and Ajjawi [141].
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Figure 6-5 (a) Current density and (b) pit stability product (ix) in different chloride

concentration MgCl; solutions with time. Experiments were performed on 1D artificial pits in
SS304 wire (250 um diameter) at 600 mV (vs. SCE) at 20+2 °C.

6.2.4 Current-voltage characteristics

Figure 6-6 (a) shows a typical example of the current-voltage characteristics of a 304 stainless
steel 1D artificial pit in 0.5 M MgClI; solution. After growing the wire artificial pit to a depth
of 500 um at 0.6 V (vs. SCE), the potential was swept back until the salt layer was removed.

While the salt layer is present, the current density is under diffusion control, and therefore is
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independent of the applied potential. Figure 6-6 (b) shows the resistance vs. potential during
the potential sweep. The resistance was measured at a fixed high frequency of 100 kHz with a
5 mV amplitude during the corrosion process. It can be seen that the resistance decreases
linearly with the decreasing potential, which indicates that the thickness of the salt layer

decreases with the decreasing potential.

When the salt layer is completely removed, there is a small increase in the current density,
which indicates that the system is no longer under diffusion control. As described in Section
2.3.2, the transition potential (Er) is defined as the minimum potential at which the current
density value is equal to the diffusion-limited current density value, i.e. it is the potential
where the transition takes place between a salt-covered and salt-free surface. In the salt layer-
free region, the resistance of solution is nearly independent of potential. Then on the forward
potential sweep, the current density increases and the metal dissolution rate increases.

When the production rate of metal ions exceeds the diffusion rate, supersaturation of metal
ions is produced at the pit interface causing a salt layer to precipitate, which leads to a sudden
drop in the current density. The decrease of current density reduces the thickness of the salt
layer. As the potential increases further, the current density increases and then is controlled by
diffusion. Before the salt layer precipitation, the resistance is nearly independent of potential
and has a sudden increase when the salt layer precipitates. The resistance then decreases
immediately, as the current density drops and salt layer thins. And then in the
diffusion-controlled region, the resistance increases with the increasing potential.
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Figure 6-6 (a) A typical current-voltage characteristic and (b) the resistance vs. potential of a
304 stainless steel 1D artificial pit in 0.5 M MgCl, solution.
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Figure 6-7 (a) The repeatability of the current-voltage characteristics of 304 stainless steel 1D
artificial pits at the same pit depth on three different samples and (b) the current-voltage
characteristics of stainless steel 1D artificial pits at different pit depths in 0.2 and 2 M MgCl,
solutions at 20+2 °C.

Figure 6-7 (a) shows the repeatability of current-voltage characteristics of three stainless steel
artificial pits in 0.2 and 2 M MgCI; solutions at the same pit depth. Three stainless steel 1D
pits were grown to the same depth and it can be seen that the current-voltage characteristics
are fairly repeatable. Figure 6-7 (b) shows the current-voltage characteristics at different pit
depths. It can be seen that the diffusion-limited current density decreases with increasing pit
depth.

Additional cyclic voltammograms for 304 stainless steel 1D artificial pits in various chloride
concentration bulk solutions are shown in Figure 6-8. When the pit depth is the same, in lower
chloride concentration solutions (0.5 M MgCl,), the diffusion-limited current density does

not change with the bulk chloride concentration (Figure 6-8 (a)). However, in higher chloride
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concentration solutions (= 0.5 M MgCl, solution), the diffusion-limited current density

decreases with increasing bulk chloride concentration (Figure 6-8(b)).
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Figure 6-8 Current density vs. potential during potential sweep measurement for 250 pum
diameter 304 stainless steel 1D artificial pits (a) in 0.1 M, 0.2 M and 0.5 M MgCl,, and (b)
05M,1M,2M, 3Mand4 M MgCl, at 20+2 °C when the pit depth is about 500 pum.

6.2.5 Critical pit chemistry

As described in Section 2.3.3 and Section 3.4.1, the critical metal ion concentration for
passivation for stainless steel 1D artificial pits can be determined by a slow backscanned
potential sweep following Ernst and Newman's method [77, 132].

Figure 6-9 shows plots of current density vs. potential in 1 M MgCl; solution measured by
this method for two different pit depths at a potential sweep rate of 0.2 mVs™. In both plots,
the current density first remains in the diffusion-limited current density and then increases
slightly before starting to decrease linearly with decreasing potential. The linear change of
current density vs. potential corresponds to the IR drop controlled region. The starting point of
this linear region is defined as the saturated current density (labelled iss), as it corresponds to
the first point in the IR drop controlled region after salt layer removal. The value of isy Should
equal to ijim. Ernst and Newman [77, 132] defined that the ending point is the current density
that corresponds to the critical pit chemistry, as below this current density value in a very
slow potential backscan, the diffusion limited current density cannot be instantly regained

when scanning rapidly to high potential, which indicates passivation has taken place in the
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artificial pit. This current density value is denoted as i". In the current work, i” has not been

checked with the above process due to the limitation of the potentiostat.

It can be seen that following the linear part of the current decay, the current density decreases
more quickly in Figure 6-9 (a) and decreases more slowly in Figure 6-9 (b). The current decay
shown in Figure 6-9 (b) was measured at a deeper pit compared with Figure 6-9 (a). Figure
6-10 shows plots of current density vs. potential for stainless steel artificial pits in solutions of
different chloride concentration. It can be seen that when the curve was measured in a deeper
pit in lower chloride concentration solutions, or measured in higher chloride concentration

solutions, the current density decay curvature is similar to Figure 6-9 (b).

There are three possible reasons for the decay curvature change: crevice formation might take
place at the bottom of the pit; a cathodic reaction such as metal plating; or the pit is partially
repassivated and the dissolving interface separates into active and passive regions.

The pit was visually observed with an optical microscope to check that it was not creviced.
Newman and Isaacs [142] reported that copper could plate out in stainless steel for the
anomalous cathodic reaction, but the copper level of the stainless steel wire used in the
current work has not been reported. It is also possible that the pit bottom is partially

repassivated.

In the present work, when the current change curvature occurs as shown in Figure 6-9(b), the
current density to define critical pit chemistry (i") is still determined at the end of the linear
region, but is labelled differently in the future figures.
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Figure 6-9 Current density vs. potential (time) of 304 stainless steel 1D artificial pits (250 um
wire) in 1 M MgCl, solution at 20+2 °C with potential sweep at 0.2 mV/s™ . The pit depth in
(@) is about 700 pum, and the pit depth in (b) is about 1.1 mm.
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Figure 6-10 Current density vs. potential (time) of 304 stainless steel 1D artificial pits

(250 um wire) in 0.5-3 M MgCl, solution at 20+2 °C with potential sweep at 0.2 mVs™ . The
black, red and blue curves represent three different experiments on 304 stainless steel 1D
artificial pits at different depths.

As described in Section 2.2.6, the current density may be expressed as i = nF'DAC/x, and the

metal ion concentration at the pit mouth is approximately zero, so two equations can be
expressed as below:

DC,,, = DX Lt Equation 6-3
nF  nkF
DC _i*_x Equation 6-4
crit nF

where D is the diffusion coefficient of metal ions, Cs is the saturated metal ion concentration,
Cerit Is the critical metal ion concentration for pit propagation/passivation, ijn is the

diffusion-limited current density which equals to iss the current density at saturated metal ion

116



concentration, i" is the current density corresponding to the critical pit chemistry, x is the pit

depth, n is the transferred charge and F is the Faraday constant.

Since ijim and i* can be obtained from Figure 6-10, the values of DCg, and DCi; can be
calculated. Figure 6-11 shows the change of DCg, and DCi; with bulk chloride concentration.
The hollow blue triangle represents DCqrit measured at i~ as shown in Figure 6-9 (a), and the
solid blue triangle represents DCe,it measured at i at the point of special curvature as shown

in Figure 6-9 (b).

From 0.01 M to 1 M chloride concentration, there is no significant change in either DCyy OF
DC.it, Whilst above 1 M chloride concentration, both DCg,; and DCyi; Values decrease steeply.
If the diffusivity is assumed to be the same, the ratio of the critical pit chemistry to the
saturated pit chemistry Cit/Csa: Can be calculated, and the result is shown as Figure 6-12.
From 0.02 to 1 M chloride solution, the Ccit/Csa: Value is about 60-70%, and does not
decrease obviously with the increasing chloride concentration. The value of Cit/Csat
decreases steeply when the chloride concentration further increases, and can drop to 10-20%

in 8 M chloride solution.
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Figure 6-11 Change of DCg, and DCj: with bulk chloride concentration for 304 stainless
steel 1D artificial pits in MgCl; solutions at 20£2 °C. The hollow blue triangle represents
DCit measured at i as shown in Figure 6-9 (a), and the solid blue triangle represents DCit

measured at i in the special curvature as shown in Figure 6-9 (b).
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Figure 6-12 C,i/Csa Vs. bulk chloride concentration of 304 stainless steel 1D artificial pit in MgCl,
solution at 20+2 °C. The hollow black dot represents Cj; measured at i" as shown in Figure 6-9
(a), and the solid black dot represents Cerit measured at i in the special curvature as shown in
Figure 6-9 (b).
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6.2.6 Tafel slope
As described in Section 2.3.4, the dissolution kinetics of pit growth can be expressed as
Eapp = Ecorr + balog (ia/icorr) + IR Equation 2-14
Then Equation 2-14 can be expressed as below:
balog(ia/icorr) = Eapp- Ecorr - IR

where Ecorr and icorr are assumed to be constants. The resistance R was measured with an
impedance method at a high frequency of 100 kHz with 5 mV amplitude, so it is feasible to
plot the current density vs. the IR-corrected interfacial potential as shown in Figure 6-13. The
region where the current density is independent of the IR-corrected potential indicates the
region is diffusion-limited. The very low current density data points in Figure 6-13 indicate
salt layer formation. It can be seen in the activation/IR-controlled region in the blue dashed
box that there is a linear relationship between the log of the current density and the
IR-corrected potential. This linear relationship corresponds to the Tafel slope (by). In the
present work, b, is calculated from the activation/IR controlled region of the current density
value of about 60% to 140% of the diffusion limited current density without salt film as
shown in the blue dashed box in Figure 6-13.
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Figure 6-13 Current density vs. IR-corrected potential on 304 stainless steel 1D artificial pit in
1 M MgCI; solution at 20+2 °C. The scan rate of the potential is 10 mV/s. The Tafel slope can
be calculated from the potential scan in the activation/IR-controlled region of the log plot as

shown in the blue dashed box region.
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In this method, the potential sweep rate may affect the Tafel slope calculation, as it can affect
the interface chemistry. The solution concentration is initially Csy, but once the current drops
below this value, the solution concentration will decrease. If the measurement is sufficiently
fast, the change in solution concentration will be small. The fact that the forward sweep and
the reverse sweep overlap in this region suggests that this is the case. However, it is important
to check the behaviour at different sweep rates. A range of potential sweep rates from 2 mvs*
to 10 mVs™ have been used, and the results of current density vs. IR-corrected potential are
shown in Figure 6-14. The linear regions of the data are valid for calculation of the anodic
Tafel slope. In Figure 6-14, the current density vs. IR-corrected potential of the 2 mV/s scan
rate is slightly curved in the forward sweep, suggesting that the scan rate might have affected

the interfacial chemistry.

The anodic Tafel slopes measured with various potential scan rates are shown in Table 6-1. It
can be seen that the scan rate can affect the Tafel slope. The change caused by the scan rate is

not great, and the deviation of Tafel slopes is about 20%.
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Figure 6-14 Current density vs. IR-corrected potential on 304 stainless steel 1D artificial pit in
0.5 M MgCI; solution at 20+2 °C. The scan rate of the potential is in the range from 2 mV/s to
10 mV/s. The Tafel slope can be calculated in the linear region of the log plot as shown in the
dashed box.
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Table 6-1 Tafel slope (gradient of IR-corrected potential vs. current) calculated from the

upwards potential sweep in 0.5 M MgCl; solution of 304 stainless steel 1D artificial pit at

various sweep rates at 18+2 °C. The resistance was measured at 50 kHz and 50 mV amplitude.

The Tafel slope was measured three times at different scan rates for the error bar.

Potential scan rate Tafel slope
(mvs™) (mV/decade)
2 5145
4 5245
5 53+3
10 5612

The Tafel slopes in various chloride concentration solutions have been measured in the

IR-controlled region for both downwards and upwards potential sweeps, and the results are

shown in Figure 6-15. There is no obvious change of the Tafel slope when the chloride

concentration is different.

121



e Tafelslope calculated from = Tafel slope calculated fron

75 downwards potential sweep upwards potential sweep
I
70 -
= 65 - -
@]
5 .
=
e e @
g, .
- * »
w 55 L |
E L L :
@
= . .
50 | . |
*
45 I
0.1 1 10

Chloride concentration (M)

Figure 6-15 Tafel slope as a function of chloride concentration for 304 stainless steel 1D
artificial pits in MgCl; solutions at 20+2 °C. The Tafel slope was calculated from plots of the
IR-corrected potential vs. current density in downwards potential sweep and upwards
potential sweep as shown in Figure 6-8. The resistance was measured at 100 kHz with a 5 mV
amplitude throughout the measurements. The potential sweep rate is 6 mVs™ in 0.1 and 0.5 M
MgCl, solution, and is 4 mVs™ in 1 to 4 M MgCl, solution. Each Tafel slope was measured at
least three times for each chloride concentration.

Laycock and Newman have plotted the IR-corrected transition potential vs. the log current
density to obtain the Tafel slope of stainless steel 302 artificial pits in NaCl solutions [31].
However, they only corrected for the resistance of the external cell, not the pit itself. Since
the resistance of the pit can be measured at each point in the present work, the IR-corrected
transition potential vs. the log diffusion limited current density is shown in Figure 6-16 (a)

and are compared with Laycock and Newman's results.

In Figure 6-16 (), the blue and green data points are the experimental results from the
present work calculated with full IR correction for 304 stainless steel artificial pits in 0.5 M

and 3 M MgCl; solutions. The slope of the data points is assumed to be the Tafel slope, which
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is about 50 mV/decade in the 0.5 M MgClI, solution and is 48 mV/decade in 3 M MgCl,
solution. It can be seen that the value of the Tafel slopes are significantly lower than Laycock
and Newman's results of about 100 mV/decade. The most likely reason for this is that
Laycock and Newman considered only the potential drop outside the pit. In the present work,
it is possible to separate the cell resistance (Rcen) into the pit solution resistance (Rpit) and the
bulk solution resistance (Rpuik) by plotting the cell resistance against various pit depth. The
bulk solution resistance is the intercept at zero depth, which was used in the IR drop
correction in Figure 6-16 (b).

Figure 6-16 (b) shows the transition potential measurements in the present work corrected
only with ohmic drop outside the pit vs. log current density. It can be seen that the Tafel
slope is 85 mV/decade in 0.5 M MgCI; solution, which is closer to the values found by
Laycock and Newman.
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Figure 6-16 IR-corrected transition potential vs. log current density for 304 stainless steel 1D
wire artificial pits 250 um diameter in 0.5 M MgCl, and 3 M MgCl; at 20+2 °C. The results
of Laycock and Newman [31] are shown for comparison: they were measured on 302
stainless steel wire artificial pit electrodes of 10, 50 and 500 pum diameter in 1 M NacCl
solution. The transition potential Er measured by Laycock and Newman was corrected the
potential drop outside the pit only. In (a), data from the present work are shown with full IR
drop correction; in (b), data for the present work are shown with correction of the IR drop

outside the pit only, for direct comparison with the data of Laycock and Newman [31].
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6.3 Pitting and repassivation of stainless steel wires
6.3.1 Pitting potential

The pitting potential was measured from potentiodynamic sweep experiments on abraded 304
stainless steel wire. The potential was scanned from -200 mV or -100 mV vs. OCP to the
potential where the current density exceeds 1 mAcm™as described in Section 3.4.2. Typical
pitting potential measurements in MgCl; solutions are shown in Figure 6-17. In

Figure 6-17 (a), where the bulk solution chloride concentration is relatively low, the passive
current density is very noisy at higher potentials, which corresponds to the formation of
metastable pits. When the bulk solution chloride concentration is relatively high, the typical
results of pitting potential measurements are shown in Figure 6-17 (b). The passive current
density increases continuously up to an inflexion point, and then increases steeply with the
onset of pitting. There is no obvious sign of noisy current that indicates the metastable pit

growth,

The value of pitting potential obtained in these experiments is dependent upon the definition
of pitting potential which is chosen. For example, if the pitting potential in 0.05 M MgCl,
solution is defined as when the current density exceeds 0.01 mA/cm?, the pitting potential is

in the range of 580 to 610 mV, while if it is defined as the current density exceeds

0.1 mA/cm?, the difference between the pitting potential measured at 0.01 mA/cm? is less than
5 mV. However, if the pitting potential in 5 M MgCl; solution is defined as the point at which
the current density exceeds 0.01 mA/cm?, the pitting potential is in the range

of -300 to -340 mV (vs. SCE), while if it is defined as the current density exceeds 0.1 mA/cm?,
it is about 40 mV lower. In this chapter, the pitting potential is defined to be the potential
when the current density exceeds 0.1 mA/cm? in the potential scan.
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Figure 6-17 Current density vs. potential on 304 stainless steel wire with a 4000 grit surface
finish in (a) 0.05 M MgCl; solution and (b) 5 M MgCI; solution at 20+2 °C. Each

measurement was repeated at least three times.

Figure 6-18 shows the current density vs. potential of the abraded wire electrodes in a range
of chloride concentrations. Figure 6-18 (a) shows the measurements in solutions with MgCl,
concentrations of 3 M and below. In all cases the passive current density is similar, and noise
associated with metastable pitting is observed at potentials close to the pitting potential.
Following breakdown, the increase in current density is very sudden. The pitting potential and

onset of metastable pitting decreases with increasing solution concentration.

Figure 6-18 (b) shows the measurements in solutions with MgCl, concentrations of 3 M and
above. The passive current density is significantly higher at 3.2 M compared with 3 M (this
experiment was repeated three times to confirm the difference in the range of 100% - 125%).
A small amount of metastable pitting was observed at 3.2 M but is not evident at higher

concentrations. The passive current density is similar for 3.2, 3.5 and 4 M solutions, but
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significantly higher for 5 M. As noted above, for higher solution concentrations, the increase

in current at the onset of pitting is less sudden.
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Figure 6-18 Polarisation curves of the current vs. potential of 304 stainless steel wires

(250 um diameter) abraded to 4000 grit by SiC papers in (a) 0.05-3 M MgCl; solutions and
(b) 3-5 M M(Cl; solutions. The potential sweep rate is 0.2 mV/s.

Figure 6-19 shows the SEM images of the pit morphologies observed on 304 stainless steel
wires.

Figure 6-19 (a) shows a relatively small pit in 0.1 M MgClI; solution and (b) a relatively large
and open pit in 4 M MgCl, solution. The pit in the 4 M MgCl; solution is quite shallow and
has lots of corrosion products surrounding it.

Figure 6-19 (c) shows a typical metastable pit observed in 0.1 M MgCl; solution. Metastable
pits have not been observed in high chloride concentration solution, which is consistent with
the polarisation curves shown in Figure 6-18.
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Figure 6-19 The SEM images of pit morphology on 304 stainless steel 4000 grit surface finish
in 0.1 M and 4 M MgCl, solution at 20£2 °C.

The experiments shown in Figure 6-18 were repeated for a surface finish of 120 grit. The
relationship between pitting potential and the bulk solution chloride concentration for both

surface finishes is shown in Figure 6-20. When the chloride concentration is <2 M, the
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dependence of pitting potential upon log chloride concentration is relatively linear. Above

2 M, the pitting potential decreases more steeply with increasing chloride concentration.

The slope of the decrease of pitting potential to log chloride concentration in the relatively
linear region with 120 grit surface finish is about 110 mV/decade, and the decrease with
4000 grit surface finish is about 200 mV/decade.
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Figure 6-20 Pitting potential vs. chloride concentration on 304 stainless steel with 120 and
4000 grit surface finish wire in MgCl, solution at 20+2 °C. The pitting potential was defined
in the forward potential scan when the current density exceeds 0.1 mA/cm?.

6.3.2 Repassivation potential

The repassivation potential is measured in different ways in the literature. It can be measured
by back sweeping the potential from the pitting potential to the potential at which the current
density decreases to 10° mA-cm™ or 10 mA-cm, or to the potential corresponding to the
passive current density. Two typical measurements of repassivation potential are shown in
Figure 6-21. It can be seen that the repassivation potential is highly dependent upon the
definition. In the current work, the repassivation potential was defined at a current density of

10 mA-cm™. The repassivation potential vs. chloride concentration is shown in Figure 6-22.
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Figure 6-21 Current density vs. potential on 304 stainless steel 4000 grit surface finish wire in

0.1 M, 2 M and 5 M MgCl; solution at 20+2 °C. The repassivation potential is measured at

10° mA-cm™.
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Figure 6-22 Repassivation potential vs. chloride concentration on 304 stainless steel with a

4000 grit surface finish wire in MgCl, solution at 20£2 °C.
6.4 Discussion

6.4.1 Current-voltage characteristics of artificial pits in stainless steel

Figure 6-8 shows that the diffusion-limited current density decreases with increasing chloride
concentration, which indicates that DAC decreases with increasing chloride concentration

nFDAC

according to Equation 2-12 i, =
X

. The decreasing DAC with increasing chloride

concentration can be due to two reasons: the common-ion effect and the decreasing diffusion
coefficient. As the bulk chloride concentration increases to = 1 M, Mg?* ions in the pit cavity
cannot be a neglected factor. The common-ion effect can decrease the solubility of dissolving
metal ions. This effect is consistent with previous findings by Ernst and Newman [77]. As the
viscosity of the MgCl, solution increases with increasing chloride concentration, the
diffusivity of the metal ions would decrease [61], which also can lead the diffusion limited

current density to decrease.

6.4.2 Critical pit chemistry of artificial pits in stainless steel

From Figure 6-12, when the chloride concentration is 1 M, Cgit/Csq IS in the range of 60-70%.
This result is consistent with the work of Gaudet et al. [36]. They reported that the critical pit
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chemistry required for pit propagation is about 65% of the saturation concentration of metal
ions in 304 stainless steel 1D artificial pit in 1 M NaCl solution [36]. From Figure 6-12, it also
can be seen that the value of Cii/Csa does not decrease significantly when the chloride
concentration is from 0.02 M to 1 M, however it decreases substantially when the chloride
concentration increases from 1 M to 8 M. Cgi; can decrease to 10-20% of Cg,; in 8 M chloride
solution. This is fairly consistent with Ernst and Newman's finding of Ct/Csa: decreased to
about 10% in 4.5 M CacCl; solution on stainless steel 316L [77]. The significantly low
Cerit/Csar In high chloride concentration solution might indicate that less metal ion

concentration within the pit is required for pit propagation.
6.4.3 Pit stability product of artificial pits in stainless steel

As described in Section 2.2.3, Galvele has developed a pit stability product ix for 1D pit,
where i is the current density and x is the pit depth [32]. Pistorius and Burstein [35] proposed
an upper and a lower limit of the pit stability product under immersion conditions. They used

nFDAC
X

another form of the expression of Equation 2-12, i =

to calculate the pit stability

product ix as a function of nFDAC. Since n and F are constant, D is assumed to be a constant
10 m?s™, ix only varies with AC. Pistorius and Burstein defined the lower limit of ix as
NFDCrit, as Cerit is the minimum metal ion concentration to sustain pit propagation. Pistorius
and Burstein showed that the pit stability product (ix) should be above 0.3 Am™ [35].

Similar to Pistorius and Burstein's approach, it is possible to calculate ix in different chloride
concentration solutions on 1D artificial pits on stainless steel using the DCi; and DCg data
shown in Figure 6-11. The metal ion concentration of pit for stability of 1D artificial pit is in
the range of C.j; and Csy. The pit stability product (ix) on 1D artificial pits can then be
calculated as in the range of NFDCyi and NFDCsy, which is in the range of 0.50 Am™ to
0.79 Am™ in 1 M chloride solution, and is in the range of 0.07 Am™ t0 0.17 Am™in 6 M
chloride solution. The pit stability product decreases with increasing bulk chloride
concentration. This indicates the possibility of pit propagation with significantly lower

stability product/ current density in high chloride concentration solutions.

As described in Section 2.4.5, Kelly and his co-workers [109-112, 114] have developed a
model to predict the growth of atmospheric corrosion pits in stainless steel. One of the

important factors to predict the maximum pit size is the minimum required anodic current (I_c)
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for pit stability. In Kelly's model, the anodic current demand (I .c) on pit radius (rpit) will be
greater than the hemispherical pit stability product (li/rpit) for stable pit growth. The value of
it/ Vpit is equivalent to the value of 2zix, where ix is the 1D artificial pit stability product. The
value of Ii/rpit are selected as 1 A/m and 3 A/m in Kelly's model as the baseline [110].

However, as described above, the pit stability product ix decreases with increasing chloride
concentration. If the value of the pit stability product for a hemispherical pit " l,ii/ryit ' is also
assumed to be the value of 2zix as Chen and Kelly, Iyi/rpit vs. chloride concentration can be
shown as below in Figure 6-23 (a).

It can be seen that I,i/rpic decreases significantly with increasing chloride concentration. In
lower chloride concentration solutions, the values of I,i/ryic calculated from the current work
are higher than the value estimated by Kelly. This means only smaller pits can be supported to
be stable (Figure 6-23 (b)). However, in high chloride concentration solutions, the values of
it/ rpir calculated from the current work are lower than the value estimated by Kelly. This
means larger pits can be supported to grow stable, and it is possible that there is nearly no
limit for pit growth under these conditions. It is clear that the value of measured I/r less than

1 A/min 6 M and 8 M solutions (which corresponds to ~45%-65% RH), which indicates that

the pit size in Kelly's model might be under-estimated under less humid conditions.
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Figure 6-23 (a) Pit stability product I,i/rpic for hemispherical pits vs. log chloride
concentration. The black lines are the values of l,i/ryi: used by Chen and Kelly, which are the
values of 2zix. The blue data points are the values of 2zix measured in the current work,
which is in the range of 2z times of nFDC; and nFDCsy. (b) The effect of the radius of the
pit on the combination of the anodic current demand and the maximum cathode capacity. The
effect of the radius of pit on the anodic current demand I ¢ is in the range of 0.1 to 5 A/m. The
curved points represent the effect of the radius of pit on the maximum cathode capacity, ¢ max,
which is calculated from the model. The RH is 98% and the deposited NaCl density is

100 pg/cm?. The intersection of the I c and I max CUrves determines the maximum pit size.
6.4.4 Tafel slope of artificial pits in stainless steel

Figure 6-15 has shown Tafel slopes measured by another method developed in the current
work, which is obtained by plotting the current vs. IR-corrected potential characteristic by
potentiodynamic method in the salt free region, where the interfacial chemistry is probably
averaged the concentration in the range of 60% to 140% of saturation. The difference of Tafel
slope measured by this method between the Tafel slopes measured by IR-corrected transition
potential method is not significant. The strength of this method is that Tafel slope can be
measured in salt free region and the resistance is measured for IR-correction at the same time.
However, this method cannot control the current density in a certain range, which can affect
the control of interface chemistry. A galvanodynamic method might be used to improve the

current density control in future work.
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6.4.5 Pitting potential of pits in stainless steel in immersed solutions

From Figure 6-20, it can be seen that there is an approximately linear decrease of pitting
potential with log chloride concentration in the range of 0.01-2 M of 304 stainless steel wire
with 120 and 4000 grit surface finish. The decrease of pitting potential vs. log chloride
concentration with 120 grit surface is about 110 mV/decade, which is close to previous results
in literature: Laycock and Newman have measured the decrease of pitting potential from
0.01-1 M on stainless steel 302 wire with 120 grit surface finish is 93 mV/decade [31].
However, the pitting potential measured in the current work decreases more steeply with log

chloride concentration when the chloride concentration is higher than 2 M.

It can be seen that the surface finish can affect the pitting potential: the rougher the surface,
the lower the pitting potential. It is possible that a coarse surface finish can result in a higher
level of deformation of the surface, which may increase the possibility of pit formation. It is
also possible that a rougher surface gives deeper “crevices” in the surface that help to stabilise

pit growth by providing a diffusion barrier to a metastable pit [143].

Galvele assumed that the decrease of pitting potential with log chloride concentration was due
to the change of IR drop of the pit, as the chloride concentration in the bulk solution is

changed [32], and he suggested an equation of the pitting potential as follows:
Epit =A - Blog[CI]

where A and B are constant, and B is estimated by 2.3RT/F, which is 59 mV/decade [32].

Newman [30] has further explained this equation, and Laycock et al. have concluded three

assumptions from Newman's work [30] and Galvele's work [32]:

1. The pit solution chemistry at the interface is the same at the pitting potential, even though

the bulk solution concentration might vary.
2. The chloride ion is not a reactive ion in the pit solution
3. The bulk solution resistance is negligible compared with the pit solution resistance

Laycock et al. have also analysed the three assumptions and concluded that the third
assumption is generally correct unless the bulk solution is relatively dilute. However, the first

and second assumptions need further investigation [39].
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The second assumption implies that chloride ions are not involved in complexation of metal
cations. However, Monir has found spectroscopic evidence for the formation of chromium

and iron chloro-complexes close to the dissolving metal in a stainless steel 316 1D artificial
pit in 1 M HCI bulk solution [56]. Thus the second assumption is not valid.

In the case of the first assumption, for dilute solutions, it is found that the diffusion-limited
current density is independent of bulk chloride concentration, consistent with Equation 2-12.
In this equation, AC is the difference between the concentration of metal ions at the dissolving
interface and the bulk solution. The concentration in the bulk solution is assumed to be zero,

and the concentration at the dissolving interface is the saturation concentration, Cey;.

Figure 6-8 and Figure 6-11 have shown that for dilute solutions, this value is constant,
however, at higher concentrations (above 1 M chloride salt solution), the common-ion effect
will cause the saturation concentration to decrease, changing the solution chemistry and
therefore invalidating assumption 1. The linear decrease of pitting potential with chloride
concentration in the relatively lower chloride concentration solution, which then steeply
decreases in the relatively higher concentration solution is also consistent with the simulation
of Laycock et al. [39].

In addition, Figure 6-18 and Figure 6-19 have shown that there are no obvious signs of
meta-stable pit formation during potential scan in 4 M and 5 M MgCl; solution, which is
consistent with the observed pit morphology: pits have open mouths and probably do not
require perforated covers. The pitting potential measured in 4 M and 5 M MgCl; solution has
been found to be in the range of -200 to -350 mV (SCE), which is close to the open circuit
potential of stainless steel in chloride solution. This may indicate pitting corrosion can take
place at open circuit potential in high chloride concentration solutions, which agrees
satisfactorily with Tsutsumi et al.'s observation [1] that pitting can only take place when the

chloride concentration exceeds 6 M.
6.4.6 Repassivation potential of pits in stainless steel in immersed solutions

From Figure 6-22, it can be seen that the repassivation potential decreases with the increasing
chloride concentration in the bulk solution. This result is consistent with the findings in
literature. Yashiro and Tanno [144] assumed the repassivation potential is similar to the
pitting potential, which is a linear function of the logarithm of chloride concentration. They
have validated the work by measuring the repassivation potential of 304 stainless steel in

NaCl solutions ranging from 0.01 to 2 M but at high temperature conditions (150 and 250 °C).
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Sridhar and Cragnolino [145] have confirmed that the repassivation potential (Ep) is
dependent on chloride concentration, but is less sensitive to chloride concentration than the
pitting potential (Eyir) by measuring alloy 825 samples at 95 °C. Anderko et al. have
developed a simulation model to predict the repassivation potential and found that the E,, has
a complex dependence on chloride concentration. From the result of the simulation, E;,
decreases with increasing chloride concentration, and decreases more steeply when the
chloride concentration is low [146]. The result in Figure 6-22 shows that E,, decreases with
the chloride concentration, and decreases steeply in the lower chloride concentration bulk

solution, which is consistent with Anderko et al.'s prediction.

As described in Section 2.4.5, another factor of importance in Kelly's model is the maximum

cathodic current (I¢max)- Icmax C&N be written as a sum of two terms as shown below:
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where the second term represents the cathodic kinetics, which are dependent on the

overpotential difference between repassivation potential (E,p) and the open circuit potential
(ECOI’I’)-

The values of E, used in the model are -0.4 V (SCE) for 304 stainless steel, and -0.25 V
(SCE) for 316 stainless steel [109, 110, 112, 114], which are based on the simulation of
Anderko et al. [146]. However, Anderko et al. indicated that E;, is expected to decrease with
increasing chloride concentration, but the chloride concentration assumed by Kelly and co-
workers is not clear [109, 110, 112, 114].

From Figure 6-22, it is clear that the value of measured E;, in 8 M chloride solution (which
corresponds to ~45% RH) is consistent with the value used in the model. However, the value
of E;p, measured in the current work is greater than the E;, used in the model when the
chloride concentration is lower than 8 M (>45% RH), and the value of measured Ey is
slightly lower than the E,, used in the model when the chloride concentration is 10 M

(~35% RH).

In the model, if the value of E,; is higher for chloride concentrations lower than 8 M
(>45% RH), the second term of maximum cathodic current supply (In(l¢ max)) decreases. This
means that only smaller pits can grow. However, if the value of Ey is lower (<45% RH), the

second term of maximum cathodic current supply (In(l¢max)) increases, so larger pits can
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grow. For successful use of the model, it is important that the value of E;, used should be

appropriate for the ambient relative humidity.
6.5 Conclusion

e When the chloride concentration of the bulk solution is below 1 M, the
diffusion-limited current density is independent of the chloride concentration. The
diffusion-limited current density decreases with increasing chloride concentration of
the bulk solution. This might be due to the common-ion effect and the decreasing
diffusion coefficient with the increasing chloride concentration.

e The percentage of critical pit solution chemistry (Cit/Csat) decreases with increasing
chloride concentration, which may indicate that in higher chloride concentration
solutions, it might be easier for pits to sustain the critical solution chemistry for
propagation.

e Two methods have been used to determine Tafel slopes: plotting the IR corrected
potential vs. current density in the salt layer-free regime, and plotting the IR corrected
transition potential vs. current density. The value of the Tafel slope found by the two
methods is fairly close.

e The pitting potential decreases with increasing chloride concentration. It decreases
linearly with chloride concentration in the relatively lower chloride concentrations,
and decreases more steeply in the relatively higher chloride concentration. The
repassivation potential also decreases with increasing chloride concentration.

e The electrochemical results of stainless steel 1D artificial pits can supply some hints in
the pitting prediction models on the input parameters: For example, the pit stability
product and repassivation potential was found to change significantly with increasing
chloride concentration, which should be considered when developing an atmospheric

pitting corrosion prediction model.
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7 Synchrotron X-ray diffraction studies of salt layers in artificial pits

containing concentrated chloride solutions

7.1 Introduction

Salt layers may form at the bottom of corrosion pits in stainless steels when the rate of
dissolution of the metal leads to production of metal ions at a rate that is greater than they can
diffuse away from the metal surface [31, 61, 68, 147]. Under atmospheric conditions, the
water activity, and thus solution concentration of the electrolyte layer will equilibrate with the
relative humidity. For example, in the case of magnesium chloride solutions, 90% RH
corresponds to about 1 M chloride solution (0.5 M MgCl,) and 60% RH corresponds to about
6 M chloride solution (3 M MgCl,) as described in Section 2.4 [1, 16]. The aim of the present
work is to explore how the relative humidity (solution concentration) affects the nature of salt
layers in stainless steel 304 and 316 artificial pits in 1 M and 6 M chloride concentration

solutions by the use of in-situ synchrotron XRD.

7.2 Diffraction patterns from salt layers

Artificial pits were grown in 304 and 316L stainless steel foils in 1 M chloride solution

(0.5 M MgCly). Both pits were grown to a depth of 1.5 to 2 mm under similar conditions

(see Section 3.4.3). Diffraction patterns were measured using an X-ray beam 2.5 um (vertical)
by 15 pum (horizontal) in experiments in which a series of measurements were made starting
with the beam in the solution, and progressively raising the sample until the beam was

incident on the metal. This process was repeated at 5 different locations along the pit surface
separated by 100 um. The five series of diffraction patterns showed similar trends, but were
relatively weak, so in order to improve the signal-to-noise ratio, the patterns were summed
over the series of measurements where there was diffraction from the salt layer. The

intensities were averaged to the strongest peak of FeCl,-4H,0 in the diffraction pattern.

Figure 7-1 shows the normalised diffraction patterns of salt layers at the dissolving surface of
stainless steel 304 and 316L in a 1D pit with 1 M chloride bulk solution at 1 VV (Ag/AgCl),
together with the standard diffraction patterns of FeCl,-4H,0 [148] and FeCl,-2H,0 [149]. It
can be seen from Figure 7-1 for stainless steel 304 and 316L in a 1D artificial pit that

FeCl,-4H,0 is the main phase in the salt layer. A few peaks of FeCl,-2H,0 are also observed;
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these appear to be stronger for 316 L compared with 304. Due to the limited beamtime, each

experiment was carried out for one time only.
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Figure 7-1 X-ray diffraction data from the salt layer on 304 stainless steel 1D pit interface (at
1V (Ag/AgCl)) in 1 M chloride and 6 M chloride solutions (MgCl; solutions of 0.5 M and

3 M, respectively) compared with a standard pattern for FeCl,-4H,0. Measurements were
made at Diamond Light Source 118 beamline at 12 keV. The data were obtained by summing
the diffraction patterns through the salt layer and normalised to the strongest peak of the

FeCl,-4H,0 phase in the summed patterns.

7.3 Effect of applied potential on salt layer

The applied potential has a strong effect upon the formation of the FeCl,-2H,0 salt layer.
Figure 7-2 shows that the dihydrate phase is found on 1D pit of stainless steel 304 in 1 M
chloride solution only when the applied potential is higher than 0.8 V (Ag/AgCl), and is not
found when the applied potentials are 0.6 V and 0.4 V (Ag/AgCl). Owing to time constraints,

it was not possible to make similar measurements on 316L.
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Figure 7-2 Diffraction patterns on stainless steel 304 1D artificial pit at various applied
potentials (0.4 V to 1.4 V vs. Ag/AgCl) in 1 M CI" solution (MgCl; solutions of 0.5 M).
Measurements were made at Diamond Light Source 118 beamline at 12 keV. The data were
obtained by summing the diffraction patterns through the salt layer and normalised to the

strongest peak in the FeCl,-4H,0 phase.

7.4 Phase distribution in the salt layer

The salt layer thickness of stainless steel 304 1D artificial pit was determined by counting the
number of frames of diffraction patterns in which a different pattern for a crystalline salt was
visible. As described in Section 3.7, the sample stage was first placed where the incident
X-ray entered the pit solution and was raised in 2 um increments through the salt layer. For
example, in 1 M chloride solution, there were 10+1 diffraction frames in which salt patterns
were observed across 5 different horizontal positions of the salt layer, thus the thickness of the
salt layer is assumed to be about 20+2 pum. However, there is uncertainty in estimating the

salt layer thickness since it involves judgments of where the salt layer begins and ends.

Since the beam size is 2.5 um (v) x 15 um (h) and is much smaller than the thickness of the
salt layer, it is feasible to characterise the composition of the salt layer as a function of

distance from the dissolving metal surface. Figure 7-3 shows the diffraction patterns from a
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stainless steel 304 1D artificial pit at various positions relative to the dissolving metal
interface at 1 V (Ag/AgCl). It can be seen that the dihydrate phase is found closer to the
metal/salt interface, whilst peaks of the main phase FeCl,.4H,0 are not obviously affected by

the position of the X-ray beam relative to the dissolving metal interface.
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Figure 7-3 Diffraction patterns on stainless steel 304 1D artificial (1 M CI) pit at various
positions relative to the dissolving metal interface at 1 V (vs. Ag/AgCl). Measurements were
made at Diamond Light Source 118 beamline at 12 keV. The data were obtained by summing
the diffraction patterns through the salt layer and normalised to the strongest peak in the
FeCl,-4H,0 phase.

7.5 Effect of bulk solution chloride concentration on the salt layer

Figure 7-4 shows single frames from the diffraction data obtained from salt layers in stainless
steel 304 and 316L 1D artificial pits in 1 M and 6 M chloride bulk solutions. It can be seen
that the diffraction pattern from the 1 M chloride bulk solution is more continuous and less
'spotty’ than that obtained from a 6 M bulk chloride solution. This indicates that the
crystallites present in 1 M chloride solution are smaller and more numerous than those in the

6 M solution.
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Figure 7-4 Diffraction patterns of salt layers in stainless steel 304 and 316L 1D artificial pits
dissolving in 1 M chloride solution (left) and 6 M chloride solution (right) at 1 VV (Ag/AgCl)
for crystallite morphology. The diffraction pattern of 1 M chloride solution is a single frame
pattern 12 um above the metal/salt interface, and the diffraction pattern of 6 M chloride
solution is a single frame pattern 20 um above the metal/salt interface. The single frame

pattern was selected in the middle of the salt layer.
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The chloride concentration can also affect the formation of FeCl,-2H,0. Figure 7-5 shows the
salt layer diffraction patterns of stainless steel 304 and stainless steel 316L 1D artificial pits in
1 M and 6 M chloride bulk solution. There are more ferrous chloride dihydrate phase peaks in
1 M chloride bulk solution than 6 M chloride solution for both 304 and 316L. Since the
diffraction patterns are normalised to the strongest peak of the FeCl,-4H,0 phase, the ratio of
FeCl,-2H,0/ FeCl,-4H0 is higher in 1 M chloride solution than 6 M chloride solution. This
possibly indicates that more dehydrated phase salt is formed in 1 M chloride bulk solution
than 6 M. This is surprising, since the water activity is lower in the bulk solution of 6 M
chloride than in 1 M chloride, hence from a thermodynamic viewpoint it is easier to form

FeCl,-2H,0 in a higher chloride concentration solution.
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Figure 7-5 Diffraction patterns on 1D pit of stainless steel 304 and 316L at 1 M and 6 M

chloride bulk salt solution at 1 V (Ag/AgCl). Measurements were made at Diamond Light

Source 118 beamline at 12 keV. The data were obtained by summing the diffraction patterns
through the salt layer and normalised to the strongest peak in the FeCl,-4H,0 phase.

Table 7-1 shows the salt layer thickness of stainless steel 304 and 316 L artificial pitsin 1 M
and 6 M chloride solutions. The salt layer thickness was obtained by counting the number of
frames with salt patterns as described in Section 7.4. It can be seen that the salt layer thickness

in 6 M solution is much higher than the thickness in 1 M solution.
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Table 7-1 Salt layer thickness of stainless steel 304 and 316L artificial pitsin 1 M and 6 M

chloride solutions. The error is due to five different horizontal positions across the salt layer.

Materials Solution Salt layer thickness
(Lm)
SS304 1MCI 2042
SS304 6 MCI 52+8
SS316L 1MCI 18+2
SS316L 6 MCI 44+4

Figure 7-6 shows the measured diffusion-limited current density of stainless steel 304 and

316L 1D pitin 1 M and 6 M chloride solution during the XRD characterisation. It can be

seen that the diffusion-limited current density in 6 M chloride solution is much lower than in

1 M chloride solution.
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Figure 7-6 The diffusion-limited current density of stainless steel 304 and 316L 1D artificial

pit vs. time (arbitrary time) measured during the synchrotron X-ray diffraction

characterisation experiment. The current density is measured on the same 1D pit by switching

the solution. The pit is grown in 1 M and 6 M chloride solutions at 21+1 °C. The pit depth

was 1.5-2 mm.
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7.6 Discussion
7.6.1 Salt layer composition

A salt layer is only found in stainless steel artificial pits during metal dissolution, which is a
dynamic process. Figure 7-1 shows that the FeCl,-4H,0 and FeCl,-2H,0 salt crystallites are
found in stainless steel 304 and 316L 1D artificial pits in 1 M chloride solution, and the
tetrahydrate phase is the main phase in the salt layer. Isaacs et al. [52] found iron enrichment
in the region of the salt film, Rayment et al. [73] reported the salt film consists of FeCl,-4H,0

on stainless steel 316 1D artificial pits. These results are consistent with previous findings.

7.6.2 Effect of applied potential on the formation of ferrous chloride dihydrate in the
salt layer

Figure 7-2 shows that FeCl,-2H,0 is found when the applied potential is 0.8 V (Ag/AgCl)
and above, but is not found when the applied potential is 0.6 and 0.4 V (Ag/AgCl). This might
be due to the thickness of the salt layer, which is dependent on the applied potential.
Novakovski and Sorokina [74], Tester and Isaacs [61] have found that 1D salt-covered pits
propagate by diffusion control, and when the applied potential changes (higher than the
transition potential forming the salt layer), the salt layer can self-regulate its thickness to
adjust the ohmic drop within the pit to maintain the pit dissolution rate at the same value as
the diffusion-controlled rate [31, 61, 74, 150]. Thus a higher applied potential will result in a
thicker salt layer on the 1D artificial pit.

It is possible that water molecules are more easily transported through a thinner salt layer to
form thermodynamically stable FeCl,-4H,0. However, when the applied potential is high, a
thicker salt layer forms and the diffusion path for water molecules is longer so that the rate of
transport to the inner part of the salt layer will be lower. In the inner part, FeCl,-2H,0 might

form because the environment has a low water activity.
7.6.3 Internal structure and thickness of the salt layer

Figure 7-3 shows that the salt layer thickness is about 20 um thick on stainless steel 304 1D
artificial pit in 1 M chloride solution, which is contradictory to other findings in the literature
that the salt layer is nanometres thick [65-67]. However, the comparison may not be valid,
since the salt layer thickness reported by Beck and Alkire was obtained by consideration of

small pits.
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It also can be seen from Figure 7-3 that the FeCl,-2H,0 phase is only observed in the salt
layer closer to the metal dissolving interface, which indicates the salt layer has a bi-layer
structure. The possible explanation is similar to that discussed in Section 7.6.2. It is possible
that when the relative position of the salt layer is close to the dissolving metal surface, the
diffusion length of the water molecules is relatively longer that the environment might be lack

of water for FeCl,-2H,O formation.

Vetter and Strehblow have studied the salt layer and assumed it is not porous [65]. Beck has
found that the salt layer is a high-field conduction layer but has also indicated the salt layer is
possibly covered with an outer hydrated layer that water molecules can pass through [67, 151].
Clerc and Landolt have studied the salt layer with AC impedance method and found that the
salt layer has a duplex layer where the outer layer is porous and the inner layer is compact
[70]. The result of inner salt layer consists of FeCl,-2H,0 and FeCl,-4H,0 phase, and outer

layer consists only FeCl,-4H,0 layer is consistent with previous findings.
7.6.4 Effect of chloride concentration on the diffusion-limited current density

It is surprising to find that the dehydrated phase salt is formed more readily in 1 M chloride
bulk solution than in 6 M chloride solution, as shown in Figure 7-5. It may be due to the
different diffusion-limited current density in the pit, or to different porosity of the salt layer in

the two chloride solutions.

Some lab-based experiments have been carried out by using wire artificial pit electrode, and
the result is shown in Figure 7-7. Figure 7-7 shows the current-voltage characteristic of the
1D artificial pits in 1 M and 6 M chloride solution. As described in Section 6.2.4, the plateau
of current density, independent of potential, means that the system is under diffusion control.
The lab based measurements confirm that the diffusion-limited current density of 1D pit in

1 M chloride solution is much higher than it is in 6 M chloride solution. As discussed in
Section 6.4.1, common-ion effect reduces the solubility of dissolving metal ions in higher

chloride concentration solution.
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Figure 7-7 Current-voltage characteristics of stainless steel 304 1D pit dissolving in 1 M and

6 M chloride solution on 250 um diameter pencil electrodes at ~500 pum deep pit at 20+2 °C.

Since the production rate of metal ions within the pit depends on the diffusion-limited current
density; a higher diffusion-limited current density means that more metal ions are produced.
Each metal ion needs several water molecules to form metal chloride water complexes to be
dissolved. Monir has found that the formation of Fe chloro-complexes close to the interface of
a 1D artificial pit and the formation of Fe(H,0)¢>* near the pit mouth by using the synchrotron
in-situ spectroscopy method [56]. He has also detected the formation of Cr(H,0)s*" and
Ni(H,0)¢>". This indicates that water molecules are consumed in the pit cavity to solvate
metal ions during the metal dissolution process. A higher diffusion-limited current density
leads to a higher metal ion production rate, which can result in the consumption of more water
molecules. The metal dissolving interface in 1 M chloride solution may be more depleted of
water to the higher interface current density, which increases the possibility to form

FeCl,-2H,0 compared with 6 M chloride solution.

7.6.5 Effect of chloride concentration on the porosity of the salt layer

As discussed above, Clerc and Landolt have suggested that the outer part of the salt layer is

porous [70], and Beck has proposed that water molecules can transport through the outer part

147



of the salt layer. The relatively porosity of the salt layer in 1 M and in 6 M chloride solution

may be estimated if two assumptions are made:

1. FeCl,-4H,0 and FeCl,-2H,0 salt crystallites are not conductive and the porosity in the salt
layer provides paths for ion condution.

2. The pores of salt layer are uniformly distributed across the salt layer.

Figure 7-8 shows a schematic diagram of the 1D artificial pit with salt layer after making

these two assumptions so that a simplified calculation can be carried out.

solution solution

Figure 7-8 A schematic diagram of the assumption to calculate the resistance of pit solution:
naturally formed salt layer (left) and the simplified assumption of salt layer formation (right)

on stainless steel 1D artificial pit.

From Figure 7-8, when the pit is covered with a salt layer, the total cell resistance (Riota) Can
be divided into two parts, the pit solution resistance in the salt free state (above the salt layer)

region Rsaree and the resistance across the salt layer Rsy: (Equation 7-1):

Riotal = Rasaltree + Rsatt Equation 7-1

148



Rsait IS proportional to the resistivity of the electrolyte within the salt layer p, the salt layer
thickness lsar, and inversely proportional to A, the cross sectional area of solution in salt layer
(Equation 7-2).

I
Rea = P SZ\” Equation 7-2

The cross sectional area of the solution in the salt layer A is the product of the electrode

cross-section area Aeiectrode, and the porosity of the salt layer » (Equation 7-3).

A= 77Aelectrode Equation 7-3

Thus the porosity of the salt layer (1) can be expressed as Equation 7-4.

A |
=L Equation 7-4

'%Iectrode RsaItAeIectrode

n

Since the solution in the salt layer is saturated, resistivity p is approximately the same in 1 M
and 6 M solutions. The electrode cross-section area Aciectrode 1S lS0 the same. The relative
porosity in the two solutions is the ratio of the porosity of the salt layer in 6 M solution (y7em)
to the porosity of salt layer in 1 M solution (71m), which then can be expressed as Equation
7-5, where Ryy and Ry are the pit solution resistances in 1 M and 6 M chloride solution

respectively.

sm I6M Ry

Relative porosity = Equation 7-5

M IlM 6M
The parameters in Equation 7-5 such as the pit solution resistance in the salt layer region (Rsai)
and the salt layer thickness can be either directly measured or calculated. The salt layer
thickness is counted from the diffraction patterns through solution to metal. The pit solution
resistance is measured in-situ during the XRD experiment by the impedance method at a

steady high frequency of 50 kHz.

The relative porosity of the salt layer in 6 M chloride solution to 1 M can be then calculated
by Equation 7-5 and the data are shown in Table 7-2. The relative porosity of salt layer in 6 M

to 1 M chloride solution is approximately 1.5~1.7, which means the salt layer in 6 M chloride
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solution might be slightly more porous. Thus it might indicate there are more paths for water
molecules to diffuse to the metal dissolving interface in the 6 M chloride bulk solution,

forming thermodynamically stable salt FeCl,-4H,0 rather than FeCl,-2H,0.

Table 7-2 Relative porosity of salt layer calculation on 1D pit on stainless steel 304 and
316L.The pit solution resistivity is measured in lab based experiment on stainless steel 304

1D artificial pits.

Materials Chloride Cell Pit solution Salt Relative
concentration resistance resistance thickness porosity
(M) ‘salt-free’ (um)
(kQ) Nom / Nim
(kQ)
304 1M 7.3+0.2 0.8+0.1 20+2 15
6 M 12+3 0.9+0.1 52+8
316L 1M 7.1+0.2 0.8+0.1 18+2 1.7
6 M 10.0+0.5 0.9+0.1 44+4

7.6.6 Why is more ferrous chloride dihydrate formed in a more dilute solution?

As discussed in Section 7.6.4, the diffusion-limited current density of a 1D stainless steel pit
in 6 M chloride solution is much lower than the current density in 1 M chloride solution,
which produces metal ions at lower rate at the interface, and thus requires slower transport of
water molecules to form metal water complexes, which might be another reason to produce
less FeCl,-2H,0.

As discussed in Section 7.6.5, XRD shows that the salt crystallites formed in 1 M chloride
solution are relatively fine compared with the crystallites formed in 6 M chloride solution.

The relative porosity shown in Table 7-2 indicates that it is probably that the salt layer formed
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in 6 M chloride solution is more porous. Water molecules can have more access to diffuse
more rapidly to the interface in the 6 M solution forming FeCl,-4H,0 salt rather than
FeCl,-2H,0. Thus the lack of formation of FeCl,-2H,0 seems to result from a combination of

layer pores and the lower demand for water transport to the interface.

Figure 7-9 shows a schematic diagram of salt layer formation on stainless steel 1D pitsin 1 M

and 6 M chloride bulk solution based on the discussion in Sections 7.6.4 and 7.6.5.

1 M chloride solution 6 M chloride solution
thin salt layer thick salt layer
solution solution

Water diffuses to the
metal/salt interface

H,0
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Figure 7-9 A schematic diagram of the assumption of the salt layer formation in 1 M and 6 M

chloride bulk solution.

7.7 Conclusions

A salt layer forms at the bottom of a 1D artificial pit of stainless steel in 1 M and 6 M
chloride salt solution, and the dominant phase is FeCl, 4H,0. There is no significant

difference of salt layer formation between 316 artificial pits and 304 artificial pits.

With a bulk chloride concentration of 1 M, the salt crystals formed at the 1D pit bottom are

smaller than those formed at higher bulk chloride concentration (6 M).
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For potentials of =0.8 V (vs. Ag/AgCI) in 1 M chloride bulk solution, a dehydrated phase of

iron chloride FeCl,-2H,0 is formed adjacent to the electrode surface.

Surprisingly, at 1 V (Ag/AgCl), the amount of the dehydrated phase is greater in 1 M chloride

solution than in 6 M. This may be attributed to two reasons:

- amore porous salt layer is formed in 6 M bulk solution, leading to easier access of

water to the dissolving metal surface
- alower diffusion-limited current density in 6 M chloride bulk solution leading to a

lower “demand” for water to solvate the metal ions formed in the dissolution reaction.

These two factors probably lead to a higher water activity adjacent to the dissolving metal
surface for a bulk solution of 6 M, favouring formation of the thermodynamically stable
salt FeCl,-4H,0.
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8 General discussion and Future work

8.1 General discussion
8.1.1 Pit growth under atmospheric conditions
8.1.1.1 Pit morphology

Deposition of electrolytes by inkjet printing has been used to characterise pits grown under
realistic atmospheric conditions. Most of the observed pits are shallow and have an open pit
mouth. In-situ pit growth in real time has been characterised by synchrotron X-ray
micro-tomography. Three pit morphologies were observed, of which the open mouth, dish
shaped shallow pit was the most common pit, which agrees with the results of inkjet printing
measurements and the work of Maier and Frankel [18].

Pit morphology on abraded wire electrodes has been characterised in high chloride
concentration solutions under immersion conditions such as 4 M MgCl; solution, which
corresponds to about 45% RH. Open mouth, shallow pit was observed, which agrees with the
micro-tomography work and inkjet printing work.

It should be noted that the pit morphologies of the real atmospheric pits and pits formed under
immersion conditions are very different from the morphology of 1D artificial pits. The pit
depth of the real pits is less than 50 pum after exposure for a few days, but the pit depth of the
artificial pits in the current work can reach more than 1 mm. A deep artificial pit is used to
examine the electrochemical behaviour of pits under 1D diffusion conditions in which the
diffusion barrier at the entrance to the pit can be neglected. However, the difference in pit

morphology may affect the pit growth kinetics as discussed in the section below.
8.1.1.2 Pit growth kinetics

'As described in Section 6.2.4, the steady state growth of an artificial pit with a salt film at the
dissolving interface is under diffusion control. The growth in depth of 2D pits has also been
shown to be under diffusion control by Ghahari [135]. However, there is no obvious
indication in the present work that the growth of real pits in depth is under diffusion control.

This is possibly due to the difference in depth between the artificial pits and real pits.

Equation 5-6 shows that under diffusion-controlled conditions, there is a linear relationship

153



between (pit depth)? and the concentration difference between the bottom of the pit and the
pit mouth (C,-Cpy).

In 1D pit experiments, pits were grown to a depth where the diffusion length can be regarded
as equal to the pit depth and the diffusion barrier at the pit mouth can be neglected and Cy, can
be assumed to be zero. In 2D pit experiments, pits were grown under immersed conditions
[135].In the 1D and 2D pit experiments, C, can be assumed to be zero. However, under
atmospheric conditions, the pit is shallow, but the volume of the electrolyte layer is limited,
and the metal concentration of the electrolyte can be quite high especially when corrosion
products dissolve. The metal ion concentration at the pit mouth (Cy,) might not be a constant

during pit growth.

It should also be noted that the atmospheric pit volume increases with increasing chloride
deposition density as shown in Chapter 4 and Chapter 5, which may be due to the lower
ohmic drop within a thicker electrolyte layer. It is also possible that the growth of real pits is

under ohmic drop control, however, further evidence is required to confirm this.
8.1.1.3 Pit stability product

The pit stability product ix of 1D artificial pits on stainless steel was found to decrease with
increasing chloride concentration. For example, ix has been found to be about 0.50-0.79 Am™
in 1 M chloride solution, which agrees with Pistorius and Burstein's finding [35], but can
decrease to 0.07-0.17 Am™in 6 M chloride solution. This indicates the possibility of pit
propagation with a significantly lower stability product in high chloride concentration
solutions. It probably also explains that stable pits have been observed at relative humidity

corresponding to =6 M [1, 80]: at lower RH, a much lower pit stability product is required

for pit propagation.

The pit stability product of a real atmospheric pits has been estimated by using the average
current density measured by micro-tomography and using an estimated pit depth of 30 um.
The pit stability product of real pit was estimated to be as low as 6 x 10° Am™. However, it is
not clear that the real atmospheric pit growth in depth is under diffusion control so this

estimation of ix might not be valid.
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8.1.1.4 Pitting potential and repassivation potential

The pitting potential and repassivation potential have been measured on abraded wire
electrodes under immersion conditions. Both the pitting potential and the repassivation
potential decrease with increasing chloride concentration, which is consistent with Laycock et
al.'s assumption [39] and Anderko et al.'s assumption [146]. There are no obvious signs of
meta-stable pits formation during potential scans in 4 M and 5 M MgCl; solution, which is
consistent with the morphology of real pits: pits have open mouths and do not have perforated
covers. The pitting potential measured in 4 M and 5 M MgCl; solution has found to be in the
range of -200 to -350 mV (SCE), which is close to the open circuit potential of stainless steel
in chloride solution. This may indicate that pitting corrosion can take place at open circuit
potential in high chloride concentration solutions, which agrees satisfactorily with to
Tsutsumi et al.'s work, who found that real pits can only form when the chloride concentration
exceeds 6 M [1].

8.1.1.5 Salt layers

Salt layer formation in 1 M and 6 M chloride solutions has been observed by synchrotron
XRD on stainless steel 1D artificial pits. This approach is based on the work of Rayment et al.
[73]. However, the salt film is characterised in high chloride concentration solution as it is
close to real atmospheric conditions. The observation of salt film formation in concentrated
chloride solution might indicate the possibility of salt film formation in real pits under
atmospheric conditions. Furthermore, FeCl,-2H,0 phase salt has been observed in the present
work, which might indicate the corrosion environment can lack water, and the

thermodynamics of the dissolving interface might not be stable.
8.1.2 Effect of chloride deposition density on pit growth

Synchrotron X-ray micro-tomography measurements have shown that pit volume increases
with increased chloride deposition density, which agrees with the findings of inkjet printing
measurements. Increasing pit volume with increasing chloride deposition density might be
associated with a lower ohmic drop between the electrolyte layer and the pit. Under a fixed
relative humidity, a thicker droplet/electrolyte layer can form in a fixed area if the chloride
deposition density is high, which leads to a lower resistance to the pit thus a higher current
density for pit growth. The pit growth associated with the ohmic drop is consistent with Chen

and Kelly's assumption [110].
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8.1.3 Synchrotron X-ray beam damage

Nagy and You [137] have reported that an intense radioactive beam might affect
electrochemical processes. In the current work, synchrotron X-ray micro-tomography has
been used to observe the in-situ pit growth in stainless steel under atmospheric conditions,
however, the time to collect each tomogram is about 40-50 minutes, which may lead to beam
damage. The comparison of the synchrotron X-ray micro-tomography measurements with the
lab based measurements have shown that the beam damage may lead to increasing numbers of
pits.

Synchrotron XRD has been used to characterise the salt layer on stainless steel 1D artificial
pits. As discussed above, synchrotron X-ray radiation may lead to beam damage of the sample,
which may increase the local temperature that affects corrosion. The energy of the beam and
the beam intensity were selected to aquire data of adequate quality while minimising beam
damage. Attenuation was always used to reduce the intensity of the beam to mitigate against

beam damage.
8.1.4 Recommendation for end users

One of the objectives of this work is to provide a scientific basis for making recommendations

for safe conditions for above-ground storage of intermediate level nuclear waste.

The X-ray micro-tomography results are consistent with a lower chloride deposition density
limit of 10 to 20 pg/cm? for pitting to take place, which is similar to the limit for
atmospherically-induced stress corrosion cracking (AISCC) formation between 10 and

25 pg/cm? found in the work of Albores-Silva [152]. This supports the suggestion that

chloride deposition levels should be limited with the use of filters for safe storage conditions.

A limited range of RH controls has been applied in the atmospheric corrosion experiments,
thus the results presented do not provide a sufficiently robust basis for recommendations on
the RH for safe storage. However, the electrochemical results in more dilute solutions have
shown that repassivation becomes easier as the solution is more dilute, which is equivalent to
higher RH. Thus fluctuations in RH to higher values may completely passivate pits, or could
passivate the pit mouth but allow the pit bottom to continue to grow, giving deeper and more

damaging pits. Thus the effect of cycling RH needs further study.
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8.2 Future work
8.2.1 Establishing the mechanism of real pit growth in depth

It has been reported that pit growth in depth is under diffusion control in 1D artificial pits [36,
61], and a recent work carried out by Ghahari [136] reported that under immersion conditions

a 2D pit growth in depth is under diffusion control.

In the current work, the increase in depth of corrosion pits with time has been measured with

X-ray micro-tomography. For the three pits measured here, the growth rate was not consistent
with diffusion-controlled growth assuming a constant solution concentration at the pit mouth.
Although further work is needed to confirm this, it is likely that the confined electrolyte in the

droplet also provides an additional diffusion barrier, which is not taken into account here.

Measurements could be planned on the same materials with more time interval measurements
to validate if real pit growth in depth is under diffusion control by synchrotron X-ray
micro-tomography. As well as planning synchrotron radiography measurements on 2D pit
under a limited electrolyte layer to check if the kinetics of pit growth in depth has been
affected by a limited volume of solution.

8.2.2 Extending to sea salt deposition and solution conditions

In the current work, all the experiments were carried out in MgCl, solution or under a MgCl,
electrolyte layer. However, in real atmospheric conditions, aerosols consist of a mixture of
salt, such as NaCl, MgCl,, and CaCl; etc [82]. Synchrotron X-ray micro-tomography, XRD
and electrochemical methods can be used to study atmospheric pitting corrosion under mixed
salt solution electrolyte layer, or in immersed mixed salt solution. However, it is essential to
develop the inkjet printing deposition method to deposit mixed salt solutions. The present
study has used one cartridge containing MgCl, solution. For the future work, multiple

cartridges could be used containing different salt solutions.
8.2.3 Extending to wet-dry cycling exposure conditions

The present work on synchrotron micro-tomography has focused upon metal pins exposed to
constant relative humidity. However, in real atmospheric conditions, wet-dry cycling is more
common, which may affect corrosion activities. Hastuty et al. have characterised pitting

corrosion of stainless steel 430 in drying process and reported that pitting corrosion would
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take place in the chloride concentration range of 6 M to 8 M no matter whether a fast or a
slow drying rate was used. Chen et al. [153] investigated to corrosion behaviour of mild steel
during wet-dry cycles and reported that meta-stable pits are more common and uniformly
distributed in wet cycles rather than in dry cycles.
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9 Conclusions

1. Atmospheric pitting corrosion of stainless steel was investigated under salt droplets
formed by direct deposition, and those formed by deliquescence of salt circles formed
with an inkjet printer. For pits grown under deliquesced salt patterns, it was found
that the size of a pit increases with increasing original deposit diameter; this is likely
to relate to an increase in the available cathodic area of the droplet. The size of pits
also increases with increasing chloride deposition density, which is probably

associated with the lower ohmic drop for a thicker droplet/electrolyte layer.

2. In-situ pit growth in real time under atmospheric conditions was investigated by
synchrotron X-ray micro-tomography. Most of the pit morphologies were found with
an open mouth and a shallow depth, which is consistent with pit morphologies
observed in the inkjet printing. However, pits can grow very deep if there are

pre-existing defects within the material.

3. The depth of pits under atmospheric conditions has been observed to increase with
time, but the growth rate has not been found under diffusion control, which is very

likely due to the limited electrolyte volume providing an additional diffusion barrier.

4. The pit stability product of atmospheric corrosion pits is estimated to be about 6 x 10
Am™ using in-situ X-ray micro-tomography. This value is far below the pit stability
product determined in immersion conditions. However, it is not clear that the depth of
atmospheric corrosion pits in depth increases under diffusion control so the pit

stability product might not be a relevant parameter.

5. The diffusion-limited current density (i;m), critical pit solution chemistry for pit
propagation (Ccit/Csa) and pit stability product (ix) on stainless steel 1D artificial pits
have been found to decrease with increasing chloride concentration. However, the

Tafel slope appears to be independent of chloride concentration.

6. Both the pitting potential and the repassivation potential decrease with increasing
chloride concentration. The pitting potential decreases linearly with increasing
logarithm of chloride concentration when the chloride concentration is relatively low
(=2 M), and decreases more steeply when the chloride concentration is relatively high.

The pitting potential measured in high chloride concentration solutions has been found
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9.

to be close to the open circuit potential, which indicates that pitting corrosion is likely
to take place at open circuit potential under atmospheric conditions corresponding to

high chloride concentration solutions.

Salt layer formation has been detected in 1D artificial pits in both 1 M and 6 M
chloride solutions. The dominant phase is FeCl,-4H,0, but the dehydrated phase of
FeCl,-2H,0 is also found. The formation of FeCl,-2H,0 was only observed at
relatively higher applied potential (= 0.8 V vs. SCE), at positions relatively close to
the dissolving interface. The amount of FeCl,-2H,0 is greater in 1 M chloride solution
than 6 M solution, which is possibly due to a more porous salt layer formation in 6 M

solution or due to a lower diffusion-limited current density in 6 M solution.

Intense synchrotron X-rays may lead to beam damage that can affect initiation of pits
under atmospheric corrosion conditions. Multiple pits were formed after several X-ray

micro-tomography scans.

The work can be used to provide a basis for recommending safe chloride deposition
levels (10-20 pg/cm?®) to minimise the risk of pitting corrosion, as well as giving an
indication of the effect of relative humidity.
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