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Abstract

This thesis aims to investigate sites where corrosion initiates on an austenitic
stainless steel used to encapsulate advanced gas-cooled nuclear reactor fuel when
in long term pond storage and subsequently provide insight into what happens
when corrosion propagates. The combination of both a critical temperature and
radiation dose within the reactor core may lead to very small quantities of this
stainless steel becoming sensitised. The first chapter is a discussion on the liter-
ature and past study on the subject. Within the second chapter, analysis of the
stainless steel in an as–received format is undertaken, and is relevant, given that
only a very small quantity of cladding may be rendered sensitised. This chapter
includes an investigation into Cl− concentration and temperature dependence.
The third chapter focuses on identifying the initiation points of localised inter-
granular corrosion (IGC) in freely corroding and perturbed environments. An
in–situ time–lapse microscopy and scanning vibrating electrode technique inves-
tigation are used in conjunction with post corrosion microscopy to study areas
affected by IGC. The fourth chapter describes a higher resolution approach to
investigating the initiation point of IGC. A scanning Kelvin probe force micro-
scope is used to map the surfaces for areas in which corrosion may occur, while
an atomic force microscope was used to provide high resolution images of tens
of grains undergoing in–situ IGC. The aim of the final chapter is to provide
an insight into reducing corrosion rates using an NaOH pre-treatment. NaOH
is used in two different concentrations to study the effect on the free corrosion
and breakdown potentials (Ecorr and Eb) on as-received and sensitised 20/25/Nb.
This study will provide a scientific backbone that the industry may use to target
areas of further research, helping provide ongoing safe storage of spent nuclear
fuel in the UK.
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1.1 The Advanced Gas-cooled Reactor

1.1.1 History

The advanced gas-cooled reactor (AGR) is a nuclear reactor which uses carbon

dioxide gas (CO2) as a coolant. There are 14 AGRs in operation in Britain,

located at 6 different sites (table 1.1). A stainless steel fuel cladding alloy was

produced especially for the programme following testing and development at the

Windscale AGR test reactor (Sellafield, Cumbria) during the 1960s and through

to the 1980s. AGR designs differ from PWR and BWR (pressurised/boiling

water reactor) designs in that the AGR uses a gas rather than water as a coolant.

The AGR is the UK’s second generation gas-cooled reactor design using carbon

dioxide; building on previous experience from the Magnox (MAGnesium No-

OXide) gas reactor design. The AGR operates at increased gas temperatures

than Magnox reactors; allowing greater thermal efficiencies, thereby reducing the

cost of electricity. At such temperatures initially proposed for the AGR design,

the magnesium alloy fuel cladding would have simply melted. Therefore thin

gauge stainless steel (SS) provided fuel encapsulation. Poorer neutron absorption

qualities meant that uranium metal was no longer feasible, and instead lightly

enriched uranium dioxide was used [1] [2]. Table 1.2 shows current UK AGR

power stations and expected closure dates.

Location Construction
started

First Power Expected Decom-
missioning date
(2016)

Dungeness B 1965 1985 2028
Hartlepool 1968 1989 2024
Heysham 1 1970 1989 2024
Heysham 2 1980 1989 2030
Hinkley Point B 1967 1976 2023
Hunterston B 1967 1976 2023
Torness 1980 1988 2030

Table 1.1: UK AGR build and expected decommissioning dates [3]
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Reactor Type Fuel Source Capacity (net
MWe)

First Power

Magnox Uranium metal 490 1971
AGR Enriched Ura-

nium dioxide
2 x (545 to 625) 1976

PWR Enriched Ura-
nium oxide

1188 1995

Table 1.2: Current and past UK nuclear reactors. AGRs are composed of two
reactor units per site. The UK has one PWR located at the Sizewell B site [2]

1.1.2 Fuel Cladding

The role of the fuel cladding is to provide encapsulation of fuel. In an AGR the

cladding takes the form of a tube, which holds lightly enriched uranium dioxide

fuel in the form of cylindrical pellets. Thirty-six of these tubes form what is

known as fuel element, an example is shown in figure 1.1. The fuel element sleeve

itself is constructed of graphite which acts as a moderator. The moderator is

used to decrease neutron energies from fast to thermal energies (∼1/40 eV) so

that they are effective for the fission process [4] [5] [6]. Depending on the AGR,

up to 8 of these fuel elements are stacked atop one another to form what is known

as a ‘fuel stringer’ [7].

Figure 1.1: Fuel element at EDF Barnwood

Stainless steels can be classified into 4 types: Ferritic (body-centred cubic,
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BCC), Austenitic (face-centred cubic, FCC), and Martensitic (BCC or body-

centred tetragonal, BCT) [8]. Alloys containing ferritic and martensitic crystal

structures are called duplex stainless steels. Austenitic 300 series stainless steels

have a chromium-nickel (Cr-Ni) base. The most common SS grade is today

is austenitic. Type 304 has a composition of 18 wt% Cr 8 wt% Ni, and has

satisfactory corrosion resistance for most standard applications (cutlery, kitchen

sinks, pans, indoor architectural applications).

The fuel cladding used within an AGR is a bespoke grade, belonging to the

austenitic family of stainless steels. It is commonly referred to as 20/25/Nb,

named after the main constituents of the alloy, chromium (Cr), nickel (Ni) and

a stabiliser, niobium (Nb). The alloying composition is shown in table 1.3. Cor-

rosion rates for conventional austenitic SS (316L, 904L) are low (less than 0.005

milli-inches per year, 5000 hours salt spray, seawater), with resistance to corro-

sion being dependant on the alloying content of Cr, Mo and Ni [9]. It is generally

believed that in order for a stainless steel to remain ‘stainless’, the alloy needs to

contain Cr levels of at least 13.5% [10] [11] [12] [13]. This ensures resistance to

general corrosion, such as that which may occur in iron. As such, it is desirable

to alloy high amounts of Cr in a stainless steel for better corrosion resistance.

There is however a finite limit the amount of Cr within the alloy; as sigma phase

and chromium nitrides begin to precipitate from solution, leading to reduction

in ductility, toughness and even corrosion resistance [14]. Cr is the passivat-

ing element in the stainless steel, forming an invisible, self-healing, non-porous,

nanometer-scale, protective film rich in Cr [15]. The thin-oxide films rebuild in

most environments; greatly lowering corrosion rates for SS. In most normal cases

the SS are said to be passive, as the rate at which metal is consumed is smaller

than the rate at which the passivating film rebuilds [16]. Films have been reported

to be 1.3 and 1.5 nm for type 304L and 316L respectively using depth profiling x-

ray photoelectron spectroscopy [17]. The same author showed these passive films

contain Cr(iii), Fe (ii) and Fe(iii) type oxides, with an Cr(iii) hydroxide forming
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the outer film. Thus it is expected that the film thickness on this austenitic SS

will be within the same range. Newman [18] considers, under most instances, the

Cr2O3 film to be less than 2 nm. Should the passive protective chromium-iron

oxide film rupture (depassivation) Ni has the positive effect of lowering corrosion

rates [19]. Carbon content in the 20/25/Nb alloy is 0.04-0.08 wt. %, which is

a result of the addition of Nb. Nb has a high affinity for C, forming inclusions

of niobium carbide (NbC), lowering C content within the matrix [10] [20]. This

is known as stabilisation, aiding prevention of sensitisation which may occur at

weld locations [21] [22]. The C content in this alloy is the same as standard

type 304 and 316 SS. Nowadays, modern metallurgical manufacturing techniques

allow carbon content to be reduced even further. The argon oxygen decarburisa-

tion (AOD) or vacuum oxygen decarurisation (VOD) processes may be used to

produce low carbon content ‘L’ types (0.03 wt. % C) [23] [24] [25] [26] [27].

Table 1.3: AGR cladding composition [28]

1.1.3 AGR Fuel Element Manufacture

Stainless steel AGR fuel elements (tubes, sleeve, fuel enrichment) are produced

by Westinghouse Fuels Limited. The SS fuel cladding tubes are composed of two
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main parts; a 900 mm tube and an end cap, both made from the 20/25/Nb SS

alloy. Each of these tube structures has helical ribs machined onto the outer sur-

face for increased thermal conductivity of pin to coolant, and to ensure turbulent

coolant flow. Helical ribs run the length of the tube; fabricated from a tube of

larger diameter using a lathe.

Figure 1.2: AGR fuel production at Springfields Ltd. [29]

Following lathe machining, an end cap is inserted onto one end of the tube.

The end cap is formed from a flat bar of the material. The SS flat bar is cold

worked in order to introduce dislocations which strengthen the material, and is

subsequently annealed at 1050 ◦C. The tube also receives cold work prior to an

anneal at 950 ◦C. End caps resemble a sewing thimble of slightly smaller diameter

which allows it to sit flush inside the can. This is then twice welded to one end

of the fuel can; a roller spot weld first fuses the inside side wall to the cap by

electric current, whilst a tungsten inert gas (TIG) weld satisfies the joining of

the two rims together. The can end is then checked for leaks, dressed, and then

insulated with a sintox aluminium-oxide disc.

The tubes are subsequently loaded with toroid-shaped Uranium dioxide (UO2)

pellets. UO2 within the AGR is slightly enriched, to levels of 2.2-2.7% [2]. The
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hollow centre is added to allow for any expansion and contraction which can

occur under irradiation after the fuel assembly has been completed. In addition,

pellets are fixed in place by an anti-stacking groove (ASG) in order to limit

movement of pellets and expansion along the length of the can. Every fifth pellet

has a circumferential notch ground into it. The ASGs are added at a later stage.

Once each pin has been loaded with 64 pellets the tube is filled with helium

to promote heat transfer. A second sintox disc and end cap is inserted and, as

before, double welded; encapsulating the pellets. Tubes, now with end caps, are

moved to a hydraulic bath where the outside pressure is 1200 bar under water.

ASGs are formed where the tube wall deforms at notches under pressure. The

tubes undergo a leak test before travelling to a furnace where they are annealed

at 930◦ C in hydrogen to relieve work stresses. Finally the tubes are checked to

ensure they meet the correct geometry (i.e. not bowed), before final packaging

into a graphite sleeve. Each element consists of 36 of these tubes, held in position

by metal braces, a grid plate and a tie bar. The grid plate is manufactured from

a single piece of the same cladding alloy, machined by computer control. The

brace is constructed from SS stabilised with titanium (Ti), instead of Niobium.

These braces are located at the top and middle and bottom of the element. In

order to fix pins to the grid plate the ends are swagged into place. This decreases

the ability for the pin to rotate within the grid plate. Further information on

other components used within the assembly is provided in figure 1.3.

1.1.4 Spent AGR Fuel Storage

During the course of operation AGRs are refuelled and fuel is sometimes reshuf-

fled, in order to maintain a nominal energy throughput. Fuel assemblies stay in

the reactor for years at a time, this time is known as fuel burn-up. Burn-up times

may be longer or shorter depending on the neutron flux required and the plant

owner’s policy. AGR fuel burn-up has been increasing over time. Initial fuels

had a stringer mean irradiation of 5 GWd/te rising to 22 GWd/te in 1996, with

7



Figure 1.3: Cross section of the AGR fuel element showing fuel pins [30]

increases planned to 30 GWd/te [31] [32]. Though longer durations may be more

economic for the plant owner, integrity of the fuel cladding may be impacted as

it will be irradiated for longer periods of time.

Taylor [33] investigated sensitisation of stainless steel AGR fuel cladding from

the Hinkley Point B and Hunterston AGR stations. A modified version of the

Strauss test [34] was used to compare specimens that had been in reactor for a

number of years. In this experiment polished specimens are immersed in 37.5 g

CuSO4 · 5H2O, 37.5 g H2SO4, 328 ml of H2O. Cu powder was added to cover

the specimens, then the mixture was boiled for a period of 72 hours. The Strauss

test is a measure of the depth of attack from each surface of the specimen. The

investigation found that only material irradiated at a temperature range of 350–

520 ◦C became sensitised. Peak sensitisation, where the depth of attack from

the polished face was greatest, was found for specimens in the range 380–440 ◦C.

This corresponds to elements located at the coolest part of the gas flow at the

bottom of the reactor. The fuel irradiation temperature and burn up for Hinkley

Point B fuel stringer are given in figure 1.4. Results from the Strauss tests show

attack depth was proportional to increased burn up, at the temperatures ranging

between 380–440◦C. The attack depth was minimal for specimens at 460–600◦C.

The AGR spent fuel assembly initially cools in a gas flow allowing short-
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Figure 1.4: Fuel cladding conditions as a function of distance for stringer located
at Hinkley Point B, B4286 [33]

lived fission products to decay to low enough levels for stringer dismantling. The

individual fuel elements from the stringers are then cooled in roofed, borated

ponds for several months giving operators greater control over pond chemistry

and maintain low [Cl−] [31] [35]. Boric acid provides criticality control, and the

pH of ponds is neutral, through the addition of sodium hydroxide (NaOH).

Once fission products have decayed to safe levels, spent fuel elements are

transported from the nuclear power station to Sellafield. The thermal oxide re-

processing plant (THORP) provides interim storage for a period of less than

ten years in storage ponds before spent fuel can be safely dismantled and subse-

quently, reprocessed by chemical separation [36] . Upon delivery, spent AGR fuel

is immersed in ponds containing NaOH with a pH target range of pH 11.35 to

pH 11.45. Sellafield has shown NaOH is an effective corrosion inhibitor for spent

AGR fuel cladding over a period of at least 20 years [31] [37].

The AGR spent fuel storage route from power station to disposal is shown in

figure 1.5. The fuel handling plant provides storage for AGR fuel at the target

range of 11.35 to 11.45 as described above. THORP receipt and storage (TRS)

is a roofed, enclosed pond and water chemistry tightly controlled; demineralised
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water at neutral pH with chloride ion concentration ([Cl−]) < 0.5 ppm. TRS

does not employ a NaOH treatment stage due to the different types of fuel in the

pond (as of 2016).

Figure 1.5: The current Sellafield spent fuel route, 2011 Sellafield Plan [38]

Early post storage examination (PIE) performed on irradiated SS showed

corrosion rates were <0.2 µmyr−1 which, extrapolated for a 80 year duration

in-pond represents a 5% thickness loss [37]. These experiments were conducted

on the brace material through weight loss experiments. The brace material is

stabilised by Ti, instead of Nb, therefore giving a ‘upper limit’ for corrosion rate.

Original immersion tests of the fuel pins (SS tubes) in 1-100 ppm [Cl−] failed

within a range of 80-350 days, but with NaOH inhibitor (10 ppm [Cl−], 200 ppm

[OH−]) pins were stable for over a year. Sellafield predict if [Cl−] is maintained

below 0.5 ppm, with pond temperatures of 30 ◦C and pond pH at 11.7 then IGC

can be inhibited.

As previously discussed earlier in this section, fuel elements 1 and 2 are most

sensitive to becoming sensitised, and thus most susceptible to IGC [33]. Post

irradiation examination (PIE) conducted by Kyffin and Hiller [37] showed that

50% of fuel pins from these elements failed when in stored in >1 ppm [Cl−]

when irradiated >15 GWd/te. On the other hand, NaOH dosed ponds showed

no fuel cladding failures. Cross sections of NaOH treated specimens showed IGC

attack up to 40 µm depth, with only 3% showing deeper IGC cracks. More

recent inhibitor studies on more up-to-date high burn-up fuel cladding have been

conducted by Sellafield (<38 GWd/te). Specimens showed the SS were sensitised,
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but no more severely depleted of Cr than lower burn-up fuel cladding from the

original tests. In 2 ppm [Cl−] (50 ◦C) immersion tests IGC was inhibited using

pH 11.0 NaOH. The full results of the study are shown in table 1.4. Fuel cladding

stored at pH 9 NaOH did inhibit corrosion, but showed a lesser inhibitory effect.

To conclude, fuel cladding has been safely stored in in ponds using NaOH

(pH 11.4) and has not failed since 1989.1

[Cl−], ppm NaOH?, pH Condition
0.4 No Failure, 450 days
0.4 Yes, 9 No failure >1000 days
1.0 No Failure, 200 days
1.0 Yes, 9 No failure >1250 days
2.0 Yes, 11.0 IGC arrested (50◦C)
2.5 No Failure, 100 days
2.5 Yes, 9 No failure >400 days
Typical AGR pond
chemistry (c. 0.2-1.0)

Yes, 11.4 >26 years

Table 1.4: Spent AGR fuel cladding performance [37].

1.1.5 Carbon Deposition

Carbon dioxide (CO2 the AGR coolant gas) decomposes due to radiation forming

oxygen radicals which may either recombine with carbon monoxide (CO) to form

CO2, or react with the moderator (graphite) to form (CO).

CO2 → CO +O(radiolytic) (1.1)

O + C → CO (1.2)

Should the oxygen combine with the graphite (the moderator), then the mass

of solid graphite will decrease. This may limit the life of the reactor. As a

consequence, the coolant chemistry can be tailored to minimise the oxidation of

the moderator by using methane gas.

1Taken at time that reference was published; 2015.
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CH4 + 3CO2 → 2H2O + 4CO (1.3)

The addition of methane can have an effect on spent AGR fuel cladding

however, as post-service inspections have revealed the presence of carbon deposits

on the surfaces of the AGR fuel cladding stainless steel. The mechanism is as

follows:

CH4 → CH•
3 +H• (1.4)

CH•
3 → CH••

2 +H• (1.5)

2CH••
2 → C2H4 (1.6)

Radiation causes the methane to be converted to the unsaturated hydrocarbon

ethene, which is deposited on the SS. This occurs at Ni sites, as Ni is less prone

to oxidation compared to other constituents within the alloy. Ni sites act as a

catalyst, and causes carbon to be deposited on the site due to decomposition of

the CO according to the Boudouard reaction:

2CO → C + CO2

This is a redox reaction and describes the chemical equilibrium between

graphite C, CO and CO2. At temperatures below 700 ◦C the thermodynamic

equilibrium favours the formation of CO2 compared to CO formation [39]. This

continues by extrinsic Ni catalysis [40]. Such deposition could even affect the

performance of the AGR fuel in reactor pond storage conditions. This affects the

heat transfer properties of the AGR fuel. Carbon, in the form of graphite, is a

natural cathode [41] and as a result may cause galvanic corrosion in combination

with the sensitised SS. The impact of this carbon deposition is threefold, result-
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ing in: lower plant output, reduced graphite moderator and the possibility of

producing a Galvanic cell in cooling storage ponds. Currently this may be min-

imised by carbonyl sulphide (COS) addition in reactor to poison the Ni catalysis

reaction.

1.1.6 AGR Stainless Steels in Sodium Hydroxide

Sodium hydroxide (NaOH, caustic soda), a strong base (i.e. highly dissociated

with water) is an important chemical worldwide. It is created in large quantities

by the electrolysis industry, and is used by the nuclear industry in the UK to

delay the onset of localised corrosion. Caustic soda was identified as a corro-

sion inhibitor for AGR fuel cladding in lab-scale experiments in the early 1980s,

and has been utilised in select cooling ponds since 1985 [31]. Spent AGR fuel

has been safely maintained by this process within the UK for over 30 years [42].

Caustic dosing of pond water leads to a positive impact on the corrosion prop-

erties of stainless steel advanced gas-cooled reactor (AGR) fuel cladding alloy,

20/25/Nb [43]. After a number of years in reactor, SNF is removed, and the fuel

replaced. SNF is safely managed and immersed in spent fuel cooling ponds; and

after an interim period in borated station ponds, SNF is transported to larger

ponds at Sellafield site, some of which are caustic dosed. Stainless steels (SS) are

highly resistant to generalised corrosion. Corrosion resistance as a general rule,

increases with chromium content. However, neutron irradiation, in-reactor, can

lead to the activation of the radiation induced segregation (RIS) mechanism as

explained in earlier chapters. This causes the SS to become less corrosion resis-

tant. Figure 1.6 shows the general relationship between Cr content and corrosion

rate. Should the Cr content drop below ≈ 12 % wt., corrosion rates increase

exponentially; therefore it is important to safely manage RIS affected SS.

The combination of both RIS (thus sensitisation) and the presence of Cl− may

elevate corrosion rates. A recent study using the same SS (20/25/Nb) showed

that grain boundary triple points and Nb rich precipitates are initiation sites
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Figure 1.6: Corrosion rate as a function of Cr content within a general SS [44].
An exponential decrease in corrosion rate leads to negligible corrosion once the
minimum ≈ 12.5 % Cr is present.

for localised corrosion, in the sensitised and stabilised microstructures respec-

tively [45]. This is in agreement with previous research conducted in this thesis.

Chapter 5 showed that grain boundary intersections and triple points are initia-

tion sites through the time-lapse microscopy method. SVET in combination with

SEM-EDS showed that Nb-rich inclusions were concentrated at pit sites, suggest-

ing that IGC has a tendency to initiate at locations with a high number densities

of Nb precipitates (section 4.3.4). This current investigation aims to investigate

a process using NaOH to suppress the effect of Nb-rich inclusions as initiation

sites, to investigate if this could be used to reduce corrosion rates further.

Corrosion rates for stainless steels can be reduced by increasing the pH of the

electrolyte [46] [47]. The Pourbaix diagram for iron, the metal actively under-

going dissolution, suggests that immersion within basic environments leads to

passivation (shown in figure 1.7).

Excellent resistance to weak bases, for example ammonium hydroxide, is found

with 18-8 SS. NaOH, a strong base, can be introduced to an electrolyte to levels

of 50 wt.% for 18-8 SS [47]. An isocorrosion diagram for austenitic stainless steel

type 304, 316 and 904 in NaOH is provided in figure 1.8, the solid lines repre-

sent a corrosion rate of 0.1mm· yr−1. Although bases can be used as a corrosion

inhibitor, they can also induce corrosion in some metals should an incorrect con-

centration of base be used. Hydroxides can react to the metal to form soluble
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Figure 1.7: Pourbaix diagram for Fe [16]

oxyanions. An example is in aluminium forming aluminium hydroxide from hy-

droxides, and then reacting further with more hydroxides to form aluminate [48].

Figure 1.8: NaOH isocorrosion diagram, solid lines represent a corrosion rate of
0.1mm·yr-1. S30400, S31600 and N08904 are ANSI types 304, 316, 904 respec-
tively. Without chloride [44]

The main constituents of an austenitic SS are iron, nickel and chromium (from

largest amount to smallest). In addition some SS have molybdenum which is used

to increase resistance when in the active region of the polarisation curve. The

impact of sodium hydroxide on these key components of the SS is shown in fig-

ure 1.9. These alloying elements were researched by Bhattacharya and Singh [49].
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Fe has the most cathodic open circuit potential when compared to the other ele-

ments in the SS. Very close to its open circuit potential the Fe undergoes active

dissolution, followed by passivation due to the formation of magnetite (Fe3O4),

a stable phase at the first anodic peak. The second peak, within the transpassive

region, is attributed to the oxidation of Fe3O4 to Fe2O3 (ferric oxide), again

lowering current density. Ni has a breakdown potential that is more noble than

Fe, which displays a single peak. This peak represents the formation of nickel

oxide, causing a decrease in current density such that along the passive region

current density is one order of magnitude lower compared to that of Fe. Cr

undergoes passivation without the same active-passive peak behaviour as with

Fe and Ni. Molybdenum has an OCP between that of Fe and Ni, and under-

goes an exponential increase in current density almost immediately without any

passivation.

Figure 1.9: Major alloying elements of a general SS (pure Fe, Ni, Cr and Mo) in
150g dm−3 (3.75 mol dm−3) NaOH at 90◦ C [49]

It is well known that intermetallic inclusions play an important role in the

initiation of corrosion in SS, and there are several publications to support this.

In-situ AFM studies have shown that MnS inclusions, present in 304 SS are

a site for corrosion initiation [50]. Ryan et al. [13] used SEM and SIMS to

investigate 316F, a high sulphur grade SS which increased the probability of
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MnS inclusions. The group estimated, from SIMS and elemental analysis that

the alloy adjacent to the inclusions could have as little as 10 % at. Cr, compared

to ≈ 18 % at. Cr within the bulk. Below the limit for successful passivation,

with the authors suggesting ≈ 13 % Cr needed to make the SS ‘stainless’. This

depleted region is within the order of 200-400 nm, making it difficult to study. The

group suggest that this region of Cr depletion adjacent to the inclusion allows for

‘rapid, high-rate metal dissolution events’. Sulphur forms a pit cover and occludes

mass transport, allowing an aggressive pit chemistry to form within, the process

becomes autocatyltic and pitting ensues. The process of pitting is described in

earlier chapters. Phuah showed that localised corrosion occurred around NbC

inclusions in 20/25/Nb SS, post corrosion [51]. Therefore if NbC inclusions could

be removed in some way, corrosion initiation would be suppressed, leading to a

lower corrosion rate.

Lyon describes elemental niobium and its corrosion of in [52]. The element has a

BCC structure, with the sixth highest melting point of all elements, and excep-

tional corrosion resistance following very stable passive oxide film formation. Nb

is passive at almost all pH and potentials, as shown in figure 1.10, due to the very

stable passive film (Nb is more active than Zn). Lyon states the metals must be

passive in most environments due to the extreme difficulty in finding literature

data on the electrochemical dissolution of Nb, other than in extreme conditions.

Lyon discusses the performance in such conditions first by strong acids, finding

that in 20, 40, 80% sulphuric, and 20, 38% hydrochloric acids at temperatures

between 75◦ C and 95◦ C Nb is passive. In stark contrast to the passivity of Nb in

acids is its noteworthy dissolution in strong alkali. Nb was found to freely corrode

in concentrations of NaOH above 10% (>25◦ C). Corrosion of Nb occurs through

the dissolution of the passive film, rather than through the pitting process. An

overview of corrosion rates in basic media are tabulated in table 1.5.

Robin investigated the behaviour of metallic Nb in concentrated NaOH in 2004 [53].

The results showed that commercially pure Nb underwent corrosion at the free
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Figure 1.10: Pourbaix diagram of elemental Nb with a dissolved metal ion con-
centration of 10−5 mol [52]. Note that this diagram is for elemental Nb, not
NbC.

Solution Temperature ◦ C Corrosion rate (µm · year−1)
NaOH 1% 98 > 750
NaOH 5% 98 > 1200
NaOH 10% 98 > 2000
KOH 1% 98 600
KOH 5% 98 > 2500
Na2CO3 10% 98 > 1500
K2CO3 10% 98 > 1500
Na2PO4 25% 98 > 1300
Na2S 10% 98 90

Table 1.5: Corrosion rates of Nb in basic media, recreated from [52].

corrosion potential in 10, 15 and 30 wt.% NaOH at 25, 50 and 75◦ C. Results from

electrochemical measurement as a function of NaOH concentration and temper-

ature are shown in figure 1.11. The graph shows that, at 10 wt% and above,

temperature has a large impact when NaOH concentration is fixed. Increasing

the concentration, and fixing the temperature has less of an effect, presumably

because the threshold concentration has already been reached, and by modify-

ing the kinetics (raising the temperature) rates of reaction increase. Both Lyons

and Robin display strong evidence that although Nb metal is stable across most

potentials and pH, it’s passive oxide film begins to dissolve in a range of concen-

trated basic mediums. The greatest corrosion rates occur in potassium hydroxide
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(>5% KOH) and concentrated NaOH (>10%). If using NaOH, once a thresh-

old concentration of NaOH is reached (Robin used concentrations above 10 wt%

NaOH) changing the kinetics (temperature control) leads to an increased peak

current density response.
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Figure 1.11: Peak current densities as a function of NaOH concentration and
temperature, obtained from Robin [53]

These findings suggest that NbC, as inclusions, may also be affected in a similar

fashion. As it was not possible to experiment using concentrated strong (NaOH)

basic electrolytes at high temperature, a room temperature environment was used

instead. Lower concentrations were also used to study the effect to of NaOH on

NbC inclusions, as Nb metal does not correspond directly to its compound as

NbC.

1.2 Fundamentals of Corrosion

1.2.1 Thermodynamics

All metals, given time, will corrode eventually. Metals, when processed and re-

moved from their ores, are at a higher energy state than their corrosion products.

The fundamental underlying materials science declares that all materials will al-

ways have a preference to reside in its lowest energy state, as per the second law

of thermodynamics:

“All spontaneous changes occur with a release of free energy from a system to

its surroundings at constant temperature and pressure.”
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Thus favourable states are those with a negative change in Gibbs free energy,

(equation 1.7).

∆G = G2 −G1 (1.7)

The process of corrosion is seen as an unfortunate consequence of fundamental

thermodynamics, returning the metal to it’s lowest energy state. This is best be

shown in figure 1.12. The metal, once extracted and worked upon, is in an

unstable high-energy state and therefore is thermodynamically unstable with

respect to it’s oxide, a lower energy state. Corrosion is therefore unavoidable as

∆E is negative for metals returning to their oxides. The free energy barrier, ∆G∗

(energy of activation), exists between the reactants and products and is what

keeps metals from spontaneously corroding into their oxides (a non-reversible

process). This barrier can be overcome if energy is supplied to the system. More

corrosion resistant metals can have larger values of ∆G∗, which slow the kinetics

such that corrosion only occurs at a slow rate. The opposite is true for less

corrosion resistant metals.

Part of the reason why some metals corrode more readily than others can be

answered from the thermodynamics above. Iron (Fe) for example suffers more

from corrosion compared to gold (Au) for instance, as Fe is more thermodynami-

cally unstable. Kinetics (rates of reaction) are also important, as the free energy

is a function of the reaction co-ordinate. Thermodynamics are favourable for Fe

to undergo spontaneous corrosion, but in practice the surface is quickly covered

by a thin layer of metal oxide, which for some metals and their alloys can effec-

tively prevent further reactions from taking place. This is known as passivation;

and in such a scenario kinetics limits the corrosion, even though the reactions

are thermodynamically favourable. For corrosion to occur the rate of dissolution

must be greater than the rate that the passive film rebuilds, if this is not the

case, the metal is ‘passive’.

By adding water to the metal ∆G∗ is lowered; especially if it contains ionic
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Figure 1.12: Free energy curve taken from Trethewey and Chamberlain [10]

salts. Aqueous species capable of carrying a charge, such as the transfer of metal

cations by salts in solution is called an electrolyte. Corrosion is a redox process

and comprises two half reactions; reduction and oxidation. This is an electro-

chemical process in which electrons are donated in the oxidation half reaction,

and in order to balance the reaction, are consumed in the reduction half reaction.

Consider a system of two metals connected together, immersed within an aqueous

electrolyte such as salt containing water, such as is provided in figure 1.13. In

order for corrosion to occur, electrons flow from one metal to the other in order

to satisfy both parts of the redox reaction. Both oxidation and reduction reac-

tions occur at the same time, and thus at the same rate, i.e. no net increase of

electrons or net consumption of electrons [54]. The process of corrosion can occur

on a single metal, with anodes and cathodes separated spatially [16]. From the

above system, the site where electron transfer initiates is called the anode; and

the oxidation half reaction that occurs here is called the anodic reaction. The site

where electrons are consumed, or reduced, is called the cathode, and this process
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is called the cathodic reaction. This system containing an anode, cathode and a

medium in which ionic species can undergo mass transport (electrolyte) is called

a wet corrosion cell. The general anodic reaction of metal dissolution (oxidation)

is as follows in equation where M represents the metal, and n, the number of

electrons transferred 1.8. Equation 1.9) shows the processes occurring at the

cathode at very low pH << 7. This is known as the hydrogen evolution reaction,

and occurs in acidic conditions. In such a scenario, the high excess of protons

from the acid (hydrogen ions) react with electrons from the metal, reducing hy-

drogen cations into hydrogen gas. For all neutral and basic conditions oxygen

reduction takes place (equation 1.10). As the concentration of protons is much

lower when acidic media is not used, the hydrogen reduction reaction is unlikely,

unless oxygen diffusion is limited (anaerobic conditions). Equation 1.10 shows

how electrons generated at the anode, react with adsorbed water and oxygen on

the surface of the metal to form hydroxyl anions. From this stage the process

continues by combining equations 1.9 and 1.10. Equations 1.8, 1.9 and 1.10 are

well understood [55] [10]

M ↔M+
n + ne− (1.8)

2H+ + 2e− ↔ H2 (1.9)

2H2O +O2 + 4e− ↔ 4OH− (1.10)

1.2.2 Nernst Equation and Pourbaix

Walther Nernst derived an equation to describe the half reaction, relating reactant

to product ratio (equation 1.11 [54]). Erev is the reversible potential at equilib-

rium for a half reaction. R, T represent the molar gas constant (8.314 JK−1mol−1)

and temperature in Kelvin (298 K) respectively. The variables within the braces
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Figure 1.13: Schematic of a wet corrosion cell. (i) Illustrates the case of two
different metals immersed in the same electrolyte, but connected together. For
example Fe and Zn. (ii) Illustrates the case where a single metal is immersed, with
anodes and cathodes separated spatially, but on the same metal. A represents
the anode (i.e. Zn), C represents the cathode (i.e. Fe), the current flux is the
flux of electrons through the metal (ii) or metal contact in case (i), the diffusion
of metal cations is shown by the ionic flux within the electrolyte. This schematic
was recreated from Akid [56].
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represent the concentration of oxidised:reduced species. n, represents the number

of moles of electrons transferred within the reaction, and F is Faraday’s constant.

The superscript j, k constitutes the stoichiometric coefficents in half reaction ex-

periments. The Nernst equation links the likelihood for a specimen to undergo

the anodic or cathodic half reactions to thermodynamics. Therefore it can be

used as an estimate for the expected outcome of a reaction at thermodynamic

equilibrium (i.e. not kinetic) . For example, net cathodic reactions will proceed

when the potential is less anodic than Erev. Likewise, the anodic reactions will

occur when potentials are more negative than Erev [54].

Erev = E0 +
RT

nF
ln

[
Π(aox)j

Π(ared)k

]
(1.11)

The Nernst equation can be simplified by taking the ratio of products to re-

actants within the braces. Fundamental thermodynamic theory (Henry’s law)

allows the assumption that activity and concentration can be equated (equa-

tion 1.12). The activity coefficient can be taken as being equal to one. This holds

true when using dilute concentrations. Using Raoult’s law that states when the

mole fraction is close to unity as in equation 1.13. Collating the Nernst equation

(1.11), Henry’s law (1.12) and Raoult’s laws (1.13) together, equation 1.14 can

be obtained.

aA = γ cA ≈ cA = [A] (1.12)

Activty = Molefraction (1.13)

Erev = E0 +
RT

nF
ln

[Products]

[Reactants]
(1.14)

Marcel Pourbaix applied the Nernst equaion to his studies to construct dia-

grams of E as a function of pH [56]. These are known as Pourbaix diagrams and
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show areas where the metal is immune, passive, or corroding when immersed in

an electrolyte. Pourbaix defined a metal undergoing active corrosion as one where

the concentration of its ions is ≥ 10−6 mol dm−3. Metals classed as immune have

a species concentration below this figure, while those that are protected by an

insoluble layer are said to be passivated. Pourbaix diagrams allow a corrosion

engineer to evaluate the state of the metal if pH and E are known. All potentials

are with respect to a reference electrode, in most cases (such as those shown in

figures 1.17, 1.14 and 1.15) this is a standard hydrogen electrode (SHE). Note

that the diagrams here have been taken from [16], and are based on the species

concentration of 10−5 moldm−3, rather than 10−6 moldm−3 which is more com-

mon [57]. The solid lines are calculated by using electrode potentials and the

Nernst equation using equilibrium constants for different reactions. The upper

dashed line is the region of oxidation and the lower, the region in which reduc-

tion occurs. For the Fe system in water this is most likely the oxygen reduction

reaction, rather than the hydrogen evolution reaction, which would occur in an

acid. The potential of a saturated calomel electrode (SCE, such as is used in

this thesis) is +242 mV with respect to the SHE. More information on reference

electrodes is given in section 2.3.1.

Take as an example the Fe-water system at room temperature (figure 1.14),

where the metal is immune at all pH at ∼-1000 mV (SHE). If E increases posti-

tively past ∼-600 mV (SHE) the metal undergoes corrosion, and is in the active

state as Fe2+ are produced. However if the electrolyte is basic (pH 9 to pH 12) at

∼-600 mV (SHE), the material is said to be in the passive regime, whereby iron

hydroxides can form. Further information on Pourbaix diagrams can be found

in [58]. The Cr-water system is shown in figure 1.15. The horizontal line at -1000

mV (SHE) means that the reaction of Cr forming Cr2+ is not dependant on pH.

Above this line the oxidised product is stable, and below the solid Cr is stable

with respect to the oxidised product. Taking the previous example at ∼-600 mV

(SHE), Cr2+ is stable until the pH increases to 5. For this fixed potential, but
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for more basic pH, a passive Cr oxide is formed (Cr2O3) this is an example of a

linear negative relationship with pH. The Pourbaix diagram for Ni is displayed in

figure 1.16. The formation of Ni ions (Ni2+) from Ni occurs at ∼ -400 mV(SHE),

at pH 0 to ∼ pH 9. At more basic pH, the nickel oxide (NiO) formation can

occur, which is insoluble in water.
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Figure 1.14: Pourbaix diagram of Fe with soluble species concentration 10−5 mol
dm−3 and common stable oxides present at 298 K [16]

Figure 1.15: Pourbaix diagram of Cr with soluble species concentration 10−5 mol
dm−3 and common stable oxides present at 298 K [16]
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Figure 1.16: Pourbaix diagram of Ni with soluble species concentration 10−5 mol
dm−3 and common stable oxides present at 298 K [16]

Figure 1.17: Pourbaix diagram for austenitic stainless steel (Fe, Cr, Ni) with
soluble Fe, Cr, Ni species concentration 10−5 mol dm−3 and common stable oxides
present at 573 K (300 ◦C) [16]
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1.2.3 Electrochemical Kinetics and Mixed Potential The-

ory

The Nernst equation uses thermodynamics to describe the likelihood for a metal

to undergo either of the two half-reactions, oxidation or reduction. It does not

however give any information on rates of reaction; and therefore provides no

timescale for said corrosion to occur. As the half reactions involve electron trans-

fer either by oxidation (generation of electrons) or reduction (electron consump-

tion) there is a change in current, which can be measured. This net electron

transfer gives information on the rates of reaction, when normalised, to a current

density (dividing by unit area) [16]. From the above section (1.2.2) it is shown

that if, Erev 6= Eo, either a net anodic or cathodic reaction will occur. The ex-

change current density, io, is the where there is no net anodic or cathodic current.

In such a case the two reactions can still occur at the same rate, and corrosion

is still ongoing.

ia = ic = i0 (1.15)

ia − ic = 0 (1.16)

In a non-equilibrium state, the metal is said to be be polarised with respect

to its equilibrium potential, by some quantity known as an over-potential, η.

This is simply the change in potential from the potential predicted by the Nernst

equation, (equation 1.17). Where E is the potential of the metal undergoing

corrosion, and Eeq is the potential predicted by the Nernst equation.

η = E − Eeq (1.17)

ia, ic can both be linked to the Gibbs activation potential, which can also

be related to η. The anodic relationship is shown in equation 1.21 and the re-
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lationship for the cathodic reaction is shown in equation 1.22. Equation 1.21

shows the individual anodic reaction occurring at the electrode (equation 1.19),

the dissolution of metal into metal cations. Equation 1.21 shows the individual

cathodic half reaction occurring at the electrode (equation 1.20), i.e. the con-

sumption of metal cations and electrons to return to metal. Both equations 1.21

and 1.22 can also be used to describe the corresponding cathodic corrosion re-

actions given in equation 1.9 and 1.10. α is related to the electrode used and is

available in tables of data, known as the Tafel constant. Now the overpotential

(a function of E, as described above in eq 1.17) can be plotted as an exponential

function of the two branches of current density, i, as shown in figure 1.18. This

shows the link between Erev and io, whereby the rates of reaction for each of the

half-reactions generally increase with increasing potential difference away from

Erev, hence the exponential relationships. However these exponential reaction

rates become limited by the transfer of charge at the interface at large potentials,

as given in equation 1.18. The location of i0 is where the anodic and cathodic

reactions occur at the same rate, which occurs at Erev. If this is plotted as a

log-linear graph, it is known as a Tafel plot as shown in figure 1.19.

E − Erev = blog(
i

io
) (1.18)

M −→MZ+ + ze− (1.19)

MZ+ + ze− −→M (1.20)

ia = i0exp

[
(1− α)NF

RT
(E − Eeq)

]
(1.21)

ic = i0exp

[
(−α)NF

RT
(E − Eeq)

]
(1.22)
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logi = logio +
E − Erev

b
(1.23)

These reactions describe the anodic and cathodic reactions which occur at one

of the electrodes, as described earlier. Typical E versus log |i| relationships for all

four reactions, metal oxidation, metal reduction, hydroxide oxidation and oxygen

reduction are plotted as in figure 1.20. The gradient of the lines is equal to 1
b

as given by equation 1.23 if plotted as log |i| versus E. Otherwise, the gradient

is equal to b. The metal reduction and hydroxide oxidation lines are usually re-

moved from the Evans diagram, but have been included for ease of understanding

for the reader. The corrosion rate can be determined from the Evans diagram as

it is a function of icorr, which is shown on the x axis. The metallic system under-

going corrosion has a mixed potential Ecorr which is also the point in which the

two curves intersect along the y axis. This is different from the values obtained

by the Nernst equation.
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Figure 1.18: The exponential relationship between current density and polarisa-
tion.

Figure 1.19: A Tafel plot showing the relationship between polarisation and cur-
rent is linear if the polarisation is plotted against the logarithm of current density.
The diagonal lines represent the individual anodic metal oxidation reaction and
the cathodic metal reduction reaction occurring at the electrode.
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Figure 1.20: An Evans diagram for a system undergoing the oxygen reduction
reaction. This graph shows all four reactions occurring on the electrodes, which
have been added for ease of the viewer.
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1.3 Localised Corrosion

1.3.1 Pitting Corrosion

Stainless steels are able to passivate by the formation of a natural protective oxide

layer which forms on the surface prior to immersion. This layer, while protective,

is susceptible to highly localised attack in solutions containing halide ions, and

particularly chloride ions (Cl−) [59] [60] [61] [62]. Pitting corrosion is a form

of localised corrosion; where select, discrete areas of the surface undergo metal

dissolution. Galvele [63] developed a model for pitting corrosion, introduced

in 1976, which described the pit initiation conditions, the hydrolysis reaction

within the pit, and the critical proton concentration required for pitting. In the

pitting corrosion process, the two half reactions governing corrosion are spatially

separated [64]. A schematic shows the separation in figure 1.21.

Figure 1.21: Separation between anode and cathode which can occur in pitting
corrosion.

The pit cover and dimensions restrict oxygen transport. Thus as the anodic

half reaction is concentrated at the pit site, the cathodic half reaction occurs

at the surface where the oxygen transport is less limited, favouring the oxygen

reduction reaction. The processes occurring at each site are shown in figure 1.21.

As oxygen reduction causes a local change in pH, it inhibits pit formation at sites
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close to the active pit site. Pitting corrosion, when compared to general corrosion,

can propagate more rapidly [65]. Cavity-like, hemispherical pits and holes are

characteristic of this type of corrosion; which may burrow through the entire

gauge of the metal, even if the remainder of the metal remains largely corrosion-

free. This type of corrosion is difficult to detect visually during the propagation

phase, as the pit dimensions are often deep, but the diameter of the pit may be

small and are often covered by a lace-like structure. Schwenk noted the difficulty

in detecting these cavities, hence used a fine pin to detect covered pits on stainless

steels [66]. Once the initiation phase has completed, corrosion pits on stainless

steels either repassivate, or propagate, thereby becoming autocatalytic. In order

for stable pit growth to be maintained, generally the pit environment is many

times more concentrated than that of the bulk electrolyte. Ryan et al. states

that there is a critical concentration for pit stability, that is for it to continue

propagation, has to be ≥ 70% of saturated metal chloride for 300 series austenitic

stainless steels [67]. Laycock et al. also note this requirement [68]. In these

environments the solution may become supersaturated, thereby precipitating to

form a film within the pit, most often at the bottom. For a SS it is usually

FeCl2. This salt film formation limits transport of ions to and from the site of

metal dissolution. Furthermore, pits often tend to form by burrowing under the

surface of the stainless steel, such that a perforated ‘lacy’ cover forms over the

pit [69]. In addition to the salt film, these covers are essential to pit stability and

help to limit diffusion of the vital pit chemistry away from the pit. Pit covers also

make the pits more difficult to spot, as the holes within the lace-like structure

are much smaller than the cavity of the pit itself. The lacy cover is essential

to ongoing pit growth, at least in the early stages. Rosenfield and Danilov [70]

studied the effect removing the pit cover during pit growth. The group found

that the majority of pit covers that were punctured underwent repassivation. The

application of synchrotron x-ray tomography is a promising technique that has

allowed the in-situ imaging of pit nucleation and growth as a function of time.
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This has been applied by Ghahari [71] [72] on 304 stainless steel as shown in

figure 1.22. From the figure it can easily be seen that the pits nucleate and form

hemispherical shaped cavities along the surface of the metal. The prominent pit

develops the characteristic lacy cover, which hinders diffusion and keeps the pit

cavity concentrated with metal cations and the aggressive anions.

Both the processes and models of pitting of metals are well described in litera-

ture [60] [65] [66] [73]. More information on pit covers, and modelling of pit covers

are given in [68] [69]. Pitting corrosion can be broadly described in two stages:

initiation and propagation. As noted prior, propagation requires a number of

factors to be maintained, such as cathode area, pit geometry, mass transport, pit

composition and any required driving force (polarisation) [65]. Initiation on the

other hand is strongly related to both metastable events and stable events. Pit

initiation of course is required for pit propagation to occur and therefore, unsta-

ble (metastable) and stable pits must follow the same initiation processes [74].

Propagation therefore is the most crucial stage in order to maintain pit devel-

opment. The process of pitting corrosion on stainless steels can be broken down

into more stages, as follows:

1. Loss of passivity. Breakdown generally occurs either through adsorption of

ions, penetration by ions or thining/breaking of the passive oxide film [75] [63].

Austenitic stainless steels are mainly composed of Fe and Ni, which are par-

ticularly susceptible to the Cl− anion; compared to others such as Br− or

I−. The Cl− anion may penetrate the oxide film due to its small diameter,

allowing it to diffuse through the film [76]. From this point the anions can

adsorb onto the bare metal surface.

2. Nucleation of metastable pits occurs where the passive film starts to un-

dergo breakdown [77] [78] [79] [80]. The reasoning for the nucleation of the

metastable pits is debated. One school of thought [81] is that the surface

of the stainless steel constantly undergoes a series of random current den-

sity fluctuations that are a function of time and space. Should these small
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Figure 1.22: Tomograms of 304 stainless steel pin after (a) 1 minute, (b) 6 min-
utes. The pin was exposed to 1 Mol dm−3 NaCl and polarised galvanostatically
to 500 µA. Metal is white [71].

changes in current density be amplified (application of external polarisa-

tion for example) these small fluctuations nucleate, leading to metastable

pitting. This was studied by Zhu and Williams using an scanning electro-

chemical microscope (SECM) with 304L SS microelectrodes, whereby the

onset of metastable pitting was shown as fluctuations within the order of

picoamps [81].

3. Metastable pitting events may grow in terms of current and become suc-

cessful pit initiation sites, as studied by Issacs [82]. Acidification occurs

within the pits due to water hydrolysis; this is the reaction between metal

cations and water, forming metal hydroxide and protons. Pit covers begin

to form, which allow the pit to maintain aggressive chemistry for the pitting

process.

4. Most of these pits may passivate, whereby the process simply ceases. Rup-

ture of pit covers also leads to repassivation in the majority of cases as the

aggressive chemistry becomes diluted [70].
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5. Stable pitting occurs in localised areas which do not passivate. This leads

to an increase in metal ion dissolution, and hence current density. In such

a case the charge imbalance (due to the excess of metal cations) anions

present in the electrolyte, such as chloride, diffuse toward the pit to main-

tain charge balance, leading to further corrosion. This leads to a subsequent

increase in metal cations, causing further acidification (water hydrolysis)

and attraction of aggressive anions. The metal is said to be in an active

state as the process is auto catalytic.

Pitting corrosion may initiate at different locations on stainless steels, and

can depend on the environment. Different phases within the metal are often

cited as locations where corrosion may initiate. This may be due to a difference

in composition, shape, and/or size of the phase [83] [84]. This is of course in-

clusive of defects or inclusions such as chromium carbides, manganese-sulphide,

and niobium carbides [13] [61]. This also includes surface effects on the metal,

such as scratches, where the protective oxide film may be ruptured. Corrosion

performance is very dependent on surface finish, with rough surfaces being more

susceptible to corrosion [85]. Holness and Harrison [86] suggest the increased

surface area on rough surfaces provides more locations in which Cl− anions can

accumulate. Fine polished surfaces in contrast are similar to clean-cut surfaces

and therefore lead to a lower susceptibility for anions to penetrate and destroy

the film. Another possibility is that rough finishes from the grinding process cre-

ate deep enough grooves which would form sites for crevice and pitting corrosion.

Corrosion may also initiate at areas where local oxygen concentrations are low,

as stainless steels require oxygen in order to form the passive Cr oxide film. This

is known as differential aeration corrosion. This process occurs in pits, (Evans)

droplets and crevices, whereby diffusion of oxygen is limited in different parts of

the cell. Differences in pH may cause corrosion. Iron is in a region of immunity

at pH 12; though is susceptible to attack in acidic conditions pH<7 (Figure 1.14).

In a situation where the stainless steel is in contact with an electrolyte, pits and
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crevice sites may be highly acidic (pH<0) [13]. The acidic pit environment is

formed from the reaction between metal cations and water, forming metal hy-

droxides and protons (hydrolysis of water). This causes accelerated corrosion as

per the proposed Fontana-Greene mechanism for crevice corrosion [87].

Breakdown potential at pit and crevice sites can be hundreds of millivolts

lower than that of the metal surface; as a consequence of IR drop (which is

related to pit and crevice geometry) [88]. These environments are more harsh

than that of the bulk electrolyte, which help the continued aggressive growth

of the excavation [13] [71]. It has been shown that stainless steel immersed 0.5

mol dm−3 NaCl electrolyte at neutral pH can have a local pit pH of less than

1.0 and a [Cl−] over 12 times that of the bulk solution (6.2 mol dm−3) [57].

Electrons generated at the anode flow through the bulk metal to the site of the

cathode which is likely to be the larger free surface more suitable for the oxygen

reduction reaction, where oxygen availability is plentiful. It is the increase in

concentration of positive metal cations (oxidation) within the pit/crevice that

causes the migration of [OH−] and [Cl−] anions toward the anode. This is a result

of charge imbalance. Similarly, metal cations undergo mass transport towards

the reduction reaction site. It is this flux of products from the two half reactions

which creates a deposition on the surface of the metal. For Fe2+ the cations first

become oxidised to Fe3+ (from dissolved O2). This is then hydrolysed at the

high pH outside the pit.

1.3.2 Intergranular Corrosion

Intergranular corrosion (IGC) is known to affect austenitic stainless steels. [10] [89],

alloys of aluminium [90], highly corrosion resistant Ni-based alloy 600 [91], and

multiple other metallic systems [92]. Here the process of IGC within the austenitic

stainless steel system is discussed, firstly through weld decay, and then through

a radiation mechanism.

Weld decay is a process in which IGC occurs at weld locations. Here, weld
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decay is given a brief description, and a more thorough understanding can be

obtained in [93]. The area around the fusion zone (the ‘weld’) is known as the heat

affected zone (HAZ). Local areas within the HAZ can undergo a process known as

sensitisation whereby chromium carbide intermetallics form at grain boundaries,

resulting in a reduction of chromium (Cr) adjacent to the grain boundary. These

metal carbides are formed once a critical temperature is passed, allowing the

diffusion of Cr to carbon, and precipitate at the boundary of the grain [10].

Trethewey and Chamberlain [10] note that precipitation occurs (type 304) within

the temperature range of 600-850 ◦C, reducing to 300–320 ◦C if carbides have

already pre nucleated prior to welding. The process of sensitisation creates highly

localised Galvanic cells, whereby the more noble matrix couples with Cr-depleted

zones. Once the amount of Cr drops below the important threshold, 12 wt.% [94],

the depleted zones do not produce the passive oxide film required for protection.

This leads to corrosion along grain boundaries, and can result in the loss of entire

grains of metal.

The mechanism in which stainless steel AGR fuel cladding becomes suscepti-

ble to IGC is not through a heat-induced mechanism, but instead occurs because

of the radiation present within the core of a nuclear reactor. This is an impor-

tant difference. Radiation induced segregation (RIS) is the mechanism in which

sensitisation occurs in service, rather than through heat only. This is caused

by protracted exposure to a combination of the high neutron flux and elevated

temperature within the reactor core [95]. This leads to the redistribution of alloy-

ing elements at a microstructural level. Defect sites located within the matrix,

caused by neutron radiation, interact with grain boundaries, but also interact

with each other [96]. This can include recombination and back diffusion. Thus,

sensitisation can be modelled, though the more complex nature of RIS means it is

more difficult to ‘quantitatively predict’ grain boundary depletion than the ther-

mal mechanism. In fact, models have been created and used for grain boundary

RIS in the past by Perks and Murphy [97], Allen and Was in 1998 [98], Norris
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et al. [95] and Simonen and Bruemmer [96]. English, Murphy and Perks con-

ducted a review in 1990 [99]. The high neutron flux causes vacancies which,

through a process of diffusion, move towards grain boundaries, leading to a flux

of atoms away from the boundaries. The composition of these zones are depen-

dant on the vacancy gradient. This is known as the inverse Kirkendall model

(IKE) [100] [101] [102]. A diagram of IKE is depicted in figure 1.23. As a result

of vacancy formation and their diffusion, counter diffusion of atoms must occur

to areas where the vacancies were present. The major elements diffuse away from

the grain boundaries, but the composition profile is dependent on the elements’

diffusivity [102]. Nickel (Ni) becomes enriched at grain boundaries because it is

the slowest diffuser, along with silicon, which is lightly enriched. Cr in austenitic

stainless steels has the fastest diffusivity, which leads to its depletion at the grain

boundary [96] [101] [103].

As explained within section 1.1.4, the coolest part of the AGR stringer (el-

ements 1 and 2) that are primarily effected by the RIS mechanism, due to a

dependence on irradiation temperature [104]. At too low a temperature the con-

centration of defects increase and, rather than diffuse to sinks, annihilate. At

higher temperatures equilibrium concentrations of the elements are reached be-

cause thermal diffusion dominates. Kyffin notes that temperatures in the 350-520

◦ C range (irradiation temperature) represent the window in which sensitisation

affects the AGR 20/25/Nb stainless steel [37]. The peak sensitisation occurs at

380-440 ◦ C [33]. Allen and Was show (figure 1.24) the temperature window in

which Cr becomes depleted for a stainless steel grade (20 Cr, 24 Ni, Fe balance)

which has similar levels of major elements to that of the AGR clad.

Norris et al. [95] showed through microscopy methods the concentrations of

major alloying elements present at grain boundaries for the AGR stainless steel.

Analytical field emission gun scanning transmission electron microscopy (FEG-

STEM) was used and showed the segregation of the major alloying elements at

grain boundaries for different locations on the stringer. The fuel elements are
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Figure 1.23: Inverse Kirkendall Mechanism [101]

Figure 1.24: Concentration of Cr as a function of temperature for a range of
different stainless steels. From [104]
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Figure 1.25: AGR fuel stringer (Hinkley point B)
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stacked vertically, with element 1 located at the bottom, through to 7 or 8 de-

pending on the AGR station. Figure 1.25 shows a schematic of an AGR fuel

stringer (the bottom of the stringer is shown on the left). Due to the thermal

gradient within the core, each of the elements are subjected to different irra-

diation temperatures. The graphs for irradiated AGR stainless steel element

concentration as a function of distance from the grain boundary are given in fig-

ures 1.26, 1.27. The figures reproduced from Norris et al. [95] show that Cr and

Fe become depleted at areas adjacent to the grain boundary across all irradia-

tion temperatures, and that grain boundaries experience Ni and Si enrichment.

There is a dependence on temperature, as not all locations adjacent to grain

boundaries are rendered sensitised, with the peak occurring at 420 ◦ C, where Cr

drops below 12 wt.%. The effect of RIS diminishes as a function of temperature.

The depletion zones for Cr and Fe increase in width, but do lead to a decrease

in severity, as the amount of Cr depletion decreases either side of 420 ◦ C. The

enrichment profile for Ni is also narrower at lower temperatures. This is likely

to be caused by the domination of the thermal diffusion mechanism at increased

temperatures. Strauss tests revealed that the greatest depth of attack occurred

with at 420 ◦ C, with a dose of 3.5 dpa. In the Strauss corrosion tests, speci-

mens outside the 350-520 ◦ C range showed less corrosion compared to those that

were within the window. The depletion profile for Cr was also the widest under

such conditions. The group also investigated low burn-up cladding and found

that RIS was detected early on during service (figure 1.28). A 2 hour anneal at

600 ◦ C leads to reduced segregation of alloying elements, thus increasing the Cr

levels above the critical threshold (figure 1.29). The annealed specimen showed

corrosion at depths of up to 50 µm. As a comparison, the Strauss test led to the

disintegration of the irradiated, non-annealed specimen. These temperature and

dose variations are thus somewhat reduced by a post service anneal.

As explained earlier, IKE can be modelled to give compositional profiles across

a grain boundary. The groundwork for the model was laid out by Perks et
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Figure 1.26: Line profiles across grain boundary from the lower elements for in-
service fuel stringer B4286. The irradiation temperature is given on the inset [95]

Figure 1.27: Line profiles across grain boundary for the same in-service fuel
stringer B4286 for the upper elements. Note the x axis is of a different scale to
the previous image [95]
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Figure 1.28: Line profiles across grain boundary from an in-service, low burn-up
fuel stringer (D1433) at different locations along the stringer [95]

Figure 1.29: Compositional profile across grain boundary. Before (left), and after
(right) post irradiation anneal [95]
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al. [105] [106] [97]. The results of the AGR RIS model developed by Norris et

al. [107] are shown in figure 1.30. The model shows a good agreement with

the measured values at low temperatures, but overpredicted the widths of the

depleted and enhanced zones (Cr, Ni respectively) at higher temperatures (455,

481 ◦ C). The models however provide useful information on the parameters for

the RIS mechanism. It allows the researcher to reasonably predict the Cr content

if the irradiation temperature and dose are known.

Mechanisms Causing IGC

Radiation-induced Segregation There are a number of ways to sensitise

AGR 20/25/Nb stainless steel. In order to induce sensitisation by the RIS

mechanism, a source of radiation is needed. These sources can be either neu-

tron or proton based. In-service material is affected by neutron radiation. It

is possible that the material may also be irradiated at neutron beam sources

also such as ISIS in the UK. For authentic RIS-affected material, the 20/25/Nb

stainless steel must be present in-reactor for a number of years until it has the

appropriate radiation dose for experiment. Ion beam irradiation (protons) is a

promising alternative to induce RIS within 20/25/Nb stainless steel. Though

there are technical and practical implications which are yet to be resolved which

are mainly considerations based on temperature and beam energy given that

ion beam irradiation introduces significant energy density within the target ma-

terial, necessitating careful temperature control. Both of the above methods

induce sensitisation through IKE, leading to RIS, but both methods have their

disadvantages. Reactor-irradiated material must be in-reactor for a significant

amount of time (several years) before discharge and accessibility for examina-

tion. Proton irradiated specimens will also be radioactive, but generally to a

much smaller extent. A study by the Dalton Cumbria Facility [109] is decribed

below. After an irradiation period using 20/25/Nb stainless steel specimen (59

hours, 3 MeV proton beam, 9.8 µA average current) the dose was 1.7 µSvh−1.

48



Figure 1.30: Modelled and predicted compositional profiles across the grain
boundary of different positions of an in-service stringer. The units on the y-
axis are in atomic percent (at.%). 13.2 at.% corresponds to 12 wt.% [107] [108]
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55Co was present after 30 minutes, the half life of this fission product was 18

hours. Following 27 days after the irradiation, the dose decreased to 0.2 µSvh−1,

however transmutation leads to the formation of 57Co which has a half life of 272

days. The time taken to produce proton irradiated stainless steel is difficult, as

an increase in current leads to an increase in the dose of radiation. As such, both

radiation-induced mechanisms have special requirements for the safety of workers

(facilities, radiation shielding, personal protective equipment). These materials

will be radioactive after irradiation and, in order to conduct experimentation

may need to be reduced in size to lower the dose rate to workers, which limits

the number and type of experiment that can be conducted.

Thermally-induced Sensitisation An alternative method is to simulate sen-

sitisation using thermal treatment, and has been used in the past to study

20/25/Nb stainless steels [110]. 20/25/Nb is a stabilised alloy, meaning that the

matrix has a low carbon concentration as much of it will be chemically bound

as Nb carbide. As such a two stage process is needed to produce sensitisation.

This type of sensitisation mechanism is more akin to the HAZ on welded stainless

steels, rather than the RIS mechanism. In order to form Cr carbides, pre-existing

Nb carbides located at both grain boundaries and the matrix are dissolved using

a high temperature anneal. The aim of the anneal to increase the amount of

carbon within the matrix, which would otherwise have been constrained as NbC.

Moss and Sykes [110] required 1050 and 1150 ◦C for 30 minutes to dissolve the

intermetallics. Argon gas was used to avoid oxidation and decarburisation effects.

Upon the second thermal treatment (hereby referred to as ‘ageing’) Cr car-

bides (MC, M6C , M23C6) precipitate at grain boundary, causing Cr-depleted

zones along the GB. The Cr carbides predominantly form at the grain bound-

ary because the boundary itself acts as a faster pathway for Cr diffusion, when

compared to the bulk. As Cr is depleted by the nucleation and growth of Cr-rich

precipitates, Cr must be replenished. This occurs by through the collector plate

mechanism, via grain boundary diffusion from the matrix, causing a reduction of
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Cr along grain boundaries [111] [110]. Three temperatures (550, 600 and 650 ◦C)

were used to heat treat specimens up to periods of 500 hours. Moss et al. used

the Strauss test to assess the degree of sensitisation. In conclusion, the optimum

sensitisation was achieved with a 1150 ◦C solution anneal and 50 hour ageing at

600 ◦C. 1150 ◦C was preferred for the solution anneal, as compared to the lower

1050 ◦C anneal showed greater IGC.

Ecob et al. [112] studied the 20/25/Nb microstructure in respect to creep

properties, post thermal treatment. It is not only mixed metal carbides that

can nucleate, as nickel niobium silicide (N18Nb6Si7) can precipitate (also known

as G-phase). Sigma phase, a brittle intermetallic consisting of Fe and Cr, can

also be precipitate during treatment [113]. The precipitation of these phases is

not dependant solely on temperature, but also dependant on kinetics. Powell

et al. [113] studied specimens for periods of up to 15,000 hours and performed

transmission and scanning electron microscopy (TEM and STEM), along with

other techniques. Powell states that for a temperature of 600 ◦C, M23C6 is the

only precipitate phase present at the grain boundary over 300 hours. This is

first identified after 200 hours. The matrix should contain Nb(CN), which is

identified after 200 hours. If studies by Powell et Al. are followed, more stable

G-phase can be expected to precipitate after 500 hours, M23C6 after 200 hours,

and sigma phase after 1000 hours at grain boundary regions. Within the Matrix

Nb(CN) should nucleate after 200 hours, then G and sigma phase after 10,000

hours. Powell notes other phase transformations that occur with temperature.

According to Powell, at 500 ◦C the kinetics are very slow at this temperature, and

only G-phase and M23C6 precipitate after 5000 hours. Higher temperatures of

575 and 600 ◦C showed similarities with 650 ◦C specimens, although the amount

of M23C6 was greater at the lower temperatures. From the study Powell et al. was

able to produce a time-temperature-precipitation graph, as shown in figure 1.31.

This graph shows that M23C6 does precipitate at grain boundaries, in agreement

with Moss and Sykes [110]. As the study was not based around corrosion, but
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more regarding what phases precipitate at what timescale in regard to creep

properties, it cannot be said if this temperature and time lead to most highly

sensitised microstructure as Moss and Sykes state.

Though both thermal sensitised and neutron-irradiated methods will produce

Cr-depleted GBs, the sensitisation mechanism does produce differences. NbC

inclusions remain within the irradiated (reactor and proton specimens), as the

process is dependent on the vacancies formed by irradiation. When specimens

are heat treated (thermal sensitisation), NbC inclusions are dissolved during the

initial thermal sensitisation treatment (solution anneal). Though, the solution

anneal is unlikely to ever completely dissolve all NbC inclusions, so a finite quan-

tity will still remain. Hence, there is a lower probability for Cr-carbide formation

in irradiated specimens, due principally to the presence of the Nb stabiliser. NbC

constrains carbon levels, thus free carbon within the matrix is reduced, limiting

the availability for Cr for Cr-carbide formation. Another difference is the width

of the Cr-depleted zone, where thermal sensitised specimens exhibit wider zones

(>30 nm) in comparison to narrow (5-15 nm) regions produced in reactor speci-

mens [95].

Intergranular Pitting Corrosion

The term intergranular pitting corrosion has been used to describe the process in

which the specimens used in this work appear to corrode. This may be attributed

to the material not being highly sensitised, resulting in IGC propagation not

being continuous, instead appearing more pit-like. The process in which the

intergranular pitting mechanism is postulated to take place is detailed below:

1. Metastable corrosion occurs

2. Pit initiation at a susceptible site. The studies in Chapter 6 have shown

that grain boundary intersections (including triple point grain boundaries)

are suitable locations for corrosion to initiate in this thermally sensitised

stainless steel. The grain boundary intersections are postulated to poten-
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Figure 1.31: Time-temperature-precipitation curves for 20/25/Nb stainless
steel [113]

tially be more heavily chromium depleted (the Cr depletion is due to the

formation of Cr carbides, reducing local Cr). These findings are in agree-

ment with the findings by Chan [45] and a study by Clark [114]. The study

in Chapter 7 shows that the Nb rich inclusions are more noble than that of

the matrix, and an in-situ electrochemical AFM experiment showed that

pits initiated adjacent to the grain boundary, close to the location of an

inclusion, thought to be NbC. It is speculated that the NbC may there-

fore act as cathodic activators, allowing corrosion to occur around these

inclusions

3. Autocatalytic propagation of the pit. Inside the pit the oxidation reaction

creates an excess of metal cations, leading to:

(a) Charge imbalance, leading to diffusion of anions such as chloride into

the pit, creating supersaturated salt films on the lower surface and

walls of the pit itself

(b) Hydrolysis of water. This is the reaction between the metal cations

and water, forming metal hydroxide and protons, thus leading to the
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acidification of the pit [63]

4. IGC of Cr-depleted grain boundaries within the pit, excavating the metal

sub-surface. Above the surface, Cr-depleted regions suffer from IGC and

lacy covers form to conserve the critical pit chemistry, as observed by Bur-

nett et al. [115]

Burnett et al. [115] observed the how the two corrosion mechanisms (pitting

corrosion and IGC) act both in synergy and in competition in a sensitised 316H

stainless steel. The sensitised stainless steel (650 ◦C, 24 hours, Ar atmosphere)

was subjected to potentiodynamic polarisation in 0.1 mol dm−3 NaCl, and imaged

using in-situ X-ray computed tomography (CT) with 3.4 µm voxels. The authors

studied the pits using multiple techniques to move from the millimetre to sub

nanometre length scales. Following pit initiation the material was studied using

at higher resolution X-ray CT (0.8 µm voxels) and then destructively examined

using serial FIB sectioning to obtain even greater resolution. The authors also

performed electron backscatter diffraction to attain information on high angle

grain boundaries and transmission electron diffraction EDS to attain nanometre

resolution with elemental composition information ahead of the IGC path. The

authors did not show what caused corrosion to initiate in the very early stages.

What the research did show is that once the pits had formed the IGC mechanism

was favoured over further propagation of the pit itself. The authors argue that

is likely due to the combination of both aggressive pit chemistry and that the

sensitised grain boundaries formed ‘rapid diffusion pathways‘.
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Chapter 2

Experimental Techniques and

Procedures

2.1 Specimen Preparation

Un-irradiated stainless steel cladding was obtained from Westinghouse Fuels Ltd,

via the National Nuclear Laboratory as either tube or flat strip. The strip, of

20 x 3.5 cm (thickness 0.80 mm) dimensions, was cut to smaller lengths, and

then finally to 20 mm squares by means of a hand guillotine. The resulting

squares were subsequently ground and polished manually using a Buehler Ecomet

300 machine. Grinding was performed using coarse P240 through to fine P2500

(P240, P400, P600, P800, P1200, P2500, Buehler CarbiMet 2 silicon carbide

pads). Kemet 6 µm, and subsequently 1 µm water-based diamond suspension

was used in conjunction with Buehler MetaDi lubricant for polishing. Following

polishing, specimens were given a final rinse with ethanol to remove particulates.

Stainless steel tubes were cut using a linear precision saw (Buehler Isomet 5000)

using low feed rate (10 mm−s) and high blade speed (4000 rpm). In situations

where the specimens were examined using microscopy techniques, Struers durocit

or Epofix resin was used to mount specimens. When experiments required an

electrical connection, a wire was spot welded to the specimen prior to being set
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in resin.

To reveal the microstructure an electrolytic etch was used. The specimen and Pt

gauze counter electrode were connected to a DC power supply, and then immersed

in a solution of 10 wt% Oxalic acid. A DC potential of 6 V was used for a period

of 10 seconds in order to expose grain boundaries [116]. The sample was rinsed

using distilled water and finally cleaned with ethanol.

2.2 Heat Treatment

Specimens underwent two stage thermal processing in order to sensitise the SS,

depleting Cr from the grain boundaries (described in section 1.3.2). The need for

a two stage treatment was considered on the basis of both temperature and dura-

tion. The merits of different furnace temperatures and durations were discussed

previously in section 1.3.2. The first stage consisted of a high temperature solu-

tion anneal at 1150 ◦C for 30 minutes in an argon atmosphere. This was followed

by a water quench. The high temperature anneal results in incomplete niobium

carbide (NbC) dissolution (not all NbC may be dissolved), thereby increasing

free carbon content within the matrix. The water quench, at room temperature,

ensured minimal back diffusion of niobium with carbon to reform NbC. Follow-

ing the solution anneal, the carbon content is greater than the base specification,

rendering the SS less stabilised. The second heat treatment was undertaken at a

lower temperature of 600 ◦C in air for a longer period of 2 weeks (c.336 hours).

This second treatment allowed chromium carbides (Cr-carbides) to form at grain

boundaries, thereby depleting Cr, rendering the stainless steel sensitised.

2.2.1 DL-EPR Experimentation

Following thermal treatment the surface of the SS is covered in a dark oxide

layer. In later chapters this is shown to be a type of iron oxide, characterised as

Haematite by X-ray diffraction (see section 3.4.3). In order to quantify the degree
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of sensitisation, a double-loop electropotentiokinetic reactivation (DL-EPR) test

was undertaken. The international standard, ISO 12732:2006 [117] was followed

to conduct the experiment. Sulphuric acid (0.5 mol dm−3) and potassium thio-

cyanate (KSCN, 0.001 mol dm−3) was used as an electrolyte. KSCN increases

activity occurring on the surface when polarised, and thus increases the level of

corrosion during both forward and reverse scans, compared to the sole acid [118].

The effect of KSCN concentration is shown in figure 2.1.

A potentiostat was used to polarise the SS from the free corrosion potential

(active in the test environment) through to the passive region. This is illustrated

by the anodic trace marked as ‘1’ in figure 2.2. The SS passes a region in which

grain boundaries are activated, and then it is polarised in the cathodic direction

as per the cathodic trace ‘2’ in figure 2.2. Qp and Qr in figure 2.2 denote the

charge of the anodic and repasssivation loops respectively which are obtained

by integration. The relative change in maximum current from the peak in trace

1 (anodic max current, Ia) and trace 2 (reactivation max current, Ir) forms a

ratio. Both the ratio of current and charge can be used to quantify the degree of

sensitisation (DOS). The experiment works on the basis that the grain boundaries

have a different breakdown potential to the matrix, where chromium levels are

greater. For sensitised material, the grain boundaries are reactivated during the

cathodic scan, due to grain boundary dissolution, so instead of repassivation the

current rises. The magnitude of the reactivation peak is dependant on the level

of chromium depletion. According to the standard, at the end of the experiment,

the specimens should be imaged using a microscope. The grain size and corroded

grain boundary areas can then be estimated. The variation in DOS as a function

of depth was studied by using a Vickers hardness indent. In order to remove

the indent as an initiation site, it was positioned away from the area exposed

to the electrolyte. As the indent from the Vickers hardness machine left an

inverted square pyramid shape, polish depth could be calculated by mathematical

calculation of the dimensions of the indent.
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Figure 2.1: KSCN concentration effects on the microstructure of 304 SS during
a DL-EPR test. (a) 0.001 mol dm−3, (b) 0.005 mol dm−3, (c) 0.010 mol dm−3,
(d) 0.050 mol dm−3. [118]

Figure 2.3 shows an example of one of the indents used and its relevant di-

mensions. Once the indent depth was calculated, the DL-EPR test could be con-

ducted. It was determined that the quantifiers for DOS used would be the ratio

of Qr/Qp and Ir/Ip. If the ratios remained similar the DOS could be considered

constant. If this was not the case then DOS could be said to vary as a function

of depth. After the DL-EPR experiment was conducted, a fresh surface was cre-

ated by polishing the specimen to ensure there were no pits or IGC present which

would impact further experimentation. The indent dimensions were re-measured

and then recorded. An assumption was made that polishing was always normal

to the pad so that the quantity of material (and indent) removed was uniform

across the surface.
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Figure 2.2: The relationship between the log current and potential for the DL-
EPR test [117].

Figure 2.3: Vickers hardness indent used for depth analysis
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2.3 DC Electrochemistry Experiments

Potentiostat Set-up A Solartron SI1280 potentiostat was used for standard

Direct Current (DC) electrochemistry experiments. Polarised time–lapse mi-

croscopy (TLM) and polarised SVET experiments used a battery operated po-

tentiostat (Palmsens 3). The instruments had both potentiostat and Galvanostat

functionality. The following experiment types were used: open circuit potential

(OCP), linear polarisation resistance (LPR), zero resistance ammetry (ZRA), and

potentiostatic/potentiodynamic experimentation.

Generally, most experiments involved the use of a three electrode cell set-up, in

which a working electrode (WE), counter electrode (CE), and reference electrode

(RE) were immersed in a common electrolyte. An exception to this was the

open circuit experiment, where only WE and RE were used. The potential of

the WE, comprising the SS of interest, was varied with respect to a saturated

calomel electrode (SCE), which was used as the RE in all experiments unless

stated. Platinum (Pt) gauze was used as a CE, and is an ideal material for this

purpose as it is a noble metal, and is hence stable in the majority of experimental

solutions used and at the applied potentials employed. When applied potentials

give a net anodic current to the WE, the CE is the site of the cathodic reaction.

Likewise, when there is a net cathodic current on the WE, the CE is the site of

the anodic reaction. However if the free corrosion potential was measured as a

function of time, in the absence of external perturbation (i.e. polarisation), the

oxidation and reduction reactions occur on the working electrode.

OCP OCP measurements were conducted using a two electrode cell compris-

ing the WE and RE. The potentiostat measures the potential difference between

the two electrodes as a function of time. This is a mixed potential as both re-

actions are occurring at the same time on the single working electrode. OCP

experiments can give information on the reactions occurring on the surface. The

technique can been coupled with in-situ experiments (TLM, SVET). The tech-
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nique is complimentary, and provides electrochemical information, alongside the

spatially-resolved maps of current density (SVET) and, in the case of TLM, in-

situ images of the microstructure, with respect to time.

Potentiostatic Experiments The potentiostatic method imposed a single,

constant potential to the WE, measured with respect to the RE. As the cell

is potential controlled CE and RE are used. The experiment measures current

density as a function of time, which can help in the study of metastable events

where corrosion initiation does not occur under freely corroding conditions.

Zero resistance ammeter Zero resistance ammeter (ZRA) experiments al-

lowed current to be measured between two electrodes as a function of time. The

instrument coupled two different electrodes and imposed a 0 V potential differ-

ence between them. Thus the technique could be used for monitoring Galvanic

coupling between two different metals, for example Fe and Zn. The technique

can also be used to couple two similar specimens i.e. two different grades of

stainless steel, with one having a greater alloying composition. ZRA can also be

used to investigate the suitability for one metal to provide cathodic protection to

another. If by changing the metal expected to be the cathode (i.e. Fe) to metal

expected to be the anode (i.e. Zn) area ratio (i.e. a cathode two times larger

than the anode), an increase in measured current is observed then the expected

cathode (Fe) is likely to be protected when coupled with Zn.

Potentiodynamic Experiments Potentiodynamic experiments were conducted

using a three electrode cell. An OCP experiment was run beforehand to both

establish the starting potential E1, and also allow the potential between the

electrode, electrolyte, and counter-electrode to equilibrate. This was typically a

ten to thirty minute OCP experiment; and was a compromise between sample

throughput and to find a semi-steady state free corrosion potential (Ecorr). Once

the free corrosion potential was recorded; a suitable starting potential was chosen
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which was negative than that of Ecorr. This potential was then swept from E1 to

the final potential E2 using a constant sweep rate. E2 was chosen to be sufficiently

positive such that the breakdown potential Eb was reached. Once the potential

was equal to E2, the measurement ceases. An example potentiodynamic curve is

shown in figure 2.4, showing key locations on the curve. The diagram shows the

breakdown potential (Eb), and pitting potential Epit, the locations on the curve

where stable pitting occurs, thus the current density increases exponentially as

shown on the graph. In addition to E1 and E2 further potentials can be input

into the system. By performing further sweeps to additional potentials the de-

gree of hysteresis can be investigated. The size of hysteresis loops are linked to

repassivation of the metal. Zero hysteresis suggests no corrosion, while a small

degree of hysteresis suggests that the surface has repassivated. A large hysteresis

loop indicates that the surface has changed considerably from corrosion damage.

2.3.1 Reference Electrodes

The standard hydrogen electrode (SHE) is the gold standard RE for corrosion

electrochemistry applications. Due to its large size and bulk however a smaller,

more compact electrode was used. There are many types of reference electrode,

but have a key requirement to maintain a steady potential with respect to time

in the electrolyte of interest. A SCE was used in all experiments, and a dia-

gram of its principle features is shown in a schematic in figure 2.5. The SCE

uses elemental mercury (Hg) which is in contact with calomel (mercury-chloride,

Hg2Cl2). This is encased within glass, similar to a test tube, filled with saturated

potassium chloride aqueous solution (KCl). The SCE works works through the

redox reaction between Hg and the mercury-chloride calomel, which is steady for

within a range of elecrolytes. The potential of the SCE reference electrode is

highly dependant on the chloride anion, but can be calculated using the Nerst

equation. Saturated solutions of KCl result in a potential of +244.4 mV (wrt.

SHE) at room temperature, whereas for 3.5 mol dm−3 KCl the reference potential
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Figure 2.4: Example potentiodynamic curve (shown with a starting and final
potential).

shifts to +250 mV (wrt. SHE). For all experiments saturated KCl solution was

used.

Figure 2.5: The saturated calomel electrode [58]

2.4 SVET

The Scanning Vibrating Reference Electrode Technique (SVRET) shares simi-

larities with the traditional scanning reference electrode technique (SRET) [119].

The SVET has increased in spatial resolution and sensitivity when compared to
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SRET. The SVRET is commonly shortened as SVET, the instrument uses a vi-

brating probe. The SVET uses a Pt microdisc electrode which oscillates normal

to the specimen surface, and is scanned in x and y planes. The SVET measures

iso-potential gradient within the solution, as a function of space (x, y).

The SVET Pt microdisc electrode (‘probe’) is constructed of a short length of

Pt wire (125 µm diameter), insulated in glass and is polished flat. This os-

cillates at a set amplitude and frequency. A diagram of the probe is shown in

figure 2.6 courtesy of Williams [87]. A large area (c. 2.5 x 2.5 cm), low impedance

Ag/AgCl foil electrode was used as a pseudo-reference electrode and located c.

5 cm away from the vibrating probe. Prior to a corrosion experiment, the probe

is immersed in HCl for a period of 5 minutes and rinsed with distilled water to

remove any contamination. As the Pt probe oscillates, an alternating potential

in solution is measured. When the SVET probe/electrode oscillates it intersects

(‘cuts’) through lines of constant potential, and therefore measures the change in

potential gradient within the z-plane. The measured potential difference in nV

can be converted into current density by a simple calibration experiment. It is

important to perform a calibration experiment each time the equipment is used.

This is to ensure that the lock-in amplifier uses the correct phase and is synchro-

nised with the signal from the SVET speaker setup. The correct phase not only

ensures that the maximum signal can be attained, but has the correct sign (i.e.

positive, negative). If the signal attained was out of phase by 180◦, anodes would

appear as cathodes and vice versa. The correct phase also ensures that the signal

measured accurately reflects the intensity of corrosion events witnessed in an ex-

periment. An additional reason for calibration of the SVET is that it allows the

conductivity of the electrolyte to be estimated. The conductivity is assumed to

be constant for the duration of the experiment. The SVET was calibrated using

a two compartment tube cell, such as is shown in figure 2.7. In these calibrations

a known current can be passed though a known cross sectional area.

A bespoke perspex tube cell is placed within a perspex tank of approximately
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Figure 2.6: Diagram of the SVET probe and speaker set-up obtained from
Williams [87]
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Figure 2.7: SVET tube cell used for calibration. Two Pt electrodes are seperated
by a narrow vertical tube. This image was obtained from Williams [87]

5 litre capacity, and filled to the top of the tube cell with the desired electrolyte.

The vibrating microtip is placed approximately 2 cm within a hole of known

diameter, in which there is a flux of ionic current. The probe is moved in the z

direction in 100 µm steps in order to find the location of maximum signal. Once

a stable signal is recorded, the lock-in amplifier is auto-phased; such that the

speaker and lock-in are synchronised. The Ag/AgCl electrode is placed within

the perspex tank. A nano-galvanostat supplies a user selected current between

two Pt electrodes; one of which is within a perspex beaker, the other is connected

to the outside of this. As the two electrodes are separated by some distance of over

10 cm, the only route for current flux is through the vertical tube. Furthermore,

the majority of current will be in the z direction, parallel to the axis of vibration.

Assuming that the current flux is constant across the diameter of the tube, and

knowing its radius, a current density can be obtained. By plotting a graph

of supplied current, and corresponding the SVET detection signal on a graph

calibration slopes can be obtained. This can also be determined mathematically

by Ohm’s law, using the peak to peak SVET voltage Vpp = jz(app/K), where app

is the SVET probe vibration amplitude and jz the current flux density along the
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axis of vibration [87].The units for the calibration factor (where m is the gradient)

are m = nV m2A−1; assuming a plot of current density (Am−2) on the x axis, and

SVET potential (nV) on the y axis. A typical graph is shown in figure 2.8. The

calibration factor is a function of the electrolyte conductivity. Once the value is

known it can be used to convert SVET signal (nV) into current density values

(Am−2), which is what is plotted using cartography software.

Figure 2.8: Typical SVET calibration plot of SVET detection signal against user
selected current density. There exists a linear relationship over a range of current
density values

Height Profiling

As discussed previously, in order to resolve local point current sources by a dis-

tance of whm = 1.553·Z a user specified distance must be maintained throughout

scanning. The scan height is not only critical to the ability to resolve localised

anodes and cathodes but also fundamental to the technique itself. Fmax, the max-

imum field strength, is related to Z by means of an inverse square relationship,

and thus it is vital that the scan height is maintained.

The theory suggests that specimens be flat, and free of features which would

otherwise affect probe to specimen distance, therefore giving a constant scan

height. Once a probe calibration has been completed within the desired elec-

trolyte a specimen can be prepared for scanning. Manual levelling and planar

interpolated scanning were used in the SVET experiments. The full list of height

profiling to ensure probe to specimen distance is maintained are given below:
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• Manual levelling

• Planar interpolated scanning

• Three-dimensional SVET (3D-SVET)

Manual Levelling The most effective way of levelling, is to perform the task

manually using a stage with height adjustment. This type of levelling is very

effective for flat specimens as once the surface is levelled, it is orientated perpen-

dicular to the scan, thereby making any movement in the z-axis unnecessary. As

there is no need for the probe to travel toward, or away from the specimen, scan

times are reduced.

Planar Interpolation This method relies on the mathematical method of in-

terpolation. The probe takes height readings from four points on the specimen

surface at each corner. Using these co-ordinates the SVET computes the differ-

ence in z that the probe must move to maintain a constant distance. This method

is ineffective when there are irregularities on the surface due to the height being

a function of only four data points. Aside from this; the method works well for

flat, featureless surfaces, and a combination of rough manual levelling alongside

planar interpolated scans can result in much reduced height scan times when

compared to 3D levelling.

3D-SVET 3 dimensional SVET height levelling allows a wide variety of sur-

faces to be measured, including those that are highly non-planar. The technique

works by taking a height measurement for each spatial data point on the surface

without an electrolyte present. This set-up allows profiling of heights that dif-

fer by 2 µm and works through measuring the change in inductance between the

SVET probe speaker and the reference speaker, and once the program is initiated

the process is automatic. The surface is ’detected’ once the change in impedance

crosses a user-defined threshold. Stepper motors controlling the z-direction move
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the probe toward the sample in small increments at a slow rate. Once the surface

is detected the probe is retracted by a user-defined roughness value, x-y stepper

motors then move the probe to the next point in the raster pattern. The com-

puter stores the number of steps within memory for this point. The process is

repeated and the SVET program controls the SVET Z stepper motor at each

data point, allowing the user specified distance to be maintained. As such, it is

suitable for mapping weld locations and coins. Further information on the SVET

3D height profiling can be obtained in [120].

2.5 Scanning Probe Microscopy

Atomic Force Microscopy

Atomic force microscopy (AFM) is a surface probe (microscopy) technique and is

similar to the scanning tunnelling microscope but uses atomic forces rather than

quantum mechanical effects. A sharp tip connected to the end of a cantilever

is raster scanned across the surface to map the sample topography. The upper

surface of the cantilever is usually coated with a high reflectivity material such

as silicon, or silicon nitride. In the non-contact mode experiments (topography,

Kelvin probe force microscopy) the AFM tips used were made from single crystal

silicon (Nanoworld FM50). For liquid cell experiments (contact mode) 3-lever

n-type silicon tips were used (Mikromasch HQ:CSC37). As the tip interacts with

the surface through forces between the sample and the cantilever, the cantilever

undergoes a deflection. This deflection is measured by a laser which is reflected

from the upper surface of the cantilever to a position sensitive detector which

allows the AFM to have very high sensitivity measurement in the z-direction in

the order of 0.01 angstroms. The AFM uses a feedback mechanism to enable

tracking, control and position of the probe, as the instrument is very sensitive to

surface conditions.
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Scanning Kelvin Probe Force Microscopy

Scanning Kelvin probe force microscopy (SKPFM) can be used to map the rela-

tive Volta potential difference of different phases within the microstructure of a

conducting solid sample. This is conducted in non-contact mode using the same

set-up as the AFM. The AFM is used to obtain a topography measurement on

the trace, whilst the AFM feedback mechanism is used to maintain a set sam-

ple to probe distance on the retrace. SKPFM works in a similar fashion to the

macroscale scanning Kelvin probe, as the sample and probe form a capacitor

given that the distance is maintained throughout the measurement. The AFM

tip and the sample will have different work functions (difference between the

Fermi and vacuum levels) and thus when the two are connected externally the

Fermi levels align. These align due to a a flow of current as the electrons flow

between the two conducting metals until equilibrium is reached. Thus a charge

and contact potential difference will arise. By using a external bias potential

to null the contact potential difference such that the difference in work function

between the sample and probe can be determined. Application of alternating

and direct current voltages to the probe allows the measurement of the sample

work function. This is explained in greater detail in [121] and [122].

2.6 Overview of Experiments Undertaken in this

Thesis

A number of experiments were performed in this thesis and are displayed in

table 2.1. Table 2.2 shows the conversion between different units of concentration

used, in order to convert between NaCl molarity and parts per million [Cl−].
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NaCl molarity, mol
dm−3 NaCl

[NaCl],
gL−1

[Cl−],
gL−1

[Cl−], ppm

1 58.44 35.45 35450
0.2 11.69 7.09 7090
0.05 2.92 1.77 1772.5
0.01 0.58 0.35 354.5

Table 2.2: Conversion between sodium chloride in units of molarity and as parts
per million chloride
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Chapter 3

Corrosion of 20/25/Nb Stainless

Steel Studied using DC

Electrochemistry and SVET

Methods
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3.1 Introduction

20/25/Nb AGR fuel cladding has been investigated using a variety of aqueous

electrolytes in order to study the corrosion mechanisms and kinetics. Such con-

ditions are more aggressive than pond storage, which reflects the need to initiate

corrosion in the orders of hours and days rather than decades. This chapter is

split into two main sections according to the material condition: unsensitised and

thermally sensitised.

Unsensitised Material Condition Within the first section a conventional

assessment stainless steel was undertaken using standard DC electrochemistry,

in order to properly characterise the material. It is known that the corrosion

of SS is both [Cl−] and temperature dependent [12] [123]. Storage ponds are

maintained to ensure that bulk water temperatures do not exceed specified limits.

Whilst bulk pond water temperatures will be at the nominal target it is likely

that local water temperatures adjacent to the cladding will be higher. As denser

packing is scheduled to be used, these local temperatures are likely to rise in

the future, compared to the present temperatures. It is expected that local

temperatures will be over 50 ◦ C under normal operating conditions; and in a

fault condition temperatures could rise even further [37]. Therefore, electrolyte

temperatures will become increasingly relevant, as these reflect local conditions,

even if the bulk temperature is low. Subsequently ferric Chloride (FeCl3) was

investigated for its use as a corrosive medium to produce localised corrosion in

the unsensitised SS at, or near open circuit conditions in combination with the

scanning vibrating electrode technique (SVET) to map local activity occurring

on the metal surface in the aqueous electrolyte, in-situ. FeCl3 is an aggressive,

low pH, metal chloride containing solution, which shares similarities with pit and

crevice solutions. Fe3+ is also highly oxidising and will promote Ecorr. Within

a pit or crevice, a concentration gradient of ions forms between the anodic and

cathodic sites. Pit covers hinder mass transport; leading to a high concentration
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of metal ions, which in turn, causes electromigration. This induces a flux of Cl−

toward the pit mouth; and metal ions toward the free surface. Therefore, the

pit solution is a highly concentrated Cl− environment. If the SS is immersed in

acidic media an excess of protons (H+) will migrate to the pit; leading to a highly

acidic local pit solution. These protons are eventually reduced to form hydrogen.

FeCl3 solutions are used for testing the critical pitting temperature of SS [124].

Though CPT tests were not used in this study, as FeCl3 is a very aggressive

electrolyte, it was investigated for its ability to provide spontaneous corrosion

initiation. Green and blue oxide specimens, those with specially prepared oxides,

were analysed in this section to investigate the effects of thick deposition resistant

cladding on corrosion performance.

Thermally Sensitised Condition In this section the stainless steel was ther-

mally processed in order to attain a sensitised microstructure. The double-loop

electropotentiokinetic reactivation (DL-EPR) was used to quantify the degree of

sensitisation (DOS) in the material. Grain sizes were also measured to compare

the as-received and sensitised microstructures. Following the sensitisation proce-

dure the stainless steel was covered by a coating, which was analysed by X-ray

diffraction and scanning electron microscopy (SEM). The SVET was then used

to study thermally specimens fully and partially covered by this scale. Carbon

deposition was then studied using the zero resistance ammeter technique to in-

vestigate if carbon forms a Galvanic couple when deposited on the stainless steel.

Finally crevice corrosion was studied by the use of o-rings for crevice formers in

Cl− containing electrolytes.

3.2 Experimental

Unsensitised Material Condition The SS was examined in various elec-

trolytes (0.01, 0.05, 0.2, 1 mol dm−3 NaCl) in freely corroding conditions using a

two-electrode cell. Specimens were immersed in electrolytes for 30 minutes for the
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free corrosion potential to stabilise. The concentrations were chosen to reflect the

need to measure corrosion occurring over the relatively short timescales (hours,

instead of tens of years). Following open circuit potential (OCP) experiments,

specimens underwent potentiodynamic measurements to investigate the influence

of [Cl−] and electrolyte temperature. As explained previously (chapter 2), all po-

tentials were measured with respect to a saturated calomel electrode (SCE), with

platinum (Pt) gauze used as a counter electrode. The start potential for poten-

tiodynamic experiments was -200 mV polarised versus SCE with respect to Ecorr,

in order to capture detail on the cathodic oxygen reduction reaction slope. The

electrolytes were deaerated by vigorous nitrogen bubbling for experiments where

measuring the influence of [Cl−] on pitting potential was investigated.

A water bath was used to vary the experiment temperature. A number of

different electrolyte temperatures were chosen (20, 30, 40, 50, 60, 80 ◦C); whilst

maintaining fixed [Cl−] of 1 mol dm−3 NaCl. For temperatures exceeding 50 ◦C

the time taken to reach the set point increased by a large margin. A thermometer

was placed in the beaker to ensure the temperatures of electrolyte matched that

of the bath. For the higher temperatures, a perspex cover was placed on top of

the bath to re-condense vapour back into the bath. Ideally the SCE should be

operated at lower temperatures as laws governing its relative potential vary with

temperature. The SCE was chosen as it had been used in all other experiments.

Corrections were made for the temperature dependence of the SCE reference

electrode by the formula (E(SCE) = +0.242 − 7.6−4 · (T − 298)) [125] [126].

This formula uses potentials in volts, and temperature in Kelvin. The slope for

[Cl−] dependence was calculated using graph software (IGOR pro). A method of

linear regression was used for the curve fitting, using weighting for error at each

concentration. The error bars in the graph represent one standard deviation,

calculated using Microsoft Excel, with any obvious outliers excluded.

Specially treated specimens, “green” and “blue” stainless steel specimens were

studied using LPR experiment, with the colours relating to the thicknesses of the
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Cr2O3 oxide on the surface. In order to produce these different specimens, they

were baked by NNL in a furnace containing different water vapour concentrations.

The green oxide specimen had a target dew point of -23 ◦C with a range of

-18 ◦C to -28 ◦C. The blue oxide specimen had a target dew point of -41 ◦C

with a range of -36 ◦C to -46 ◦C. No information was given by NNL on time

or temperature for this treatment other than the target and range of dew point.

The starting potential for the experiment was more negative than Ecorr, and was

run to a suitable potential in which Eb would be present. A reverse scan was

then conducted back toward Ecorr. This type of experiment was conducted to

investigate the possibility for the specimens to undergo repassivation. Should

the specimen show pitting (i.e. it has reached Eb); and the reverse scan cross

the anodic sweep then repassivation has occurred. This is called the cross-over

potential, Erp [127]. The smaller the hysteresis loop, the more successful the

repassivation. The specimens were immersed in 1 mol dm−3 NaCl; with an open

circuit measurement conducted beforehand to allow the potential to stabilise. All

test specimens were subjected to anodic polarisation from -300 mV to 500 mV

(vs. SCE), with 500 mV set as the initial vertex potential. All specimens showed

transpassive behaviour before reaching the vertex potential.

Thermally Sensitised Condition Information on the DL-EPR test is given

in section 2.2.1. Grain sizes were calculated using a Nikon MA200 inverted micro-

scope its 100x objective lens. The study was conducted according to the ASTM

E112 standard [128], using both linear and circular intercept procedures. 3 lines

of ≈ 150 µm were drawn and intercepts taken. This process was repeated at three

different areas across the surface, and an average taken from these 9 points. The

error was expressed as one standard deviation. In addition, circular intercepts

were taken at each area, and averaged. The error in these measurements were

expressed as the difference between the largest and smallest value.

The dull surface scale was analysed following sensitisation treatment to study

thickness and also its composition. Specimens for thickness analysis were mounted
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in a cold set resin (Struers Durocit) allowing the cross section to be imaged. Spec-

imens were ground, polished and subsequently imaged using SEM-EDS (Hitachi

TM3000). Multiple areas of the cross section were imaged using SEM to gain a

representative scale thickness. Further analysis was also undertaken using X-ray

diffraction (XRD) in order to determine its crystal structure. The diffractometer

scanned from 20-95 ◦ in order to capture a large number of diffraction peaks for

matching. In addition, to check the sensitised SS for texture, XRD was also per-

formed on the SS in different orientations. In this experiment the SS specimen

was placed in the diffractometer and fixed in place. A single scan of the same 20-

95 ◦ was undertaken before a 45 ◦ rotation about the y plane. The specimen was

then scanned through the same angles as before, this occurred multiple times un-

til the specimen rotated a full 360 ◦. The data from the texture experiment were

processed using Bruker EVA software and displayed in the form of a waterfall

plot (figure 3.23) for easy analysis. As a result, the y axis counts are relative.

A preliminary test in NaCl containing electrolyte (0.5 mol dm−3 NaCl) re-

vealed the formation of red iron oxide rust on the surface of the sensitised SS

after a duration of approx. 24 hours (see section 3.4.4). This indicated that a

scanning probe technique could be used to assess the locations of anode forma-

tion. The SVET was used to study the unprepared Hematite coated specimen in

0.5 mol dm−3 NaCl. Three tests were conducted using two specimens of similar

area. The first experiment was undertaken using a 2 mV SVET lock-in amplifier

sensitivity, over a 24 hour period, using an 12x18 mm exposed area. The second

experiment used the same concentration electrolyte, with an increased (200 µV)

sensitivity setting for a longer time period. This used a significantly smaller area

using a 7x10 mm exposed area. A digital single lens reflex camera (Canon 600D)

was used in this instance to image the surfaces post corrosion. In addition to

analysing specimens with a full coating of the scale, the alloy was also prepared

using polishing techniques to investigate the surface just below the scale where

the SS is sensitised. The surface was ground at an angle to allow analysis of
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the sensitised area, as has been conducted previously (figure 3.15). 1 mol dm−3

NaCl was used and the SVET was set to 100 µV sensitivity. Micrographs were

taken using a Nikon MA200 inverted microscope, and stitched together using the

Graphical Image Manipulation Program (GIMP).

The zero resistance ammeter (ZRA) technique was used to study the effects of

carbon deposition on fuel cladding, with respect to corrosion in aqueous storage

conditions.Sensitisation treatment for the SS tube was conducted at Swansea

University according to the procedure described previously (Chapter 2). Once

SS tubes were sensitised, carbon was deposited using a candle flame. Other

methods (lighter, chefs blowtorch) were used but appeared to burn too cleanly

for carbon deposition. A fine mist of oil (Frylight sunflower oil) was sprayed onto

the tube before it was heat treated for 2 hours in a furnace (250 ◦C) to help bind

the carbon to the surface. Baked carbon is porous [129], but it is unlikely at

the heating timescale that graphitisation, which has an even lower porosity had

occurred. A length of uncoated SS tube was also cut such that the two tubes

had the same area. The inside, and cut edges, of the two tubes were painted

in a non-conductive laquer (Lacomit) in an attempt to order to only measure

activity from the outer tube walls. The carbon coated and uncoated SS tubes

were connected to the potentiostat, as CE and WE, respectively. The uncoated

tube was immersed by 4 cm. The carbon coated tube area was varied. A potential

of zero volts was applied to the reference electrode (uncoated tube) in order to

measure the current flux between the electrodes. The data had 50 point box

smoothing applied by IGOR pro software.

As-received tube was immersed in 0.2 mol dm−3 NaCl (aq). For the sensitised

tube experiments 10 ppm [Cl−] was used as an electrolyte to better simulate pond

chemistry. The ZRA experiment measured the coupled current flux between the

two species, and the sign of the current density gives details on which species

is acting as the anode, or cathode. As such the magnitude of current density

therefore defines the amount of activity between the two species. The sensitised
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SS was examined in an appropriate corrosive environment to investigate crevice

corrosion. Preliminary tests had shown that the SS was responsive to crevice cor-

rosion. Furthermore, crevices will tend to naturally form in environments where

materials are in close proximity to each other (chapter 1). Crevice environments

were formed by tight fitting rubber o-rings fastened around the SS tube struc-

tures. A separate SVET experiment studied the propagation of crevice corrosion

for the SS when set in resin. The SS tube was thermally sensitised and subjected

to varying levels of [Cl−] (0.01, 0.05, 0.5, 5 mol dm−3 NaCl). An investigation

of the tubes corrosion behaviour in an even more extreme environment was also

carried out. The sensitised tube was immersed in 5 mol dm−3 NaCl and crevice

formers used, but in addition 20 millimol dm−3 hydrogen peroxide (H2O2) was

also added to the electrolyte. The experiment represents a worst-case condi-

tion where a highly localised environment within a fuel pond a [Cl−] increased to

close to saturation and radiolysis of the water has led to the formation of a higher

than expected [H2O2]. H2O2 is an oxidiser which if present would act as a natu-

ral cathodic depolariser, thus raising the OCP. The specimens were immersed in

electrolytes for a minimum of 160 Ks (44.4 hours). Crevices were introduced by

placing 4 tight fitting o-rings around the circumference of the tube within a 1.5

cm distance from each other (figure 3.1). Post corrosion images were taken with a

digital single lens reflex camera (Canon 600D) and cropped according to relevant

sizes for examination. Further images were taken using an infinity 1 camera and

Meiji macroscope (H2O2 experiment only).

3.3 Unsensitised Stainless Steel

3.3.1 Chloride Dependence

Figure 3.2 shows potentiodynamic curves for unsensitised 20/25/Nb stainless

steel immersed in 0.01, 0.05, 0.2 and 1 mol dm−3 NaCl. Three repeats were

taken for each concentration. The graph shows a plot of applied potential with
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Figure 3.1: Tight fitting o-rings were used to introduce crevice corrosion. 4
o-rings were used within a maximum tube length of 1.5 cm.

respect to the measured current density. The lowest concentration (0.01 mol

dm−3 NaCl) showed the most anodic breakdown potential (Eb), with an average

change in potential (∆ EAv.) of 744 mV (vs. SCE). Specimens immersed in

0.05 mol dm−3 NaCl exhibited more current transients than in 0.01 mol dm−3

NaCl. This indicates that metastable pitting occurred, caused by ruptures in

the passive Cr oxide film. In these cases the pit environment is not sufficient

to allow continued pit growth, therefore repassivation occurs in the majority of

events. Eb was more cathodic, resulting in a smaller ∆ EAv. of 680 mV (vs.

SCE). The effects of the higher conductivity are shown by the gradient of the

slope at the Eb, which is greater for the 0.05 mol dm3 specimens. At 0.2 mol

dm−3 NaCl transient events continue to manifest. The gradient of the curve at

the breakdown potential is similar to that of the previous concentration, 0.05

mol dm−3 NaCl. The value of ∆ E is comparable to that of 0.05 mol dm−3

NaCl (table 3.1). This is a result of the shift in free corrosion potential (Ecorr),

even though Eb is smaller value. The spread in results for both ECorr and Eb is

more significant than that of the other data; with standard deviations of 17.4%

and 11.4%, respectively. As [Cl−] increases further, the expected decrease in Eb

becomes apparent. ∆EAv. is 613 mV for 1 mol dm−3 NaCl. Current transients
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are still present in the curve suggesting that a number of pits had nucleated; but

did not have the correct conditions for stable pit growth. A sharper transition

from passive to active current was expected at Eb, however the transition was

more in line with previous concentration results. The data from the separate

experiments are tabulated in Table 3.1. This shows the average ECorr, Eb and

∆EAv. values. Errors are quoted as one standard deviation from the mean.

Figure 3.2: Comparison of typical potentiodynamic curves for unsensitised SS in
a range of chloride ion concentrations.

The relationship between Cl− anion, ECorr, and Eb as shown previously in

figure 3.2 can be further investigated by the use of a log–linear graph. This is

shown in figure 3.3. Using the logarithm of [Cl−], results can be plotted with the

same order of magnitude with respect to potential. As expected, the SS exhibits

a negative Cl− dependence, i.e. as [Cl−] increases there is a resulting decrease in

Eb. The (Eb) Cl
− dependence is equal to the gradient, and for the unsensitised
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20/25/Nb stainless steel is -98 mV decade−1.

Figure 3.3: Graph showing the relationship between [Cl−] and potential. OCP
values are from separate OCP experiments and are shown in table 3.1

A comparison may be made with the work by Abd El Meguid et al. [130]

who studied type 904L and 316L stainless steels. 904L has a high Mo content

of 4-5% (by mass), Ni and Cr contents of 23.5% and 20% respectively. 316L has

Mo, Ni and Cr contents 2-3%, 9-8% and 17.5% respectfully. The authors quote

a [Cl−] dependence of -140 mV decade−1 for both materials, with the gradients

for each running parallel although the 316L is displaced by -240 mV relative to

904L. The results are shown in figure 3.4. These values are the same as those

quoted by Williams et al. for turbine blade SS (-140 mV decade−1) although

these SS had Cr contents that were much lower (11.5 and 13.5 wt.%) [12]. This

figure is comparable to AISI 304 SS (Fe-18Cr-8Ni) in NaCl at -150 mV decade−1

(between 20 and 80 ◦ C) [63] [131]. For contrast, Fe metal Eb [Cl−] dependence is
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-59 mV decade−1. Laycock [132] analysed 302 SS in NaCl, similar in composition

to 316 SS but without the 2.5% Mo addition which was found to increase Eb by

+100 mV relative to 302 SS in all [Cl−]. The 302 SS showed a [Cl−] dependence

for Eb of -93 mV decade−1 when prepared to a 120 grit surface finish. A higher

quality surface finish (1200 grit) resulted in an increase to −100mV decade−1.

The gradient calculated here (-98 mV decade−1) is in line with results from Lay-

cock [132] for 302 SS. Interestingly, the dependence results for low Cr SS studied

by Williams [12] are similar to 304 SS [63] and 316 SS [130], whilst the 20/25/Nb

SS has a similar dependence to 302 SS [132]. Future research may look to measure

the protection potential Eprot. Abd El Meguid et al. emphasise that the pitting

performance of a material is not solely dependent on Epit, but also the Eprot,

the point in which a reverse polarisation curve intersects a forward polarisation

curve.

3.3.2 Temperature Dependence

As table 3.2 shows, Eb is proportional to electrolyte temperature, as expected. In

fact, the total change in potential arising from a 10 ◦C increase (20–30 ◦C) is sub-

stantial enough to produce a 100 mV decrease in Eb. Increasing this temperature

to 40 ◦C yields a further 150 mV change in potential.

T, ◦ C Eb (Av),
mV

Eb (σ),
mV

Error
ratio,
Eb

ECorr

(Av),mV
ECorr (σ)
,mV

Error
ratio,
Ecorr

∆ E,
mV

20 412.5 37.2 9.0 -204.4 10.9 5.3 616.9
30 407.7 77.9 19.1 -98.2 53.6 54.5 505.9
40 245.1 13.3 5.4 -118.7 17.8 14.9 363.8
50 223.8 15.2 6.7 -128.3 9 7.0 352.1
60 178.9 9.2 5.1 -131.7 20 15.1 310.6
80 108.4 23 21.2 -115.1 8.6 7.4 223.5

Table 3.2: Table showing free corrosion and breakdown potentials for unsensitised
specimens at a fixed [Cl−], with varying T. All potentials are with respect to SCE;
and error values quoted represent one standard deviation from the mean.

The graph in figure 3.5 shows that Eb decreases linearly with increasing tem-

perature. Whilst this decrease is in accordance with previous research by Abd
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Figure 3.4: [Cl−] dependence at 60 ◦C at pH 5.8 for 316L and 904L stainless
steels [130]

El Meguid et al. [130] in the results shown here the dependence is linear, how-

ever for the results by Abd El Meguid et al. a parabolic dependence exists as

shown in figure 3.6. These experiments are different however: type 904L and

316L stainless steels were used, alongside a lower [Cl−] concentration.

The temperature–potential graph shows that the SS exhibits a linear depen-

dence on electrolyte temperature with a slope of -7.3 mVK−1. For example, a

modest increase of 10 ◦C results in Eb reducing by 70 mV, which could promote

the SS to a the region of metastable pitting. A comparison of the potentiody-

namic experiments is shown in figure 3.7. In this figure the curves have been

shifted by the temperature correction (given in brackets) in the legend. Unex-

pectedly the 20 ◦C and 30 ◦C tests show more short lived current transients than

at the higher temperatures. The sharp increase in current density, classic be-

haviour with more aggressive environments, is shown even in the increase from

20 ◦C and 30 ◦C.
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Figure 3.5: Temperature dependence of Eb (-7.3 mVK−1) and Ecorr

(0.65 mVK−1) observed in fixed, 1 mol dm−3 NaCl electrolyte at a nominal
pH of 7.
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Figure 3.6: Temperature dependence of 316L and 904L stainless steels in 0.6 mol
dm−3 NaCl [130]
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Figure 3.7: Comparison of typical potentiodynamic curves for unsensitised SS at
a fixed chloride ion concentrations (1 mol dm−3 NaCl) and varying electrolyte
temperature.
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3.3.3 SVET Crevice Corrosion

The unsensitised SS was subjected to immersion in 1 mol dm−3 NaCl and po-

larised to 375 mV (SCE). Previous experiments using SVET on the unsensitised

20/25/Nb SS showed little activity, even at high concentrations (1 mol dm−3

NaCl). Therefore the earlier results using the three electrode cell (previously

displayed in section 3.3.1) were used to assist in the study of localised corrosion

using SVET. The specimen was immersed in the highest concentration electrolyte

used previously and a potentiostatic potential of 375 mV vs. SCE was applied

(10s of mV away from its breakdown potential). The false colour maps show

the anodic activity in red (positive current), little activity in white (≈0), and

cathodes as blue regions (negative currents). The intensity of the red and blue

colours are directly proportional to the magnitude of current density. The lack

of cathodic current density is caused as the net cathode is situated externaly

(Pt gauze electrode) as a three electrode cell was used. As the graphics show in

figure 3.8, the surface contour maps show a change in colour from largely white

to red within less than 24 hours. The peak current density at the anodic front

(upper anode in images) is sustained at 2000 Am−2 between hours 1 to 9. By

hour 10 peak current density increases to 2500 Am−2 and subsequently by hour

15 the peak is reduced to 1000 Am−2.
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Figure 3.8: SVET scans obtained after 0, 3, 6, 9 hours in 1 mol dm−3 NaCl for
unsensitised SS, polarised to 375 mV (Vs. SCE).
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Figure 3.9: SVET scans at 11 and 14 hours in 1 mol dm−3 NaCl, polarised to 375
mV. A photograph of the surface following 15 hours immersion is also included
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Materials that undergo pitting corrosion have large current density values fo-

cussed at the pit opening, with the larger free surface acting as a large cathode.

In this experiment however a three electrode cell was used and so the net cath-

ode is located at the counter electrode. The localised corrosion patterns under

external polarisation do not resemble either crevice corrosion or pitting. For the

former, the anode would be expected to remain stationary and active at the SS-

resin interface (i.e. around the scan area edges). The latter would give highly

focal local anodes, which would either remain active or initiate and passivate, but

would not necessarily traverse the surface. Anodes appear within 3 hours (top

left and lower right), propagating along the surface at a rate of c. 30 µmhr−1

(100 µm between 3 hours, each division on graph is 1 mm). The scans show

that the corrosion initiated from a crevice, formed at the resin-specimen inter-

face indicating the susceptibility of the material to crevice corrosion. However

the system shown here shows an anodic front attacking a previously uncorroded

region leaving behind a darkened surface, this is atypical behaviour and does not

represent IGC, thus this study was discontinued. By the time of hour 15 the

surface changed dramatically. The SVET current density map in figure 3.9 is a

result of the specimen having undergone large amounts of corrosion, such that

large amounts of the SS fragmented into solution. This impacts the SVET in

two ways: SVET tip to specimen distance would have increased, causing anode-

cathode current loops to be less visible. Furthermore, the physical impact of

fragments on the tip itself may have given false readings.

3.3.4 Green and Blue Cladding

In this section specially prepared custom specimens which represented a trial

of deposition resistant fuel was assessed. The custom specimens (unsensitised

SS) had an artificially thick chromium oxide which resulted in the colour change

from transparent to green and blue due to different vapour concentrations in a

furnace. The SS was prepared with these oxides to prevent the deposition of
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carbon explained at the start of the chapter (section 3.1), and the introduction

of carbon acting as a cathode in the previous section 3.4.5. Temperatures of

the target and actual range of dew points used to artificially grow these oxides

can be found in the experimental section ( 3.2). The specimens were immersed

in 1 mol dm−3 NaCl and subjected to potentiodynamic polarisation. The plot

in figure 3.10 shows potentiodynamic curves for green oxide specimens, with an

untreated specimen is also shown for reference. The first test specimen showed

several pitting events in the transpassive region of the scan (-170 to 400 mV vs.

SCE). The largest event lasted for a region of 40 mV; the equivalent of 40 s,

given the 1 mV s−1 scan rate. The difference in Eb for test specimens 1 and 2

is c.100 mV vs. SCE. The two ‘green’ oxide specimens potentiodynamic curves

sit between the control specimen. Specimen 1 shows a lower current density

throughout the experiment and a larger change in potential (Eb-Ecorr) although

large transients were present indicating pitting corrosion initiation. This is in

contrast to specimen 2 which showed a higher current density throughout the

experiment when compared to both specimen 1 and the control specimen, but

with a lower number of transients. The current density exhibited by specimen 2

is almost an order of magnitude greater the standard oxide. As with specimen 1

the total change in potential for specimen 2 was larger than the control specimen.

The plots indicate, from the more positive Ecorr, that deactivation of the anodic

dissolution occurred in the control specimen. This is in contrast to the two ‘green’

oxide specimens indicating that the surface changed due to pitting corrosion.

The ‘blue’ oxide specimens all showed notably higher current densities through-

out the anodic sweep; which were in some instances three orders of magnitude

greater than the control specimen. The first and second specimen exhibited

transpassive behaviour; with no sharp increase in current. Whilst this might

indicate that the specimens either did not undergo pitting corrosion, the current

throughout the sweep was much greater. When compared to the green specimens

the hysteresis loops are much smaller, but do not repassivate until the potential is

96



Figure 3.10: ‘Green’ oxide unsensitised SS compared to the unsensitised control
specimen in 1 mol dm−3 NaCl
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close to Ecorr within ≈150 mV. Though sharp breakdown potentials were not ob-

served, the passive current density is a greater for these specimens with a thinner

oxide (blue) when compared to both the thicker (green), and control specimens,

suggesting corrosion could be occurring throughout the anodic sweep.

Figure 3.11: ‘Blue’ oxide unsensitised SS compared to the unsensitised control
specimen in 1 mol dm−3 NaCl

An assessment of two trial samples produced using a new process to decrease

the effects of carbon deposition have been studied. The impact of these new

production methods was investigated to measure the impact on their corrosion

characteristics. Neither of the two specimens showed promising results when

compared to the untreated standard oxide SS. Both types of treated specimens

showed increased current densities; with the blue oxide specimens showing current

densities up to three magnitudes greater. The green specimens showed a number

of metastable events; whereas the blue oxide specimens exhibited transpassive
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behaviour. These treated specimens show the inverse of the expected, given that

the oxides are thicker than the standard specimen – such that a colour change

of the cladding is witnessed. A thicker film might act in a similar manner to a

coating, providing a physical barrier to the underlying metal, however; the results

suggest otherwise; with higher currents being measured throughout.

Another possible issue with the use of these new processes is that there is

no current operational experience in-reactor. As such, the impact of RIS is not

known for these materials. There is the possibility that the SS residing directly

under the film becomes depleted of Cr during the treatment stage. This might

lead to further challenges in the coming years if the underlying metal has a lower

than normal Cr content where RIS may cause further depletion of Cr at areas

adjacent to the GBs. This in effect has the ability therefore to render the SS in

a more sensitised state than the untreated material, given that variables such as

dose rate are constant.

3.4 Thermally Sensitised Stainless Steel

3.4.1 Degree of Sensitisation

Table 3.3 shows that current (and charge) are proportional to polish depth. The

current and charge ratios are quantifiers used for degree of sensitisation (DOS).

This suggests that sensitisation does not appear to be uniform throughout the

specimen. This seems difficult to understand as at the temperatures used for the

sensitisation treatment, heating should be homogeneous. At the high tempera-

ture used for the solution anneal (1150 ◦C, 30 mins) it would be expected that

a large quantity of NbC inclusions would have dissolved, increasing free carbon

within the matrix. Given that the ageing step is a two week period at 650 ◦C it

would be expected that the entire specimen would be at temperature, leading to

a uniform DOS. However, the results do not match the expectation. Reviewing

the literature on the double-loop electropotentiokinetic reactivation (DL-EPR)
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experiments published by Chan on 20/25/Nb show that the as-received, sta-

bilised and thermally sensitised microstructures had a Ir/Ip ratio of 0.022, 0.48

and 2.32 [45]. Chan’s 20/25/Nb specimens were solution annealed at 1300 ◦C

for 30 minutes and subsequently aged at 550 ◦C for 1000 hours to produce a

sensitised microstructure. The stabilised microstructure used the same solution

anneal time and temperature but the second step differed and was held at 930 ◦C

for 30 minutes. The results by Chan indicate that the sensitised microstructure

in this research is more representative of the stabilised microstructure although

the heat treatment temperatures and duration differ.

Cumu-
-lative
Polish
Depth
(µm)

Anodic
Charge,
(C)

Rp*
Charge
(C)

Max
Anodic
Current
(mA)

Max
Rp.*
Current
(mA)

Qr/Qp Ir/Ip

Unpolished179.2 66.3 117 56 0.37 0.48
22 247.5 50.2 141.1 55.2 0.2 0.39
69.2 298.4 54.48 149 57 0.18 0.38

Table 3.3: Degree of Sensitisation - the DL-EPR test (*Rp - repassivation)

The surface was inspected after DL-EPR test as per the ISO specification.

The surface appeared roughened (figure 3.12), this was confirmed by optical

microscopy (figure 3.13 and 3.14). Therefore, it was decided that the grain area

measurement would be omitted due to the difficulty in making measurements.

The test solution and parameters were followed, as per the ISO specification.

As the DOS varied through the gauge of the material, a method of evaluating

the corrosion behaviour of the sensitised material needed to be obtained. Cross

sections of the sensitised SS were used to estimate the thickness of the dark scale

(haematite) using SEM and was determined to have an approximate thickness of

6-9 µm (figure 3.21), as explained in section 3.4.3. Therefore, if the cut square

specimen was mounted at a slight angle from the horizontal plane, different ar-

eas of the surface would have more material removed from the grinding stage.

Figure 3.15 shows the process used to prepare the sensitised SS surfaces so that

a range of DOS could be evaluated. Figure 3.16 shows an example of the offset
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Figure 3.12: Surface of the sensitised 20/25/Nb specimen following the DL-EPR
test

Figure 3.13: Micrograph of roughened surface following DL-EPR test, 10x

Figure 3.14: Micrograph of roughened surface following DL-EPR test, 50x
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Figure 3.15: Offset mounted SS specimen schematic of the specimen cross section,
where the dark box represents the oxide layer. The orange colouring represents
highly sensitised grain boundaries relative to the grey area (less sensitised ma-
terial). The green box is an area suitable for TLM or SVET investigation of a
highly sensitised area adjacent to the oxide.

Figure 3.16: Offset mounted SS specimen in resin with the oxide layer clearly
shown, the polished metal surface along with the interface between the two (the
more sensitised material).
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preparation an actual specimen.

3.4.2 Grain Size Calculation

Table 3.4 displays the results of grain size calculations (ASTM E112-12 standard

test methods for determining average grain size [128]). Both line and circle inter-

cept procedures were used to calculate sizes at the recommended 100x magnifica-

tion. Both methods work by counting the number of grain boundary intersections

for a line of fixed length or a circle with a fixed diameter. The circular method

has the benefit of automatically compensating for non-equiaxed grains within the

microstructure. The grain sizes were calculated from polished specimens.

Figure 3.17: Grain size measurements for the as received microstructure - ASTM
E112 data plotted [128]. Solid lines represent the average result, dotted lines
indicate minimum and maximum sizes corresponding to one standard deviation.

The estimated grain sizes for the as received and sensitised microstructures

are shown in figures 3.17 and 3.18 respectively. The ASTM grain size number,

G, is first obtained through either line or circular intercept procedures and then
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Figure 3.18: Grain size measurements for the sensitised microstructure. The solid
lines represent the average result, dotted lines indicate minimum and maximum
sizes corresponding to one standard deviation.
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cross referenced against grain diameters. The estimated average grain size is

17 µm for the as-received microstructure, with minimum and maximum grain

sizes of 16 µm and 18.5 µm. The average values and one standard deviation for

grain size measurement are displayed in table 3.5. The average grain size for the

thermally sensitised microstructure is 16 µm, with a minimum and maximum of

13 µm and 19 µm respectively. The thermal sensitisation procedure does not

appear to change the grain sizes; which wouldn’t be expected at 600 ◦C unless

the sample was cold worked. Phuah [51] reported larger grain sizes using electron

microscopy for the as-received 20/25/Nb (25 µm) and also a smaller grain size

with increasing ageing temperatures during thermal processing. Phuah measured

an average grain size of 15 µm for both 500 ◦C and 600 ◦C, and 10 µm at 800 ◦C

(all 192 hours). Though both the methods of measuring grain size, and the

duration of the heat treatment were different, the grain size in general was been

shown to decrease with thermal processing.

As received Line Circle
Area 1 2 3
1 8.6 7.7 9.9 8.9
2 7.4 7.9 8.9 8.8
3 9.1 9.4 9.3 9.3
Sensitised Line Circle
Area 1 2 3
1 8.4 10.5 7.6 9.6
2 9.6 9.1 9.6 9.1
3 8.8 9.4 8.8 8.3
Specimen Average line S.D. line Average circle S.D. circle
As received 8.78 0.77 9.00 0.22
Sensitised 9.09 0.78 9.00 0.54

Table 3.4: Grain size measurement ASTM E112 for as received and sensitised
SS specimens for line and circle intercept procedures. The numbers shown are
ASTM grain size numbers ‘G’ and is unitless. ‘S.D.’ represents one standard
deviation.
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Specimen Average grain size Minimum Maximum
µm µm µm

Sensitised 16 13 19
As received 17 16 18.5

Table 3.5: Average grain sizes and respective minimum and maximums (one stan-
dard deviation) derived from grain size measurement using the circular intercept
procedure. These were taken from the circular intersect results. The values are
derived from ASTM E112 standard datasheet.
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3.4.3 Analysis of Scale

The appearance of the SS differs after the solution anneal has occurred, with the

surface no longer having a metallic grey luster, but instead a dull dark, black

appearance. This was analysed in order to investigate both the composition and

thickness of the scale. Images of the surface before and after the anneal are shown

in figures 3.19, 3.20.

Figure 3.19: Tube before furnace treatment

Figure 3.20: 20-25-Nb SS after solution anneal and ageing treatment

The thermally sensitised SS was cut into sections and mounted to form cross

sections so that the thickness of the scale could be estimated by microscopy.
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Figure 3.21: Thermally sensitised SS cross sections imaged using SEM. The mi-
crographs show the thickness of the scale at different locations on the sample
(a-d).
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The images from the cross section imaging experiment (figure 3.21) shows the

thickness of the scale was approximately 6-9 µm for four locations on the sample

(a-d). Therefore the scale is not a thin film, and is almost half the size of a grain

(the grains were calculated to be 15-20 µm). The cross section shows from left

to right the mounting resin, scale and grains of the stainless steel (figure 3.21a).

Analysis by X-ray diffraction the thermally sensitised SS showed peaks for

iron (Fe) and nickel (Ni). Fe and Ni have the same face centred cubic (FCC)

crystal structure, and their peaks are shown by the blue and red sticks on the

diagram, which differ only in intensity. Interestingly, the data matches the peak

listings for haematite, an iron oxide (Fe2O3). The solution anneal was performed

in an inert argon atmosphere, though after the initial treatment the surface no

longer has a metallic luster. Most likely, oxidation, causing the formation of

haematite, had occurred during the ageing treatment, which is performed in air

where there would be a larger quantity of available oxygen.

The XRD spectra for the thermally sensitised SS (figure 3.23 and figure 3.24)

shows that the peaks at 24 ◦, 33 ◦, 36 ◦, 41 ◦, 46 ◦, 51 ◦, 54 ◦, 63 ◦and 75 ◦all vary

in size. The specimen shows that there is an apparent change in the diffraction

of different crystal orientations with rotation. Crystallographic texture can also

be seen when there is a large intensity single peak, where there are no reflections

from other peaks. The sensitised SS has some form of texture, whether this

may be from the work performed on the material during manufacture, or the

consequence of cold rolling. The effect of texture may have been decreased by

annealing during the manufacture, but also the sensitisation heat treatments

that were undertaken. The cross sections for the thermally sensitised SS were

analysed using EDS to identify the chemical composition of the base metal and

scale, the results of which are shown in figure 3.26. The EDS false colour map

shows clusters of niobium, which are the solid solution NbC inclusions. The

corresponding SEM micrograph is shown annotated with regions of interest in

figure 3.25. Away from these clusters an oxygen rich signal is apparent, which
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is in line with the previous results from XRD. The carbon signal is a result of

X-rays from the cold mount resin.

An AFM image of the scale is shown in figure 3.27. The image shows the

surface following surface preparation (grinding and polishing at an angle). The

image clearly shows carbides which decorate the grain boundaries of the sensitised

metal, without the need for an etchant.
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Figure 3.25: SEM image of thermally sensitised SS cross section showing areas
of interest, corresponding to the EDS map in figure 3.21.

Figure 3.26: Cross section of the SEM micrograph in figure 3.25 analysed using
EDS. The false colour map shows an oxide rich layer adjacent to the metal and
the presence of niobium precipitates.
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Figure 3.27: Annotated AFM topographical image of the thermally sensitised SS.
The lower half of the image shows the scale (white), whereas the upper part of the
image shows the metal surface and carbides which decorate the grain boundaries.
The grain boundaries at these locations could also contain residual haematite.
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3.4.4 SVET Analysis of Specimens Containing Scale

Full Scale Coating

From the previous section it had been determined that SS specimens taken from

thermal processing were not sensitised throughout the bulk of the material. Fur-

thermore, the processing resulted in the nucleation and subsequent growth of

a thick 6-9 µm coating of haematite, masking the entire surface. As a result,

specimens were introduced to corrosive electrolyte to investigate localised cor-

rosion behaviour of the thermally sensitised material prior to any grinding and

polishing. Furthermore, by forgoing the grinding step, the vital highly sensitised

material beneath the scale would not be either partially or fully removed.

The results of the first experiment are shown in figure 3.28. The SVET did

not show the expected formation of anodes but instead the exposed surface was

shown to be electrochemically inactive. The SVET was however able to resolve

local anodes located in the top left region of the scans. A possibility is that many

of the anodes could have initiated, but subsequently passivated during the time

between the scans. The digital photographs clearly show that oxidation had oc-

curred (inset in figure 3.28(vi)). Giving rise to numerous red-rust locations over

the scale covered surface. To rule out instrument error, instrument sensitivity

was increased such that other anodes (clear in the photograph) could be de-

tected/resolved. The SVET surface current density maps recorded at the higher

sensitivity are given in figure 3.29. The second experiment again did not show

any activity related to the corrosion that was visually evident (figure 3.29(v)).

The reasoning for the inability to detect this oxidation occurring on the surface

of the SS is a fundamental drawback of this scanning electrode technique. The

theory behind the SVET has been provided earlier in chapter 2. The SVET is able

to monitor the change in potential gradient above the corroding surface which

itself is proportional to current flux density in solution. However, for a potential

gradient to be detected, the lines of ionic current flux which couple anodic and

cathodic regions must pass through the plane of scan. One way of attaining better
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resolution is to decrease the probe to sample distance, which in itself requires a

smaller diameter microelectrode, otherwise there will be blurring of point current

sources. This comes to a cost, as electrical impedance is inversely proportional to

diameter. The Swansea University SVET is at near optimal operation, c. both

100 µm distance and microelectrode diameter. Thus, if current loops between

anode and cathode are large enough, which for localised corrosion they usually

are, then the SVET will detect the sources of ionic current. However, SVET will

be unable to detect point current sources should the loops be very small the i.e.

below the plane of the scan. Such an occurrence will occur where the corrosion cell

is confined to small areas. Therefore it is evident that the discrepancy between

visual appearance and SVET-derived current density maps arises because both

anodic and cathodic events take place at the same locations and so cannot be

detected. It is plausible therefore the scale acts to occlude the metallic surface,

giving rise to highly localised crevices.
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Polished Scale Section

The image in figure 3.30 shows the surface before and after corrosion in 1 mol

dm−3 NaCl electrolyte over the time period of 24 hours in freely corroding condi-

tions. When highly sensitised grain boundaries are present at a site occluded of

oxygen, the surface undergoes rapid corrosion initiation. The SVET maps show

surface current density in 3 hourly intervals (figures 3.30(d-h)) and the maps

show that corrosion initiates almost immediately, within the first scan. Peak

current density is the greatest in this time period, decreasing thereafter, with

an unexpected increase in the final scan (figure 3.30(h)). It is possible that the

decrease in current density in scans e, g, f , are a result of the local areas under-

going passivation due to a build up of corrosion product, blocking the principal

anode and cathode sites. In figure 3.30(h) the perforated scale is removed and the

extent of crevice IGC was fully detected. The optical micrographs in figure 3.31

show IGC at different magnifications. Figure 3.31(a) shows distinct different re-

gions: the black scale on the top left, IGC within the crevice environment and

the polished metal surface. In figure 3.31(c) highly localised IGC pitting can

be seen, where discrete areas of the grain boundary have been attacked. These

results were included in a special issue of Corrosion, Engineering, Science and

Technology by this author [133]. The results from this experiment are in broad

agreement with the previous experiment in section 3.4.4, whereby corrosion ini-

tiated at the haematite scale/bulk metal. IGC in this instance, did not manifest

at pores on the surface of the scale, but formed underneath the scale where elec-

trolyte had permeated through the apparently porous haematite layer. It should

be noted that the concentrations used are different, and the higher concentration

used here was undertaken in order to initiate corrosion on the metal surface in

freely corroding conditions.

Following the previous experiments to understand the surface scale (EDS,

XRD, SVET) there are two scenarios: (a) the haematite is a good cathode allow-

ing a Galvanic cell to form, or (b) the haematite acts to occlude the surface and

120



F
ig

u
re

3.
30

:
Im

ag
es

sh
ow

in
g

th
e

su
rf

ac
e

b
ef

or
e

(a
)

an
d

af
te

r
(b

)
im

m
er

si
on

at
op

en
ci

rc
u
it

p
ot

en
ti

al
s

in
1

m
ol
d
m

−
3

N
aC

l.
(c

)
A

m
on

ta
ge

of
th

e
h
ig

h
ly

se
n
si

ti
se

d
re

gi
on

af
te

r
co

rr
os

io
n

b
y

op
ti

ca
l

m
ic

ro
sc

op
y.

(d
-h

)
S
V

E
T

su
rf

ac
e

cu
rr

en
t

d
en

si
ty

m
ap

s,
w

it
h

a
3

h
ou

r
in

te
rv

al
,

th
e

sc
al

e
b
ar

is
sh

ow
n

in
(i

).
T

h
e

to
ta

l
im

m
er

si
on

ti
m

e
w

as
24

h
ou

rs
.

121



Figure 3.31: Optical micrographs of IGC in the region in figure 3.30(c) recorded
at different magnifications.
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is relatively inert, but is porous. This experiment was conducted to understand

which scenario was active. A specimen with the intact haematite surface was

immersed in a 0.5 mol dm−3 NaCl containing electrolyte and polarised from ca-

thodic potentials of -650 to -250 mV (vs. SCE). The same specimen was removed

and polished, such that the Haematite scale was removed from the area of expo-

sure. The specimen was reintroduced into the electrolyte and a polarisation curve

(using the same start and end potentials) was taken. If polarised in the cathodic

region of the curve, one of two reactions should occur: the oxygen reduction reac-

tion (ORR), or the hydrogen evolution reaction. Both were described previously

in the literature review (chapter 1). The most likely reaction to occur on this

type of stainless steel in NaCl at a neutral pH is the ORR, whereby dissolved

oxygen is reduced to form hydroxide ions (OH−) as shown in equation 3.1.

Figure 3.32: Cathodic branch scan of thermally sensitised SS with and without
scale removed. The sample was polarised from -650 mV (vs. SCE) to -150 mV
(vs. SCE).

O2 + 2H2O + 4e− ⇀↽ 4OH− (3.1)

The plots in figure 3.32 show the results of the cathodic polarisation. The
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cathodic corrosion current density was greater once the scale was removed, con-

tradictory to scenario (a) that the scale is a good cathode. The haematite scale

does not promote the ORR as cathodic current density is smaller with the scale

present. Therefore the results indicate that scenario (b) is the active mechanism

for corrosion initiation, providing a microcrevice environment whereby corrosion

cells can initiate. It is postulated that differential aeration corrosion cells form

within the pores of the haematite. This is in agreement with the results of the

SVET experiments in the earlier sections 3.4.4, where localised corrosion events

were not detected though the specimen surfaces showed red-rust. This indicates

that the current loops must be small which leads to the theory that the corrosion

cells exist within the pores of the haematite.
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3.4.5 Investigation of Carbon Coated SS

In service SS cladding can become covered in carbon, a result of using carbon

dioxide coolant, which lowers thermal conductivity decreasing plant efficiency.

Carbon deposition is described in the introduction (section 3.1). The carbon is

predicted to be a much better cathode than the SS itself and may cause accelera-

tion of corrosion when stored in cooling ponds. In this section ZRA experiments

were conducted to the evaluate this theory. The plot in figure 3.33 shows the

impact of carbon deposition on the sensitised SS tubes in 10 ppm [Cl−]. This

electrolyte had a low concentration to be representative of cladding stored in

pond under a fault condition. The net current flux is positive, which indicates

that the uncoated SS is coupling with the tube that has had carbon deposition

treatment. This follows the expectation (Galvanic series) that carbon is acting

as a cathode relative to the SS. The scale of currents is small, within the order

of 1 µA. The current responds to a change in area of the carbon coated tube,

again indicating that carbon is acting as a cathode, with greater areas yielding

larger currents. As shown, the area of the cathode controls the rate of reaction

(corrosion), and is well known by corrosion engineers not to design systems with

small anodes and large cathodes [82] [134] [41] [135].
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Figure 3.33: ZRA experiment sensitised SS. The uncoated sensitised tube was
the working electrode, the counter electrode and reference was connected to the
carbon coated sensitised SS tube. The SS electrodes were immersed in 10 ppm
[Cl−]. The lengths in the legend refer to the length of working electrode immersed
within the electrolyte. The length of the non-carbon coated, sensitised counter
electrode was 4 cm and kept constant.
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3.4.6 Effects of Crevice Formers on Sensitised Tube

These experiments were used to investigate the susceptibility to crevice corrosion,

which was evident in the previous SVET experiments in section 3.3.3. This is

applicable to the industry as multiple fuel pins are stored in slotted cans within

cooling ponds, leading to a number of crevice environments. In contrast to the

industry however the concentrations used in these experiments are much greater.

The graphs in figure 3.35 show the effect of Cl− on the OCP of the sensitised

tubes without any additional o-rings. In this type of experiment a significant

drop in potential indicates the point in which crevice corrosion initiates. The

lowest concentration has the most positive OCP (figure 3.35), which becomes

successively more negative with an increasing [Cl−]. The same trend is witnessed

with figure 3.36. The most positive potential is 0.01 mol dm−3 NaCl, and the least

positive being 5 mol dm−3 NaCl. These have the tight fitting o-rings attached.

It is expected that these would exhibit crevice corrosion due to the artificial

differential aeration cell that was formed from multiple o-rings. As a comparison

between the specimens with and without o-rings final rest potentials are very

similar to one another, apart from the lowest concentration, 0.01 mol dm−3 NaCl.

Both specimens exhibit an exponential relationship between potential and time

from the starting period. The non o-ring specimen starts c. -200 mV SCE,

decaying to -250 mV SCE. Whereas the specimen that has o-rings displays an

starting OCP of -240 mV SCE, rising exponentially to -200 mV SCE (with o-

rings).

Images of the tubes after corrosion are shown in figure 3.34. Figures A, B, C,

D ([Cl−] low:high, left:right) show the specimens that had tightly fitting o-rings

attached, figures E, F, G, H show the tubes that had no crevice treatment. It

was expected that the specimens that had the o-rings would show more corrosion,

however the images show that this is not always the case. The specimens that did

not have o-rings showed more propagation of visible corrosion features, whereas

those with the o-rings showed corrosion that was even more localised. Comparing
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specimens with the same [Cl−], the most striking difference is at 0.5 mol dm−3

NaCl, where there is a brightly orange coloured oxide present on the specimen

without o-rings (figure 3.34G). For the specimen with o-rings there appears to be

less corrosion product present (figure 3.34C). At the lowest concentration, there is

corrosion product evident when o-rings are used (figure A), but a fragmentation

of the scale in figure 3.34E.

The images show that the use of crevice formers does not change the amount

of corrosion that can be seen optically using a camera. The images do show that

the sensitised tube with an iron oxide scale does undergo spontaneous corrosion

when immersed in at least 0.05 mol dm−3 (without crevices), and at 0.01 mol

dm−3 (with crevice) NaCl.

Electrochemical OCP data is displayed in figure 3.37 for specimens immersed

in 5 mol dm−3 NaCl with and without H2O2. The addition of the oxidiser (≈20

mMH2O2) at 1500s (see inset figure 3.37) leads to a transient increase in potential

from -330 mV SCE to -220 mV SCE. After reaching the peak of -220 mV SCE the

potential decays and thus the presence of H2O2 only temporarily promotes the

free corrosion potential to more positive values. The onset of increased anodic

intensity means that the free corrosion potential drops to more negative values

as predicted by mixed potential theory. This decrease in OCP is to offset the

additional rise in anodic current. Uchida et al. [136] studied the effect of H2O2

on stainless steels in BWR (boiling water reactor) water on the free corrosion

potential, and included an Evans diagram showing the effect of H2O2 addition

(figure 3.38). Macrograph collages of the specimen after immersion are shown in

figure 3.40. Images of the surface after immersion without the oxidant, H2O2,

added are displayed in figure 3.39. Both specimens show corrosion spread across

multiple sites. H2O2 appears to increase the amount of corrosion, and amount

of loose corrosion product on the surface of the SS.
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Figure 3.35: OCP of sensitised tube in varying [Cl−].

Figure 3.36: OCP of sensitised tube in varying [Cl−]. A crevice environment has
been induced on the surface of the tubes.
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Figure 3.37: OCP of sensitised tubes. Crevice formers were used, and speci-
mens immersed in 5 mol dm−3 NaCl. The green curve shows the specimen with
additional H2O2 added.

Figure 3.38: Evans diagram showing the effect of H2O2 addition on current den-
sity [136]. The two black squares show the increase in current density following
a shift in concentration from 10 ppb to 100 ppb
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Figure 3.39: Macrographs of surface after immersion in 5 mol dm−3 NaCl with
crevice formers

Figure 3.40: Macrographs of surface after immersion in 5 mol dm−3 NaCl crevice
formers and 20 mM H2O2 added
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3.5 Conclusions

Unsensitised Material Condition In this chapter, 20/25/Nb SS has been

examined using different electrochemical techniques in various chloride contain-

ing electrolytes. The study investigated the dependence of the Cl− anion, and

also temperature dependence of the material in an as–received condition. As

expected, there is a dependence on both factors. The [Cl−] dependence for Eb

was -98 mV decade−1 and showed a temperature dependence of -7.3 mVK−1 at

fixed [Cl−] (1 mol dm−3).

Crevice corrosion was also studied using the SVET to demonstrate the ability

to measure localised corrosion. As the SS does not undergo spontaneous corrosion

initiation even in 1 mol dm−3 NaCl, the specimen was polarised and crevices were

induced around the edges of the specimen. The SVET surface current density

maps showed it is possible to measure corrosion propagation. Anodic activity

can be correlated to SVET-derived current density maps and verified by optical

imaging.

Finally, the unsensitised SS was subjected to a special treatment to grow

thicker surface Cr-oxides. The impact of this treatment, leading to ‘blue’ and

‘green’ oxide specimens was investigated using potentiodynamic experimentation.

The results of the “green” specimen experiments were mixed. One specimen

showed lower current densities, and the other showed higher current densities

when compared to the control specimen. The “blue” specimens both performed

worse than the control specimen. Due to the size and number of specimens

that were available for experiment, it is recommended that further testing be

conducted, which would lead to a better understanding of oxide performance.

Thermally Sensitised Condition Following thermal processing of specimens,

the amount of sensitisation was quantified using the DL-EPR test, following

ISO procedures. The investigation revealed that the degree of sensitisation was

not homogeneous throughout the bulk of the material. The sensitisation varied
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through the specimen, and as such a new preparation technique was theorised.

This technique was used for many more experiments in this thesis. The grain size

remained similar despite the thermal processing, decreasing in size by an average

of 2 µm from 17 µm to 15 µm.

The scale resulting from the thermal processing was analysed using XRD and

EDS techniques. XRD indicated the presence of haematite, an oxygen rich iron

oxide (Fe2O3). EDS was in agreement with the XRD, as a cross section revealed

the oxide was enriched with Fe and O. Once the haematite was removed, the

sensitised SS showed minimal crystallographic texture.

As spontaneous corrosion of the sensitised SS was apparent visually, SVET

was used to map the surface in 0.5 mol dm−3 NaCl at two different sensitivity

settings, without prior metal preparation (i.e. the specimen was not ground

or polished). Post corrosion imaging of the specimens showed distinguishable

corrosion product on the surface of the haematite, although SVET scans did not

show the formation of anodes. Another specimen was polarised in the cathodic

region of the polarisation curve, with, and without haematite to study if the

coating had any impact on the oxygen reduction reaction (ORR). The findings

of both the cathodic scanning, and the SVET indicate that the coating does not

impact the cathodic ORR, leading to a small decrease when present. The crevice

environment within the pores may support water hydrolysis whereby water reacts

with metal cations to form metal hydroxide and protons within the crevice. This

acidic environment causes an inward diffusion of hydroxides and anions (e.g. Cl−)

into the crevice to neutralise the positive charge; thus an autocatalytic process

ensues. In such an scenario the crevice is populated by a high density of metal

chloride and high density of protons, hence it is possible that hydrogen evolution

may occur within the crevice environment. The SVET study indicated that

current loops between anode and cathode must be of sufficiently small size, so

that the SVET cannot detect these events. The cells must be highly localised,

most likely present within the pores of the haematite itself.
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The SS was investigated with and without a coating of carbon, in order to

simulate the surface of material after it has been removed from operation. The

sensitised SS showed an agreement with the theory that coated carbon acts as a

cathode, creating a Galvanic cell.

In order to study the effect of crevice corrosion on the sensitised SS, tube

structures were used with and without tightly fitting O-rings. The experiments

were carried out at free corrosion potential, as a function of [Cl−]. The study

revealed that although O-rings formed tight crevices, accelerating corrosion by

forming differential aeration cells, they produced more localised corrosion. With-

out the crevice environment the corrosion products are more dispersed. Corro-

sion is evident in 0.01 mol dm−3 NaCl when the crevices are present, and at

0.05 mol dm−3 NaCl without crevices. A short test using hydrogen peroxide

(H2O2) was also conducted on the sensitised tubes. The test used sensitised SS

tubes immersed in the highest concentration tested (5 mol dm−3 NaCl) with the

tightly fitting crevice formers attached. In order to promote further corrosion,

20 milimolar H2O2 was added. The aim of this test was to study the material

in an extreme ‘fault’ scenario: sensitisation, high [Cl−], crevices and an oxidant

present. Corrosion was evident in both specimens, but when H2O2 was added

there was a noticeable increase in corrosion product, when post corrosion imaging

was conducted.

Summary A summary of the conclusions from this chapter are itemised below:

• The unsensitised SS displays a [Cl−] of -98 mV decade−1. In 1 mol dm−3

NaCl, the fuel cladding material is exhibits a temperature dependance of

-7.3 mVK−1.

• SVET can be used to study the effect of crevice corrosion propagation, if

polarisation is used. The SVET technique can be cross referenced with

optical imaging.

• It was found that spontaneous corrosion could occur on sensitised SS tubes
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immersed in NaCl. Corrosion was initiated at 0.05 mol dm−3 NaCl. If

a crevice environment was present the concentration needed for corrosion

initiation reduced to 0.01 mol dm−3 NaCl.

• A mix of sensitisation, high [Cl−], H2O2 and crevices were used to create an

extreme ‘fault’ scenario. Images of the SS were taken and analysed, along

with electrochemical data (OCP).

• DL-EPR testing revealed that thermal sensitisation did not progress through

to the bulk of the specimen. A thick scale formed after the thermal pro-

cessing, XRD and EDS indicate that this is an iron-rich oxide known as

haematite.

• SVET was used again to investigate spontaneous corrosion of the sensitised

SS in NaCl with no prior surface preparation (haematite was not removed).

Photographic evidence showed spontaneous corrosion which had occurred,

but the SVET failed to detect localised anodes and cathodes. This indicates

that current loops are small, and may exist within the pores of the oxide.

• Cathodic polarisation indicated that the haematite does not have an impact

on the ORR. This is further evidence to support the claim that corrosion

is promoted due the oxide structure being porous.

• It was found that carbon provides a cathode on sensitised SS tubes if con-

nected as a Galvanic cell to non coated specimens. As carbon coated SS

cathode area increased, the current increased when the anode (uncoated

SS) area was fixed.

• Special thicker ‘green’ Cr-oxide specimens showed mixed performance com-

pared to the control specimen. The ‘blue’ specimens showed worse perfor-

mance compared to the control.

136



Chapter 4

Where does IGC Initiate? A

Combined SVET and Time-Lapse

Microscopy Approach
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4.1 Introduction

Bulk 20/25/Nb stainless steel (SS) was studied using a variety of techniques in

the previous chapter. This chapter aims to identify the areas in which corrosion

initiates in the SS, which has been thermally processed to simulate sensitisation

which may occur through the operating lifetime of the material. A time-lapse

microscopy (TLM) technique has been used to study a small region of the SS (a

circle of ≈ 500µm diameter was exposed to electrolyte). This is in contrast to

the larger areas used in the previous chapter, as the areas exposed were ≥ 1cm2.

TLM was used to study the development of intergranular corrosion (IGC) in-situ.

A further experiment used the scanning vibrating electrode technique (SVET) to

provide electrochemical information on areas in which corrosion initiated. This

was correlated with light and electron microscopy. When Chan [45] performed

post corrosion SEM analysis of thermally sensitised 20/25/Nb following poten-

tiodynamic experiments in 500 ppm [Cl−] and found that corrosion was ‘often

observed’ within or at triple point grain boundaries and thus suggested that

triple junction grain boundaries were more susceptible to corrosion. The sugges-

tion was that in these areas the degree of sensitisation is greater in these areas

in comparison to other grain boundaries. Double loop electrokinetic repassiva-

tion (DL-EPR) experiments showed that athough the grain boundaries showed

severe corrosion, as expected, the areas around NbC inclusions were also at-

tacked. Chan performed heat treatments by the following method to achieve

a sensitised microstructure: 1300 ◦C solution anneal for 30 minutes and 1000

hours ageing at 550 ◦C. Chan also performed experiments on a ‘stabilised’ mi-

crostructure. For this treatment the same solution anneal parameters were used,

but with a 930 ◦C treatment for 30 minutes. Using the same parameters for the

potentiodynamic experiment, pitting corrosion was found to initiate around NbC

inclusions. Phuah [51], who also conducted research on the thermally sensitised

20/25/Nb stainless steel concludes that NbC secondary phases were found to

be ‘critical the pitting corrosion processes’. Phuah adds that the size of these
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NbC inclusions are important as this microstructures containing 0.1 µm diam-

eter precipitates differed in δE, the difference in breakdown and free corrosion

potentials, by ≈800 mV compared to those containing larger 5-12 µm diameter

precipitates. In such examples pits formed around these inclusions of up to 2

by 5 µm in size, confirmed by focussed ion beam scanning electron microscopy

(FIB-SEM) methods. This allowed Phuah to mill a trench adjacent, or on, NbC

particulates and examine the microstructure hidden by corrosion products and

lacy covers. There was a plan for this research to secure time on a FIB-SEM

to conduct similar analyses with an industrial partner (milling and subsequent

imaging) due to reasons beyond the National Nuclear Laboratory and Swansea

University’s control this did not take place.

4.2 Experimental

TLM experiments were conducted on the as-received 20/25/Nb, thermally sensi-

tised 20/25/Nb and thermally sensitised AISI 310 (UNS S31000). The thermally

sensitised 20/25/Nb SS were prepared as described previously (chapter 3, fig-

ure 3.15) by mounting, then grinding and polishing at an angle to attain a grad-

uation in the amount of sensitisation at the surface. The thermally sensitised

310 SS was prepared as standard and was used to compare IGC initiation for a

different thermally sensitised material without NbC inclusions. The composition

is given in table 4.1 and was thermally sensitised by NNL (600 ◦C for 50 hours).

The specimens had wires spot welded for an electrical connection, with the

exposed wire encased within the resin. The specimens were immersed in NaCl

electrolytes, and connected to a potentiostat (Palmsens 3) to allow either moni-

toring of OCP, or polarisation. The first experiment studied the thermally sensi-

C Mn Si P S Cr Mo Ni N
0.25 2.00 1.50 0.045 0.030 24.0–

26.0
- 19.0–

22.0
-

Table 4.1: Composition of 310 stainless steel [137].
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tised 20/25/Nb SS. The location exposed adjacent to the haematite scale (oxide

surface scale classified in chapter 3). 0.01 mol dm−3 NaCl was used and the speci-

men was studied under the influence of external polarisation using an SCE and Pt

gauze counter electrode both positioned as close as possible to the exposed area.

A potentiodynamic experiment was conducted, polarising the specimen from free

corrosion potential (ECorr, -130 mV SCE) to breakdown potential (Eb, +850 mV

SCE). The TLM still images were cropped for ease of the viewer. The second

experiment investigated the microstructure at the scale:metal interface in freely

corroding conditions, using a more aggressive NaCl electrolyte (3 mol dm−3).

The final experiment was a comparison to study the initiation and propagation

of IGC for a different thermally sensitised SS, for this AISI 310 SS was used.

This TLM experiment involved immersion in 0.2 mol dm−3 NaCl combined with

a potentiodynamic sweep. Experiments using other NaCl concentrations were

undertaken but due to issues with underfilm crevice corrosion (corrosion under

the tape) these results were omitted. The specimen was polarised from -300 mV

vs. Ag/AgCl (OCP -130 mV Ag/AgCl) to 1400 mV vs. Ag/AgCl (Eb 900 mV

vs. Ag/AgCl). In the thermally sensitised 310 SS TLM experiment an Ag/AgCl

reference electrode was used. The relative potential of the Ag/AgCl electrode

relative to the SHE is +210 mV [58] (the SCE is +240 mV relative to SHE).

As before, Meiji (MT7000) microscopes were used (x20 magnification) with the

objective lens (x10 magnification) covered with a waterproof shroud to give x200

effective magnification. To perform the analysis of anode distance, first a zero

line was chosen to indicate the scale-SS boundary (figure 4.1).

Following this, perpendicular lines were drawn to each of the anodes. The

distances were converted from pixels to microns by using an image of a graticule

taken at the same magnification. This was conducted to identify if there was a

trend in the distance pits initiated relative to the haematite scale-metal inter-

face. Further sensitised specimens were prepared for a study using SVET. The

specimens were polished using 6 and 1 µm diamond pastes, followed by 0.05 µm
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Figure 4.1: Annotated micrograph of the exposed area showing the location of
the zero line for measurement of distance of anode to scale. The scale bar is
≈200 µm.

alumina paste to prepare the surface.

For the next experiment, a pre corrosion map was taken using a Zeiss Axial

Observer microscope. Over 400 images were taken and stitched together to form

a high resolution montage. The exposed surface was larger (3.5 x 3.5 mm) so

the montage was created optically. The specimen was also immersed in 1000

ppm [Cl−] and polarised to Eb. Tests using single static potentials (close to Eb)

were already found to be inappropriate as Eb varied depending on the amount of

material ground away in the preparation process (chapter 3). Thus the poten-

tial was stepped at 50 mV intervals from 0 mV (SCE). Once the scan area was

set using SVET, a scan was undertaken and timed. From this, a step time was

calculated, at a rate of 4 SVET scans/step. 4 scans were chosen in order to pro-

vide more steady conditions (hence why a potentiodynamic sweep was not used).

Prior to polarisation, 4 SVET scans were conducted at Ecorr to attain surface

current density maps under freely corroding conditions. Following the corrosion

experiment using SVET, a SEM (JEOL 6010-PLUS) was used to provide post

corrosion microscopy and chemical analysis through EDS.
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4.3 Results and Discussion

4.3.1 0.01 molar NaCl - 20/25/Nb

The results of polarisation of the thermally sensitised SS in 0.01 mol dm−3 NaCl

are shown in figure 4.2.

Figure 4.2: TLM stills from 0.01 mol dm−3 NaCl time lapse polarisation study.
The study was published as an extended abstract at NACE Corrosion 2016 by
Clark [114]

The specimen was polarised to Eb (850 mV vs. SCE) from ECorr (-130 mV

vs. SCE). This indicates that the SS specimen is not highly sensitised, as in

previous results using as-received materials showed a significantly smaller ∆E

(see chapter 3, ECorr (c.-150 mV vs. SCE), Eb (c.600 mV vs. SCE)). The SS

specimen was from a different part of the bar, but the same material which

had received the same treatment as other thermally sensitised specimens. This

could of course be an artefact to the used of a small exposed area, 0.2x10−3 cm2,

compared to 1 cm2 for conventional DC electrochemistry prepared specimens.

This has an adverse effect on both the reference–working electrode distance, and

more importantly, a decrease in the number of initiation sites. If a smaller area

is exposed, the occurrence of suitable sites is smaller, leading to a lower initiation
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probability. If a site that might have been susceptible was not present then higher

potentials would be required to cause corrosion to initiate.

The TLM stills show the initiation of IGC at a grain boundary intersection

which is in line with the expectation that the grain boundary in a sensitised

material is a less corrosion-resistant location, due to the nucleation and growth

of Cr carbides causing the surrounding area to be depleted of Cr, thus leaving

areas sensitised and susceptible to corrosion. The grain boundaries in sensitised

20/25/Nb may also comprise of other phases, as described by Powell [113], such

as nickel-niobium-silicide ‘G-phase’ and sigma phase, but are only found after

500 and 100 hours ageing at 600 ◦C, so are unlikely to be present in the material

described here. The initiation of IGC at a grain boundary intersection is in

agreement with Chan et al. [45] who conducted potentiodynamic experiments

(-200 to +1000 vs. OCP) on the sensitised 20/25/Nb microstructure in 500 ppm

[Cl−]. The presence of an NbC inclusion (top right corner of figure 4.3) did

not lead to initiation of IGC, at or in close vicinity. If the NbC inclusions are

tracked through the still images, the inclusions themselves are largely unaffected

(figure 4.3).

Figure 4.3: Crops of figure 4.2. Annotations show the NbC inclusion which is
not affected by the IGC.

IGC propagates along the grain boundaries (Cr depleted areas) until it meets

an NbC inclusion, whereby the corrosion traces around the impurity. The metal

surrounding Cr carbides at grain boundaries is removed by corrosion, as it is sen-

sitised, thereby undercutting the Cr-carbides and causing precipitates to become

detached from the microstructure. Regarding the NbCs Phuah has previously

suggested that the NbC act as a cathodic impurity, creating a micro–Galvanic
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cell whereby the surrounding metal undergoes anodic attack [51]. Post corrosion

analysis has shown that the process of dissolution around the NbC follows two

possible scenarios, (a) the NbC is removed from the microstructure and becomes

aggregated within the electrolyte (i.e. it has not dissolved), (b) the NbC fall by

gravity to the bottom of the pit with the surrounding matrix being dissolved.

It is thought in case (b) that NbC become detached from the microstructure

where the SS matrix is no longer attached to the inclusion. A schematic of this is

provided for the viewer in figure 4.4. Evidence of this has been shown for other

specimens using SEM (figure 4.6) corrosion pits have been observed at the matrix

around NbC inclusions with some examples of where case (b) has occurred. An

alternative for stage 2 in this figure is given in 4.5.
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Figure 4.4: Schematic of how NbC inclusions are affected by the corrosion of the
surrounding alloy. The red particulates are NbC inclusions. At (i) no corrosion
has yet occurred, at (ii) a pit initiates, (iii) the pit propagates, but does not affect
the inclusion, (iv) the corrosion causes other NbC to fall by gravity to the bottom
of the pit. An alternative schematic for stage (ii) is provided in figure 4.5
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Figure 4.5: An alternative schematic for the case provided in figure 4.4(ii)
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Figure 4.6: Post corrosion SEM micrographs of (unsensitised) SS in 0.01 mol
dm−3 NaCl with pits witnessed at locations around NbC. The example supports
case (b), where NbC fall by gravity into pits, whilst the surrounding matrix is
dissolved
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4.3.2 3 molar NaCl - 20/25/Nb

This experiment differs from the previous experiment as a much higher [NaCl]

was used. IGC was found to occur spontaneously in the absence of external po-

larisation. A series of TLM micrographs showing the initiation of anodes within

the sensitised SS are indicated in figure 4.7. Within 3 mol dm−3 NaCl at Ecorr

anode initiation occurred at a rapid rate, at the area previously described as

being highly sensitised with the first initiating almost instantly and the last initi-

ating at 4.5 hours. All anodes that initiated within this timeframe passivated by

the next image (5 minute intervals were used), showing no further development.

This infers that the corrosion current became concentrated in another area (next

IG pit initiation point) that was more susceptible. The IG-pitting initiated at

highly sensitised grain boundary intersections, but as post corrosion micrographs

show, crevice corrosion was more dominant (figure 4.8). The post corrosion mi-

crographs show that crevice corrosion propagated underneath the masked area.

The locations of anodes were distributed within the exposed area. The sites were

studied to understand if there was a location dependence, the results are shown

in figure 4.13. The maximum distance away from the haematite scale-metal in-

terface was ≈200 µm. This would indicate either that there is no dependence

whatsoever, or that the distance was not great enough to get a relevant number

of results. Previous tests showed corrosion preferentially propagates at the scale,

as had occurred in this case, through the mechanism of crevice corrosion.

Anodes that initiated rapidly were analysed using post corrosion optical mi-

croscopy and SEM techniques. Optical microscopy images of the surface before

and after corrosion are given in figure 4.9. The image has been annotated to

show the locations in which corrosion initiated from the post corrosion overlay.

Therefore, it is easy to see the same location before and after corrosion. The

surface was imaged using an SEM in two different modes 5 and 20 KeV shown

in figures 4.11 and 4.12, respectively. At the higher acceleration voltage the elec-

tron beam has a greater interaction volume and thus is more penetrating to the
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sample allowing images obscuring surface detail (such as corrosion product).
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Figure 4.7: (i–x) Crops of SS in 3 mol dm−3 NaCl under freely corroding con-
ditions. The crops have been selected to show the locations in which anodes
initiated, from the TLM images at 20x. These have been marked in red boxes
for ease of viewing. (xi) graticule scale bar, with the same crop factor applied.
Each division represents 10 µm.
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Figure 4.9: The exposed surface before corrosion had occurred.

Figure 4.10: The exposed surface following corrosion.

Figure 4.11: SEM micrograph of the surface (5 KeV), annotated to show the
location of anodes from the post corrosion optical image.

Figure 4.12: SEM micrograph of the surface (20 KeV), annotated showing the
location of anodes from the post corrosion optical image.
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Figure 4.13: Distances in microns and percent of anodes from haematite scale.
2/3 of anodes initiated within 50% of the scale.
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4.3.3 Sensitised 310 Stainless Steel in 0.2 molar NaCl

The results of the comparison experiment using thermally sensitised 310 SS are

shown in figure 4.14. In this experiment the SS was immersed in 0.2 mol dm−3

and polarised using a three electrode cell set up. The duration of the experiment

was 184 minutes and the specimen was polarised from -300 mV vs. Ag/AgCl

(OCP -130 mV Ag/AgCl) to 1400 mV vs. Ag/AgCl (Eb 900 mV vs. Ag/AgCl).

Image 4.14(ii) shows transient events which had all initiated by 120 minutes

but did not subsequently propagate. Stable IGC, where corrosion is no longer

transient or random, occurred much later, at 167 minutes, shown in figure 4.14(iii)

relating to Eb. Following these images IGC propagates rapidly, as the SS passed

Eb, shown in successive images (figure 4.14 iv-vi).

Figure 4.14: Thermally sensitised 310 SS polarised to past Eb (900 mV vs
Ag/AgCl) (image iii). Images (iv - vi) show rapid IGC propagation caused by
polarisation past Eb

Crops of the metastable events are shown in figure 4.15. The image shows the

sites before and after corrosion had occurred. Corrosion sites A, B, C, D, F, G

and H all occur at grain boundary intersections. E, and I occur at locations along

the grain boundary. The data shows that IGC initiation is most commonly con-

fined to intersections or triple points, in line with the previous experiments in this
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chapter using the 20/25/Nb austenitic SS. The reasoning for this increased sus-

ceptibility to corrosion is not clearly understood, but two reasons are suggested.

Possibility (A): grain boundaries are locations where voids and defects are lo-

cated, and intersections are areas where crystals (grains) meet. Consequently at

these points increased localised stress may be present. Such a possibility would

indicate that the added stress gives rise to corrosion initiation, similar to SCC,

but without the crack propagation. Possibility (B): intersections between two or

more grain boundaries (for example a triple point) show increased Cr-depletion.

Clark et al. presented this theory at the NACE corrosion conference [114].

Stable IGC occurs once Eb is reached, and initiates at two locations, in the

centre of a grain boundary and at an intersection (figure 4.16(ii)). IGC propagates

between the two initiation locations (figure 4.16(iii)). Interestingly, IGC does not

necessarily follow a straight path, instead re initiating at locations close to the

anode, possibly at areas where Cr-carbides are located, as these locations will be

more highly depleted of Cr (figure 4.16(iv)).
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Figure 4.15: Crops of metastable events. Each of these sites passivated.

Figure 4.16: Cropped images of stable IGC initiation on the sensitised 310 SS
in 0.2 mol dm−3. Image (ii) has been annotated to show the initiation location.
(iv) shows the propagation of IGC to areas more heavily depleted of Cr.
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4.3.4 SVET Analysis - 1000 ppm Chloride - Sensitised

20/25/Nb Stainless Steel

The surface of the thermally sensitised 20/25/Nb SS was mapped optically as

shown in figure 4.17(i) and a comparison after the corrosion experiment is shown

in figure 4.17(viii). The rest potential (Ecorr) was -480 mV (vs. SCE) after 600

s immersion in 1000 ppm [Cl−]. This concentration equates to approximately

0.03 moldm−3 NaCl (see table 2.2). This was used as lower concentrations had

resulted in difficulties using SVET given the low conductivity of the electrolyte.

As the potential was changed in 50 mV steps (every 1000 s from 0 mV (vs. SCE))

it was calculated that Eb had to have occurred at 750 mV (vs. SCE), a total

change of potential of over 1 volt. As suggested in the previous sections such a

figure is large for a material which should have much reduced corrosion resistance,

suggesting that the grinding stage removed much of the most sensitised area.

The surface current density maps are shown in figure 4.17. Corrosion initiation

is shown by the formation of anodes, which initiate between image 4.17 (ii) and

image 4.17 (iii). The image shows 6 anodes, the centre of the frame shows two

anodes. The anodes do not appear to be well resolved, this is limited by the

SVET sensitivity that was selected and the large step in over–potential. There

is also a small contribution from the spatial resolution of the instrument itself.

Higher sensitivities allow for small changes in current density to be measured, i.e.

initiation, but may cause an overload on the instrument. The current densities

have become ‘topped out’ and therefore only an estimate can be provided, which

represents a minimum value. Nevertheless, the electrochemical (SVET) data

shows correlation between the spatially resolved SVET current density map and

microscope images (see image 4.17 (viii)).

It is expected that the anode at the top left of image 4.17 (iii) was first to initiate

as it shows the largest current density (labelled as site B in figure 4.17 (iv)).

Between the images (iii, 4 hours 11 minutes) and (iv, 4 hours 16 minutes) anode

G initiates. An optical macro image of the exposed surface is shown in figure 4.19,
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and an annotated SEM micrograph of the same location is given in figure 4.20.
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Figure 4.19: Macroscope image of the surface post corrosion. Each division is
equivalent to 1 mm, the entire bar is 4 mm.

Figure 4.20: SEM map of the surface post immersion
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Anode D, which initiated in image (iii, 4 hours 11 minutes) shows passivation

by image (vi, 4 hours 24 minutes), evidence that the site struggled to compete

against nearby sites of high current density. A cross section of the surface current

density map was taken to analyse this further. The plot in figure 4.18 shows the

SVET derived current density (JZ) as a function of distance across site D (the

location of the different sites are given in figure 4.20). The plot in figure 4.18

shows two peaks, the left peak arises from site C whilst the second peak represents

the cross section for site D. The first SVET scan shown (4 hours 7 minutes) shows

no net current density change across the site. By the time of the next scan (4

hours 11 minutes) the SVET reaches signal of 87 Am−2 and in this occurrence the

signal has reached a maximum. The profile of current density around the pit is

reflective of what is happening to the current distribution around the pit. At the

pit edges the current flux is constrained at the pit edges, when compared to the

centre of the pit, which is reflected in the current density cross sections in 4.18.

The maximum current density is sustained for the following 3 scans, although by

4 hours 20 minutes the pit appears to start repassivation as the signal does not

appear topped out. The scans thereafter show the decrease of current density

over time from peak current density of 87 Am−2 (4 hours 11 minutes) to 20 Am−2

(4 hours 28 minutes). This decrease in peak current density at site D is typical

of pitting corrosion whereby repassivation at this site has occurred, thus allowing

the adjacent pit (site C) to increase in peak current density over time. An SEM

image of the pit at site D is shown in figure 4.21, which compares to the pits at E

and F (current density map in figure 4.22). The number concentration of Nb-rich

particulates (showing as white in the backscatter electron (BSE) micrographs) is

greater at sites E and F, compared to D. The passivation of the anode D might

also be attributed to the formation of a new anode at site G in image (iv), as

this becomes larger, anode D decays. The surface current density map indicates

some regions of the surface were acting as a cathode (shown as blue). This is not

a true representation of the current, as the specimen surface is under potential
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control externally.

Post corrosion EDS chemical analysis shows an O, Cl and Nb enrichment

at the pit site. EDS reveals that Cl and O are present together at the same

locations in figure 4.23. Interestingly, a greater concentration of Nb appears to

be associated with the IG–pitting corrosion at site A. A more detailed view of the

pit is shown in figure 4.24. In order to check Nb was more strongly associated

with pit sites, background EDS scans were taken away from the pit and this

finding was confirmed. Figure 4.24(ii) shows a smaller Nb signal, when compared

to (ii), where there are a greater number of Nb-rich inclusions present. This is

in agreement with Chan [45] who indicated that the ‘Nb-rich precipitates play

an important role in the corrosion process’ as through post corrosion analysis by

SEM showed that pits formed around Nb precipitates in stabilised microstructure

of 20/25/Nb. Phuah [51] indicated that NbC inclusions in 20/25/Nb may form

a Galvanic couple with the matrix, causing cathodic protection of the inclusion.
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Figure 4.21: Site D (1400x). Nb-rich inclusions are present within the pit itself,
shown as white in the BSE micrograph.

Figure 4.22: SEM of intergranular pitting corrosion at site F (left) and E (right).
Nb-rich inclusions are shown as white. The large ≈ 50 µm particulates are a
result of contaminants and not NbC.
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Figure 4.23: SEM and respective EDS measurement for site A (150x).

Figure 4.24: SEM and respective EDS measurement at (i) pit site A. Note in
these images the Nb and Cl signals are both shown in pink. (ii) away from the
pit site. In this image the Nb signal is shown in red.
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The pit at site B (figure 4.25) shows a strong Nb signal at the lacy cover. Again,

O and Cl appear to be associated together, a consequence of corrosion in NaCl,

leading to the formation of iron oxides. This suggests that Cl has an affinity for

areas around where Nb is located. O is enriched due to the oxidation reaction.

Figure 4.25: SEM and respective EDS measurement for site B (170x). There is
distinct Nb enrichment at the lower location of the image close to the pit. O and
Cl signals are also associated with the lower part of the image.

The SEM and EDS images (Nb signal overlaid) at this magnification are shown

in figure 4.26. At the low magnification it is difficult to understand where exactly

and why the Nb is associated with pit sites, so both 400x and 800x maps were

conducted at the site, for more detailed analysis. Again, the SEM and EDS

images were overlaid for ease of viewing. The 400x image (figure 4.27) shows

that Nb is present as inclusions, with the largest cluster at the pit site itself. A

closer look at the microstructure (800x) in figure 4.28 reveals that the Nb is in

fact dispersed within the pit itself. Nb rich inclusions are present outside of the

pit, but the Nb inside the pit itself appears more finely divided.
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Figure 4.26: EDS map for site B (170x) with the SEM image overlaid. Yellow
represents Nb. The scale bar is 200 µm.

Figure 4.27: As above, site B, at 400x magnification. The scale bar is 100 µm

Figure 4.28: As above, site B, at 800x magnification. The scale bar is 50 µm
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As EDS is not truly a surface science technique (its interaction volume is mea-

sured in microns, not nanometers) the dispersion could be caused by quantities

of Nb, present subsurface, rather Nb dispersed as fine particulates at the surface.

This adds to the speculation that NbC inclusions are a precursor for corrosion

initiation. The SVET has shown the locations in which corrosion has initiated,

and SEM/EDS has indicated this is in areas where Nb is clustered. The higher

magnification images indicate that corrosion propagates through to areas where

Nb is even more concentrated, at the subsurface. Further evidence of the en-

richment of Nb at the mouth of the pit is shown in the SEM image at site D

(figure 4.21 and figure 4.29). This Nb enrichment continues with other pit sites,

C (figure 4.30), F (figure 4.31), G (figure 4.32).

Figure 4.29: SEM and respective EDS measurement for site D (figure 4.21) at a
lower magnification, 200x. The map confirms the increased concentration of Nb
rich particulates closer to the pit.
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Figure 4.30: SEM and respective EDS measurement for site C (400x). The scale
bar is 100 µm.

Figure 4.31: EDS measurement for site F (450x) (figure 4.22). The image is
overlaid above the SEM image for easier viewing.

Figure 4.32: Site G lacy cover from figure 4.37. The SEM and EDS maps have
been overlaid at 1500x. The scale bar is 20 µm.
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Again Nb-rich inclusions are present within the pit at site G (figures 4.36, 4.38

and 4.37). The amount of Nb can easily be seen from the micrograph at site

E also (figure 4.22) as Nb-rich inclusions appear white, scattering due to the

different atomic number. Figures 4.33 and 4.34 show the location of one of two

pits at site G . An EDS map was taken of the pit cavity in figure 4.35 but failed to

detect elements, it is thought that this was due to the inclusions present within

the cavity being too far from the focus point of the detector. It is easy to see

that there are a number of Nb-rich inclusions within the cavity, within a small

area (the scale bar is 5 µm.)
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Figure 4.33: Site G (i) pit cavity, (ii) lacy cover.

Figure 4.34: Higher magnification image of the pit site (i) in area G.

Figure 4.35: An image from location (i) in images 4.33 4.34, inside the pit cavity
at site G. Note the number of Nb-rich inclusions present, and the scale bar,
showing many inclusions within a small area.
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Figure 4.36: Site G lacy cover (figure 4.33(ii)) (500x).

Figure 4.37: Site G lacy cover (1500x). The red arrow shows the high density
of Nb-rich inclusions present in the pit, and the blue arrow shows the locations
where IGC has caused the removal of Cr carbides through undercutting of the
adjacent metal.

Figure 4.38: Site G lacy cover (2500x). The arrow shows the abundance of
Nb-rich inclusions present within the pit (under the lacy cover).
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4.4 Conclusions

A light optical microscope has been used to identify locations in which corro-

sion has manifest in 20/25/Nb SS in two different concentration electrolytes.

The TLM technique has been used to assess corrosion in a highly sensitised area

(50:50, scale:metal) in 3 mol NaCl dm−3 at free corrosion potential (section 4.3.2).

With this highly sensitised TLM example multiple pits initiated in rapid succes-

sion, following passivation, and subsequent crevice corrosion at a pore within the

haematite oxide scale. The pits occurred mainly at triple point grain bound-

aries, and one instance of dissolution occurred adjacent to a Nb-rich inclusion.

The technique was also used at a location expected to be less sensitised away

from the scale in 0.01 mol NaCl dm−3 under the influence of polarisation. In

this less sensitised area, corrosion initiated again at a triple point grain bound-

ary. IGC propagated along grain boundaries and into the metal, but avoided

the inclusions present, instead migrating around them. This is in agreement

with previous studies by Phuah [51] and Chan [45]. A study using a different

austenitic SS, (sensitised AISI 310), showed similar results. Metastable events

were confined to grain boundary intersections, then passivated, leading to stable

IGC initiation at another site. Once the potential had reached a given potential,

Eb, the transient metastable events are no longer witnessed, in favour of corro-

sion which can continue from the event initiation to the propagation phase, thus

more stable. Stable IGC initiated in two locations at the grain boundary, within

its centre, and at another intersection (in the form of a triple point). A grain

boundary intersection is the location where grain boundaries meet, which can

include any number of boundaries.

In the second phase of the study the SVET was used to map the surface elec-

trochemically, in–situ in 1000 ppm [Cl−] (c. 0.03 mol dm−3 NaCl). Corrosion

was initiated by stepping the overpotential. Pits initiated rapidly, due to the

step in polarisation. Post corrosion electron microscopy revealed that pits were

located where there were a high number density of Nb-rich inclusions. Further
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chemical analysis showed pits had propagated at areas where Nb-rich inclusions

are present within the subsurface. Indicating that Nb-rich clusters are also a key

initiation point in the SS.

The data shows that the triple point grain boundaries are also areas where cor-

rosion initiates preferentially, and it is expected that these triple points (and

grain boundary intersections) are locally more depleted of Cr than others. It is

speculated that highly sensitised SS IGC will initiates at these locations. For

specimens that are less sensitised, i.e. with the SVET experiment, the surface

was prepared by grinding and polishing, leaving the surface less sensitised, the

initiation mechanism changes. Should the less sensitised microstructure contain

quantities of clustered Nb-rich inclusions, IGC seeks to initiate at that location.

It is thought that the grain boundaries may not be sensitised enough for sta-

ble IGC ([Cr]>[Crthreshold12wt%]), and instead undergoes an intergranular pitting

mechanism. In such a scenario corrosion initiates at a grain boundary intersection

close to where Nb-rich precipitates are present and a pit starts to form. As the

sub-surface volume is removed, areas adjacent to Cr-carbides (present at grain

boundaries) are also removed which is more characteristic of IGC.

An ideal material, based on the results displayed here, will have Nb-rich inclusions

dispersed within the material in a homogeneous fashion, rather than clustering

together. Furthermore, the SVET experiment, combined with post exposure

SEM-EDS, has shown that should a large number density of Nb-rich inclusions

be present subsurface, IGC will seek to continue at these locations. In the TLM

specimens the probability of Nb clusters is decreased, because of the smaller

exposed area. This is possibly why corrosion has only been found to initiate

at intersections using TLM specimens. If a porous material is present (such as

haematite), a differential aeration cell is formed, and corrosion will seek to initiate

at oxygen occluded regions, and should the SS be residing at its free corrosion

potential, pitting sites may passivate. If the metal is undergoing polarisation,

pitting sites can continue to propagate, due to the constant supply of current
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provided by the potentiostat system as in the case of the SVET experiment

(section 4.3.4) where unless nearby pits are competing, corrosion continues to

propagate.
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Chapter 5

A Combined in–situ

Investigation into Intergranular

Corrosion on Stainless Steel
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5.1 Introduction

This chapter focuses on characterising localised intergranular corrosion (IGC)

behaviour of the cladding alloy post thermal sensitisation, over different length

scales, in an in-situ environment. Optical time-lapse microscopy (TLM) was first

used to attain information on the corrosion for hundreds of grains. A higher res-

olution method, time-lapse electrochemical atomic force microscopy (EC-AFM),

was used to gather information on tens of grains. EC-AFM shows the mecha-

nism for attack appears different to what is apparent over the larger length scale;

and is more akin to intergranular-pitting than IGC. The in-situ investigation was

further complimented by scanning Kelvin probe force microscopy (SKPFM) to

identify areas susceptible to attack. This study uses two complimentary tech-

niques, both the conventional optical time-lapse method, capable of mapping

hundreds of grains, with the highly resolved AFM technique providing mapping

on the individual grain scale. EC-AFM is suitable for spatially resolving in-

clusions and grain boundaries, and monitoring in-situ. The technique has been

successfully used in the past with Cu alloys under potential control [138], Al al-

loys [139], and also sensitised AISI 304 SS [140]. In addition a new development

in atomic force microscopy was demonstrated by Laferrere et al. at the Eurocorr

conference in 2015 [141]. The conference paper was adapted by Clark (2017) as

part of a special issue in Corrosion, Engineering, Science and Technology [133].

This conference paper showcased the high-speed AFM technique which authors

state has a resolution comparable to TEM and demonstrated its uses for corro-

sion science, and showed the removal of Cr carbides on sensitised 20/25/Nb when

subjected to polarisation in-situ. Figure 5.1 shows a mosaic of the surface ob-

tained by HS-AFM. An image of the carbide dissolution from the paper is shown

in figure 5.2. This chapter aimed to develop the use of the AFM for corrosion

purposes where the sample is immersed under an electrolyte droplet.
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Figure 5.1: Carbides decorate the grain boundaries of thermally sensitised
20/25/Nb stainless steel. The image was obtained using a HS-AFM.

Figure 5.2: Carbides present along grain boundaries of thermally sensitised
20/25/Nb stainless steel (a). (b) shows the surface following polarisation (500
mV vs. Pt) in 5 mgkg−1 [Cl−].
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5.2 Experimental

5.2.1 Specimen and Solution Preparation

Following thermal processing (1150 ◦ C, 30 minutes under Ar, 600 ◦ C, 336

hours) specimens were cut, then ground and polished, as explained in the main

experimental chapter (Chapter 2). A previous chapter (section 3.4.1) showed

that sensitisation appeared depth-limited, as such preparation technique shown

in figure 3.15 was used.

For metallographic observation of unsensitised specimens electrolytic etching

was used to expose grain boundaries. The specimen and Pt gauze counter elec-

trode were connected to a DC power supply and immersed 10 wt.% Oxalic acid.

A DC potential of 6 v was applied for a period of 10 seconds in order to reveal

grain boundaries. The specimen was rinsed in distilled water and finally cleaned

with ethanol. The electro-etch procedure has been used in the past for 316L

SS [142] and is recommended by ASTM E407-07 16 [116] and was used by both

Chan [45] and Phuah [51] on 20/25/Nb. Heat treated specimens did not require

an etch, as grain boundaries within the highly sensitised area adjacent to the

darkened surface, once polished, were visible.

Solutions were prepared with sodium chloride (NaCl) (Sigma Aldrich, ACS

reagent, >99.0%) and distilled water. Tests were conducted at neutral pH. At

low concentrations (ppm levels), such as those found in storage ponds, there

is a high probability that the electrolyte would evaporate prior to any corrosion

initiation during the in-situ EC-AFM experiment, given the low quantity of liquid

as the specimen was not polarised. As such 1 mol dm3 NaCl was used for both

optical TLM and Electrochemical AFM. This [Cl−] was chosen for the AFM

studies as the corrosion rate was compatible with the scan time achievable; such

that corrosion progress could be followed effectively during the course of a few

hours. The chosen concentration provided an insight to what may happen if

[Cl−] underwent a large increase such as in a very extreme fault scenario.
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5.2.2 In-situ Time-Lapse Microscopy

Images were taken using a Meiji MT8000 metallurgical microscope with 0.7x C-

mount and Infinity 1-3C camera. In order to increase the probability of corrosion

initiation in the viewing area, and not elsewhere on the specimen a tape mask

was used (PTFE, 3M, HD5490). Once a suitable area of the specimen had been

identified, the PTFE tape was perforated using a 0.35 mm diameter biopsy pen

and placed onto the surface, reducing corrosion susceptibility elsewhere on the

specimen.

Prior to subjecting the specimen to experiment, multiple images of the ex-

posed surface were mapped using a 50x optic enclosed in a protective waterproof

shroud; in order to form a high-resolution montage, created using Microsoft im-

age composition editor (ICE). Pre-corrosion mapping was also repeated using a

Hitachi TM3000 SEM with energy-dispersive x-ray spectroscopy (EDS) capabil-

ity. Once pre-mapping was conducted; the specimen was fixed to a large petri

dish and immersed in c.300 ml electrolyte. Images were taken every 60 s over a 24

hour period, with the exception for the specimen under potential control, where

images were taken every 30 s, in order to more accurately follow the corrosion. In

conjunction with TLM; a Palmsens 3 potentiostat was used to measure the open

circuit potential, with respect to an SCE. In addition; a three-electrode cell (Pt

gauze, SCE) was used in order to investigate the effects of linear polarisation.

5.2.3 Atomic Force Microscopy

A JPK Instruments Nanowizard III AFM was used for taking measurements.

AFM collects topographical information by using a small, sharp tip attached to

the end of a cantilever. This allows the very high resolution in the z-direction

within the order of picometers. Further information on the AFM technique can

be found elsewhere [143] [144] . For in-situ electrochemical AFM experiments a

special o-ring was used which allowed imaging in a liquid environment. The sur-

face area occupied by the o-ring was ≈1.8 cm2 . The AFM images were captured
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in a freely corroding environment; with no external polarisation applied. Prior to

the introduction of the electrolyte, an in-air topographic image was recorded us-

ing contact mode, the electrolyte was then added slowly, to avoid damage of the

AFM tip. Once fully immersed, the instrument was re-configured for measure-

ment under electrolyte (including compensation for change in refractive index)

during reconfiguration approximately 15 minutes had elapsed. Individual scans

were performed over a 50 µm2 area, using 512 x 512 pixel resolution with a 0.3

Hz scan speed. This resulted in a ≈30 minute duration per scan.

Low stiffness Nanoworld FM50 AFM cantilevers were used for SKP mapping

(single crystal silicon). For the electrochemical AFM experiments 3-lever n-type

silicon tips were used (Mikromasch HQ:CSC37) in contact mode.

5.2.4 Scanning Kelvin Probe Force Microscopy

In order to collect a Kelvin probe measurement, an electrical connection was re-

quired, which was achieved by attaching copper foil to the specimen outside of the

scan area. The scanning Kelvin probe force microscope (SKPFM) determines the

Volta potential difference ∆ Φ between the specimen and probe reference, and has

the ability to resolve Volta potential differences for inclusions. Previous examples

of such measurements include Al alloys [145] [146], high-entropy alloys [147], fi-

laform corrosion [148] and Cobalt-Chromium-molybdenum alloys undergoing hot

isostatic pressing (HIP) [14]. The SKP-FM probe performs a raster scan col-

lecting topographical information and Kelvin potential information line by line.

Using feedback from the topography; the probe hovers the surface at a user de-

fined height (50 nm) when conducting the SKP-FM mapping, and as such the

recorded potentials are independent of feature height.

Specimen topography was firstly measured for the desired area in AC mode;

and once surface tracking was optimised, SKP-FM mapping was undertaken.

SKPFM methodology has been compared the conventional SKP previously by

Rohwerder [122].
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5.2.5 AFM Post Processing

AFM data post-processing was undertaken by JPK instruments data processing

software version spm5.1.4. First order levelling was applied to all data; with the

lower 5% and upper 90% being excluded from the baseline fit. Line cross sections

were completed by choosing the same horizontal line on each scan, in order to

avoid line-to-line effects.

5.3 Results and Discussion

5.3.1 In-situ TLM

Freely Corroding Conditions

Figure 5.3(a) shows a montage of the surface before immersion in 1 mol dm−3

NaCl. The lower part of the image shows part of the haematite scale, above this is

the highly sensitised area that appears as though it has been etched. Figure 5.3b

shows the same area using SEM. Differences in optical and electron microscopy

can been seen in these different images; as NbC show bright white on the BSE

electron microscopy image. Fig. 5.4 shows the presence of niobium whilst carbon

appears more homogeneous. Nb is is highlighted in red in the EDS map whilst

C is highlighted in green, which is difficult to detect using EDS due to its low

atomic number.

From the TLM stills, in a freely corroding environment, there is the lack of

visible IGC on the exposed surface of the SS indicating that the SS has passivated

since no gross attack seems to have occurred. After 6 hours of immersion a quan-

tity of corrosion product was witnessed on the exposed surface in figure 5.5 (b).

These deposits increased over time and gas appeared to nucleate after 18 hours

at the top of figure 5.5. This may be due to trapped gas simply diffusing toward

the surface; as gas evolution should not be active at neutral pH without external

polarisation. The primary cathodic reaction is the oxygen reduction reaction;
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forming hydroxide ions.

Figure 5.3(c) shows the surface, post corrosion, after 24 hours immersion in

electrolyte. Again, with previous evidence (sections 3.4.4, 4.3.2) it is expected

that IGC manifests within pores of the haematite; creating one or more differ-

ential aeration cells, similar to a crevice. As corrosion product increases as a

function of time the two corrosion half reactions must be occurring somewhere,

with the corrosion occurring under the tape. Electrochemical data gathered in-

situ from the same specimen is given in figure 5.6. A fluctuation in potential

occurred within 5000 s; suggesting there is some competition between the two

half reactions. However, for the course of the first 10,000 s (3 hours) there is a net

drift in electrochemical potential to more positive anodic values, from -350 mV

(vs. SCE) to -200 mV (vs. SCE), indicating an increase in free corrosion current

density and cathodic depolarisation.

Over the course of the next 5000 s there is a plateau, suggesting passivation

of the surface. However; potential decreases sharply from c. 13,000 s, which is

evidence that the specimen has reached breakdown potential, and corrosion had

initiated. Electrolyte may have migrated through the pores within the haematite,

leading to the formation of a differential aeration cell, as corresponding TLM

images do not show the effect of this sharp change in potential. This indicates

that the anode may be present in the form of a crevice, helping explain the

relative low breakdown potential. As the potential shifts toward more positive

values corrosion is occurring. By the time of the next arrow (6 hours, Figure 5.5 b)

the effects of the sharp increase in current can be seen as an increase in corrosion

product deposits on the surface. At c.65,000 s (18 hours, Figure 5.5 c) the

potential shows a shift of ∆E 50 mV (vs. SCE) to more anodic values, which

lasts ≈4000 s. Following this we see again that the surface becomes covered in

corrosion product Figure 5.5(d).
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Figure 5.3: (a) 50x optical montage (22 composited images) of the surface before
immersion, (b) SEM micrograph of surface before immersion, (c) SEM micro-
graph of surface after 24 hours in 1 mol dm−3 NaCl, (d) 20x optical micrograph
post corrosion
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Figure 5.5: Optical TLM images of the sensitised SS 20-25-Nb immersed in 1
mol dm−3 NaCl showing the progression of corrosion product depositing on the
exposed surface. a) 0, b) 6, c) 18, d) 24 hours
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Figure 5.6: Open circuit potential as a function of time (vs. SCE) for the TLM
specimen immersed in 1 mol dm−3 NaCl. Arrows at c.0, 6, 18, 24 hours have
been added to assist the reader. The peak at c. 65,000 s (18 hour) corresponds
to the trapped gas movement, or gas evolution seen in figure 5.5
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Potentiodynamic Experimentation

Potentiodynamic experiments were used to assess the difference between corrosion

mechanisms for the sensitised SS within a freely corroding environment and under

potential control. The specimen was allowed to rest for 10 minutes to allow for the

open circuit potential to equilibrate the starting potential was ≈-100 mV (-350

mV vs. SCE) below the recorded OCP. Figure 5.7 shows the development of IGC

over a short period of time (the experiment lasted 1000 s). A graph of potential

against time is also shown in figure 5.8. Given the time interval for the images

(30 s), the number of images from where IGC is visible, and linear sweep rate (0.5

mV s−1), the potential in which breakdown occurred was back calculated. It is

estimated that breakdown (Eb ) occurred at -150 mV vs. SCE, suggesting a ∆E

of ≈80 mV vs. SCE. This corresponds with a shift in corrosion current. From the

images (figure 5.7) IGC is more visible when polarised, and there is less corrosion

product deposition. Multiple anodes appear to be present; which nucleate as

points upon the GB, suggesting that highly localised corrosion occurred at specific

points on the grain boundary, possibly at the most Cr-depleted regions. IGC then

appears to trace the GB, but over time, IGC becomes less localised and the matrix

is also attacked, with grains themselves eventually dissolving into solution. This

is an effect of potential increasing (and current increasing exponentially) as a

function of time. Figure 5.9 shows the surface post-polarisation. IGC continued

past the boundary where the PTFE tape was present confirming that the IGC is

not only related to the surface, but also tracks in 3D. The perforated lacy cover

of the haematite scale suggests crevice corrosion within the pores had occurred.

This has been recorded previously in chapter 3, section 3.4.4.
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Figure 5.7: Cropped optical TLM images of the sensitised SS alloy in 1 mol dm−3

NaCl showing the development of IGC over time under the influence of potential
control. (a-d) Show the progression of several anodes within a period of 270 s
where the current density increased exponentially from ≈ −150 mV .
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Figure 5.8: Potentiodynamic curve for the above TLM specimen immersed in 1
mol dm−3 NaCl undergoing polarisation. Current density is shown as a function
of applied potential (vs. SCE). The experiment started at -350 mV vs. SCE. We
have annotated the graph to show the specimen breakdown potential at c. -150
mV vs. SCE. The graph appears to plateau at 86 mV vs. SCE.

Figure 5.9: SEM montage of surface after immersion in 1 mol dm−3 NaCl. The
specimen has been subjected to polarisation. The perforated cover at the scale is
visible in this image, as is the large amount of NbC present within the excavation.
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5.3.2 In-situ Electrochemical Atomic Force Microscopy

Figure 5.10 shows the series of AFM measurements on the sensitised SS immersed

in 1 mol dm−3 NaCl over the period of 4.5 hours, in-situ. A total of nine images

were collected. Shown are scans (a) 30 minutes, (b) 60 minutes, (c) 120 minutes,

(d) 240 minutes.

Figure 5.10: In-situ optical TLM images of the development of IGC and increase
in corrosion product in 1 mol dm−3 NaCl. These stills correspond to those in
figure 5.11; (a) 30 minutes, (b) 60 minutes, (c) 120 minutes, (d) 240 minutes.

Localised corrosion events initiated quickly on the surface, with the first oc-

curring adjacent to an inclusion near the centre of the frame in the first image

(figure 5.11(a)). The bulk of the attack occurs approximately 1 hour after im-

mersion, as by figure 5.11(b) a pit cover forms around the inclusion (shown by

the arrow in figure 5.11(a)), which was ruptured by the next image. There is

evidence that the surface was modified even after the first image (30 minutes).

Figure 5.10 a shows swelling of the GB, and this is even more prominent in future

images. It is believed that this may be a visual artefact caused by the relative
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height scale used. By showing different length scales (optical, AFM); the mech-

anisms for attack can be better understood. Optical TLM in figure 5.11 shows

Figure 5.11: In-situ EC-AFM images of the sensitised SS 20-25-Nb immersed
in 1 mol dm−3 NaCl. (a) 30 minutes, (b) 60 minutes, (c) 120 minutes, (d) 240
minutes. The images depict the development of a grain boundary swelling effect,
pit covers, intergrannular pitting and consequential corrosion product covering
the exposed surface. The arrow in image (a) shows what is a possible NbC
inclusion. The swelling effect may be an artefact of the relative height scaling
used

IGC, tracing GB along the highly sensitised region adjacent to the scale. The

corrosion behaviour displayed is similar to when polarisation was employed on

the optical TLM specimen previously (section 5.3.1). From the images in fig-

ure 5.10, corrosion products on the surface appear to deposit in a radial fashion,

suggesting the scan was conducted adjacent to an anode; where a large amount

of corrosion had occurred. At the grain level (EC-AFM), corrosion does not ap-

pear to trace the GB; as expected from the optical images in the previous figure,

local events appear to take the form of intergranuar pits. Of the pits visible in

the scan area 4/5 nucleated adjacent to the GB. The pits form a perforated lacy
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cover which is known widely in literature to offer pit protection [16] [13]. Within

local pit environments acidity and [Cl−] increase, due to the charge imbalance

caused by increased metal ions, with the lacy cover decreasing mass transport,

keeping the environment aggressive enough for pit propagation. In the second

image (figure 5.11(b)) lacy covers form; but by the next scan the cover is removed,

possibly by the AFM tip. Zhang et al. using AFM, witnessed the removal of a

lacy cover while performing similar experiments on sensitised 304SS in 3.5Wt.%

NaCl [140]. Once the pit cap was removed, the pit ceased to propagate.

Whilst the SS would normally undergo passivation in an aqueous environ-

ment; in order to retain passivity the surface must form an invisible Cr-oxide

film, (with minor concentrations of Fe close to the metal-film interface [57]).

However; localised corrosion can occur once the local concentration of Cr drops

below 12Wt.%, as stated previously. At these locations highly localised attack

can occur; such as pitting. As has been seen using electrochemical scanning tech-

niques, many pits appear to initiate in a rapid fashion, as is shown in figure 5.11;

but over time anodic current density at the most competent pit site increases,

and thus this single pit continues to grow. Most other pits repassivate; and the

number of these active pit sites decrease as a function of time. This was shown

by Issacs with the scanning reference electrode technique (SRET) on type 304

stainless steels [82] and previously in an SVET experiment (section 4.3.4) which

showed a decrease in SVET derived current density one pit, but an increase at an

adjacent one. The large free surface on a stainless steel becomes a net cathode;

as compensation for the highly localised anodic current sources. Previous studies

by Williams et al. show a similar effect in the pitting of magnesium; when using

the more spatially-resolved scanning vibrating electrode technique (SVET) [87].

Once the pit ceases to propagate, pitting either continues at another location, or

repassivation occurs. It would appear that stainless steel has undergone repas-

sivation; as there is no continued IG-pitting, and no single large pit growing. It

is postulated that IGC continues outside the scan area, at the pores within the
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scale, as corrosion product continues to deposit radially, increasing with time.

This is in agreement with earlier work in this thesis. This intergranular pitting

phenomenon is caused by variances in Cr depletion even along the grain. From

an optical standpoint (thousands to hundreds of grains) this IGC may appear

to trace along the GB, but from the small area viewed under AFM; intergran-

uar pitting ensues in open circuit conditions. From figure 5.11c (120 minutes)

the AFM image becomes more noisy, up until figure 5.11 d (240 minutes) when

it becomes more difficult to make out features. In order to assess the noise; a

smaller working area, 20 µm2, was selected (centre of frame) with a higher set-

point in figure 5.12 (310 minutes). This surface is representative of what occurs

at 290 minutes. False lines can appear on AFMs when the set point and gains

are not optimised; causing the trace and retrace to not follow each other. In this

experiment, both lines showed agreement. Though the traces matched, features

from one line did not necessarily follow on the next line, indicating removal of

features has occurred. It is expected that this is caused by a weakly adhering

iron (II, III) oxide corrosion products being moved by the AFM tip.

SKPFM

SKPFM maps provided in figure 5.13 show the spatial variation of Kelvin poten-

tial on sensitised, and the unsensitised SS. Figure 5.13 (a, b) show the variance in

potential between matrix and GB, along with the relevant topography. The data

shows that whilst areas of the GB appear to be less noble; the variation is not

significant. The image shows a discrete area of the GB with an increased Kelvin

potential to that of the matrix, and other grain boundaries. Figure 5.13 (c, d) is a

magnified view of the GB in figure 5.13 (a, b). Again, as per the previous figure,

the GB appears to have a slightly higher potential with respect to the matrix.

Interestingly, this one region of the GB appears to be more susceptible to attack.

Consequently; this suggests that there may be three possibilities: a) a different

phase is present at this location, or more likely, b) there is a greater extent of
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Cr depletion at this site thereby creating a corrosion ‘hot-spot’. Figure 5.13 (e,

f) show the surface and SKP-FM maps of the electro-etched, as-received, pol-

ished SS. The AFM image shows NbC inclusions which appear to be more noble

(electrochemically) and more proud, with the shape of these being different to

Cr carbides located on heat treated specimens, such as those described above.

Figure 5.12: Centre frame AFM image at 310 minutes (a) 2D map (b) 3D map

5.4 Conclusions

A method for assessing the corrosion of an austenitic stainless steel in an aque-

ous environment over different length scales has been presented. It has been

shown that, in a freely corroding environment the actively corroding surface can

be mapped using both optical and AFM in-situ techniques. As a comparison,

the sensitised SS has also been investigated using polarisation, accelerating the

process. The SS appears to show IGC when polarised; whilst using the highly

resolved AFM the corrosion appears to be more in line with intergranular pitting.

EC-AFM showed intergranular pit initiation around an inclusion. The AFM im-

ages show that these intergranular pits cease to propagate once the lacy cover is

removed; therefore attack is not occurring into the surface. It is believed that

IGC continued at pores within the haematite.
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Figure 5.13: AFM topography and KPM maps. (a) Sensitised SS Metal:scale
interface, (b) Corresponding SKP-FM map, (c) Cr carbide present on sensitised
SS, (d) Corresponding SKP-FM map, (e) Unsensitised, etched SS NbC, (f) Cor-
responding SKP-FM map

196



Chapter 6

Inhibition of IGC: The Caustic

Dosing Approach
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6.1 Introduction

The effect of using a basic inhibitor has been investigated by both electrochem-

ical polarisation, and high-resolution imaging techniques. 2.5 mmol dm−3 (pH

11.4) and 0.1 mol dm−3 (pH 13) sodium hydroxide (NaOH, caustic soda) have

been used to condition the surface, as a pretreatment stage. The pretreatment

leads to lower corrosion rates and, through microscopy analysis, appears to af-

fect niobium carbide (NbC) inclusions. It is thought that the dissolution of NbC

precipitates, or possibly an additional lamellar phase within the inclusion, leads

to a reduction in corrosion initiation sites, which may have the effect of thereby

lowering corrosion rates.
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6.1.1 Experimental Procedure

AGR SS fuel cladding, of composition 20wt% Cr, 25wt% Ni, 0.05wt% Nb was

studied, the full composition is given in figure 6.1. A sheet (0.3 mm thickness)

of 20/25/Nb stainless steel underwent a thermal processing treatment in order

to develop sensitisation, which followed the same processes as in earlier chapters.

Both thermally sensitised and as-received material was used in this Chapter.

The as-received stainless steel was studied in the first instance to understand the

impact of pH on the material before studying in a thermally sensitised condition,

where the stainless steel was immersed in electrolytes with and without NaOH.

Following the treatments the flat sheet was cut, ground, and polished into 1.5 cm2

pieces. Sensitisation was depth dependant for these specimens, as shown from

previous DL-EPR experiments. The Haematite scale was ground and polished.

This was to ensure a surface free of the iron oxide, such that corrosion did not

preferentially initiate within the pores of the oxide.

Figure 6.1: AGR Fuel cladding, 20/25/Nb stainless steel fuel cladding composi-
tion [7]

DL-EPR experiments were not conducted on samples due to the destructive

nature of the experiments. Whilst grinding depth was considered, the assessment

was on the impact of the surface treatment, not the depth of sensitisation. The

microstructure was not etched for microscopy analysis, which allowed the material

to be studied without prior dissolution of phases taking place. The main focus of

this study was to investigate the role of NaOH on the material and how it might

be used to inhibit corrosion. This investigation comprised of the following work

packages:

1. Investigating the effects of different pH in an as-received condition
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2. Investigation of effect of NaOH on sensitised SS in ppm [Cl−]

3. An in-situ time-lapse microscopy experiment
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6.2 Study 1: The Effect of NaOH on Unsensi-

tised SS

6.2.1 Experimental Procedure

All experiments were conducted in 400 ml electrolyte prepared from a large batch

of distilled water with electroyte pH ranging from 2.5 to 12.5. Basic electrolytes

were created by adding in droplets of 1 mol dm−3 NaOH. An acidic environment

was produced by adding in droplets of concentrated HCl. For these experiments,

no prior furnace treatment was needed. These experiments represent the large

quantity of unsensitised AGR SNF that the industry have in storage conditions.

Potentiodynamic experiments were repeated 3 times for each pH, resulting in an

average. Error bars quoted represent one standard deviation.

6.2.2 Results and Discussion

Immersed in 1 mol dm−3 NaCl at neutral pH, the SS is separated by many

hundreds of millivolts from its breakdown potential (figure 6.2). The total change

in potential is approximately 600 mV. The SS is passive even in 1 mol dm−3

NaCl at neutral pH, with current densities remaining below 10−5 Acm−1 for

the majority of the potential range. NaOH appears to both increase not only

the total change in potential (Eb-Ec), but also the current at open circuit, and

passive current density. Higher concentrations of NaOH result in shifting Ec to

less noble values, but also increasing Eb to more noble potentials. This leads to a

greater change in potential (∆ E) such that the average ∆ E is increased by 267

mV from pH 7 to pH 12.5. The results of experimentation, including averages

and error, are given in table 6.1.
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pH 2.5 7 11.4 12.5
Eb (Av), mV 342.4 412.5 368.4 560.9
Eb (σ), mV 44.8 18.6 27.0 1.3
ECorr -259.4 -204.4 -271.4 -323.3
ECorr (σ), mV 6.9 10.9 45.9 32.3
∆ E 601.8 616.8 639.8 884.2

Table 6.1: Average potentials of unsensitised SS, and respective uncertainty (one
standard deviation).

In electrolyte without pH adjustment (figure 6.6) more transient pitting events

are present, some of which are up to an order of magnitude in size. These occur

at potentials well below the breakdown potential, where stable pitting occurs.

Only when the SS is immersed in neutral pH electrolyte do large transient events

occur, in both an acidic (hydrochloric) and basic (sodium hydroxide) such events

do not appear. The results from acidic and neutral environments are presented

in figures 6.5 and 6.6. Both NaOH graphs show large fluctuations in current

density around Ec, which is believed to be caused by experimental error, caused

by the instrument filtering working incorrectly. The experiment for both pH 11.4

and pH 12.5 (NaOH) was re-run with the same parameters, but the same trend

around Ec occurred (figures 6.3, 6.4).

A plot of Ec and Eb as a function of electrolyte pH is given in figure 6.7. The

graph shows both the results from the individual experiments, averages, error

bars (1 S.D.) and lines of best fit. The results are in line with what was to be

expected, with acidic electrolytes leading to a reduction in Eb.
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Figure 6.2: Unsensitised SS in 1 mol dm−3 NaCl, varying additions of HCl and
NaOH.

203



Figure 6.3: Potentiodynamic experiment on unsensitised specimen in 1 mol dm−3

NaCl at pH 11.4 (NaOH).

Figure 6.4: Potentiodynamic experiment on unsensitised specimen in 1 mol dm−3

NaCl at pH 12.5 (NaOH).

204



Figure 6.5: Potentiodynamic experiment on unsensitised specimen in 1 mol dm−3

NaCl at pH 2.5 (HCl).

Figure 6.6: Potentiodynamic experiment on unsensitised specimen in 1 mol dm−3

NaCl.
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Figure 6.7: Breakdown and free corrosion potentials as a function of electrolyte
pH for unsensitised SS.
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6.3 Study 2: The Effect of NaOH on Sensitised

SS

6.3.1 Introduction

Following the results from the previous study, NaOH does appear to delay the

onset of corrosion on unsensitised SS. NaOH also leads to a decrease in the

large metastable events that were present when immersed in neutral pH. As

some cooling ponds are dosed with NaOH, this investigation was conducted as

a function of [Cl−] and NaOH, rather than pH at fixed [Cl−]. In this study

sensitised SS specimens were analysed as a function of chloride with, and without

NaOH additions of 2.5 mmol dm−3 (pH 11.4). Industry cooling ponds are tightly

controlled for contaminants, and thus have many orders of magnitude less [Cl−]

than were used in the first study (1 mol dm−3 NaCl). Open-air cooling ponds

have a low [Cl−], at parts per million (ppm) levels, nominally these are below

trace levels at 1-2 ppm [Cl−] at pH 11.4 (NaOH). To reflect this, units of ppm

are quoted.

6.3.2 Experimental Procedure

Parts per million (ppm) solutions prepared for experiments were prepared in

the same way described in section 6.1.1. Ultra high purity 18 MΩ cm−1 dis-

tilled water (Purite Select Fusion) was used for the 0 ppm solution. For NaOH

(Aldrich, ≥98%, ≤1.0% sodium carbonate) electrolytes, a large quantity of the

ultra pure distilled water was dosed to pH 11.4 using a pH meter (Thermo Sci-

entific Orion star A) and then diluted to the desired ppm concentrations. A

quantity of the original batch was kept separate to form the 0 ppm baseline.

The NaOH electrolytes were prepared in this way, rather than adding in droplets

of concentrated NaOH to reduce the amount of dilution. Efforts were made to

reduce errors as much as possible in this preparation stage as the concentrations
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of Cl− were at ppm levels. Specimens were sensitised by thermal treatment as

shown in section 2.2 (1150 ◦C, 650 ◦C). The specimens were prepared by grinding

flat specimens using successive grit papers (rough:fine). The surfaces were pol-

ished using 6 and 1 µm diamond suspension, then rinsed using ethanol to assist

in the removal of contaminants before experimentation took place. Open circuit

potential (OCP) experiments were run for 3600 s to allow for both equilibration,

and comparison of the rest potential for different concentrations of NaCl, and

with and without NaOH. Linear polarisation resistance (LPR) experiments were

conducted with a three electrode cell set-up, using Pt gauze as the counter elec-

trode and an SCE reference. The experiment was set to scan -10 mV to +10 mV

away from the steady state OCP.

6.3.3 Results and Discussion

Results of immersion in a series of Cl− electrolytes are presented in figure 6.8

and 6.9. Generally, apart from the 1000 ppm [Cl−] specimen at neutral pH, which

showed a drop in OCP at 2700 s by 20 mV, all potentials appeared steady, after

a period of 1800 s (30 minutes).

NaOH appears to push the rest potential to more negative values by at least

100 mV. For concentrations 10 ppm and above (neutral) rest potentials are more

varied (≈ 100 mV), as opposed to those in NaOH, where the potentials are

within 20 mV of one another. NaOH may be suppressing the effect of [Cl−]

on the system at higher concentrations, as there is far less potential shift. At

lower concentrations, the potentials shift more, but the total decrease in potential

when using NaOH is larger. There is a maximum change of ≈300 mV (1 ppm

[Cl−]). Polarisation resistance experiment data is shown in figure 6.10. The

data shown is the polarisation resistance determined from the slope of dE/di.

Polarisation resistance is a component the corrosion rate calculation, and thus a

larger polarisation resistance is appropriate for greater resistance to corrosion.

For specimens in neutral pH an increase in Cl− leads to a decrease in polar-
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Figure 6.8: Sensitised SS with and without NaOH inhibitor (2.5 mM dm−3), as
a function of [Cl−] (0, 1 and 10 ppm)

Figure 6.9: Sensitised SS with and without NaOH inhibitor (2.5 mM dm−3), as
a function of [Cl−] (10, 100, 1000, 10000 ppm)
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isation resistance. There is a decrease in resistance of over 80% when moving

from 0 to 10,000 ppm [Cl−]. The results for specimens immersed in NaOH show

no trend. Polarisation resistance values are lower or equal when compared to

those in neutral pH in the majority of experiment electrolytes. For higher values

of [Cl−] (1000, 10,000 ppm) polarisation resistance is greater. Oddly, the exper-

iment results for typical pond water chemistry (1 ppm [Cl−]) show a reduction

in polarisation resistance when using NaOH. In 1 ppm [Cl−] the polarisation

resistance is over 100 KΩ, but decreases by 27 KΩ when the inhibitor is used

(NaOH at pH 11.4). This occurs again with the 10 ppm experiment, polarisation

resistance decreases by over 2/3 when NaOH is used (67.8 KΩ to 20.2 KΩ).
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Figure 6.10: Polarisation resistance experiments as a function of [Cl−] in distilled
water and 2.5 mM dm−3 NaOH (pH 11.4)
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Figure 6.11: Change in potential (Eb-Ecorr) for sensitised SS specimens immersed
in neutral pH and NaOH as a function of [Cl−]

212



Figure 6.11 shows results of potentiodynamic experiments on specimens with and

without an NaOH addition. The bar chart shows the total change in potential

from ∆ E=Eb-Ecorr . Larger values suggest a delay in stable corrosion propaga-

tion, as the specimen rest potential is Ecorr, and stable IGC occurs where there

is an exponential increase in current density, at Eb. As [Cl−] increases, ∆E de-

creases, as susceptibility to undergo stable corrosion at either an earlier Eb, or a

shift in Ecorr to more positive values, or both occur. The 100 ppm result for both

neutral and NaOH electrolytes is not in line with the trend. For all experiments

(excluding 0 and 100 ppm [Cl−]), NaOH increases ∆E by a sizeable margin, for

most by at least 200 mV. The change in potential is a useful quantifier, how-

ever more detail could be attained from the traces themselves, rather than the

difference between two points on a line. These are displayed in figure 6.12 and

figure 6.13.

Without NaOH, current density over the passive region rises with [Cl−] (fig-

ure 6.12). The increase in current density at Eb is not substantial until [Cl−]

rises above 100 ppm. This is a consequence of the ability to pass current due to

the limited conductivity of the electrolyte itself. In contrast, the use of NaOH

(figure 6.13) gives increased current densities over the passive region. Current

density reaches a plateau at ≈ 200 mV.

Potentiodynamic traces in low [Cl−] (0, 1, 10 ppm) show that Ecorr is stable at

≈ −100 mV vs. SCE for the sensitised SS in neutral conditions (figure 6.12). Ecorr

for the specimens in low [Cl−] (0, 1, 10 ppm, in NaOH) is more cathodic, at -300

mV (figure 6.13). Eb for 0 and 1 ppm [Cl−] occurs at lower potentials when in the

basic electrolyte, but Ecorr is still greater. The current density through the entire

trace (including the active and passive regimes) is greater when using NaOH.

Given the very small concentration of Cl− ions, both seem to show very similar

traces, having similar Ecorr, Eb and current density values . The 10 ppm trace

shows an example where Ecorr has shifted to more noble potential, such that it is

more positive than in neutral pH. These experiments are of particular importance,
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Figure 6.12: ppm [Cl−] potentiodynamic experiments without NaOH

Figure 6.13: ppm [Cl−] potentiodynamic experiments with pH 11.4 NaOH
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as less than 1 ppm [Cl−] would be expected in the industrial context. From

the reverse NaOH traces, repassivation is delayed, occurring at more negative

potentials in 10 ppm [Cl−] when compared to both distilled water and 1 ppm

[Cl−]. The effects of having a higher [Cl−] (100, 1000, 10,000 ppm) are easily seen

in figures 6.17, 6.18, 6.19, compared with 6.14, 6.15, 6.16. The passive current

density in NaOH remains similar to that of the lower concentrations, although

for specimens without NaOH, the current density during the reverse scan almost

reaches 0.1A for specimens immersed in 100,000 ppm. In addition, hysteresis

loops are much larger, even for specimens which have been dosed with NaOH.
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Figure 6.14: 0 ppm [Cl−] potentiodynamic experiments in neutral pH and 11.4
(NaOH).

Figure 6.15: 1 ppm [Cl−] potentiodynamic experiments in neutral pH and 11.4
(NaOH).
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Figure 6.16: 10 ppm [Cl−] potentiodynamic experiments in neutral pH and 11.4
(NaOH).

Figure 6.17: 100 ppm [Cl−] potentiodynamic experiments in neutral pH and 11.4
(NaOH).

217



Figure 6.18: 1000 ppm [Cl−] potentiodynamic experiments in neutral pH and
11.4 (NaOH).

Figure 6.19: 10,000 ppm [Cl−] potentiodynamic experiments in neutral pH and
11.4 (NaOH).
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6.4 Study 3: An In-situ Experiment Using NaOH

as a Pretreatment for Corrosion Inhibition

6.4.1 Introduction

As NaOH has delayed the onset of pitting and IGC for the SS in its unsensitised

and thermally sensitised condition, a trial was conducted to investigate its use

as a pretreatment. A variety of in-situ techniques used throughout this thesis to

analyse the effect of NaOH. Using a combination of time-lapse microscopy (with

polarisation), EDS chemical mapping, electron microscopy, atomic and scanning

Kelvin probe force microscopy the effect of NaOH on the surface could be anal-

ysed. The NaOH pretreatment was conducted using NaOH at a higher pH than

11.4 to see if a short term pretreatment (relative to industry timescale) could

facilitate added corrosion resistance. Of particular importance was to be able

to image the NbC inclusions to see how these changed with respect to time in

a strong base. pH 13 NaOH (0.1 mol dm−3) was chosen as one of the pretreat-

ments as it is already used in the industry for magnox fuel containment as an

inhibitor [42].

6.4.2 Experimental Procedure

The specimen was sensitised and prepared using the same furnace treatment

as has been described previously. In addition, a wire was spot welded to the

specimen for OCP monitoring. The weld and specimen were encased in a cold

set resin, and the surface was ground using successive grit papers to remove

Haematite and then polished to a 1 µ m finish. The NaOH pretreatment process

was as follows:

1. Immersion in pH 11.4 (2.5 mmol dm−3 NaOH) for 4 days

2. Immersion in pH 13 (0.1 mol dm−3 NaOH) for 4 days
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Ultra pure distilled water was used for the experiment. When stage 1 of the

pretreatment was complete the electrolyte was removed and dosed to pH 13 (0.1

mol dm−3 NaOH). This was measured using a pH meter, once the correct pH

had been reached the electrolyte was re-used. Time-lapse Microscopy (TLM) was

conducted using a Meiji MT8000 metallurgical microscope, fitted with an Infinity

2–5C camera. The technique has been well described in previous studies [149] [88]

and in the experimental chapter. Once an NbC inclusion of suitable size was

located (a set of three inclusions in a ≈20 µm2 area was selected) , the specimen

was connected to a Palmsens 3 potentiostat. A saturated calomel electrode (SCE)

was used as a reference, with datapoints collected every 10 seconds. A 20x optical

lens, protected by a waterproof shroud, was used for imaging the inclusion as a

function of time. Due to the relative long experiment time, images were captured

every 600 seconds. Following pretreatment in NaOH, the specimen was analysed

using a JEOL JSM-6010 PLUS/LA scanning electron microscope (SEM) with

energy dispersive X-ray spectroscopy (EDS) capability. The set of inclusions

from the same location were found and imaged using secondary electron imaging

(SEI) and EDS maps taken. In addition, AFM and SKP-FM (JPK Nanowizard

3) provided high resolution maps of the inclusions. The set up for the SKP–FM

is the same as described in the main experimental chapter. Finally a longer term

pretreatment was conducted skipping stage 1 and implimenting stage 2 directly

(immersion in 0.1 mol dm3 NaOH) for four weeks. Specimens were immersed in

NaOH in 100 ml beakers covered with parafilm to limit the effects of acidification

from the environment and SEM-EDS analysis undertaken following immersion.

6.4.3 Results and Discussion

The specimen used for the experiment was immersed in 2.5 mM dm3 NaOH (pH

11.4) for a period of 4 days. A set of three NbC inclusions were imaged. However

there was no development of corrosion visually within this timeframe. Figure 6.20

(inset) shows the open circuit potential as a function of time, which stabilises at
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-200 mV vs. SCE after ≈ 200 Ks. Subsequent immersion in 0.1 mol dm−3 NaOH

causes an increase in the mixed potential to ≈ −110 mV vs. SCE after 75 Ks.

By working through the TLM images an approximate time could be calculated

in which the inclusions underwent dissolution.

Following the immersion in a higher concentration of NaOH, the three inclu-

sions darken, after 28 Ks, as shown in figure 6.21. Suggesting NbC modification

had occurred in the strong base. After a period of 1 day the experiment was

stopped, and specimen removed. OCP data does not show any variation in po-

tential relating to this apparent dissolution. This could be related to the fact the

area imaged was not masked. As the instrument is collecting data on the whole

sample (1.5 cm2) many inclusions could be undergoing dissolution at different

rates; given the area covered by the inclusions imaged (0.0025 cm2). Therefore

the general increase in potential could be a result of widespread NbC modification

at differing rates. The electrochemical data does show an increase in potential

of c.+100mV from 2.5 mmol to 0.1 mol dm−3 NaOH (see inset figure 6.20). The

elevated potentials suggest resistance to corrosion, as SS are a passivating system.

The area in which the three inclusions occupied were located and then imaged

using SEM. Interestingly it appeared that NbC were still present using SEM, in

contrast to the in-situ TLM experiment where the inclusions appeared to have

undergone modification 6.22.

It is expected that a light scattering effect caused the darkening. Roughening

of the inclusions may have caused incident light to scatter at different angles,

rather than reflecting toward the camera sensor. It is postulated that the inclu-

sion was partially dissolved by the NaOH, and the SEM micrograph shows lines

across the surface of all three inclusions (figure 6.22). It is expected that the dis-

solution of NbC occurred along the polishing direction. The very hard diamond

particulates used in the preparation stage may be the precursor to dissolution

along surface scratches. Chemical mapping shows the presence of Nb and C in

each of the inclusions, post pretreatment, figure 6.23. Suggesting that if Nb has
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Figure 6.20: Specimen used for the pH13 NaOH experiment following 1 day of
immersion. The inclusion dissolution occurred at 28,800 s. OCP data at 2.5
mmol dm−3 for 4 days shown in inset

Figure 6.21: Images of inclusions in 0.1 mol dm−3 NaOH (20x crop). Colour
change witnessed after ≈28 Ks
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dissolved, it is still present in a large enough quantity to be detected.

The specimen underwent further analysis using an AFM/SKPFM for acqui-

sition of topography and Volta potential maps. The same set of inclusions were

mapped using AFM and SKPFM techniques. AFM topography shows the inclu-

sions are still present, with the inclusions appearing rough, showing a structure

which appears lamellar. This is in broad agreement with the SEM imaging.

Cross sections for typical NbC inclusions after immersion in 2.5 mmol dm−3

NaOH show the roughening effect in figures 6.24, 6.24. The cross section of the

inclusion shows the majority of troughs are ≈60 nm in depth. A trace of the

background is included for comparison. It could be argued that the inclusion

cross section trace (shown in red within figure 6.24) suggests a swelling of the

inclusion between 3 and 7 µm. The reason for this is due to the gradient of the

cross section trace at the edges of the inclusion. A suggested cross sectional area

for the inclusion above the surface, prior to dissolution, is given in figure 6.26.

The ability to detect Volta potential differences of two different materials

is shown, even when an inclusion is present beneath the surface (figure 6.29).

SKPFM reveals that NbC inclusions are active with respect to the matrix. This

is seen in all three of the inclusions. Thus the inclusions themselves appear

susceptible to dissolution, which corresponds with the AFM topography images.

For the material without pretreatment, NbC inclusions are noble to the matrix as

shown in previous chapters. NbC is a hard material (Mohs hardness of 8), and is

Figure 6.22: Inclusions captured using optical (50x crop) and SEM techniques
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Figure 6.24: Annotated AFM image to show location of background and inclusion
cross sections. This inclusion was present in the in-situ TLM experiment.

Figure 6.25: Cross section of background and inclusion.

225



Figure 6.26: Suggested cross sectional area for the inclusion above the surface
(shown in green).
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Figure 6.27: Annotated AFM image to show location of background and inclusion
cross sections. This inclusion was present in the in-situ TLM experiment.

Figure 6.28: Cross section of background and inclusion.
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used as a coating for cutting tools. Still, it is expected that both silicon carbide

abrasive papers (9-9.5 Mohs hardness) and diamond (10 Mohs) used within the

preparation process caused the small surface scratches on the inclusions. It is

expected that this led to the initiation of dissolution at the inclusion, along the

scratches. It is also possible that the grinding process itself is what had caused the

modification, rather than simple dissolution itself. As with SEM, AFM confirms

that dissolution has propagated along the polishing direction; as can be seen in

figure 6.29.

Figure 6.29: NbC inclusion; AFM topography (left), SKPFM Volta potential

map (right)

In addition to the in-situ TLM experiment, additional specimens were im-

mersed for the full 4 days in both NaOH concentrations. LPR experiment results

are displayed in the table 6.2.
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Table 6.2: Sodium Hydroxide LPR results (neutral pH included for comparison

at 10ppm [Cl−].

Sample Cl- Concentration in NaOH (pH11.4) Polarisation Resistance

(ppm) (MΩ)

Pretreated 0 11.66

10 11.35

10∗ 8.54

100 11.67

1000 15.65

10,000 12.28

Control 0 8.65

10 7.97

10∗ 0.51

100 6.82

1000 5.67

10,000 2.67

∗Neutral pH

The LPR graphs (figure 6.30) show plots for both the NaOH treated speci-

men, and the control specimen that underwent no treatment. The NaOH treated

specimen showed a greater resistance to corrosion at all Cl− (higher polarisation

resistance). The control specimen on the other hand displayed decreasing polar-

isation resistance with Cl−. This may be due to a decrease in initiation sites.

Previously, LPR experiments did not show a clear trend, so reservations should

be kept with the data, until more repeat experiments are conducted (see next

chapter).

AFM analysis is presented below. Two inclusion sites are shown in figure 6.31.

From the 3D topography in figures 6.31a, 6.31b it appears that a larger amount

of dissolution may have occurred compared to when immersed for less than one
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Figure 6.30: LPR dependency as a function of [Cl−]
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Figure 6.31: Images of inclusions after 4 days immersion in pH 13 NaOH. (A, B)
3D topography of image in (C). Image (D) shows an inclusion which has large
excavation around edges. The lower half of the image shows an artefact, relating
to the AFM instrumentation
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day. Chan et al. showed a similar phenomenon of NbC dissolution on sensitised

20/25/Nb when polarised in 500 ppm [Cl−] dosed with NaOH (pH 11.5) [45].

The authors showed that NbC (5-7 µm) appeared to fragment under the influence

of external polarisation, although not to the extreme that has been seen in the

examples shown here. This represents evidence that the dissolution is a real effect,

and is limited by the exposure time in the strong base. The NbC structure shown

here appears less like strands, and more lamellar-like. Either NbC has not been

fully dissolved away, but would do given additional time, or it is expected that

perhaps two different phases of NbC must be present. Initially, dissolution must

occur via any scratches in the carbide, then a NbC phase less resistant to NaOH

corrosion is first dissolved, leaving behind a lamellar bridge network. Figure 6.31c

shows the same site, but in 2D. Figure 6.31d shows an inclusion that has shown

a larger amount of dissolution.

Cross sections of NbC sites are shown in figure 6.32 and figure 6.33. The

AFM image itself, follows what has been shown in the earlier images, with a

lamellar-like network present. The cross section reveals that a up to 100 nm

has been dissolved away. Figure 6.32 is an interesting example that shows a

large inclusion c. 10 µm2 which has undergone comprehensive dissolution. The

majority of the inclusion has been dissolved, leaving behind a shallow dish region,

with a large void in the centre. The cross section depth is on par with the previous

example, with depths reaching c. 90 nm.

Inclusion sites following the full 4 day treatment analysis using undertaken

again using SEM and AFM. SEM images showed the inclusions were no longer

strand-like, or whole, but instead appeared separated in separate pieces, appear-

ing fractured. Example SEM micrographs are shown in figure 6.34, showing

the fracturing effect which has taken place. SEM-EDS figures are shown in fig-

ures 6.35, 6.36, 6.37 confirming that the inclusions contain Nb. NbC have only

been observed in this way when using an NaOH pretreatment.

Chemical analysis reveal that although the inclusions have undergone further
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Figure 6.32: Cross section of inclusion site following 4 days immersion in
0.1 moldm−3 NaOH and corresponding AFM image
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Figure 6.33: Cross section of inclusion site following 4 days immersion in
0.1 moldm−3 NaOH and corresponding AFM image.
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Figure 6.34: SEM micrographs of the stainless steel following 4 days immersion
in 0.1 moldm−3 NaOH (pH 13). The arrows show the fracturing effect which
appears to have modified the inclusions.
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Figure 6.35: 4 day immersion in NaOH SEM-EDS showing a single NbC inclusion.

Figure 6.36: 4 day immersion in NaOH SEM-EDS showing a group of NbC
inclusions. The fractured effect in the SEM image is either visual, or the EDS
detector cannot resolve these features.

Figure 6.37: 4 day immersion in NaOH SEM-EDS. The fracture witnessed with a
second set of NbC inclusions. The EDS maps show no change in Nb enrichment
at the crack sites.
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dissolution (see AFM images), Nb is still present. Even for the inclusions in

figure 6.36 which which appear fragmented there is still an Nb signal. Figure 6.37

shows how the EDS is not able to resolve the possible brighter area within the

inclusion. This appears to be undissolved NbC. The limits of the EDS detector

that is used on the SEM may be at its limits in regard to spatial resolution.

SEM-EDS by design interacts with a hemisphere beneath the surface, giving an

area averaged result. For further accuracy, different instrumentation would need

to be used such as TEM. This would use a specially prepared lamella cut from

the specimen (thickness less than 100 nm) which reduce scattering, leading to a

more accurate measurement using EDS.

In the 4 week long term pretreatment in 0.1 mol dm3 SEM-EDS revealed

inclusions that showed the same type of dissolution as before, with inclusions

appearing ‘fractured’, much like the study by Chan et al. [45]. Figure 6.39 shows

that Nb is still present in some of the inclusions imaged. Image 6.38 indicates

that a portion of Nb may have been removed, as only half the inclusion is show-

ing a signal for Nb. Point based detection, allowing quantification, shows Nb

(figure 6.40). The Nb was not detected in the matrix, but was detected at levels

of 16 % at the inclusion site. Therefore Nb is still present and detectable using

SEM/EDS even after 4 weeks in pH 13 NaOH.
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Figure 6.38: NbC site following pH 13 NaOH treatment for 4 weeks

Figure 6.39: NbC site following pH 13 NaOH treatment for 4 weeks
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Figure 6.40: Point based acquisition of NbC inclusion following pH 13 NaOH
treatment

6.5 Conclusions

Experiments have been conducted on 20/25/Nb SS to investigate the effect of

NaOH, initially in an as-received condition, as a function of pH. The data showed

that NaOH delayed the onset of pitting corrosion, as the electrolyte became more

basic. NaOH increased the average change in potential over the range pH 7-

12.5 by c. 43%, interestingly the change from pH 7 to 11.4 showed only a c.

4% increase. Shifting the pH to more basic values also decreased the number

of metastable events occurring, which are needed for stable pitting to manifest.

This study determined that NaOH was successful in delaying corrosion initiation,

and led to the next investigation into its use with the SS in a sensitised form.

[Cl−] was reduced to ppm from molar, in order to provide a closer look into

levels of Cl− that may be present in an industrial context. LPR experiments

did not show the expected results, with polarisation resistance not showing any

clear trend with [NaOH]. Over a 1 hour period (OCP) rest potentials showed a
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clear shift to cathodic potentials when NaOH dosing was used, a good indication

of nobility if the Eb is maintained. NaOH increased Ecorr by up to 300 mV vs.

SCE.

It was shown that corrosion could be somewhat mitigated by using NaOH

as an inhibitor. The next investigation studied the effects of using NaOH as

a pretreatment method at two different basic pHs. This was conducted on the

sensitised SS. An in-situ study was used to analyse a set of three inclusions present

within the SS. No optical change was shown over 4 days in 2.5 mmol dm−3 (pH

11.4). However upon immersion in 0.1 mol dm−3 (pH 13), the inclusions darkened

within 8 hours of immersion, a similar effect to what is seen when corrosion is

witnessed. This was attributed to a light scattering effect and was later discovered

using high resolution microscopy techniques that the NbC inclusions underwent

dissolution along the polishing direction. AFM topography images demonstrated

a lamellar bridge-like structure present after the NaOH pretreatment. Finally

immersion experiments on the sensitised SS following a 4 week pretreatment in

0.1 mol dm−3 (pH 13) NaOH were conducted. SEM-EDS still showed the presence

of Nb, although some examples showed what appeared to be a decrease in Nb

at some inclusion sites. In conclusion, NaOH is effective in delaying the onset

of corrosion, both in unsensitised, and sensitised SS. If 0.1 mol dm3 (pH 13) is

used as a pretreatment NbC inclusions appear to undergo modification, which

may have a beneficial impact on corrosion.
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Chapter 7

Conclusions and Discussion of

Future Work
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Corrosion of Nuclear Alloys using DC Electrochemistry and SVET

A conventional assessment of the AGR fuel cladding alloy was made in the

first chapter. Pitting corrosion was dependent on [Cl−]. Corrosion onset followed

a similar trend as a function of electrolyte temperature. Breakdown of the pro-

tective oxide film occurred at lower breakdown potentials with increasing [Cl−]

and electrolyte temperatures. The [Cl−] dependence for this stainless steel is -

98 mV decade−1, in line with Laycock between -93 and 100 mV decade−1 [132]. In-

terestingly the stainless steel had a linear temperature dependence (-7.3 mVK−1)

whilst other stainless steels such as 904L and 316L show a parabolic depen-

dence [130]. Using the SVET method it was possible to observe crevice corrosion

propagation in-situ. The alloy in an unsensitised condition is prone to crevice

corrosion, in environments containing Cl− ions where corrosion seeks to initi-

ate occluded sites preferentially. When the alloy was sensitised, corrosion was

found to initiate at highly sensitised areas close to an oxide scale, identified as

haematite by XRD. An investigation using the sensitised tube to study crevice

corrosion showed that corrosion initiated at lower [Cl−] when a crevice former

was present, compared to without. Corrosion also appeared more localised at

the crevice site. Interestingly, the SVET method was unable to detect corro-

sion occurring in 0.05 mol dm−3 if the haematite scale covered the specimen. In

these cases red rusting was visible by eye. As it is known that the alloy is prone

to crevice corrosion, it was postulated that the haematite scale acts as a porous

scale which allows the formation of differential aeration cells causing microcrevice

corrosion.

Where does IGC Initiate? SVET and Time-Lapse Microscopy

The second chapter sought identify IGC initiation sites in sensitised alloys.

The AGR fuel cladding, 20/25/Nb, and AISI 310 were both thermally sensitised

and analysed using an in-situ time lapse microscopy (TLM) technique. The

20/25/Nb showed that when haematite was not present, IG pitting corrosion oc-

curred at a grain boundary intersection. The corrosion propagated along grain
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boundaries, appearing to form a lacy cover remaining pit-like, rather than travers-

ing along the surface grain boundaries. Inclusions visible on the surface appeared

to be unaffected, with corrosion tracing around them. When the haematite scale

was present IG pits formed at grain boundary triple points, although crevice

corrosion eventually initiated at occluded sites, causing the metastable IG pits

to passivate. This is in line with the above hypothesis that the haematite scale

acts as a porous layer. The sensitised AISI 310 stainless steel specimen showed

similar results, with metastable IG pitting occurring at triple points. Stable

IGC initiated in the centre of a grain boundary and at a triple point. Using

in-situ SVET, in conjunction with post corrosion SEM/EDS techniques on the

sensitised 20/25/Nb specimens immersed in 1000 ppm [Cl−] and subjected to

external polarisation, it was shown that IGC was present at locations where Nb-

rich inclusions were clustered. Each of the IG pit sites showed a large presence

of Nb. Some pits showed evidence that propagation of IGC might continue to

large Nb-rich inclusions subsurface.

A Combined in-situ Investigation into Intergranular Corrosion on Stain-

less Steel

To provide a closer insight into the processes occurring on the surface of the

SS, within the highly sensitised region, a time-lapse atomic force microscopy

technique was used. This allowed visualisation of the process of IGC on the

length scale of tens of grains, providing a highly resolved topographical map

of the surface undergoing aqueous corrosion in-situ. Metastable IGC pitting

occurred at areas along the grain boundary. Using scanning Kelvin probe force

microscopy select grain boundaries showed Volta potentials that were higher than

others (i.e. more anodic). This could be caused by different grain boundaries

having increased Cr depletion (i.e. more sensitised), which would explain why

metastable IGC initiated at certain grain boundaries. The study was able to

visualise IGC initiation at an inclusion site, before the alloy passivated. It was

speculated that corrosion had not completely ceased, but instead re-initiated at
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another location, most likely within the pores of the haematite layer.

Inhibition of IGC: The Caustic Dosing Approach

2.5 mmol dm−3 NaOH (pH 11.4) was used to delay the onset of pitting and

IGC (unsensitised, sensitised) in the 20/25/Nb alloy. By immersing the alloy in

a higher concentration of NaOH (0.1 mol dm−3, pH 13) for periods of up to one

month, a change in the physical appearance of NbC inclusions was witnessed.

Immersion in high concentration NaOH showed modification of the NbC inclu-

sions using the AFM technique. The inclusions appeared to partially dissolve in

NaOH, becoming more columar in nature.

Future Work

At the outset of this thesis, the question was asked: where does corrosion

initiate? The stainless steel, when sensitised using a heat treatment process, is

vulnerable to intergranular corrosion (IGC) which has been shown to propagate

at grain boundaries. The initiation process was studied using in-situ microscopy

methods and showed initiation at grain boundary intersections (and triple points)

as small intergranular pits when there was a low concentration of NbC inclusions

present. Using SVET in combination with SEM-EDS over a larger area than

TLM, it was attributed that clusters of high number density Nb-rich inclusions

were prone to intergranular pit initiation. This is in agreement with the works of

Phuah [51], who stated that NbC inclusions were critical to corrosion processes

in this 20/25/Nb stainless steel, and that of Chan [45] who showed that corrosion

initiated around NbC precipitates for a stabilised 20/25/Nb microstructure, and

at or within the vicinity of triple point grain boundaries. The suggestion by

Chan was that corrosion initiated in these locations because the triple point

grain boundary intersections had a higher degree of sensitisation (DOS) than

others. Following the work of Chan [45] it was found that the stainless steel

heat treatment used in this work is comparable to the ‘stabilised’ and sensitised

microstructures (similar DOS) used by Chan although the time and temperature
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of both the solution anneal and ageing were different. Using a high resolution

imaging technique (EC-AFM), IGC developed around an inclusion, forming a

lacy cover. The most prominent form of corrosion witnessed was if a porous

coating happened to cover the stainless steel, as a network of differential aeration

cells form, leading to crevice corrosion. The formation of a lacy cover around NbC

precipiates is in accordance to Phuah [51], who found that corrosion pits formed

around NbC, leading to lacy cover formation. Below are a list of suggestions for

future study in the field of sensitised 20/25/Nb stainless steel corrosion.

Immersion of the alloy in basic solutions (0.1 mol dm−3 NaOH, pH 13) showed

that it may be possible to mitigate corrosion initiation. Immersion in sodium

hydroxide leads to a modification of the Nb-rich inclusions, partially dissolving

them. Should a large quantity of Nb inclusions be removed through this dis-

solution stage, initiation at these NbC inclusion sites (shown with SVET and

EC-AFM) would not occur. This leads to the question: if a pretreatment step

was used, but did not remove all NbC inclusions, would this lead to increased

corrosion? This is unlikely; if a micro Galvanic couple does exist (SKPFM exper-

iments provide an insight this being a possibility) the current loops between the

NbC inclusion and the adjacent 20/25/Nb matrix will be very locallised. If the

number of NbC inclusions were reduced, then the current density will not be con-

strained to the remaining NbC sites. It is suggested that further lab-based study

be undertaken using NaOH, at higher concentrations, and at elevated potentials.

For further work it is advised following the NaOH treatment, cross sections (using

FIB) of the inclusions be imaged, using electron microscopy and EDS chemical

analysis. This would provide further understanding on the processes that cause

the modification to the NbC. NaOH pretreament could be compared to con-

trol specimens through development of spatial x-ray photoelectron spectroscopy

(XPS) techniques, which would help quantify the effect of NaOH. Otherwise low

magnification, high resolution EDS may be another avenue. This would allow

Nb rich sites to be identified.
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The development of EC-AFM for high resolution imaging of IGC initiation

and propagation, in-situ. The technique has been shown to work, but further

developments could allow the study of the effect and rate of IGC propagation on

the microscale at different [Cl−]. This work could include collaboration with the

University of Bristol where the high-speed AFM is being developed, which was

used by Laferrere on thermally sensitised 20/25/Nb stainless steel [141][133].

Further work would be beneficial using the potential-controlled SVET for spec-

imens that do not undergo spontaneous corrosion, as in the current work an

optimal sensitivity was chosen for the lock-in amplifier. In further work the po-

larisation could perhaps be controlled by a feedback loop. An example could

be that the specimen is polarised to the region around its breakdown potential,

and once a critical current is reached the SVET experiment stops to ensure post

corrosion analysis of the surface features could be conducted. As was determined

in section 4.3.4, the outputs of the SVET technique (SVET maps) are best when

combined with other techniques. Complimentary techniques such as OCP, pho-

tography, microscopy and SEM-EDS chemical analysis are suitable. If the full

suite of techniques is used, SVET gives information on local current densities (po-

tentially initiation points), OCP gives the bulk electrochemical potential, whilst

ex-situ microscopy and EDS gives detailed information on the point at which

IGC has initiated.

Stress corrosion cracking is a widely researched mechanism of corrosion, but

there has been relatively little work conducted on the characterisation of local

anodic activity with an applied stress. Although the 20/25/Nb stainless steel is

annealed during manufacturing, locations such as the anti-stacking grooves are a

possible location for SCC initiation as they are produced by stressing the tube.

An adapted SVET set-up could incorporate a tensile test machine to produce

a static tensile stress whilst the specimen is immersed. In such an experiment

the advanced scanning probe technique could provide information on corrosion
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initation, at locations where the chromium oxide film ruptures thereby allowing

diffusion of aggressive chloride species to promote corrosion initiation. Using the

3D SVET capability to provide height mapping even contoured surfaces such

as the tube material itself might be analysed, and this could include tubes with

anti-stacking grooves present. The aim of these experiments on the tube material

would be to investigate if corrosion initiates at the locations of higher stress and

if a ‘safe’ limit for ionic contaminants such as chloride could be set. SKP could

also be used to provide complimentary information on the Volta potential of the

previously exposed specimen. Areas in which corrosion had not occurred are

likely to correspond to areas of nobility (areas where the passive film has not

ruptured). Further, more highly resolved, information could be obtained using

SKPFM to identify areas of relative nobility on a much smaller length scale (e.g.

inclusions, grain boundaries, different phases).
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