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Chapter 1- Introduction

Although stainless steel alloys are known to provide good resistance to general
corrosion, they are susceptible to localised corrosion even in alloys with high
percentages of chromium and nickel, such as duplex stainless steels. Resistance of
stainless steel alloys to pitting corrosion is dependent on their oxide film structure,
chemical compositions and thickness [1, 2, 3]. Recently, there have been attentions to
produce a homogenous oxide film in order to obtain a novel surface function of metallic
materials. The alternating voltage passivation process (AVPP) was reported to enhance
the corrosion resistance of stainless steels as a result of increasing the oxide layer
thickness and changing in its composition [4, 5]. It has been suggested as an
environmentally-friendly surface treatment compared to other surface treatments
because it does not use high temperature or Cr(IV) solutions. Surface treatment
techniques such as laser treatment and ion implantation are also recognised to improve
the corrosion resistance of some materials, however the high costs limit their application
[6].

The effects of stress conditions on the AVPP passive film conductivity of 316L SS were
studied by Vignal and co-workers [4]. They found that the conductivity of the passive
film changes depends on the stress value and on whether the applied stress is tensile or
compressive.

Chambreuil et al. [7] found an improvement in the stress corrosion cracking behaviour
of 316L SS when subjected to a cyclic pre-stressing at saturation, thereby causing a

delay in the initiation of cracking increasing the time to failure to about 50%.



By applying a square-wave potential pulse polarization procedure in sulphuric acid,
Fujimoto et al. [8] produced a very thick and porous passive oxide film on a 304
stainless steel surface. The authors discussed the film formation mechanism and the
resulting electrochemical, structural and morphological properties of the film in detail.
They concluded that the method could be used to form thick and porous oxide films on
alloys consisting of an (easily-dissolving) base metal and an oxide-stable alloying
element (e.g. FeCr, NiCr, FeTi).

The present work is concentrated on understanding the changes in the 316L SS passive
film composition, structure and thickness as a result of the application of the Alternating
Voltage Passivation Process. Accordingly, the effects of the modification of the passive
oxide film of austenitic 316L SS on the electrochemical and the mechanical properties
were investigated. These effects were examined through comprehensive electrochemical
and mechanical experimental study. The effects of the AVPP surface treatment on the
electrochemical activities were assessed through several experiments such as
potentiodynamic polarisation, potentiostatic polarisation, linear voltammetry and
electrochemical impedance spectroscopy. Most of the electrochemical tests were
performed using a Scanning Droplet Cell (SDC). The SDC is a new and versatile tool
for locally resolved electrochemical investigation of metallic surfaces.

Mechanical tests include tensile strength test, nano-indenter hardness test and residual
stress measurement using x-ray diffraction technique. Finally corrosion fatigue tests
were conducted to assess the influence of surface modification by AVPP on the
corrosion fatigue life and on the corrosion fatigue crack initiation and early crack

growth.



Historically fatigue studies have been conducted based upon structures or components
containing pre-existing defects and therefore address the long-crack propagation regime.
However some studies [9] have been concemed with the prediction of lifetime for structures,
components, nominally free from defects. These studies have shown that some 70-90% of

lifetime may be taken up in growing defects of a size less than 0.5mm, i.e., the short-crack

growth regime.

The majority of these studies have however, been conducted in air. This is of particular concern
from the standpoint of fatigue crack study where the effects of environment are not considered as
it is now recognised that the environment can have a dramatic effect on short-crack growth, i.e.,

elimination of stage I cracking, and a decrease in ultimate fatigue life [10].

While several studies have been conducted on corrosion fatigue crack initiation and growth
[11,12, 13, 14,15, 16], these studies are commonly performed using a conventional
corrosion cell. To our knowledge no other studies have employed the SDC technique in
corrosion fatigue tests. The SDC in this study was used to generate corrosion pits and

monitoring the localised electrochemical response produced during corrosion fatigue tests.

Failure regimes will be identified for given environmental and loading conditions and damage
mechanism will be constructed [17, 18, 19]. Failure mechanism for selected conditions outside
existing literature data will be studied based upon an understanding of corrosion/fracture

mechanics. Therefore, corrosion fatigue tests based upon the selected conditions were conducted.

The main aim of this study was to understand the role of AVPP treatment on corrosion fatigue
lifetime. In order to achieve this aim, the initiation of pits and their transition to a fatigue crack

was studied.



This study is exclusive because of the following aspects:
- Present the structure and composition of AVPP passive film in detail.
- Investigate the electrochemical behaviour of AVPP passive film using SDC.
- Investigate the AVPP passive film nano-indentation hardness.
- Investigate the change in the surface residual stress using XRD because of
AVPP.
- Investigate the corrosion fatigue behaviour of AVPP using particularly designed

mechanical-electrochemical system using SDC.

Taking in account all these aspects, the corrosion pits growth and its transition to
small corrosion crack of stainless steels materials, in corrosive medium is complex.
To our knowledge no information has been published about corrosion fatigue of
stainless steel materials subjected to AVPP treatment. Accordingly it is clear that a

comprehensive understanding of this matter is still lacking.



Chapter 2- Literature Review

The literature review presented in this thesis contains general information about stainless steels
including the historical development and some of their applications. Secondly, comprehensive
understanding is required of the theory of fatigue in air including fatigue crack initiation and
fatigue crack propagation processes. Section (2.2) of the literature review includes the general
principles of fatigue cracking in air and providing a review on the crack initiation and crack
propagation processes. Section (2.3) provides a review of corrosion and its theory including the

mechanism of pitting and passive film breakdown.

Section (2.4) includes a review of the corrosion fatigue phenomenon, with an emphasis on the
pitting process in the presence of fatigue, reporting some of the published models used to
interpret the corrosion fatigue crack development.

The last sections of the literature review represent fundamental information concerning
characterisation techniques e.g. X-ray Diffraction (XRD) Technique for Residual Stress
Measurements and X-Ray Photoelectron Spectroscopy (XPS) which is used to

determine quantitative atomic and chemical compositions of thin films.

2.1 Stainless Steels

2.1.1. Historical Overview

The 19" century is known as the industrial era, which established a strong base and notable
progress, using cast and wrought iron, and carbon steel as the main metals. The developing
advanced industries in the last century increase the demand in producing new metals which can
be used in aggressive environments to resist corrosion. For example, improvements in power

generating plants required materials with combined oxidation resistance and good mechanical



properties, expansion of chemical and petrochemical industries demanded high corrosion

resistance materials, etc.

Stainless steels were developed in the beginning of the last century in the United Kingdom and
Germany [20]. Different grades of stainless steels were developed, the most common being the
austenitic phase alloys. Brearley [21] had introduced in 1916 a 12-13% Cr martensitic stee] for
cutlery in Sheffield, but it was in 1924 that the well known 18% Cr - 8%Ni with 0.10-0.15%C
austenitic steel was produced as a development of a 0.25%C - 20%Cr - 7%Ni steel introduced by
Strauss in Germany. Its excellent mechanical properties and high corrosion resistance established
this as the prototype of stainless steels [22]. Nowadays, the term stainless steel is applied to a
wide range of chromium-bearing iron alloys with not less than 11%Cr content, although other

elements are commonly added to enhance certain desired, properties.

Stainless Steels are iron alloys containing at least 11% chromium. This percentage enables
the alloys to resist corrosion in aggressive environments due to the development of complex Cr-
Fe oxide film. The film is principally stable and self-healing in the presence of oxygen. The
presence of this protective film results in a very low corrosion rate, despite the high
thermodynamic tendency of the steel to react in aggressive environments. It is from this property

that the known expression "stainless" is used for these kind of steels.

The earliest stainless steel types were martensitic and ferritic iron-chromium alloys but later
austenitic iron-chromium-nickel steels became the largest group. This was mainly due to the ease
of production and fabrication, particularly welding, of these types of steel. The minimum carbon
concentration that could be reached with the production and refining processes existent at that
time was 0.08%. This made the steels susceptible to grain boundary carbide precipitation

during heat treatment and welding operations. This carbide precipitation and the consequent

10



formation of chromium depleted zones after welding, (the heat affected zone), could induce
sensitisation of the alloy and susceptibility to localised attack [23]. Intergranular stress
corrosion cracking (IGSCC) is the most common forms of stress-assisted localised attack of

sensitised austenitic stainless steels in chioride environments.

Many different alloys can be denoted as stainless steel and each steel-manufacturer continues
to produce new alloys with some compositional changes. In some stainless steels the
chromium content now approaches 30%, and many other elements are added to provide
specific properties. For example, nickel, nitrogen and molybdenum are added to improve
corrosion resistance; carbon, titanium, aluminium, molybdenum, nitrogen and copper for

strength; sulphur and selenium for machinability; and nickel for formability and toughness [24].

According to metallurgical structure stainless steels are divided into three groups:
austenitic "y" face centred cubic (fcc), ferritic "a" body centred cubic (bcc), and martensitic
(body centred tetragonal or cubic). There is another stainless alloy, duplex (y, a), which
possesses a two-phase microstructure with approximately equal amounts of austenite and ferrite

[25].

2.1.2 Austenitic Stainless Steels

Austenitic stainless steel is essentially an iron-chromium-nickel alloy, containing between 18 and
30 wt% chromium, 8-20 wt% nickel and 0.03-0.1 wt% carbon [26]. It retains the austenitic
structure to ambient temperature. The basic austenitic stainless steel is 304 which is an iron-based
alloy containing nominally 18% chromium and 8.5% nickel, minor amounts of carbon , nitrogen,
manganese, and silicon [22]. From this basic composition a family of modifications on the
original 304 alloy have been produced. These are known as the standard austenitic stainless steels

and an example is shown in Figure 2.1. The initial solution-treated state of the 300 series

11
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Ni equivalent (wt %) =% Ni+ % Co + 0.5% Mn + 30% C + 0.3% Cu +25% N.

The relative tendency of the elements to promote or inhibit the formation of ferrite has been
quantified by numerous equations involving chromium and nickel equivalents. The actual
amount of ferrite present in steel composed mainly for austenite depends not only on the
overall chemical composition, but also on the solidification and cooling rates and any

thermo-mechanical treatments.

Austenitic stainless steels are commonly used in different processes of the chemical
industry. Their high ductility and good resistance to general corrosion make these kinds of
steels one of the most used around the world. However, the most conventional austenitic
stainless steel (ANSI 304) is susceptible to stress corrosion cracking failure in chloride
containing environments as well as localised corrosion notably pitting and crevice corrosion in

the same media even at room temperature.

It has been proposed [28] that commercial austenitic stainless steels are not safe in marine
applications because of the presence of chloride ions and microbiological activity, which
can lead to a bio-film formation in the surface. The bio-film activity promotes changes in
the rest potential towards more noble values so pitting corrosion can occur more easily. On
the other hand, when the passive film is mechanically, chemically or electrochemically
ruptured in seawater localised corrosion starts and in some cases this results in the failure of the
component. For marine applications, the use of higher nickel, chromium and molybdenum
austenitic stainless steels, or even ferritic stainless steels is suggested. The problem is that
alloying austenitic stainless steels makes them more expensive, while ferritic stainless steels are

not sufficiently ductile and are difficult to weld.
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For most of austenitic grades the minimum yield strength is 205 MPa. Exceptions are 304L and
316L with 170MPa minimum yield strength because of their lower carbon content. Grades have
a small nitrogen addition which raises the yield strength to 250 MPa, and the high nitrogen
grades have substantially higher strength. Minimum tensile strength values generally follow the

yield strength values.

The physical properties of the austenitic stainless steels are different than those of iron and steel
in that the elastic modulus are slightly lower and the thermal conductivity is substantially lower,
while the coefficient thermal expansion and electrical resistivity are significantly higher. The
austenitic stainless steels are also nonmagnetic in the annealed condition if they contain no delta
ferrite. Small amounts of delta ferrite that result from welding, or martensite produced by cold

work, will produce a small amount of ferromagnetism.

2.1.3 Duplex Stainless Steels

The duplex stainless steel alloys, contain a dual-phase structure where austenite and ferrite phases
are present. The percentage of each of these phases is normally 50%. The duplex alloys result
from the development of stainless steels. Different grades of stainless steels were developed
before the duplex stainless steels, the most common being the austenitic phase alloys. The
earliest published data which refers to the ferritic-austenitic duplex stainless steel was in 1927 by

Bain and Griffith [29].

The modem grades of duplex stainless steel with 22% Cr were developed in the beginning of
1970s. Examples of these grades included 2205, which was claimed to be resistant to
intergranular corrosion following welding because of a balanced chemistry, including the

addition of nitrogen [30]. However, highly femritic heat affected zones (HAZs) were created
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because of an increase of the compositional range limits, which resulted in a reduction in

corrosion resistance [31].

For enhanced weldability, compositional limits are required by producers and manufacturers. For
example, the allowed percentage of nitrogen is kept at the highest limit for DS2205. This
progress in the production and welding metallurgy establishing a new generation of duplex
stainless steels. The new generation of duplex stainless steels appeared in the beginning of 1980s,
being developed from cast alloys. They are reknowed for their enhanced properties, including
high strength and excellent resistance to corrosion. Many grades have been developed from this
time and the demand of duplex has increased significantly. Considering their features duplex
stainless steels are rather new alloys, thus some important properties of these alloys are not totally
covered. Specifically corrosion problems and manufacturing difficulties are not commonly

included [32).

The melt for a duplex stainless steel alloy can be produced using high alloyed scrap in an electric
arc fumace followed by argon-oxygen decarburisation, vacuum oxygen decarburisation or
vacuum arc remelting [33]. This method produces a high quality metallurgy with low sulphur
content. Reducing sulphur and phosphorus, increases the ultimate corrosion resistance [34].
Table 2.1.1 presents the chemical compositions of some of duplex stainless steels grades.
Deoxidation and inoculation using a mixture of mediators such as; SiCaMn, SiCaCe, Al, Ti, Mg,
Nb, Zr, leads to the precipitation of minute oxides which act as multiple nucleation sites for

ferrite crystals and thus provide grain refinement.
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Table 2.1.1 Chemical compositions of some austenitic and duplex stainless steels [35].

Avesta Polarit International No C Typlli:]al Comp OSIE(:H’ % Ni Mo
EN ASTM

4301 1.4301 304 0.04 0.05 18.1 83 -
4404 1.4404 316L 0.02 0.04 17.2 10.2 2.1
4436 1.4436 316 0.02 0.05 16.9 10.7 2.6
940L 1.4539 N08904 0.01 0.06 20 25 4.5
254 SMO | 1.4547 S31254 0.01 0.2 20 18 6.1
3RE60 1.4417 S31500 0.02 - 18.5 5 2.7
4460 1.4460 329 0.02 0.09 25.2 56 1.4
SAF 2304 | 1.4362 S32304 0.02 0.10 23 4.8 0.3
2205 1.4462 $32205 0.02 0.17 22 5.7 3.1
SAF 2507 | 1.4410 $32750 0.02 0.27 25 7 4

The exact combinations of carbon and oxygen content play a key role in the final mechanical
propetties and corrosion resistance [36]. The rate of cooling also has an influence on the grain
size. There are also other elemental additions that influence the structure and properties of the
alloys such as: chromium, molybdenum, nickel, nitrogen, manganese, copper, tungsten, silicon
and carbon. Only chromium, nickel, and nitrogen are mentioned in this section because of their

important role.

The most important effect of adding chromium to a duplex alloy is the enhancement of localised
corrosion resistance. This occurs when a passive chromium oxyhydroxide film is formed [37].
This is gained electrochemically if the passive limit is extended [38] and decreasing the rate of
general corrosion. There is a limit to the amount of chromium, which can be added to the alloy,
because increasing chromium content can result in the precipitation of inclusions [39]. These
inclusions often have a negative effect on mechanical and corrosion properties. Polak [40], in an
experimental study on 2205 duplex stainless steels, states that a non-metallic inclusions are the

initiation sites of fatigue cracks, due to local stress and strain concentration.
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Nickel also has some influence on the corrosion resistance, for example it increases the pitting
potential in the noble direction and reduces general corrosion. However, the main role of nickel is

to control the phase balance and elemental partitioning in the alloy [41].

The influence of nitrogen on stainless steels is that of increasing the pitting resistance, austenite
content and strength. It has a similar influence on pitting as Cr, notably increasing the pitting
potential in the noble direction and thus increasing the passive potential range [42]. During
prolonged passivation of stainless steel in acid solutions, surface nitrogen enrichment has been
observed, [43] thus indicating how nitrogen can affect repassivation. However, in order to
breakdown the passive film the anodic current density must be high, of the order of several

Alem’[44).

Nitrogen has also been observed to increase the crevice corrosion resistance. It has been
suggested that, this is due to nitrogen changing the crevice solution chemistry or by segregation
to the surface [45], which is in keeping with the mechanism for improved pitting resistance [44].
A further advantage of the addition of nitrogen is the prevention of precipitation of inclusions by

decreasing chromium partitioning [46, 47].

The duplex stainless steels are distinguished by a dual phase structure, which includes a
combination of approximately equal volume percentage of austenite (y) islands in ferrite (o)
grains [40]. Both cast and rolled products have roughly equivalent volume portion of ferrite and
austenite, which in the case of rolled components, contains a rolling structure obtained by hot
working, followed by a solution treatment and rapid cooling. An optical micrograph of 2205
duplex stainless steel is shown in Figure 2.2, the light phase is austenite and the dark phase is
ferrite with approximately equal volume ratio [40]. The finest phase structure for modem rolled

products differs between producers, but overall a range of between 45% and 60% austenite may
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Table 2.1.2 The physical properties of Duplex stainless steel [49].

Density kg/dm’ 7,8
Modulus of elasticity GPa 200
Thermal conductivity W/m°C 15
Electric resistivity pQm 0.80

Duplex stainless steels have higher ultimate tensile strength values than most ferritic and
austenitic grades. Similar to all other metals and alloys, the mechanical properties depend on
aspects such as grain size, texture and degree of segregation [51]. The mechanical properties of
2205 duplex stainless steel are presented in Table 2.1.3 The major characteristics of the duplex
stainless steels is their high proof strength at room temperature, twice that of comparable
austenitic grades. The ultimate tensile strength is also high, while the elongation is greater than
25%. This combination of these properties allow for duplex steels to be used in thinner sections
than austenitic grades [52], which can lead to considerable savings in weight and capital

investment.

Table 2.1.3 The minimum mechanical properties values of 2205 DSS at 20°C [49]

Proof strength Rp(0.2) MPa Ultimate tensile strength MPa | Elongation AS %

460 660 25

The results of fatigue tests in air on smooth specimens [53] indicate a fatigue limit for all types of
stainless steel about 50% of the ultimate tensile strength. However for materials with ultimate
tensile strengths greater than 1000MPa, the fatigue limit is found to be less than 50%. Similar

results obtained in sea water type environments appear to show marked scatter [54].

Some duplex steels have corrosion fatigue limits close to the average fatigue limit in air whereas

others hardly attain values equivalent to 40% of average fatigue limit in air being equivalent to 20%
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0.5Hz results in an increase in the crack growth rate in a 3% NaCl solution, as shown in Figure

2.6.

Table 2.1.4 Effect of pH on corrosion fatigue strength of stainless steels at 100 Hz in a 3% NaCl

solution at 40°C [24].
Corrosion Fatigue Strength [MPa]
All Type of pH1 pH3 pH7
oy Sheci
PECIMEN  Aerated Deaerated Aerated Deaerated Acrated Deaerated In Air
304LN (14311) [Smooth 138 47 200 165 290 269 320
Notched 47 40 75 46 129 110 160
321(14541) |Smooth — 127 — 219 —_ 317 320
Notched — 68 — 160 — 186 200
316LN (1.4429) [Smooth 145 145 220 220 260 275 305
Notched 83 83 122 130 139 150 220
316 +Ti(1.4571) {Smooth — 220 — 260 —_ 330 328
Notched — 131 —_ 229 — 240 210
317LMN (1.4439) |Smooth 138 109 269 264 295 250 268
Notched 64 70 87 87 195 195 189
2205(1.4462) |Smooth 210 190 365 330 420 425 458
Notched 154 123 210 210 251 230 240
2.1.4 Applications

Due to their high strength and good corrosion resistance stainless steels alloys have been used in

widespread applications in different fields such as; oil and gas, paper industry, chemical and

petrochemical, power generation, and marine transportation.

The use of stainless steel alloys for offshore applications predominantly started in the early days

of the North Sea developments [20]. The corrosive conditions which were encountered in this

region negated the use of carbon steels and led to the selection of stainless steel. Stainless steel

grades have been supplied for down-well and wellheads tools, process piping and vessel

components, such as pump parts, compressors and valves.
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Stainless steels have been used in the paper industry since the 1960s. Since 1974, it has been
reported that more than 50 Kraft batch digesters have been built, with either solid or clad alloys,
with no maintenance required over a six-year period [52]. Overall, stainless steel alloys find
many applications in this industry section, including chemical pulping, bleaching, pulp storage

tanks, paper machines, and steam plant [60] .

Stainless steels have been used in the chemical and petrochemical industries. For example, for
applications where higher chloride contents are present, brackish water, hot coastal conditions,
both tubing and tube-sheets are made from stainless steel. They have also been used for reactors,
heat exchangers and storage tanks in the production of detergent, comprising greasy amines and
chlorides; in plastic production, e.g. polypropylene; steam sterilisation of bio-products and

sodium cyanide production [61].

Due to the embrittlement of some stainless steel alloys during extended exposure to temperatures
above 300°C, their applications are limited to temperatures below this. The main use of stainless
steel in the power generation industry would appear to be where sea water cooling systems are
employed or in the handling of geothermal fluids [62]. Applications for the standard stainless
steel grades include centrifugal fans and absorbers [52]. Flue gas ducting expansion joints and

heat exchangers in waste water treatment have also been made from stainless steels [63].
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As will be seen later in this section, before, during and after the transition zone from stage I to
stage 11 the description of the fatigue crack growth will depend on the current crack length, the
stress state and stress level. Once an initial crack is detected in a component or structure the next
task is to determine and measure the crack growth rate for which the concepts of fracture

mechanics are applied.

Figure 2.9 illustrates the three different forms of fracture mechanics applicable to the fatigue
probess. For long cracks propagating under low applied stresses, linear elastic fracture mechanics
(LEFM) provides an adequate description of fatigue crack growth behaviour. But when the initial
crack size is physically small, e.g. 500 microns or less, the stress level for propagation is
necessarily high and the assumptions that were considered for LEFM analysis may be
inappropriate. Consequently an elastic-plastic fracture nllechanics (EPFM) description of the

crack growth is necessary.

Finally, when considering extremely short cracks, the crack growth behaviour is influenced by
the microstructure of the given material, therefore, requiring the implementation of

microstructural fracture mechanics (MFM) to describe their growth [68].

Some models have been reported for the study of short cracks, for example Hobson [69] and
Navarro-de los Rios [70]. The Brown-Hobson and the Navarro-de los Rios models to predict the

short crack growth have been studied under corrosion fatigue conditions [71, 72].

It is well known that fatigue failure results in progressive localised and permanent structural
change and may result in cracking and subsequent fracture of the structure or component after a
sufficient number of loading cycles. Most of the work reported conceming fatigue research
considers fatigue as ab two-stage process. The first stage involves the development of a crack, i.e.

crack initiation, and the second stage describes crack propagation.
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Depending upon the level of the cyclic stress, a crack can be initiated at the surface of the
component from pre-existing surface features such as grain boundaries, non-metallic inclusions
or boundaries between two or more phases [19]. Altematively cracks may be initiated at

subsurface defects.

10t ¢

LEFM Regime

10-2%_—__-1*———_————-—-———-

10° L

EPFM Regime

Crack length [m]

106 Microstructural
Mechanics Regime

-7 = M ] AG
10 Er .

10°®

0 N/N; 1.0

Figure 2.9 The three basic forms of fatigue crack growth.
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The presence of inclusions almost always has a deleterious effect on the fatigue and fracture
resistance of materials subjected to loading in air as well as in corrosive environments. Inclusions
introduce strain concentrations because of the mismatch of mechanical, physical and
electrochemical properties with matrix material. The vast majority of cracks associated with
fatigue start at a free surface, so, the nature of that free surface is an important factor [72]. It has
been reported that the size and the shape of non-metallic inclusions have an important effect on

fatigue crack initiation [73)].

It is not necessary for the bulk of the grains in a piece of metal to deform plastically for it to fail
by fatigue. Continued cyclic plastic deformation in one localised surface region is sufficient for
fatigue failure to occur. Depending on the characteristics of the applied stress and the crack
length, once initiated, cracks may either continue to propagating or arrest [74]. The arrest of
cracks at sub-fatigue limit stresses occurs because the mechanical driving force associated with
the crack is not large enough to overcome the arresting microstructural feature, for example, a
grain boundary. Thus a fatigue limit can be defined as a limiting stress below which cracks once
initiated are unable to propagate and produce failure, i.e. the crack growth rate being effectively

zero [75].

Structures subjected to cyclic loading may fail as a consequence of the growth of a single crack
or as a result of the coalescence of several cracks, which depends on the stress history-material
strength relationship. It has been proposed that the fatigue fracture process can be divided in the

following stages [76];

1- Cyclic plastic deformation prior to fatigue crack initiation,

2- Initiation of one or more micro-cracks,
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3- Propagating or coalescence of micro-cracks to form one or more macro-cracks,

4- Propagation of one or more macro-cracks and

5- Final failure.

The tendency in recent evaluations has been to define a concept involving crack growth rates
rather than to determine the total life to failure. It is assumed that cracks are present in the
material before service or that cracks are initiated very early in the service history, these
assumptions suggest that the crack growth controls fatigue behaviour [65]. Therefore, crack

initiation and crack growth measurement is a very important part of material property studies.

2.2.1 Crack Initiation

The initiation stage of fatigue cracks is an event whose definition depends upon the size scale of
observation. Materials scientists are expected to consider the nucleation of flaws or persistent slip
bands as the initiation stage of fatigue failure; on the other hand designers and mechanical
engineers normally associate the resolution of crack detection with the threshold for crack

nucleation [74].

During cycling loading dislocations pile up and form structures called persistent slip bands.
Figure 2.10 presents a schematic of a persistent slip bands in material surface. Persistent slip
bands produce areas that rise above or fall below the surface of the component due to movement
of material along slip planes. The former is called an extrusion and the later is called an intrusion.
The extrusion and intrusion form tiny steps in the surface that produce stress concentration sites

where fatigue cracks can initiate.
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Paris and Erdongan [77] suggested that as the stress intensity factor range describes the stress

field around the crack tip the (AK) should be proportional to the rate of fatigue crack propagation.

This relationship is defined by the Paris law;
da/dN = C(AK)™ (22.1)
da/dN = crack growth rate per cycle and C, m are material constants

Equation 2.2.1 assumes that the microstructure of a given material will be homogeneous. Where
the rate of crack growth is appreciably affected by microstructural discontinuities such as grain
boundaries the Paris law is no longer applicable. The stress field must also be predominately

elastic. Figure 2.12 shows a plot of crack growth rate (da/dN) with respect to (AK) where

regimes A, B and C correspond to stage L, II and I1I in the previous section.
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Figure 2.12: schematic illustration of the three regimes of crack growth.
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2.2.3 Crack propagation

Crack propagation is the regime between crack initiation and complete fracture. In general this
phase between initiation and fracture is broken into three convenient stages. Each with its own

distinctive growth, Figure 2.12 illustrates each phase schematically:

- Stage I shear crack growth on crystallographic slip plane

- Stage II striation crack growth — crack growth on a plane normal to the applied stress
- Stage III unstable rapid crack growth; ductile tearing

Stage I fatigue crack growth is dominated by shear with micro-cracks growing along the plane of
greatest shear. This is generally at 45" to the applied nominal stress in uniaxially loaded
polycrystalline material. Under low load high cycle fatigue this period of growth may account for
up to 90% of the fatigue crack life. The behaviour of stage I and stage II cracks is extremely
different. The transition from stage I to stage II crack growth is not immediate and generally
takes place gradually over a few grains. Stage Il crack growth is associated with the magnitude of
the tensile strain range in the material just ahead of the crack tip. The crack grows perpendicular
to the applied nominal stress as it is in this plane where the greatest amount of crack displacement
is possible, leading to the greatest strain range in the material ahead of the crack tip. Stage Il
cracks are often referred to as macro-cracks or long cracks. It is within this relatively stable stage

of crack growth that most engineering predictions are made.

Stage III crack growth is at a fast rate and characterised by static modes of fracture such as,
cleavage or intergranular separation of the material until complete fracture. In most practical
engineering design situations this period of crack growth is ignored due to the speed at which

fracture may occur.
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2.3 Corrosion

2.3.1 Introduction

In this section the basic aspects of corrosion and localised corrosion are presented. Pitting
corrosion is presented in some detail due the implications that this type of localised attack has in

the early stages of surface damage and subsequent fatigue.

Corrosion is the degradation of a metal by an electrochemical reaction within its environment.
From this simple definition it should be appreciated that corrosion is a system property and not a
material one. In order to understand a corrosion reaction one must know about the material and

environment conditions.

Generally, it may be seen that there are two types of corrosion, generalised and localised
corrosion. The type of corrosion is generally dependent upon the metal or alloy being considered.
Localised or more specifically pitting corrosion will receive most attention as it is the most
relevant when considering stainless steels. Under these conditions certain localised areas of the
metal surface corrode at higher rates. These variable rates are attributed to the heterogeneity of

the metal, the environment or the geometry of the structure.

Corrosion reactions taking place at the surface of a metal in contact with an aggressive
environment affect its mechanical behaviour when subjected to cyclic or static stress. For
example it has been reported that carbon steel does not present a fatigue limit when it is tested in
a corrosive environment [78, 79]. Stainless steels which are susceptible to pitting corrosion in
chloride containing environment, present failure by fatigue induced in the early stages of damage
by corrosion pits as shown by Boukerrou et al. [80]. The same behaviour has been reported by
Wu [81], in high strength steel and by Akid [78], in medium carbon steel in contact with chloride

solutions.
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2.3.2 Cost of Corrosion:
The degradation by corrosion of structural and functional components is a huge cost to

modern industrialized economies. The cost is not simply the replacement value of a
corroded component but also the indirect costs including any product and production
loss, maintenance ...etc. The original [82] cost of corrosion survey, estimated that the
cost to the UK economy is between 3-4% of Gross National Product (GNP) per year.
Although more limited in scope this concluded that the cost is still of the order to 2-3%
of GNP per year. On a more personal note, the corrosion costs around £600 per capita
per year; it is equivalent to around 1-2p/£ for each tax-payer.

Similar surveys undertaken in the USA and Japan also arrived at a similar annual cost,
with the total annual estimated direct cost of corrosion in the USA amounting to a
staggering $276 billion; approximately 3.1% of the GNP. This suggests that, although
corrosion management has improved over several decades, industry must find more and
better ways to encourage, support, and implement optimal corrosion control practices

[83].

2.3.3 Electrochemical corrosion measurements

Electrochemical corrosion measurements utilise the electrochemical nature of metallic corrosion.
The relationship between voltage and its corresponding current is used to determine metallic

corrosion behaviour, and estimate corrosion resistance.

Metallic corrosion occurs when metal atoms are oxidized and subsequently leave the metal
lattice as ions. The oxidation of metal atoms to ions is referred to as an electrochemical reaction

because it is a chemical reaction that involves generation and transfer of electrons to
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electrochemically active species dissolved in the electrolyte. The transfer of electrons enables

electronic measurement and study of metallic corrosion.

The oxidation reaction of the metal is referred to as the anodic reaction and areas on a metal
surface where oxidation occurs are referred to as anodes. The reduction of electrolyte
electrochemically active species is referred to as the cathodic reaction and areas where reduction
occurs are referred to as cathodes. Both anodic and cathodic reactions must be present to initiate

and sustain metallic corrosion.
The general equation of anodic reaction is written as follows:
M—>M"+ne (23.1)

Where M is the metal element, which for stainless steels corroded in sodium chloride solution, M
can be iron (Fe) or chromium (Cr), (n) is the number of electrons resulted from this reaction
which is equivalent to the valance number of the metal ion resulted. Equation (2.3.1) is referred

to as an anodic reaction because free electrons are produced.

The electrons produced from the anodic reaction reacts with electrochemically active species
such as hydrogen ions. This reaction is termed a cathodic reaction, an example of this reaction

being the reduction of hydrogen ions:
2H +2e —H, (2.3.2a)
Another example of a cathodic reaction is oxygen reduction

0,+2H,0+4e—40H (23.2b)
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Therefore, iron and chromium atoms are oxidized to produce their ions and release electrons that
cause reduction of hydrogen or oxygen ions from the electrolyte at the metal surface, forming

hydrogen molecules or producing hydroxide ions.

Ohms law states that an electrical voltage is equal to the product of resistance and electrical

current:

E=IR 23.3)

Hence it is reasonable to assume that applying a potential (E) to an electrode will produce an

electrical current (/). Electrical corrosion current can be converted into a rate of material removed

by corrosion using Faraday’s Law.
w_n 234
A nF

Where;

A\ weight removed [mg],

A area of corroded surface [cm?),
I corrosion current [Amps],

t time [sec],

M molecular weight [mg/mol],

n valance number and

F Faraday’s constant (96485.3383) [coulombs/mole].
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