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Chapter 1

Introduction

Microcapillary electrochemical droplet cell:
applications in solid state electrochemical surface

analysis

1.1. The history of microcapillaries

In principle, every metallic, glass, or plastic eulith a diameter of less than 100®
can be called a capillary. Metallic capillaries lldwed shortly after by glass
capillaries, were first commercially made for usechromatography. Before 1958,
only homemade capillaries existed, and they weesl dsr only a limited range of
special work in science. The first generations mhmercial capillary columns were
made from copper, cupro—nickel, and (first in 198m Nylon. In the same year,
Desty [1] invented a technique that could produceyllengths of small-diameter soft
glass tubing in the form of a coil. He also invehte device that very slowly fed a
section of wide, relatively thick—walled soft glasgo a furnace using appropriate
rollers. The glass was fed through a bent stairdésal tube, and the capillary tube
formed in this way was rigid when cold. At the tintkese tubes were considered as
an ideal tool for gas chromatography. Later, welpared glass capillaries with
extremely small diameters were used in differedld8 of science such as
biochemistry/biology [2], neuroscience [3], anatgli chemistry [4—8], and recently,
electrochemistry [9, 10].

In the case of electrochemistry and electrochensuoalace analysis of solids, there
has always been a desire to create miniaturizekimgrelectrodes for use in the
electrochemical microanalysis, micro—preparatiomd #ocalized control of surface
reactions.

The mask technique, using photoresist, was ondeffitst techniques reported for
miniaturization of the exposed area [11, 12]. lis technique, the photoresist covers
the electro—active surface. After a small bare &eaade by removing the protecting
photoresist layer, the bare point is filled by #lectrolyte. Finally, the counter and
reference microelectrodes are attached to therelgtet droplet. Some researchers
have prepared microelectrodes immersed in therelgtd by reducing the size of the

solid surface. This process creates microsurfaitiesrdoy covering the majority of the
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electro—active surface, or using thin wires as aa@t@ctrodes. Such thin metal wires
are typically embedded using a glass or plastiecfi3, 14]. However, well-defined

microelectrodes cannot be prepared easily fromebdttro—active materials; for

example, powders that are used in batteries or sthgle crystals cannot be used to
prepare microelectrodes.

As an alternative, in the mid—1990s, Suter (an@arallel, Lohrengel) proposed the
use of a new design of microcell called a microltayi cell, in which various sizes of

solids can be measured without need to reduce itee of the surface before

measurement. This setup is based on the use of glasocapillaries, and uses a
typical three—electrode electrochemical system witime changes in the form and
position of the cell and the electrodes [9, 15-17].

Reading recently published research articles indssiate electrochemistry, it is

apparent that the use of the microcapillary tealmmiop microanalysis of solids, and
especially in corrosion studies, has increasedesthe first use of this technique in
1990s. In fact, almost 30% of the total numbertaties on electrochemical surface

analysis using microcapillary cells was publishedrmy 2011-2012.

1.2. The microcapillary cell setup

The microcell setups used by different researctuggotypically follow the setup
reported by Bohni and Suter in 1995 [9]. This thedectrode setup consists of a
microcapillary with a maximum tip diameter of 10Q0n, which is filled with
electrolyte that touches a small area of the sslidace and forms the working
electrode. The counter electrode is a stable matal (usually platinum or gold) that
is typically located close to the tip of the micapdlary. Different types of reference
electrodes with different sizes, and in differeasitions depending on the shape of the
microcell and its holder, are used. The microcapilicell is typically mounted on an
optical microscope. Due to the small size of theragapillaries used in some cases,
an ocular or camera is also attached close to tbasarement area to follow the
positioning of the microcapillary tip relative tbe surface of the specimen, and to
monitor the measurement procedure (Figure 1.1k $é&iup has been used by several
researchers, be it with some modifications [18-38].

Microcell setups that are mounted on a microscygpiedlly have reference electrodes
that are located outside the cell. One of the teehmlisadvantages of this design is
possible blockage of the tube between the cell lmoa/the reference electrode with
air bubbles. The setup used by Lohrengel et al. 185 28, 31, 35, 38] solved this

problem by using a mini reference electrode infideacryl glass carrier, as shown in




Introduction

Figure 1.1. This setup also makes it possible tat the counter electrode wire
(Pt/Au) inside the microcapillary next to the tngsulting in reduced cell resistance
due to the small distance between the working anchter electrodes [28, 29].

Some attempts also have been performed to impriwee positioning of the
microcapillary on the measured solid sample. Theracapillary setups used by
Lohrengel [28, 35] and Schneider [21], for example equipped with a force sensor
machine that monitors the contact between the waqitiary tip and the solid surface.
This machine enables computer controlled surfagepimg. Suter and &ni [39], on
the other hand, have assembled a non—contact sgacagillary microscope, which is
a combination of scanning probe technology witlekattrochemical system equipped
with a piezoelectric sensor to monitor the positigrof the microcapillary tip.

In some cases, the microcapillary cell is coupléth wpectrophotometric analytical
techniques. Suter and Bohni [30] reported the dise ranocapillary electrochemical
scanning probe microscope, which is a combinatfoa wanocapillary cell and a 650
nm laser beam that lies parallel to the solid ssrfand passes through the glass
nanocapillary. The glass nanocapillaries used igrtticroscope have the smallest tip
diameter reported in the literature (inner diamet&0 nm). This setup has been used
to deposit copper spots on various substratesydimg gold and n—type Si semi—

conductor surfaces at low acidic pHs.




Chapter 1

CE
connector

-
w
)
g
3
@

Figure 1.1. Photographs of microcapillary cell setups: (leftounted on an optical
microscope used by Buytaert et al. taken at thééilstnds Institute for
Metals Research (NIMR), Delft University of Teclwggi Delft, The
Netherlands, with kind permission from Prof. H. fjar (right) without
microscope, with inlet and outlet tubes [35] (wigdermission from
Elsevier).

1.3. Procedure for the fabrication of microcapillaries

There are two procedures that are most frequersty dor the fabrication of glass
microcapillaries. The first technique uses a puiterchine to produce well-defined
microcapillaries with various tip diameters. Thes s the puller machine to make
glass microcapillaries makes the procedure very dagl easy. Moreover, one can
control the exact inner tip diameter of the produadcrocapillaries. This technique
can be used to make capillaries with nanometere-seaér tip diameters. However, as
handling of the thinnest specimens is extremelfjatilt, diameters from 10 to 5Q0m
are typically used [31]. The disadvantage of thisthad is its high cost. There are
several companies worldwide that produce diffetgpes of glass, plastic, and metal
capillary tubes.

We have reported the use of homemade glass midlaci@s, providing a cheap
alternative method [29]. Here, the microcapillarége obtained by heating thin glass
tubes until the glass melting point is reachedpfeéd by pulling them in a specific
manner. The tip surface of the prepared microcapk is polished, using first 600
and then 1200 grit silicon carbide (SiC) paper.this way, minimum inner tip
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diameters of approximately 70—-10én can be obtained. Smaller diameters cannot be
achieved using this method.

It is generally necessary to prevent leakage ofeleetrolyte from the tip of the
microcapillary where it touches the surface of #pecimen. Typically, a flexible
silicone glue gasket is attached to the mouth efntiicrocapillary by dipping its tip in
a liquid silicone glue. By repeating this procedtw® or three times, thin layers of
silicone can be applied onto the tip of the capéa The mouth of the microcapillary
then needs to be opened without destroying theegaskis is performed either by
pressing a stream of ethanol through the microeapilusing a micro syringe after
applying the silicone glue, or by flushing a contins stream of an inert gas through
the tip during attachment of the gasket. The lattethod results in gaskets of higher
quality. Figure 1.2 shows a homemade microcapillith a silicone glue gasket
made using a nitrogen stream [29]. Depending omyhe of the surface analysis to be
performed, the sealed microcapillary can be aththehe solid surface before drying
for a single measurement, or can be used for nhelltipasurements (such as surface
scanning) after drying [29-31]. Suter and Bohni] [B4estigated the quality of the
silicone gaskets used in microcapillary techniquesealing that the hydrophobic
properties and deformability of the silicone ardial factors. The hydrophobic
properties of the glue prevent the electrolyte froemetrating under the glue gasket,
thereby avoiding crevice corrosion under the gasWeteover, the high deformability
of the silicone gasket makes it possible to perfon@asurements even on rough

surfaces.

Figure 1.2. Optical image of a microcapillary
with a silicone glue gasket.
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In addition to standard silicone glue gasket miapkaries (Figure 1.2), there are
other designs for capillary—based working electsod®ne of the more advanced
techniques is to make the working microelectrodagua free droplet held under the
microcapillary tip by its surface tension. In thischnique, which is called also
scanning droplet technique, the microcapillary iade from glass or plastic, or a
stable metal such as platinum or gold; in the latgse, the capillary itself forms the
counter electrode [15, 31, 35]. Figure 1.3 showsclematic drawing of a metal
microcapillary without a silicone glue gasket, whis attached to a solid surface by a
free droplet. In this figure, the capillary bodytts the counter electrode. This design
requires small volumes of electrolyte, because ptessure of the bulk electrolyte
above the droplet can cause leakage of the elg®rainder the microcapillary.
Modified microcapillary designs that allow the exation of additional factors during
measurement have been suggested by some authdas-ietallized, coaxial, double
channel flow, light—-containing microcapillaries,damicrocapillaries with stress or
friction, or combined with a pH meter and tempemtcontroller, are all examples of
these modifications [28, 34]. Among these modifiedigns, the double channel flow
microcapillary [40] is one of the most highly demeéd and useful designs, because of
its hydrodynamic properties. This newly developadratell will be discussed in the

following section.

Reference electrode

Counter electrode
capillary (Pt/ Au)

Electrolyte _
droplet \ Solid surface
A

f \

Working
electrode

Figure 1.3. Schematic design of a metal
microcapillary with free
droplet. Based on information
obtained from [15, 31, 35].
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1.4. Applications in solid state electrochemistry
Previous studies have suggested applications ofmilbeocapillary technique using
different microcapillary designs [28, 34]. Here, seek to classify these works into

two major groups: corrosion studies and surfaceacterization.

1.4.1. Applications in corrosion studies

The majority of the microcapillary studies in tligedature have focused on corrosion
investigations of two groups of materials: staislsgeel and aluminum alloys. There
are, however, a few works that also consider theraslectrochemical corrosion of

other metals and compounds, including iron.

Different types of stainless steel have been ingattd on the micro scale using the
microcapillary technique. As mentioned above, kiglsolution microelectrochemical

data obtained at low measured currents (in somesagen down to pA and fA [41])

using this technique give more detailed corrositiorimation. The extremely small

exposed surface area allows users to localize utface analysis and to investigate
micro areas on different phases/areas of the medssurface. Therefore, even a

single grain, inclusion, or micro crack on a sdligface can be measured.

microcapillary

double phase

/ solid

grain boundary

area exposed to
the electrolyte

Figure 1.4. Schematic drawing of a localized
measurement by a microcapillary
on a double phase metal-alloy.
Based on information obtained
from [29].
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Figure 1.4 shows a schematic sketch of a metal/alith two phasesa(andp). This
figure shows how a microcapillary can be positiooeda single grain, or even on a
grain boundary. This procedure must be performedeura microscope, and, if
necessary, after etching the surface.

Localized electrochemical impedance spectroscopgctrechemical behavior of
metallic and non—metallic inclusions and their efffen pit nucleation of steel and et.
have been investigated by several researchers msargcapillary cell [9, 17, 18, 20,
21,23 ,25,29 ,34 ,41-56].

1.4.2. Applications in surface characterization

The second group of microcapillary studies can Hassified as surface
characterization studies of metals and alloys, ames cases coupled with other
techniques. These studies are typically based denpal or impedance surface
mapping, and mostly use electrochemical technigued as cyclic voltammetry,

amperometry, and potentiometry {553.

1.5. Some advantages and disadvantages

1.5.1. Advantages

As recently developed micro systems, capillary—tadeoplet cells have some

important advantages that have made them populaolid—state electrochemical

surface analysis:

— The sample shape can be random, and no prepar&ioneeded before
measurements.

— The measured surface area can be controlled byidbe because of the small
wetted area under the microcapillary.

— The mechanical stress on the surface is small [38].

— Various electrochemical techniques can be appkatithis technique.

— Due to its high limiting current and high curremsolution, it provides more
detailed information compared with conventionalgtarscale electrochemical
systems.

— It can be coupled with other analytical deviceshsas UV-visible spectrometers
[40] or laser beam microscopes [30].

— Only small volumes of electrolyte are required.

— A wide range of capillary sizes can be used, franometer—sized [30] up to 1

mm.
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— Surface scanning and mapping are possible usirytéishnique, in contrast to
conventional electrochemical techniques [28, 29, 35

- Several measurements can be performed on a smgllesa

1.5.2. Disadvantages

Despite the several key advantages of the micrtbagpcell technique, it is necessary
to consider some technical limitations in order bmprove the obtained
electrochemical results.

Some of the main limitations of this technique lested as follows.

1.5.2.1. A highresolution potentiostat is required

Due to the fact that high current densities andeaxtly high impedance values
(yields of up to 18 to 10 Q [34]) are measured using a fewn” working electrode,
a high input resistance and low input current pidstat is required. According to
Birbilis, the resolution of the potentiostat usadits the minimum useful size of the

microcapillary [27].

1.5.2.2.0hmic drop (resistance)

In electrochemistry, the Ohmic resistance)(R the resistance between the working
and counter electrodes. It has been shown [27hleatalue of R is dependent on the
geometry of the microcapillary used, which mears #s the size of the tip decreases,
Rq increases. This phenomenon typically has a grestaence on the measured data
in micro systems than in conventional large scalstesns, especially when the
electrolyte used is not highly conductive. Birbitisal. [27] therefore suggested that a
guantitative evaluation should be made of the Ohdnap in micro systems, using
either the current interruption technique, or inmgrexke spectroscopy at frequencies
higher than 1000 Hz when the electrolyte is notdemtive enough. Positioning the
counter electrode close to the mouth of the miguitleay [15, 16, 28, 31, 35, 38] and
using metallic—-body microcapillaries (gold or phatin) that also act as a counter
electrode [15, 31, 35] are some technical modificet that have been considered as

measures to decrease the cell resistance.

1.5.2.3.Leakage and blockage of the microcapillary tip
A high—quality silicone gasket is necessary if thierocapillary is required to touch
the surface; this will ensure a seal and preveakdge of the electrolyte, and will also

avoid crevice corrosion under the gasket. Howawemany cases the products of the
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anodic and the cathodic electrochemical reactierts,(oxygen and hydrogen bubbles,
or corrosion product particles) can accumulatdatmeasured area and block the tip
of the microcapillary, and therefore interrupt tkéectrical response during the
measurement. Such undesirable drops in the eléemucal response are normally
observed with greater intensity at the beginninghef measurement, especially with
extremely small tip diameters. However, some re$eas have suggested that the rate
of the electrochemical measurements should be aseckto avoid blockage of the

microcapillary tip; for example, by using high petiel sweep rates [27, 29, 57, 59].

1.5.2.4.Changing the composition of the static electrolydaring the
measurement in single channel tips

There is no guarantee that the chemical compositiceaum® surface and the small
volume of the immobile electrolyte above it will main intact during an
electrochemical measurement. In most cases, gdddsubnd corrosion products form
a heterogeneous suspension above the wetted sufmesequently, after the
initiation of the electrochemical measurement,gbkd—liquid environment under the
tip of the microcapillary changes. This must be stdared, especially if the
measurement is run at low rates, if large currenisdies are produced, or if small tip

diameters are used.

1.5.2.5.Undesirable effects of the surrounding area arotimltip

During the anodic dissolution of metals/alloys, gem reduction occurs
simultaneously at the surface—electrolyte interfadee rate of this cathodic process
has a direct effect on the corrosion potentialhaf $olid specimen. Recently, it has
been proven [67] that the silicone gasket whichasmally used to prevent leakage
from the microcapillary does not act as an airpneafl against gases. It has been
shown that the presence of gases around the tregmeedunder the microcapillary
increases the rate of oxygen reduction, and thectly affects the measured current
density and the corrosion potential. Thereforbas been recommended [64] that the
effects of the area surrounding the microcapillahpuld be considered, and that

measurements should be performed under contrakdied) conditions.

1.6. Flow microcapillary setup
There is no doubt that the double—channel flow adapillary setup is the most
advanced microcapillary cell design for solid—statectrochemistry. However, few

studies to date have considered the use of flowarépillaries. The first attempts to

10
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produce modified double channel flow glass micrdtapes were carried out by
Lohrengel et al. [38] in 2004. In fact, this modition solves the problem of the
accumulation of gas bubbles and corrosion prodiactee microcapillary tip, which
can change the chemical composition of the measmeanvironment by mobilizing
the electrolyte through the surface of the specimvoreover, the risk of blockage of
the microcapillary tip is reduced by the fluid flow

Figure 1.5 shows a schematic view of a flow micpiléay attached to a solid
surface. The main reason for this modification ds dplit the channel of the
microcapillary into two separate parts: one for #hectrolyte inlet and one for the
outlet. A small part of the glass wall partitionjose to the mouth of the
microcapillary, is then removed by etching. Mictets of the electrolyte are pumped
through the micro path above the tip, with variea®cities. A thin gold or platinum
wire is positioned inside one of the channels. Ysms technique, fresh electrolyte is
continuously injected into the inlet channel, ame tcorrosion products and gas
bubbles are removed by the outlet stream. Thisnigale is suitable for measuring
current densities above 100 Aéi88].

The micro flow cell idea was further developed laygling it to an ICP-MS [65—-70]
and UV-visible [40, 71] spectrometry, allowing omi in situ investigations of

corrosion processes.

separator wall

inflow

microcapillary

solid sample silicone gasket

working electrode

Figure 1.5. Schematic view of a double channel flow
microcapillary attached to a solid
surface. Based on information obtained
from [22, 38, 40, 6571].

11
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1.7. Conclusions

Microcapillary electrochemical droplet cells haveyen their capabilities in solid-
state electrochemical surface analysis. Severalogapillary designs have been
suggested by researchers to improve the performemtéo overcome limitations and
technical problems. A wide range of current deesitcan be measured using this
technique. Its high—resolution electrochemical itesmake it possible to obtain more
detailed information about corrosion processessamthce characterization. Recently
developed flow microcapillaries have been coupled viarious spectrometric
techniques (e.g., UV—-visible and ICP-MS), makinig technique more powerful for

solid—state surface analysis.

12



1.8. Outline of this work

Electrochemical corrosion studies are typicallyf@ened by conventional large scale
techniques. However, there has always been a desieéectrochemistry to reach
smaller diameters of the electrodes in order toimsdectrochemical microanalyses,
micro preparation and localized control of surfaeactions. Large scale techniques
are not able to obtain detailed information abaaglized processes. Despite recent
developments in the field of microelectrochemisttyll majority of corrosion works
are performed in macro scale. Therefore, the iigatibn of the corrosion processes
on a micro scale needs more attention.

In this thesis, which is divided into 5 chapterseg vihave focused on the
electrochemical corrosion processes of 304L andL 3dt@inless steels and pure
copper in sodium chloride solution. Since these gwaups of materials have different
corrosion mechanism and different compositionsitgeful to study their corrosion
procedure on micro and macro scale under differentlitions such as prior cathodic
polarization.

Chapter 1 gives a general introduction about therauapillary electrochemical
droplet cell and its applications in solid statecélochemical surface analysis is
described.

In Chapter 2 the history of stainless steels anben their applications and also their
corrosion mechanisms in the presence of chloride i® described.

In Chapter 3, 304L stainless steel is investigated sodium chloride solution on
micro and macro scales by a microcapillary dropéttand a conventional large scale
setup and a comparison is made between the palgntiic polarization results
obtained through these techniques.

Chapter 4 studies the effect of cathodic polamratprocesses on the corrosion
behavior of 316L stainless steel on a large sosellunder static and dynamic
conditions with two different flow regimes and thesults are compared with the
microelectrochemical data of 304L stainless stiet aathodic polarization.

In Chapter 5, the influence of the pH and the dt&rconcentration on the
electrochemical corrosion behavior of pure unaklbgepper is investigated and the
results obtained by the microcapillary and conwai large scale techniques are
compared. This chapter also models some corrogicampeters of copper such as the
pitting potential, the corrosion potential and thi@bilized passive current under
various pH and chloride concentrations using areergental design strategy.

Finally, a general conclusion and summary of al performed works is provided in

English and Dutch respectively.

13



Outline of this work

Chapters 3 and 5 and also Section 4.2 of this & have previously been
published in Web of Science listed journals (ssedf the publications at the end of
this document).

Moreover, Chapter 1 will be submitted for publioatias a review paper and Section
4.1 has been submitted for publication to CorroSoience.
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Chapter 2
Stainless steel and copper; history, applications

and corrosion

2.1. Stainless steel

2.1.1. History

In metallurgy, the terms “stainless steel”, “inaeed”, and “inox"* describe a large

group of iron alloys known for their high corrosioesistance and heat resistance.

These properties are directly related to the chaingomposition of stainless steel.
The alloys consist of an iron base with added clwoma minimum of 10.5% to 11%
chromium is present, with a maximum of 30% [1,Q@fher alloying elements such as
molybdenum, nickel, copper, cobalt, vanadium, dotheaum may be observed in the
composition of stainless steel. Nickel can be addathprove the microstructure and
mechanical properties of steel, and molybdenumdded to enhance resistance
against pitting [2]. In open air, an adherent clitomoxide (mainly CiOs) layer is
immediately formed on the steel surface, providimgprotective layer against
corrosion phenomena. The name “steel” implies ittwat is the main element in this
group of alloys. The term “stainless" indicates thigh resistance of these alloys
against staining, pitting, and rusting in the atptese [1, 3, 4]. However, when the
amount of iron falls to less than 50 %, the tertaitdess” can no longer be used [1].
The development of stainless steel started witlkegtigation into the properties of
ferrochromium. The first demonstration occurred wBerthier invented an iron alloy
with about 1% chromium content. Further attemptsewserformed to alloy iron with
either very high or very low chromium content, whilmaintaining high carbon
content, but none achieved the desired chromiurgeraihe closest result was the
steel alloy which Hadfield demonstrated in 1892d#itdd tested steel with almost
17% chromium content and greater than 1% carbotenbmn a 50% sulfuric acid
solution, and reported that chromium decreasedctiesion resistance of the steel
[1, 3, 4].

At the beginning of the 2D century (1900-1915), the industrial significande o
stainless steel was recognized. Simultaneouslyintpact of carbon on the properties
of iron was revealed. Developments in analyticalicks and techniques, such as

microscopy and X-ray diffraction, broadened theatdliies of the stainless steel
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specialists. Finally, the puzzle of stainless stest solved. In 1904, French scientist
Leon Guillet investigated stainless steel and aseosition, but didn’t consider the
high corrosion resistance of this alloy. During 191912, German scientists
performed the first detailed work regarding therasion resistance of stainless steel,
and patented the first austenitic stainless stéél ascombination of 21% chromium
and 7% nickel. Harry Brearley introduced the fins@rtensitic stainless in 1912 in
Sheffield, England, which was discovered when segld corrosion—resistant alloy
for use in gun barrels [1, 3, 4].

Initially, Brearly referred to the newly discoveratloy as “rustless steel”. The term
“stainless steel” was suggested by the British rfasturer Ernest Stuart. In 1914,
stainless steel was used by George Ibberson &dCpraduce knives. This was the
first commercial product made using stainless J#&eb]. Soon after, other types of
stainless steel such as 18-8 SS (18% Cr, 8% NI),S® 304 SS, and 316 SS were
introduced.

Table 2.1 shows “austenitic”, “duplex”, and “feitlt stainless steels and their
respective compositions. These stainless steelsisme today worldwide [1, 3, 6].
Each of the highlighted terms describes a metadlatgphase associated with the
alloy.

Austenitic stainless steels contain both chromiuna mickel. Ferritic stainless steels
contain more than 10% —12% chromium without niclegld duplex stainless steels
have controlled amounts of ferrite and austeniteaddition to a percentage of

molybdenum, in their structure.

Table 2.1. Composition of austenitic, duplex, and ferritic des of stainless steel.
Based on information obtained from [1, 3, 6].

Grade Composition
Group of EN AISI/ASTM Cr (%) Ni (%) Mo (%)
stainless steel
1.4301 304 17.5-19.5 8.0-10.5 -
Austenitic 1.4401 316 16.5-18.5 10.0-13.0 2.0-25
1.4162 S32101 21.0 1.5 0.3
Duplex 1.4362 S32304 22.0-24.0 3.5-5.5 0.1-0.5
1.4462 S32205/S31803| 21.0-23.0 45-6.5 2.5-35
1.4510 439 16.0-18.0 - -
Ferritic 1.4509 441 17.5-18.5 - -
1.4521 444 17.0-20.0 - 1.8-2.5
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The stainless steel grades shown in Table 2.1 beee listed based on the standards
provided by three different organizations. The Awen Iron and Steel Institute
(AISI) is one of the oldest associations of steeldpcers in USA, having been
founded in 1855 [7]. The American Society for Tegtiand Materials (ASTM),
formed in 1898, has more than 36,000 members ahdthBdards committees, and is
globally recognized as an international standandmrazation [8]. The European
Standards (EN) are documents that have been dabfreone of the three European
standards organizations (ESOs): the European Caeefiir Standardization (CEN),
the European Committee for Electrochemical Standatidn (CENELEC), or the

European Telecommunications Standards Institut& (EB].

2.1.2. Applications
Since the 1920s, stainless steel has been uséachates and roofing. This alloy has
some prominent properties which make it the pretermaterial for specific
applications, with the possibility of various shagad colors [6].
In recent decades, there has been a rapid incieag®e annual consumption of
stainless steel, particularly in construction. Egample, in 2006, almost four million
tons of stainless steel was used in constructionealThis is more than 14% of the
total used worldwide. Today, various types of dema steel are used in vast quantities
in industry, construction, and as architecturafrsets [6].
Although one can easily prepare an extensive figtpplications of various types of
stainless steel, the main applications can beitisbeto one of three major fields [1,
2].
- Applications for resistance against atmosphericosion.
In this field, various types of stainless steel ased in buildings, art, rolling stocks,
the automobile industry, furniture, power generstmd etc.
- Applications for resistance against aggressive umesli
These applications involve food preparation andisgrequipment, agriculture,
textiles, hospital equipment, chemical laboratoguipment, and petrochemical
industries.
- Applications for resistance against high tempegstur
Some of the applications mentioned above, sucletslpum chemistry equipment,
can also be considered in this group. In additita@inless steel is very desirable for
specific applications such as in aircraft industaed space vehicles.
Figure 2.1 depicts three examples of the use aflsts steel in outdoor architecture
[6, 10].
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Figure 2.1. The upper image shows the stainless steel floor in
the Luxembourg Chamber of Commerce. The
center image shows the Celtic Gateway Bridge in
Holyhead, United Kingdom [6] (with permission
from Elsevier). The lower image shows a 304
stainless steel sphere at the National Research
Council, Ottawa, Canada [10] (with permission
from Canadian Conservation Institute).
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More information about stainless steel, and itsagion mechanisms, applications,

and structure, is presented in the literature 121,

2.2. Copper

2.2.1. History and applications

When considering the existence of human civilizatan this planet, one cannot
ignore the role of copper as one of the most ingmrinetals in ancient civilizations.
There is evidence of the use of copper dating bbaate than 10,000 years [10]. Even
today, copper is one of the most frequently usedaisiewith a wide variety of
applications in modern society.

The word “copper” and its Latin name “cuprum” coifiem the word “cyprium”,
meaning metal from Cyprus. During the Roman erig, igland was significant as a
source of smelted copper. Some believe that copperfirst discovered in Cyprus,
and Roman mythology supports this idea. In the mogeriod, a combination of the
words copper and Cyprus is used to denote cop@er’, in the periodic table [13].
Figure 2.2 shows a dendritic copper mass foundaisteen North America. This
copper sample is from the collection of David Scatid the image was first published
in 2002 [13].

Figure 2.2. A dendritic mass of native copper [13] (with
permission from The Getty Conservation
Institute).

Copper is a readily available, cheap, non—ferraos-magnetic metal with excellent
thermal and electrical conductivity and good meatarworkability. It can be easily
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soldered and brazed, and is normally alloyed witieoelements such as zinc, nickel,
and tin to make its structure harder. Copper atsfare normally in the form of
copper alloys, mostly bronze [10, 13]; howeverréh@re many examples of historical
objects made from unalloyed copper.

Due to its excellent material properties, copperlea used as a conductor in electrical
power lines, in the electronics industry, in cominations, heat exchangers and heat
conductors and in various atmospheric and marinr@mments, as well as in the
production of various alloys [14, 15]. Copper sbBeean also be used, after
hammering, in works of art, roofing, coins, mirroasd also in nuclear waste disposal
[15]. Further examples of copper and copper—basedlpts which surround us in our
daily lives are copper cookware, decorative fitingopper compounds in pigments
and glass colorants, and new materials such asectgpium yttrium oxide which is
used as a superconductor [13]. Figure 2.3 showsstarical artifact of unalloyed

copper found in Peru, and also the use of copperoigiern day roofing.
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Figure 2.3. The upper image showscapper face mask from
the Moche culture, Peru, dating from the second
century C. E. The corrosion products are a
mixture of malachite and cuprite. Image from the
Santa Barbara Museum of Art. The height of the
piece is 22.86 cm, and the width 16.51 cm [13]
(with permission from The Getty Conservation
Institute). The lower image shows copper roofing
on the Chateau Laurier hotel in Ottawa, Canada.
The greencolored copper is old (circa. 1912)
and the red colored parts were replaced in 2990
91. The photograph was taken in 1993 [10] (with
permission from Canadian  Conservation
Institute).

More information about copper, its applicationsd aorrosion mechanisms can be
found in the literature [16—19].
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2.3. Corrosion and its mechanisms in aqueous envitments

Despite the common idea regarding corrosion, whammsiders the formation of rust
on iron and steel under the effect of water, céoroscan occur in different
environments for various materials, such as metsésniconductors, polymers,
insulators, and ceramics.

Corrosion is important to consider, as the resates highly costly for the world
economy. In particular, modern industries havedosaer spending a large amount
of their budget every year to protect themselvesireg different types of corrosion
and to renovate equipment damaged by corrosionordloty to recent estimates,
every year an important part of the gross natipnadiuct of the industrial countries is
lost to managing corrosion phenomena. Thereforditiadal funding and detailed
research should be implemented to help solve themucorrosion problems, and to
predict and overcome this growing economic iss0é [2

Most corrosion phenomena have an electrochemicdlrena[21l]. However,
mechanical corrosion, such as erosion corrosioriuitiee effect of mechanical forces
such as fluid flow or mobile solid particles, calscabe described as a corrosive
phenomenon.

In principle there are two major categories of asion. “general corrosion” describes
the loss of mass of metals and alloys through s®Es such as breakdown. Copper
and all types of stainless steel have enough aegistagainst this type of corrosion to
be considered for use in atmospheric or marinerenments.

The second category is known as “localized corrdsiand consists of phenomena
such as pitting, crevice corrosion, and stressosarn cracking. Different metals and
alloys show different resistances toward each wpeorrosion, depending on the
composition of the metal and the corrosive envirentj22].

The term “localized corrosion” is usually appliedhem a specific type of corrosion
attack, in the presence of chloride ions, occuranbst corrosion studies, a general
corrosion rate is calculated. However, problemshwitis method occur when the
corrosion becomes localized. In many cases, laglizorrosion attack is only

detected after serious damage has occurred.

2.3.1.Electrochemical methods in corrosion studies

There are multiple methods available to corrosiesearch, many of which are
electrochemical. Due to the simplicity, low coshdaunique properties of recently
developed electrochemical methods, which enabléebainderstanding of the
mechanisms and kinetics of electrochemical phenamémese methods are well

established in solid state analysis and corrosimdiess. The description of the
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polarization methods and electrochemical impedaspectroscopy used in the
following chapters is given here.

When corrosion occurs in agueous environmentitheess takes place at the metal—
electrolyte interface. It is well known that, fraan aqueous electrochemical point of
view, corrosion of a metal or an alloy mainly inve$ two reactions: oxidation
(dissolution) of the metal and reduction of an @iy agent such as oxygen. During
localized corrosion, the anodic dissolution reaci® physically well-separated from
the cathodic reduction reaction. Therefore, in stiwdy of the anodic and cathodic
reactions is easier than in the case of generebgion [23].

At this point, it is necessary to note that althotige term “electrochemical corrosion”
is typically used for anodic dissolution of metalklements, cathodic corrosion of
metals is also known as a corrosion process, péatlg in media with high hydrogen
content. This type of corrosion, and its effect the typical anodic corrosion, is
discussed in detail in Chapter 4 of this dissetatiAt this point, the theory of anodic
corrosion is described.

When electrochemical corrosion occurs, during theda& partial reaction the metal
loses electron and simultaneously cations suchi@erpor molecules such as oxygen
and water get reduced by receiving the electrohs. dorrosion rate depends on the
kinetics of both anodic and cathodic partial reawdi which occur in the metal-
electrolyte interface.

Figure 2.4 shows the mechanism of corrosion in takeelectrolyte interface with the
interrelated anodic and cathodic reactions. In figsire three processes can be
observed: (1) an oxidation process which passem#iallic cations into the solution
and releases the electrons over the metal surfare, flow of the released electrons
from the anode with low electric potential to thethode with high electric potential
and finally (3) a reduction process which receitresreleased electrons. Elimination
of any of these steps or generation of any obstagénst them will decrease the
corrosion of the metal. The second process merti@®ve occurs faster than the
other two processes. Therefore, we consider tharetdemical corrosion process in
two stages: anodic dissolution of the metal anthardit reduction of some ions or

molecules [24].
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Figure 2.4. Electrochemical corrosion mechanism occurring in raetal—
electrolyte interface (M: metal, nen mol of electrons). Based on
information obtained from [24].

In the 1830s, the English scientist Michael Faradagwed that there is a linear
relationship between the metal dissolution rddg)(and the anodic current density

obtained during the metal dissolution, as follows:

[
D, =24 2.1
M E (2.1)

wheren is the charge number, equivalent to the numbeteasitrons exchanged during
the metal dissolution process;is the Faraday constant (96,485 CMplandi, v is
the anodic current density of the metal [21, 24].

If we know the electrode potential of a metal inedactrolyte, we can predict whether
that metal would corrode or not.

The standard electrode potentig)( for example the potential of a FefFelectrode,

is usually measured by combining it with a standelettrode such as the hydrogen
electrode (SHE) in an electrochemical cell. Furteme, the standard electrode
potential can be calculated through the standabihsGiree energy (&g as follows
[20]:

AGY,, = —nFE, (2.2)
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AG’ygg is the change of the Gibbs energy of the equilibrreaction between Fe and
Fe*, n is the number of electrons afdis the Faraday constant. The equilibrium

electrode potentiaK;,) however, is calculated through the Nernst equdf0]:

E, =B+ tin o (2.3)

n F aed

In this equatiorR is the gas constant (8.315 J/K.mdf)js the absolute temperature
(298 K) anda is the activity of the oxidant (Ox) or the reductaRe(). At 25°C
Equation 2.3 is written as [20]:

_ 0.0591 _ a,
E = —ox 2.4
eq— B0t 109 ., (2.4)

During a corrosion process, oxidation occurs when gotential reaches the values
higher than thée., and the reduction reaction occurs at potentias [gsitive than
the B¢,

Some examples of the oxidation and the reductiactiens are shown in Table 2.2

with their related equilibrium potentials versusiEsH

Table 2.2. Some oxidation/reduction reactions required forrgsion in agueous
solutions. Based on information obtained from [20].

Type Reaction EeqVs. (SHE) at 25C
Oxygen O,+ 4H + 46 — Eeq= 1.228 - 0.0591pH + 0.0148logP
reduction (acidic 2H,0
conditions)
Oxygen O,+ 2H,0 + 4e— Eeq= 0.401 - 0.0148pH -
reduction 40H 0.0591log[OH|

(neutral/alkali
ne conditions)

Hydrogen 2H + 26 — H, Eeq= 0.000 - 0.0591pH
evolution

Water 2H,0O + 26— H,+ Eeq= -0.828 - 0.0591log[OHi-
reduction 20H 0.0295logR.

(neutral/alkali
ne conditions)

Iron oxidation Fe— F&' + 26 Eeq= -0.440 + 0.0295log[F§
Fe oxidation | 2Fe€*+ 3H,0 «— Fe0; Eeq=0.728 - 0.177pH -
+6H + 2e 0.0591log[F&1
Copper Cu— CU* + 2e Eeq= 0.339 + 0.0295log[CT]
oxidation
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2.3.1.1.Potentiodynamic polarization

When a metal is in contact with an oxidizing elelstie an electric potential value is
formed on its surface when the two anodic and chthoeactions take place
simultaneously. This potential is called the caongotential E...). At this potential
the rates of anodic and cathodic partial reactsn therefore, the oxidation and the
reduction current densities are equ&l,, is measured by two ways. The first way is
based on measuring tlg,, vs. a reference electrode when there is no cuflent
over the metal surface. This is called,; at open circuit potential. The second method
IS measuring th&,,; by scanning the potential window and measuringptieeluced
oxidation and the reduction current. This methdtedgpotentiodynamic polarization
will be discussed in more details in the next el

Figure 2.5 shows the current density—potential €or a metal dissolution and a
cathodic reduction of a redox system. In this fegtine E., values are calculated
according to the Eg. 2.3 and 2.4 of the metal and the redox system is the exchange
current density which represents the equal anaticcathodic current density which
pass the metal—electrolyte interface when the reldetpotential is at the equilibrium
value Ee) [20].

M—M"" + ne’

I 0,redox

E(V)

i/ A.cm™
o
m

Eeq,redox

Ox + e —Red

Figure 2.5. Current density—potential curves of a metal andedox
electrode. Eym and Eqredns@re the equilibrium potentials
of the metal and the redox electrode respectivglyand
ioredox @re the exchange current densities of the metdl an
the redox electrode respectively,,iis the corrosion
current density and & is the corrosion potential. Based
on information obtained from [20].
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Based on the Butler—Volmer equation the sum ofathedic and the cathodic partial

current densities can be calculated as follows.[20]

In this equation, is the sum of both anodic and cathodic currensidies, iy is the
exchange current density; is the charge transfer coefficiertt,is the number of
charges that are transferred during a charge #amnsfaction,F is the Faraday
constantf, is the anodic electrode potentiBl,is the cathodic electrode potentiglis
the temperature (298 KR is the gas constant (8.315 J/K.mol) apa@ndi. are the
anodic and the cathodic current densities respadgtiv

In the Butler—Volmer equation there are some poivitich need to be considered.
Usually it is recommended to replange the number of exchanged electrons, zby
which represents the number of charges transfdiem@duse the numbers may be
different. The charge transfer coefficiemd) has a value between 0 and 1. However,
usually values between 0.2 and 0.8 are found dourthermore, at the Nernst
equilibrium potential E.) described above the total current density is.zdowever,

in practice, when the electrochemical reactionasfast enough, there is normally a
potential deviation called anodic or cathodic owe¢eptial ¢ = E.q — Ep). This
overpotential value can be positive (for anodiccpases) or negative (for cathodic
processes) and has three main reasons. (1) diffusi@rpotential, (2) reaction
overpotential and (3) charge transfer overpoteniah slow electrochemical reaction
at least one of these overpotentials is domingbit [2

Introducing the anodic and the cathodic overpoédsty;,, #.) in the Butler—VVolmer
equation (Eq. 2.5) yields the new format of thel@&uVolmer equation expressed as
[20]:

I, =i,[exp R? expm] I, H, (2.6)

When the Butler—Volmer equation is used for ingzding the corrosion of a metal,
the anodic and the cathodic partial reactions weller to two different redox
electrodes, one for the metal (for example FéjFand one for the oxidant (for
example H/H"). The combination of the oxidation reaction of theetal and the

reduction reaction of the oxidant will form a newearode called mixed redox
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electrode. The development of the mixed electrodthad, was published by Wagner
and Traud in 1938 [25].

The corrosion format of the Butler—Volmer equatiam be expressed as [20]:

aZF(Ea_ Ecorr ) _ eXp_ (1_a)ZF(Ec_ El:orr )]
RT RT

t COFF[

2.7)

In this equation the overpotential represents awation of the electrode potential
from E.,. This deviation is called polarization and resift@n exponential increase
in the anodic or the cathodic current density.

A semi-logarithmid—E plot (logi vs. E) called Tafel plot (or Evans plot) yields the
lines of the anodic and the cathodic current dexssds presented in Figure 2.6 for a
mixed electrode of a metal and an oxidant.

i/ LA.cm2

.
v
v

EM/Mn+ E (V) EHZ/H+

Figure 2.6. Tafel plot (log i vs. E) of a metal dissolution regenting the
anodic and the cathodic current densities of thaglsi and the

mixed redox electrodes. Based on information oktaiinom [20,
24].
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Finally, according to the Butler—Volmer equation &modic and cathodic reactions the

total current density is expresses respectivefplésys [20]:

logi, =logi,, + azF(E,~E)

2.8
corr 23?1- ( )

N (Q-a)zF(E.- E,, ) (2.9)
2.3RT

logi, = logi,,,

2.3.1.2. Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) has pepular in electrochemistry

during recent years. Initially it was applied te ttetermination of the double—layer

capacitance [26-29hnd in ac polarography [30-32]. It is now appliad the
characterization of electrode processes and coniplerfaces. EIS studies the system
response to the application of a periodic small laoge ac signal. These
measurements are carried out at different ac fregjae and, thus, the name
impedance spectroscopy was later adopted. Anabjdise system response contains
information about the interface, its structure aedctions taking place there. EIS is
now described in the general books on electrocligmi83—35], specific books on

EIS [36] and there are also numerous articles anews [31, 37, 38].

Recent advances in the measurement and analysE8Sofdata has ensured the

popularity of the method in corrosion research. dadgnce spectroscopy is usually

used to study the interface conditions: measuhegdielectric and transport behavior
of materials, investigating the corrosion resistarand rate, and examining the
microstructure of passive surfaces [39, 40]. Soragonproperties are considered to

be powerful aspects of this technique [37].

- The linearity of EIS makes it possible to desctive obtained results according to
the linear systems theory.

- Measurements over wide frequency ranges enableatttemulation of large
amounts of data in a single measurement. Lineatrigal response techniques
require several measurements to achieve the sammaeof data.

- High volumes of the useful information can be afdi through the investigation of
relatively few experiments.

Here, the theoretical description of electrocheinitapedance spectroscopy is

provided.

Impedance spectroscopy involves applying a sinas@id signal to an electrode and

measuring the response versus time. Normally alswé#thge is applied and the
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resulting current is measured. The current—time \aithge—time measurements are
processed and the impedance at different frequeigigrovided.
Impedance is the term used to describe the ac aguivof dc resistance. For dc the

relationship between current and voltage is giveaoeding to Ohm'’s law:

V =iR (2.10)

WhereV (in volts) is the voltageR (in ohms) is the resistor arnds the current (in
amps).

If the system is linear the current response toaihilied sinusoidal potential will be
sinusoidal, at the same frequency but with a pkhffe[41, 42]. Figure 2.7 shows a

current response to a sinusoidal potential withasp shift.

phase shift

Figure 2.7. Sinusoidal current response in a linear system.eBasn
information obtained from [41, 42].

For ac signals Equation 2.10 is written as [41; 42]
V =iz (2.11)
WhereZ is the impedance of the circuit. Unlike resistaritare the impedance value

is depended to the frequency of the applied sigf@l.an ac signal, the frequendy (

in hertz, is the number of cycles per second.
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The applied signal versus time is expressed asi1,

E = E sin(wt) 21
E: is the potential at timés, is the amplitude of the applied signal amds the radial
frequency.
In a linear system the current signal at timei¢ shifted in phase®) with different
amplitude (o) [41, 42]:

I, =i, Sin(wt+ @) (2.13)

And the impedanceZ] is calculated as [41, 42]:

7B _ Esinwt) _ sin(wt)
I, IySin(wt+ @) sin t @)

(2.14)

The total impedance of a system at a given frequendefined by two terms, real
impedance4’) and imaginary impedanc&’(). These terms relate the output current
to the input voltage of the system and the colbectof their values for different

frequencies is the impedance spectrum [41, 42]:

2=2+7 138)

The spectrum of the real impedance against theimaagimpedance is known as a
Nyquist plot. The shapes of the spectra are impbmequalitative investigation of the
results. The following equations represent the tieiahip between the total
impedance value, the real part, the imaginary @art, the phase shift valé [41,
42]:

z[ =72+ 27 (2.16)
Z =|Z|cosp (2.17)
Z =|Zsing (2.18)
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Figure 2.8 represents a typical Nyquist plot predidy plotting the real impedance
on the X—axis and the imaginary part on the Y—dxighis plot the Y—axisZ") has
negative values and the X—axi&')( has positive values. Each point on the Nyquist
plot is the impedance at one frequency. Moreovigh frequency values in Nyquist
plots start from the left side of the plot and lfrequency values are observed on the
right.

On the Nyquist plot the impedance can be repredeage vector. The angle between

this vector and the Z’" axis will be the phase sfaf}.

_zll

0

High frequencies o low frequencies

Figure 2.8. A semi—circle Nyquist plot with impedance vectoas&l on
information obtained from [41].

Another popular method for the presentation of idgmee data is Bode plot. In a
Bode plot qu Z| and phase shift@) are plotted versus log of the frequen€y (

Figure 2.9 is an example of a Bode plot with tlegfrency values.
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Figure 2.9. Bode plot representing the variation of the impemaand the phase
shift for different frequency values. Based on rimftion obtained
from [41, 42].

EIS data is usually analyzed by fitting it to arueglent circuit model. The elements
used in circuit models are electrical elements saghesistors and capacitors. These
elements can be combined in series or paralletl@mdonstructed circuit models can
be used to model various phenomena on an interface.

By applying an ac signal to a system, in additiorthie polarization resistance of the
surface R), there will be a double layer capacitandg)( produced by charge
separation at the surface and also the resistahdbeo solution known afx.
combination of these elements provides the equivalecuit of the system.

The first attempts to use electrical analogs irctebehemical data analysis were
performed by Ershler [43] and Randles [44] in t®dds, and the simulation method
has subsequently been used by many investigatarsols electrical circuit models

suggested for different types of EIS plots candumdl in [41, 42].

2.3.2. Pit nucleation
Metallic passivity was discovered in 1790 by Ke#5]. However, strangely until
1960s there was no evidence about the existende gfassive films over metals [46].
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Nowadays it is well known that the corrosion remise of the metal surface depends
directly on the existence of a thin passive oxidénydroxide layer in the range of
some nano meters and its mechanical properties.

The pitting or the penetration mechanism requinesttansfer of aggressive ions such
as SQ@ and CIQ or halides like C| F and Brf through the passive layer into the
metal surface. This process occurs locally andlteso dissolution of the non—
protected metal. The adsorption mechanism assumeeftmation of complexes of
metallic cations with the aggressive ions at théase of the oxide layer. This metal
dissolution which occurs on the still passivatedasie reduces the thickness of the
passive oxide film and finally leads to a local dk@own of the oxide layer and
therefore, a free dissolution of the non—protecteddal. The formation of these local
breaks occurs due to the potential changes oraltietpresence of aggressive ions or
both together. Although normally the mobility ofrde anions like Clthrough the
oxide layer is slower than small metallic cationader appropriate conditions the
pitting takes place on the metal surface in leas ths. However, during the pitting, at
the same time oxygen tries to repair the formed atgmand closes the pit. The
generated salts/corrosion products can help thisti@tion process. Depending on
the physical and the chemical conditions in the atrelectrolyte interface this
pitting/repassivation (deactivation) competitiordemwith defeat of either the passive
layer or the aggressive media. If the competitiodsewith the formation of an active
pit, it can be easily detected by a rapid increéagke dissolution current density at the
anodic part of the Tafel plot, usually at relalyvhigh potentials. Moreover, for pit
initiation, defects within the metal surface alsové to be considered. Inclusions like
MnS may prevent the formation of a well protectoxide layer and act as preferential
sites for a breakdown of the passivity [20]. Fig@:@0 shows the formation of a
single pit by attacking aggressive ions and thauganeous repassivation of the local

break by a newly formed oxide layer.
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Passive film (2-10 nm)

Repassivation/Deactivation

Electrolyte with
aggressive ions
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AARANKEE ompetition between the passive film
R & aggressive ions

Figure 2.10. Schematic view of the formation of a pit. Basedirdormation
obtained from [20].

On a Tafel plot, the passivity and the dissolutiegions of the oxide film can be
detected at the anodic part of the graph. Figutg B. a typical Tafel plot of a passive
metal. In thisi—E curve, at the anodic part, as the potential ofsygem increases,
immediately after th&.,, the potential reaches the active region whictbtieakdown
of the passivity and the metal dissolution occhtshigher potentials, however, due to
the repassivation of the surface, the current tegsinerated by the metal dissolution
decreases and the potential reaches the passivm.rég this region the oxidation
current density drops and no pitting is observadalfy at relatively high potentials
around the oxidation potential of water, a rapidréase of the oxidation current
density is observed where the potential is in thedpassive region. The pit growth in

this region is fast and the generated pits areaetnd deep enough. Therefore, these

breaks cannot be easily repassivated or deactibgtélie oxide layer.
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Figure 2.11. Tafel plot of a metal dissolution with the pits ahe passivation
formed by shifting the potential fromk to the active potential,
the passive potential and the transpassive potentispectively.
Based on information obtained from [20].

2.3.3. Aqueous corrosion of stainless steel

In the case of stainless steel, a stable and preeuxide layer forms quickly in open
air, which reduces the rate of the charge and tnassfer processes that are required
for corrosion. This oxide layer consists commonfyGr(lll) ions bonded to &
(mainly CrO; with H,O ligands) with a thickness of 0.3 to 2.5 nm [1].2Dhe
corrosive environment first affects this protectiager. When aggressive ions such as
halides act as the oxidizing agent, the corrosibeteel becomes a critical problem
and this occurs in stainless steel despite extemsisearch to prevent the issue [47].
Passivity and activity (corrosion) of metals/alldgsdifferent potentials and pHs are
illustrated by Pourbaix diagrams. Here the Pourliégrams of chromium and iron
can be useful to see the stability of the passive én steel and the dissolution

potential of iron in various pH and potentials. Theurbaix diagram of Cr in Figure
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2.12 shows a large area in the middle of the pluére CyO; is stable. Oxidation of

Cr° occurs on steel according to Equation 2.10:

2Cr+3H,0 » Cr,O,+ 6H" + 66  E,=-0.740 V vs. SHE (2.19)

Cr,0O3 precipitates over the steel surface and formsodeptive layer on the steel
surface. This oxide protects the steel surface frother attack. Moreover, this area is
stable from pH 4 to pH 14. This gives the steeldyacid protection.

In acidic solutions the passive film dissolutiortors as:

+ 3+
Cr,0,+6H" - 2Cr* +3H,0 (2.20)

Finally, in neutral pHs, at sufficiently positiveotentials the transpassive film

dissolution occurs as:

Cr,0,+5H,0 - 2CrO; +10H" + 66 (2.21)
And in alkaline pHs this reaction can occur as:

Cr,0,+100H" - 2CrO; + 5H,0+ 6€ (2.22)
The formed CrGF in presence of protons can react as:

2CrO7 +2H" - Cr,0¥ + H,0 (2.23)

At the region above @D;, we can see that under strongly oxidizing condgjo
according to Equations 2.21 and 2.22¥Qran oxidize to C¥, making the GO;
surface unstable. The Pourbaix diagram of Fe shbatsthe unstable region of Cr
(Cr®") is above the passive region of Fe. Thereforéhigiregion aggressive ions such
as chlorides can attack easily the non—protectedand cause pitting on the steel.

The Pourbaix diagram of Fe also contains the pHeddence of two important redox

systems for metal dissolution, the/H" and HO/O, electrodes.
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Figure 2.12. Pourbaix diagrams of (above) chromium and (below)
iron. Based on information obtained from [20, 48].4

The electrochemical corrosion of steel in aquealstisns is usually described by

two partial reactions: the anodic dissolution ohiras follows:

Fe - FE'+2€ E,=-0409Vvs.SHE  (2.24)
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and simultaneous cathodic reduction of oxygen, matéydrogen.

However, recent developments in electrochemicdhsaranalysis techniques, such as
a double channel microcapillary cell coupled torolval analysis equipment (Section
1.6), have revealed that although the additiorezhehts in multi—element alloys have
higher corrosion resistance than the base metey, thay also be corroded under
aggressive conditions.

Although no previous study has reported the mukent quantitative corrosion
process of stainless steel, Homazova et al. [S@lopeed a time—lapse in situ
investigation of the elemental corrosion processledl alloys in sodium chloride
solution. Their work describes the corrosion oh@ats such as chromium compared
with the corrosion of the base metal (in this cae

In the case of the cathodic sub—process, in th¢ wegority of electrochemical
corrosion processes the cathodic reaction is eiblxggen and water reduction or
hydrogen reduction or all three, depending on tH@pthe medium.

In sodium chloride solutions with pH slightly lowitan 7 the majority of the cathodic
sub—process will be the reduction of the dissolesegtigen. However, as the pH
decreases the role of hydrogen reduction becontraimdat.

In near neutral pH solutions reduction of water écales occur as:

2H,0+2¢ - H,+20H  E=-0.828Vvs.SHE  (2.25)

In the case of oxygen however, in neutral and alkatolutions the oxygen reduction
process can follow two reaction paths: a four—edecpathway described by Equation
2.26, and a two—electron pathway described by Emu#.27, which results in the

formation of hydrogen peroxide.

O,+2H,0+4€ — 40H  E=0.401V vs. SHE (2.26)

O,+2H,0+2e - 20H + H,GQ Ey=-0.133V vs. SHE (2.27)

The four—electron process can occur through atdi&thway (Eq. 2.26) or an indirect
pathway involving the formation of @, through Equation 2.27, and then conversion
of the produced KD, to OH through a two—electron process [51, 52].

In acidic solutions the oxygen reduction processioas:

O,+4H"* +4e - 2H,0 Eo = 1.228 VV vs. SHE (2.28)
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The chance of each reaction occurring depends @rtdimposition of the electrode
surface and experimental conditions. The oxygenugioh reaction has been
observed to be influenced by the passive film stmgcof the 316L austenitic stainless
steel surface [53]. According to Bozec et al. [541, artificial seawater, oxygen

reduction on a pre-reduced 316L or 904L stainlessl surface occurs via the four—
electron pathway. However, when the reaction ocouar$reshly polished steel, both
two and four electron pathways are involved [53].

In addition to Equation 2.28, the hydrogen evolutieaction in general is represented

by:
2H" +2e" - H, (2.29)

The standard potential of this reaction at’@5under 1 atm pressure of hydrogen is 0
V vs. SHE and the equilibrium potential of thise&an in neutral solutions is about -
0.4 V vs. SHE (according to the equation mentianetable 2.2).

The hydrogen evolution and ionization mechanismbieen described based on three
reactions.

The Volmer reaction suggests that [52]:

According to the Tafel reaction the adsorbed hydnogtoms can participate in a

different reaction to form hydrogen molecules [52]:
2H 4= H, (2.31)
Or by the Heyrovsky reaction [52]:
HagtH € = H, (2.32)
Finally part of the adsorbed hydrogen can be alesbbly the metal surface as:

Haas) = H s (2.33)

44



Stainless steel and copper; history, applications and corrosion

Breakdown of the passive oxide layer can occurudinothe carbonation process or
via a chloride attack. When atmospheric carbonid®xlissolves in the pore water
around the steel substrate, carbonic acid mole@areeproduced. The pH of the pore
water then decreases until the passive layer i&ebralown. However, chlorides
directly attack the weak points of the steel andfpits [55].

Pitting corrosion is an electrochemical oxidaticgekrction process, which occurs
within localized deeps on the surface of metaldembavith a passive film. The pits
often appear to be rather small at the surfacermayt have larger cross—section areas
deeper inside the metal. Since the attack is smhdfie surface and may be covered by
corrosion products, a pitting attack often remaurgdiscovered until it causes
perforation and leakage.

According to some researchers, corrosion is theltred a competition between
aggressive ions, such as chlorides, and oxygerchwdantribute to the destruction and
repair of the protective oxide layer, respectivfg] (Figure 2.10). Chloride ions
attack the protective oxide film and cause its kdesvn, whilst oxygen
simultaneously repairs the formed defects [57]. fdwt the attacked sites are
deactivated by formation of a new oxide film (mgidr,Os) in the pit which contains
corrosion products. Therefore, pitting occurs wttenrate of destruction of the oxide
layer exceeds the rate of repair.

An initial pit may form on the steel surface cowkl® a passive oxide layer as a result
of mechanical damage of the passive film (scralj¢chearticles of a second phase
emerging on the metal surface (These particlesiptaiing along the grains
boundaries may function as local anodes causinglitedl galvanic corrosion and
formation of initial pits) or localized stressesfarm of dislocations emerging on the
surface which may become anodes and initiate pMso, non—-homogeneous
environment may dissolve the passive film at cerf@cations where initial pits form.
Figure 2.13 illustrates the mechanism of the ebetiemical pitting corrosion over a
steel under chloride attack. The electrons giverbyphe anode flow to the cathode
where they are discharged in the cathodic reaclibe.electrolyte enclosed in the pit
gains positive electrical charge in contrast todleetrolyte surrounding the pit, which
becomes negatively charged. The positively changigdattracts negative ions of

chlorine Clincreasing acidity of the electrolyte accordindte reaction:

FeCl,+2H,0 - FgOH),+ 2HCI (2.34)
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pH of the electrolyte inside the pit decreases didli@ pHs, which causes further
acceleration of corrosion process. Large ratio betwthe anode and cathode areas
favours increase of the corrosion rate. The forrRedous hydroxide (Fe(Oh)is
unstable in presence of oxygen and therefore, d&-éwrdroxide (Fe(OH) will be
formed (Eg. 2.35). Corrosion products (Fe(@Hprm around the pit resulting in
further separation of its electrolytédioreover, the formed Ferric hydroxide is

insoluble in water and precipitates. This precipiia not protective [58, 59].

4Fe(OH), + Q,+ 2H,0 -~ 4Fe(OH), (2.35)
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Figure 2.13. Chloride attack and pitting corrosion on stainlestzel.
Based on information obtained from [58].

Electrochemically pitting is detected by a rapigdregase in the oxidation current
density during the electrochemical corrosion measeant.

Figure 2.14 shows an anodically polarized 316Lné&tss steel with pits on its surface.
The vertical scratches on the optical image wemnéa during mechanical polishing

of the sample.
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Figure 2.14. Upper image shows pits formed on a

316L stainless steel coupon after a

potentiodynamic polarization in 0.1 M

NaCl. Scan rate: 1 mV’s The lower

figure shows an SEM image of a pit

formed on a 316L stainless steel coupon

under the same conditions as above.
2.3.4. Aqueous corrosion of copper
Copper has good resistance against atmospherizsganr It is known that the passive
film formed on copper consists of a duplex layepxides: an inner layer of cuprous
oxide (CyO), and an outer layer of cupric hydroxide (Cu(gH)O0]. Despite
materials such as steel, in the case of coppemobgd evolution does not have a
significant role in the corrosion process. Therefan non—oxidizing acidic solutions,
copper is not corroded. This is attributed to thghér standard redox potential of the
Cu/CU"* system than of the #H" couple (Table 2.2). Therefore, corrosion of copper
needs a cathodic reaction other than the evolutiorl” during metal dissolution.
However, when oxygen or other oxidants such agiclele and sulfate ions come into

contact with copper, it becomes susceptible toosion [61]. Similar to stainless steel
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in a solution like sodium chloride the main cattlodiaction during the dissolution of
copper will be oxygen reduction which in the cakeapper corrosion it is known as a
irreversible process. It also has been shown thig corrosion of copper occurs
with higher intensity and rate in the presence wifate ions, which proves the

aggressive nature of sulfates in comparison witbritte ions [62].

2.3.4.1. General corrosion

There are many works in the literature regardirgdbrrosion of copper in aggressive
media, particularly in the presence of chloridesip®3—-68]. Early investigations into
the corrosion of copper in marine environments werdormed by Bengough et al.
from 1920 to 1924 [69, 70], who proposed that, éatral chloride solutions, cuprous

chloride (CuCl) is the initial corrosion productadpper via Equation 2.36.

Cu' +CI" - CuCl (2.36)

CuCl is only slightly soluble in sodium chloridecatherefore, can react with oxygen
and produce cuprous oxide (Qicuprite). Cuprite generally oxidized over time to
cupric hydroxide (Cu(OH), atacamite (C4OH);Cl) or malachite (CuCeCu(OH)).
According to Bengough et al., four patina layers ba formed on a metallic copper
exposed to a chloride—containing solution. Thegerkare shown in Figure 2.15. The
layers of corrosion products formed are (from int@router): cuprous chloride,
cuprous oxide, cupric hydroxide or oxide, and fyahtacamite or malachite,

depending on the form of the previous layer.
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Figure 2.15. Scheme of patina layers formed on a copper specimen
seawater, as suggested by Bengough et al. [70].

Later, Lee and Noble [71] observed that cuprousrate forms complexes of cupric
chloride (CuCY) in the form of CuGf and CuCf when the chloride concentration
becomes higher than 0.7-1 mol 8(&q. 2.37).

Cu" +2CI" = CuC}, + CI = CuC} + CI = cuc} (2.37)

It is known that cuprite forms on the copper sufas a precipitation [72] according
to Equation 2.38:

2CUCL +20H™ = Cu, O+ H, O+ 4Cl (2.38)

The stability of the formed cuprite is dependedtlma concentration of chloride ions
[72].

2.3.4.2. Electrodissolution
Later studies revealed that in chloride contairsatutions copper dissolves as*Gu

E.o. CUE is formed by irreversible oxidation of Cin presence of oxygen as follows
[73]:

ACU* + O, + 2H,0 - 4CH + 40H (2.39)
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The Cd* formed through Eq. 2.39 can also be reduced byrida ions via an

irreversible reaction [73]:

Cu” +2CI -~ CuCL + € (2.40)

However, added to these equations there are alee tbther reversible models
suggested for the anodic dissolution of coppehégresence of chlorides. The main

difference between these models is the form ofrtiti@l reaction.

Cu+2ClIr =CuCl + e (2.41)

Cu=Cu +¢e

(2.42)
Cu’ +2CI" = CuC},

Cu+CIT=CuCl+ e

(2.43)
CuCl+ ClI" = CuCl

The reactions denoted in Equations 2.41 and 2.4& she direct formation of cupric
chloride from copper [#48(Q, whilst the reaction shown in Equation 2.43 reprgs
the dissolution of copper to cuprous chloride i ithitial step [8+84.

Analogous to the behavior in stainless steelsiragiotective oxide film is formed on
copper in open air. Therefore, the corrosion prece$§ copper initiates with
breakdown of this oxide film, which is a weknown phenomenon that occurs rapidly
in the presence of oxidants such as chloride iblwvever, there are significant
differences between the corrosion mechanisms géeropnd steel. The anodic partial
reaction during the dissolution of steel is usuatipsidered as a pure charge transfer
reaction and the cathodic part as a mixed chargessntransfer controlled process
(Section 4.1). In the case of copper, the anodiersible reactions shown above are
assumed to be under mixed charge transfer and trassfer controlled and the
cathodic part, depending on the oxygen concentratiodescribed as a mass transfer
or kinetically limited reaction [85].

The anodic or cathodic reaction may be diffusiomtomled when the electron
transfer step is faster than diffusion. Howevecgharge transfer controlled reaction
follows Tafel behavior. In corrosion studies whha tathodic current density iri-&£

plot is vertical it means that the process is irtglent of the applied potential and
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therefore, it is mass transfer controlled. In ordermaintain the reaction rate,
diffusion of the reacting species (for example @y through the electrolyte
becomes important, then the cathodic reaction mayufder mixed chargenass
transfer control [86].

Unlike stainless steel, the thick patina layer fioains on copper during its corrosion
(Section 5.3.3) means that observation of pits @moded copper is only possible
after removal of the corrosion products. This carmabhieved by ultrasonic cleaning

of the sample after reducing the corroded surfé2g [
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Chapter 3
Comparative investigation of 304L stainless steel
using a microcapillary cell and a conventional

setup

3.1. Introduction

In principle every electrochemical reaction, whadtturs at a macro scale electrode,
can also occur on a micro scale. However, it id Wwabwn that there are similarities
and differences between macro and micro scalere@wmical processes. Charge
transfer reactions that occur at the surface—elgttr interface are identical in both
macro and micro systems [1]. But in the case affasion layer, the dimension of the
solid surface becomes important. In micro systeigisen convergent diffusions occur
due to their high limiting current densities [2jcteasing the mass transport in micro
systems is one of the most important differencesvéen the two systems. By
decreasing the surface area in micro systems thel@dayer capacitance is reduced.
In addition micro systems obviously decrease thgnitade of the current passed [3],
whereby small currents in the range of a few nAstone pA can be measured.
Therefore, the size of the working electrode ared rite of mass transfer processes
that occur at the surface of the working electratetwo key factors that control the
kinetics of the microelectrochemical reactions ifcnm systems. According to the
theory the diffusion limited current on a micro lecéncreases with the electrode
radius while the diffusion limited current densitgcreases linearly with the radius [4,
5].

The objective of this chapter is to study the apidif a microcapillary electrochemical
technique in the surface investigation of 304Lrdéms steel and more specifically to
make a comparison between micro scale and conveiiarge scale surface analyses
using voltammetric methods. This chapter also &mf the corrosion study of a
304L stainless steel sample on micro scale aeretediitions using a modified

microcapillary cell.
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3.2. Experimental

3.2.1. Specimens, chemicals and surface preparation

Analytical grade NaCl was purchased from Fluka. hBaticro and large scale
measurements were performed on 304L stainless witelthe following chemical
composition (wt. %): Cr: 17.65, Ni: 8.59, Mn: 1.7; 0.41, C: 0.017, P: 0.032 and S:
0.005. The steel samples (coupons with a diaméte2.6 mm and thickness of 2 mm)
were mechanically grounded with silicon carbide ggagown to 600 grit and then
polished with a polishing cloth (MicroCloth, Buebhlausing alumina powder (<0.5
pm). They were then washed with distilled water @nded ultrasonically in ethanol

for 5 min.

3.2.2. Electrochemical setups

The micro scale electrochemical measurements wer®rmed using a homemade
microcapillary cell (Figure 3.1) attached to an &ab Eco Chemiepotentiostat
(PGSTAT 10). The setup is based on a common thiegrede system containing a
thin platinum wire as counter electrode, and aeskahicrocapillary with a silicone
gasket and with a ground tip diameter of 180 which touches only a small part of
the solid sample placed on a platinum plate anthgothe working electrode and a
saturated Ag/AgCI/KCI reference electrode (In°25the standard electrode potential
of this reference electrode against standard hyredectrode (SHE) is about 0.230 V
+ 10 mV). The platinum plate itself is attachedatfiberglass plate with a number of
holes and plastic screws, which makes it possibldix different samples with
different sizes on it before measurement (not shmwiigure 3.1). To minimize the
Ohmic resistance during the measurement the coetgetrode (here platinum wire)
was placed near the tip of the microcapillary. Thierocapillaries were obtained

through the procedure described in Section 1.3.
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/ electrolyte
inlet

microcapillary

platinum wir \

silicone gasket electrolyte
outlet

solid sample

fiberglass plate

‘ platinum plate

Figure 3.1. Schematic drawing of the setup of the capittagsed
droplet cell.

The large scale electrochemical measurements wertormed using the same
potentiostat in a three—electrode cell with a sdad Ag/AgCI/KCI reference
electrode and a platinum plate as auxiliary el@gro

Scanning electron images of the surface were taisemg a Phenom—FEI electron
microscope. Detailed information about scanningted® microscopy (SEM) can be
found in [6].

3.3. Results and discussion

3.3.1. Comparison of localized and conventional ctebehemical
measurements

Figure 3.2 shows the potentiodynamic polarizatiorves of the stainless steel sample
after 6 continuous polarizations obtained by thermicale (a) and the conventional
macro scale experiments (b). In addition the viamabdf E.,, versus the number of
polarizations performed for both micro and macrcasueements is provided. Both
micro and macro scalg,,, measurements were repeated at least three tindehiain
standard deviation was calculated. Each serieshef micro measurements was

performed on one specific spot of the sample.
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The micro scale potentiodynamic polarization cursiesw that the corrosion potential
of the steel shifts towards nobler potentials after 2° and the 3 polarization but
decreases after thé& golarizations (Figure 3.2a).

The macro scale graphs show tHaf, decreases versus the number of the
potentiodynamic polarizations (Figure 3.2b).

Although theE,,,, shift in both macro and micro scale measuremem®i significant
(< 0.1 V), a comparison of the cathodic and the anpdits of the obtained plots can
reveal the different formed corrosion environmems&h different corrosion
procedures under two different setups/ electrocbaineells.

The micro scale polarization curves show that tdadic current density does not
change significantly during the potentiodynamic goiations. This means that
potentiodynamic polarization of the surface undher microcapillary does not change
the oxygen concentration in the trapped measureareat and therefore, the oxygen
reduction rate remains almost constant. The cohstaggen concentration is
attributed to the transport of oxygen through thikcame gasket under the
microcapillary. As has been discussed in Sectié25h, due to the high permeation
of oxygen through the silicone membrane the aicesie—electrolyte interface can be
considered also as only air—electrolyte interfadeerefore, the diffusion of oxygen
into the trapped surface during the electrochemitadsurement effects the cathodic
reaction which is known as oxygen reduction reacfigq. 2.26, 2.27). This is the
main reason that one needs to consider the influehthe oxygen transport from the
surrounding area of the capillary on corrosion oftals/alloys when the
microcapillary technique is used.

In the micro scale measurements, unlike the cathpdrts of the Tafel plots, the
anodic current density of steel decreases aftan patentiodynamic polarization. In
Figure 3.2a due to the presence of enough oxygehemmicro cell the corrosion
process occurs with greater intensity. After thistfpolarization the anodic current
density decreases as the surface is covered bycdh®sion products (mainly
Fe(OH)) and this decrease in the anodic/passive currensity is continuously
observed until the"spolarization.

In the case of the large scale measurements, tlaeizadion graphs reveal that the
cathodic current density of the graphs decreades @dich polarization and this shifts
the E.o Of steel towards less noble potentials. Moreovag, anodic parts of these
graphs (passive current density) increases conislyafter each polarization.

Based on the obtained information through the pidynamic polarization curves
measured by the large scale steel electrodes itbeaconcluded that the cathodic

current density of steel during the potentiodynaimidarization process decreases
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after each polarization because less oxygen gdtsxcee over the steel surface (Eq.
2.26 and 2.27). This means every potentiodynamiarization performed on the
surface makes the procedure of oxygen reductiore naafficult. This is directly
related to the effect of the potentiodynamic paktion on the diffusion layer of the
surface. Although in the large scale measuremeiteés @ach polarization scan the
generated gas bubbles have been removed from tfaeswf the electrode by gently
stirring the solution, during each potentiodynamatarization part of the formed gas
bubbles remain in the metal-electrolyte interfand block the pathway of oxygen
reduction. This decreases the rate of the oxygect®n reaction. The passive
current density however continuously increases.

Finally Figure 3.2 depicts th&t,; of steel is higher for when it is measured in micro
scale level. Similar results have been reporte8diyni et al. [7]. These authors have
studied the pitting potentials of stainless steelasured by microelectrodes with
different diameters from 5@m to 1000um (large scale) and observed that the pitting
potentials of steel decreases with increasing serfaea because larger surface area
exposes more weak points to the electrolyte anefine, pitting can occur at lower
potentials. According to Schultze and Bressel {B§ charge transfer reactions and
reaction mechanisms in solution in both micro aratm systems are the same. In
spite of this, some differences appear when thé&eppotential or current focuses on
a micro point. More specifically, the differencasas when a random phenomenon
such as pit formation becomes dominant [8, 9]. &wee, the difference in the
corrosion potentials, the pitting potentials andoain the current densities can be
concluded as the result of the decrease in thesexpsurface area.

In Figure 3.2a, th&,; values measured by the micro cell do not showsagyificant
change after 6 polarizations. This potential iedetble around 0.7 V after each scan.
In the macro scale measurements howetsgy, of the steel changes after each
polarization. According to our measurements thisnge in thee,; values in the large
scale measurements is not regular and may increaselecrease after each
potentiodynamic polarization.

Moreover, comparison of the calculated standardatiens of theE., variations of
steel versus number of the potentiodynamic polédzaa on micro and macro scale
levels reveals that the micro scale plots havewseldaeproducibility than the large
scale disc electrode plots. The main reason fa ithithe effect of oxygen of the
surrounding area of the gasket on the corrosiofoeance of the trapped area under
the microcapillary. This means that in order toagbtproper electrochemical data

using microcapillary technique one needs to comgiue transferred oxygen gradient
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through the silicone membrane and perform the measnts under controlled/

aerated environment.
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Figure 3.2. Tafel plots of the 304L stainless steel
sample in a 0.1 M NaCl solution (6
polarizations) with the variation of the
E.r Of steel versus the number of
potentiodynamic polarization scans. (a)
micro scale by a microcapillary with a
tip diameter of 15Qum. (b)large scale.
(scan rate: 1 mV:§.

In order to decrease the effect of the oxygen siffia through the silicone gasket, we

suggest the use of a nitrogen gas shield arounchittrecapillary tip. As it is expected
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it decreases the amount of the oxygen diffusiomubh the silicone gasket and
decreases the total concentration of the oxygeddrtee measurement area compared
to the bare microcapillary. Figure 3.3 is the scatenview of the modified
microcapillary setup which we have used to study affect of nitrogen shield over

the corrosion of steel.

RE CE

Plastic shield

Glass capillary

WE

Silicone "gasket

Figure 3.3. Scheme of a modified glass capillary
covered by a nitrogen gas shield.

A stream of nitrogen was flushed through the ptasshield during the
potentiodynamic measurements and the effect ofstirreounding aeration on the
electrochemical response of steel especially on dkggen reduction rate was
investigated. The results are shown in Figure 3.4.

The latter shows that in comparison to the potegtiamic curves measured by the
non—modified capillary the total current densitppk after application of the nitrogen
gas shield. After the first polarization both thathodic and the anodic current
densities decrease ahg,, shifts towards less noble potentials comparedeopiot
measured under deaerated conditions. In Figurele3gl oxygen reduction occurs
which reduces significantly the amount of corrosimaer the capillary. Furthermore,
similar to the large scale measurements, here afsgr each potentiodynamic
polarization scark.,, decreases. Comparison of the standard deviatiotiee anicro

scale measurements calculated for the modifiedt@ndon—modified setups (Figures
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3.2a and 3.4) shows that the measurements perfaundel the aerated environment

have better reproducibility than the non—aeratedsuements.
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Figure 3.4. Tafel plots of the 304L stainless steel sampkeOril M NacCl
solution (6 polarizations) measured under a micgttary
with a tip diameter of 15@m with and without nitrogen gas
shield with the variation of the (& of steel versus the
number of potentiodynamic polarization scans under
aerated conditions. (scan rate: 1 mV).s

These graphs also reveal that in presence of lowggen concentrations the pitting
corrosion of steel appears at greater positive nbiale which shows the higher
resistance of steel against pitting corrosion wieea oxygen is available.

Figure 3.5 shows the SEM image of a corroded afethe steel sample after 6
potentiodynamic polarization scans under a modifi@drocapillary with nitrogen

shielding.
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Figure 3.5. Scanning electron image of the 304L stainless
steel sample after 6 polarizations by a
microcapillary with nitrogen shield and a tip
diameter of 150 g#m using linear sweep
voltammetry in a 0.1 M NaCl solution. Scan rate:
1mV.s.

3.4. Conclusions

Capability of the microcapillary technique in electhemical investigation of stainless
steel in sodium chloride solution was investigaded the results were compared with
the electrochemical responses of steel obtainea lopnventional large scale disc
electrode. The results revealed that differentoson environment is created by the
microcapillary technique compared to the largeeschidc electrode immersed in the
electrolyte. Despite several advantages of the aoagillary technique the micro
corrosion cell constructed under the microcapillaith a silicone gasket is strongly
under effect of the surrounding area of the silcamembrane. Due to the diffusion of
oxygen from the surrounding area of the siliconskgainto the measurement area,
the cathodic current density of steel which is picEti mainly through the reduction
of oxygen does not change after 6 continuouslyrgmdynamic polarization cycles.
While after each polarization the passive curramtstty under the capillary decreases.
When a large scale disc electrode was polarizedatieeof oxygen reduction decreases
after each polarization and unlike the micro measents the anodic current density

increases when more polarizations are applied txeesteel surface.
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An inert gas shielding was suggested to control dRggen transfer through the
silicone gasket in the micro cell. The results sbdwhat the current density of steel
drops when the potentiodynamic polarization of Isiseperformed under aerated
environments. This is attributed to the lower oxygeoncentration under the
microcapillary than non—-modified microcapillary et
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Chapter 4
Cathodic polarization of 304L and 316L stainless

steels in NaCl solution

This study investigates the effect of prior catleqablarization on the electrochemical
corrosion of types 304L and 316L stainless stéEt® main goal is to examine the
effect of prior hydrogen evolution on the electreciical corrosion responses of steel
and to determine any differences in this processd®En micro and macro scale levels
as well as stagnant and dynamic media containidmisochloride.

The experiments of the first section of this chapiave been performed on grade
316L stainless steel in a 0.1 M NaCl solution drerhicro scale measurements of the
second section have been performed on 304L staistegl in a 1 M NaCl solution.
Although in this chapter two different grades obtamitic stainless steel have been
studied in two different concentration of sodiuntocitle solution, the mechanisms of
the anodic and the cathodic processes are the fegirbeth grades of stainless steel.
Here only higher concentration increases the ctimlensity compared to a 0.1 M
solution. When a modified microcapillary setup withrogen shielding is used, in
some potentials the measured current drops to anfaw/pico ampere. In this case
high electrolyte concentration can increase thesorea current (the positive side
effect).

4.1. Cathodic polarization of 316L stainless steel largscale disc electrode
under static and dynamic conditions

4.1.1. Introduction

Studies regarding flow—accelerated corrosion, kismwvn as flow induced corrosion,
and its hydrodynamic properties performed up to mew generally be divided into
two major groups. One group has focused on thectsffef fluid flow upon the
electrochemical responses obtained from corrosiongsses [1-16]. The other group
has investigated the mechanical properties of eoswe environment under single—
phase and multi-phase flow conditions, differenchamisms and regimes of fluid
flow, and their effects on the corrosion of metatsl alloys in media containing solid
particles. Data obtained through the electrochenmEsasurements partly support the

ideas of the latter group [17-31].
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Cathodic polarization of 304L and 316L stainless steels in NaCl solution

In principle, corrosion under fluid flow is a comhbtion of electrochemical and
mechanical phenomena whose combined synergistactefin the case of certain
metals such as aluminum, is responsible for upOt@dbof the total mass loss [32].
Although it has been reported that fluid flow, esply at high velocities, can remove
formed micro galvanic cells, known as corrosioessifrom the surface and therefore
decrease the corrosion rate, there is no doubtthigatncrease of the flow velocity
below this critical rate increases the corrosida fa3].

From a mechanical point of view flow acceleratedragion usually has three
consecutive steps [17]: (1) the formation of métdbns at the metal surface by the
electrochemical oxidation of metal atoms, (2) tifeusional mass transfer of metallic
ions formed in the oxide layer—electrolyte integfaand (3) the mass transfer of the
formed metallic ions from the oxide—electrolyteenface into the bulk electrolyte.
Figure 4.1 shows these layers and the diffusiororef®]. In the hydrodynamic layer
between the bulk electrolyte and the oxide layesctants such as chloride ions move
towards the metal oxide layer and formed corrogmwaducts towards the bulk
solution. Increasing the mass transfer coefficeemd decreasing the diffusion layer

can also increase the corrosion rate [34].

Mass transfer region (8)

s

PP

CERTRCRTR LA tR itk tit

Electrolyte
hydrodynamic
boundary layer

AERTRCRTR LAt i kit

 Oxidefilm
Bulk electrolyte

A 4

(DALt ErE LT LA ti iy

Figure 4.1. Diffusion layer at the working electrode surface.
Based on information obtained from [17].
In the case of stainless steel, fluid flow andviédocity are significant parameters
which always need to be considered especiallyttmgicorrosion. It has been proven
that austenitic steels such as 316 are in lowéraispitting corrosion at high flow
velocities. Velocities greater than 1.5 tisave been suggested in the literature to
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avoid pit formation [35, 36]. These high velocitideactivate the pits at the initial

stages of their formation.

In chloride containing solutions the breakdown ledé pxide film, which may cause

pitting corrosion in stainless steel, occurs thioagloride attack. Aggressive chloride
ions directly attack the weak points of the st&8&][ These attacks may form pits over
the surface (Figures 2.10 and 2.13). Literature ditve shown that corrosion is a
result of the competition between different aggressons, such as chlorides and
oxygen, which contribute to the destruction andanepf the protective oxide layer,

respectively [33]. Chloride ions attack the pratextoxide film and cause its

breakdown, whilst oxygen simultaneously repairsfirened defects [16]. Therefore,

pitting occurs when the rate of destruction ofdlkigle layer exceeds the rate of repair.
In addition, during the corrosion process of stdet evolution of oxygen and

hydrogen gas bubbles on the metal—-electrolytefatteris a well-known phenomenon
[38]. The latter occurs with greater intensity whba metal is cathodically polarized
and hydrogen is introduced into the surface. Thiegss called cathodic polarization
can be described as follows.

In a near neutral pH solution, such as sodium adothe reduction of hydrogen and
water generates hydrogen atoms and molecules.oPdahte hydrogen atoms form

through Equations 2.30-2.33, which describe therdgeh evolution mechanisms.
However hydrogen atoms are also generated on ttfaceuof steel through the

electrochemical reduction of water molecule:
H20+e_ - H(ads)+ OH (4.1)

The adsorbed hydrogen atoms can combined tmdlecules by the chemical reaction
mentioned in Equation 2.31 or through the electeodibal reaction with protons (Eg.

2.32) or can electrochemically react with water:
HeagtHO+€E - Hy+ OH (4.2)

Part of the hydrogen atoms can be absorbed byekéssirface according to Equation
2.33.

Due to the weak acidic pH of sodium chloride solntithe majority of the hydrogen
atoms which are absorbed by the steel are prodogdtie water reduction process
described above [38—-41].
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The generated hydrogen atoms that penetrate thal,rbet¢ak down the local oxide
film and form micro pits/cracks and metal particl€eese pits act as preferential sites
during the anodic dissolution of the metal [42].efdfore, this process can increase
the corrosion rate and the passive current deons$ityon—based alloys [43], promote
anodic dissolution [44], decrease the stabilityhef passive layer [45] and increase the
pitting susceptibility [46]. Moreover, hydrogen anbloride ions have a synergistic
effect during the corrosion in chloride—containmgdia [47].

The total anodic current density produced by a athitally polarized surface in

chloride containing solutions is expressed as:
e =) o M er (4-3)

In this equationi(, is the total oxidation current density of a catloadly polarized
surface in the presence of chloride iong,is the anodic current density of the
specimen in a chloride free solution without cathgablarization,iy is the anodic
current density produced by oxidation of hydrogéffuged into the surface which
occurs according to Butler-Volmer equation (Eq02.8ndiy, indicates the anodic
current density increase contributed only by clleibns.
However, in practice the total anodic current dgnsif a cathodically polarized
surface in the presence of chloride ions has higlawes thani, represented in
Equation 4.3. This indicates that there is a syisticgeffect between hydrogen and
chloride ions on the anodic current density. Themesfthe total anodic current density
of a cathodically polarized surface in the presesfaghlorides must be expressed as:
i(a) :i(O) + H9 H () H (H*.CI7) (4.4)
In this equation the last term indicates the anadizent density produced by the
synergistic effect of hydrogen and chloride iong|[4
The cathodic polarization process called also chithoorrosion, has been recently
reported by Rodriguez et al. [48] as a simple tephn for producing metal
nanoparticles.
This study investigates the effect of prior catlequblarization on the electrochemical
corrosion of 316L stainless steel under static amder two different flow conditions.
The main goal is to examine the effect of prior togen evolution on the

electrochemical corrosion response of steel andetermine any differences in this
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process between stagnant and dynamic media wildrelift flow regimes containing

sodium chloride.

4.1.2. Experimental

4.1.2.1. Specimens, chemicals and surface prejgarati

A 0.1 M sodium chloride solution was prepared usanglytical grade NaCl powder
(Fluka). All the experiments in this work were merhed on 316L stainless steel
coupons with the following chemical composition (. %): C 0.024, Si 0.46, Mn
1.22, P 0.038, S 0.0048, Ni 9.69, Cr 16.45, Mo 1®5 0.35, Al 0.020. All coupons
are 12.5 mm in diameter and 2 mm thick. They wemgd with 600 grit silicon
carbide paper and then polished with a polishirmjhc{MicroCloth, Buehler) using
1.0 ym and then 0.%am alumina particles. Finally, the samples were wdshith
distilled water and acetone and rinsed ultrasolyigal ethanol for five minutes. To
apply similar experimental conditions on the samplall measurements were

performed within one hour of polishing.

4.1.2.2. Cell design and electrochemical measurésnen

In this study we constructed two different dynamindition systems. One contains a
rotating disc electrode (RDE) and the other ona lomemade flow cell setup. The
rotating disc electrode setup (CTV10l1-Radiometepdebbagen, France), with a
maximum 5000 rotations per minute, was immersed fibberglass cell with 100 mL
electrolyte and for every measurement a propetiootaate was applied through the
digital speed controller. The homemade flow celg@fe 4.2) had an almost 1 L
electrolyte container and was equipped with a watenp (ProFlow u 500, 6W, max.
440 L H', D-67141 Neuhofen, Germany). In this setup theteldes were immersed
in a fiberglass cell with an inner diameter of 8B and the electrolyte was pumped
through a plastic tub with an inner diameter of ®.nThis way a maximum flow rate
of 8.6 cni.s*was applied over the sample.

Both static and flow setups used a graphite rotl witiameter of 2 mm as a counter
electrode and a saturated Ag/AgCI/KCI referencetedee attached to an Autolab Eco
Chemie potentiostat (PGSTAT 10). All measuremengsewperformed in a 0.1 M

sodium chloride solution.
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tank

-

Figure4.2. Schematic diagram of the flow cell.

To apply a cathodic polarization to the sampleqogentiostatic polarization was
carried out at three different potentials (-1.3-¥.5 V, and -1.7 V vs. Ag/AgCI/KCl),
each time for a duration of 600 s. The potentiodyigapolarization curves of the
samples were recorded before and after the catlpotheization in the potential range
of -1.5 V and 1.3 V (vs. Ag/AgCI/KCI) with a scaate of 1 mV.8. In addition,
electrochemical impedance spectroscopy measureneéntise steel samples were
carried out in the frequency range of 10 kHz tdl(Hz, with an amplitude of 10 mV
at open circuit potential. Nyquist plots were retemt before and after the cathodic
polarization of each sample at different cathoditeptials and under static and flow

conditions.

4.1.2.3. Scanning electron and atomic force miaopgc

The surface topography of the samples was exanbgedtomic force microscopy

(AFM) after cathodic polarization by three diffetesathodic potentials under static
and flow conditions. For this we used a Dimensiolg&Emicroscope (Bruker) with an
antimony—doped silicon tip in tapping mode. Thegtmess parameters (in this work
R. Ry were provided by the software of the instruménfrther information about

AFM and its applications can be found in [49].

SEM-EDS analyses were performed by a JSM-7600FL(JEGkyo—Japan) scanning

electron microscope and a X—-MAX50 EDS detector (Oxford Instruments).
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4.1.3. Results and discussion

4.1.3.1. Flow motion and produced flow regime

Figure 4.3 represents the flow regime constructed lRDE. It is known that the

rotation of the electrode produces a fluid flowainertical direction from the solution
towards the electrode surface [50, 51]. The flladvfconstructed by the flow cell,

however, has a different regime. Here the elediealy pumped in a straight direction
over the surface and exits from the cell through ahtlet tube. However, we know
that the electrolyte stream produced by the floW m@akes a complex vortex flow

regime when it reaches the immersed electrode.oAgh in this work we did not

study the exact flow structure produced by the floell, it is clear that completely
different flow regimes are produced by these twwvfsetups. In this work these two
different flow regimes were applied over the sthple with various velocities and
the corrosion behavior of the steel before and afithodic polarization at 3 different

cathodic potentials was investigated.

Figure 4.3. Fluid flow profile produced by a RDE. Based on
information obtained from [50, 51].
4.1.3.2. Potentiodynamic polarization under statitl flow conditions
Figure 4.4(a, b) shows the potentiodynamic poléidracurves of a freshly polished
316L stainless steel coupon in a 0.1 M sodium ddidosolution under static and flow
conditions. These graphs were obtained using tmeehwmde flow cell and a RDE.
The applied flow rates were 1.3 81, 5.5 cni.s?, and 8.6 crhs® for the flow cell
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and 50 rpm up to 3000 rpm for the RDE. The poléionacurves show that the
cathodic current density of the steel increase$ wlbw velocity. This can be
attributed to the higher rate of the cathodic réiducreaction of the dissolved oxygen
in the flow system [41] (Eq. 2.26 and 2.27). In isod chloride solution the
equilibrium potentials of Equations 2.26 and 2.2 ke about 0.732 (V/ SHE) and
0.198 (V/ISHE) respectively.

In Figure 4.4a (flow cell), the corrosion potentigl,,, of steel changes from -0.39 V
to -0.21 V (vs. Ag/AgCI/KCl) when a flow velocityfol.3 cni.s® is applied,
increasing to -0.13 V (vs. Ag/AgCI/KCI) for a flovate of 8.6 crhis®. However, the

anodic current densities obtained for differentwfleelocities show no significant

difference.
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Figure 4.4. Potentiodynamic polarization curves of

steel before cathodic polarization under

static and flow conditions. (a) flow cell,

(b) RDE.
Similar results were obtained using the RDE (Figu#b). Here th&,,,, of steel shifts
to -0.24 V (vs. Ag/AgCI/KCI) under 50 rpm rotatiosate and parallel to the increase
of the rotation rate this potential increases. Iginahen applying a high rotation rate
(3000 rpm) thee, appears at 0.15 V (vs. Ag/AgCI/KCI).
Based on these measurements and considering tliéec aaral the cathodic reactions
occurred on the steel surface during the anodsotlison, the observed current and
potential shifts can be explained as follows.
The main oxidation and reduction reactions durimg ¢orrosion of steel in sodium
chloride solution have been mentioned in Chapter (Bq. 2.24-2.27).
The anodic equation shows the anodic dissolutiamaf(Eqg. 2.24) and is known as a
pure charge transfer—controlled process [52]. Téeorsd is a cathodic reaction,
described in the literature as a mixed charge fearend mass transfer—controlled
process (Eqg. 2.26, 2.27) [53-55]. In the preserfca @luid flow, the diffusion—
controlled cathodic reduction of dissolved oxygemominant. Therefore, under flow
conditions, the mass transfer of oxygen from tleeteblyte to the metal surface — and
therefore the cathodic current density—increaséschwshifts the corrosion potential

towards nobler potentials.

76



Cathodic polarization of 304L and 316L stainless steels in NaCl solution

4.1.3.3. Effect of flow velocity on the pit nucileat

According to our measurements on stainless steelmaximum flow velocity which
pits can form was found about 1.3 %sA using the flow cell described in Figure 4.2.
Figure 4.5 shows optical micrographs of four stamipons after a potentiodynamic
polarization in 0.1 M NaCl with a scan rate of 1 munder static conditions (a) and
under a fluid flow (b—d) constructed by the homeen@idw cell. Figure 4.5a clearly
shows pits which cover the entire surface, whitergbolarization of the sample under
a 1.3 cmi.s! velocity the number of pits reduced and under digrelocities (5.5 and
8.6 cni.s) no pitting was observed.

Similar experiments were performed using a RDE fidep to find the maximum
rotation rate where pitting occurs over the steelase. The results showed that with
rotation rates below 500 rpm, pitting is easily ed¢¢d after a potentiodynamic

polarization. However, higher rotation rates prevatiing over the steel surface.

a b
2 mm 2 mm
[ | —
c d
2 mm 2 mm
e —

Figure 4.5. Optical micrographs of the pitting corrosion oretbteel coupons
after a potentiodynamic polarization in a 0.1 M Naolution
under different flow velocities produced by thewflaell. (a)
static, (b) 1.3 crfhs?, (c) 5.5 cms?, (d) 8.6 cmis® (scan rate: 1
mV.sh.

4.1.3.4. Effect of the flow velocity on cathodigadblarized steel
Figure 4.6a shows the potentiodynamic polarizatiorves of steel before and after

cathodic polarization of the samples at three rbfie potentials under static
conditions.
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In this work after each potentiostatic polarizatiomeasurement the generated
hydrogen gas bubbles were removed from the sudbtee steel electrode by gently
stirring the solution after the measurement fottistaonditions. Under dynamic
conditions however, the produced electrolyte fl@moves the gas bubbles from the
surface during the cathodic polarization.

Similar to the non—polarized curves shown in Figdré, the cathodic parts of the
potentiostatic polarization plots here also exhabgreater current density, which can
be attributed to the higher mass transfer of trieathc reactions on the electrode—
electrolyte interface (Eqg. 2.26 and 2.27). The @sion potential of the non—polarized
sample is around -0.39 V (vs. Ag/AgCI/KCI), whichcreases to -0.09 V (vs.
Ag/AgCI/KCI) after polarization at -1.3 V (vs. AgiCI/KCI) for 600 s. By increasing
the cathodic polarization potential to -1.5 B, shifts to -0.05 V (vs. Ag/AgCI/KCI)
and, finally, after polarization at -1.7 V (vs. Ag/CI/KCI) for 600 s, this potential
reaches 0.01 V (vs. Ag/AgCI/KCI). Unlike in Figude4, the cathodically polarized
samples show higher anodic current densities thwen ron—polarized samples,
increasing corrosion current densities for all¢dhthodically polarized samples.

The potentiodynamic graphs in Figure 4.6a show tiae oxygen gets reduced over
the cathodically polarized steel. Therefore it barconcluded that the thickness of the
diffusion layer decreases under effect of cathpdi@rization under static conditions
and this increases the rate of oxygen mass traasigrraises the cathodic current
density during the potentiodynamic polarization.

When the potential reaches the anodic part of titenpiostatic polarization curves,
the hydrogen—containing micropits act as prefeatrgites for chloride ions and
increase the anodic current density and favomgitt-urthermore, the oxidation of the
absorbed hydrogen atoms and also the synergi$tict &ff hydrogen and chloride ions
contribute the oxidation current density (Eq. 4a#y this increases the total current
density of the cathodically polarized steel.

Figure 4.6b shows the potentiostatic polarizationves of the same series of the
experiments measured under the RDE flow conditwitis a rotation rate of 500 rpm.
This figure reveals that the cathodic polarizatdrsteel under the flow regime of the
RDE increases the cathodic current density produmedhe reduction of oxygen
during the potentiodynamic polarization of steeimifr to Figure 4.6a here also due
to the decrease in the thickness of the diffusayeid during the cathodic polarization
process the mass transfer rate of oxygen increasésresults in higher cathodic
current density in the measured potentiodynamianxation graphs. Moreover, the
anodic current density of steel increases andittisgopotential which is known to be

independent of flow [56] shifts towards less noplatentials after application of
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greater cathodic potentials. Similar results witilyohigher current densities were
obtained when higher rotation rates (up to 5000) were applied.

Figure 4.6¢c shows the potentiodynamic polarizatiarves of steel before and after
600 s cathodic polarization by three cathodic pidésh under flow conditions
constructed by the flow cell with a flow velocityf 8.6 cnf.s®. Unlike the static
conditions and the graphs measured under flow megiihthe RDE, here after
application of cathodic polarization the cathodiagrrent densities decrease. In
addition, E.,, of the steel shifts towards less noble potentidisder a flow of 8.6
cm’.s?, E. is found to be -0.13 V (vs. Ag/AgCI/KCI), which cteases to -0.31V, -
0.38 'V, and -0.46 V (vs. Ag/AgCI/KCI) after cathodily polarizing the steel samples
with cathodic potentials of -1.3 V, -1.5 V, and7¥ (vs. Ag/AgCI/KCI) for 600 s,
respectively.

The Tafel plots of Figure 4.6¢c reveal that under flow regime of the flow cell the
rate of the oxygen reduction reaction decreasekh tié application of a greater
cathodic potential during the cathodic polarizatmncess. This can be attributed to
the increase of the thickness of the diffusion taykich directly effects over the mass
transfer rate of the dissolved oxygen and therefoeduces the cathodic current

density.
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Figure 4.6. Potentiodynamic polarization
curves of steel before and after
cathodic polarization by three
different cathodic potentials
under (a) static, (b) fluid flow
applied by the RDE (500 rpm)
(c) 8.6 cm.s™ fluid flow applied
by the flow cell.
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(b)

flow cell (8.6 cm3.s52)

=== before polarization

-1.3V (600's)

—-1.5V (600s)
e—-1.7V (600 s)

(©)
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Figure 4.7 shows the variation Bf,, of the cathodically polarized steel versus the
applied cathodic potentials under both static aeev fconditions with two flow
regimes. Eaclk. value represents an average of at least 3 measorenWhen a
greater cathodic potential is applied during cathogolarization under flow
conditions constructed by the flow cell (8.63c$ﬁ), E..r decreases. However, under
static conditions and also under flow regime of RIBE, E.,, increases with the

applied cathodic potential.

---o--- flow cell (8.6 cm3.s?)
0 1 «s oW+« static
1 —— RDE (500 rpm)
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@) ]
x i
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<
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< .03 ]
s ]
N
£-04 1
w’ ]

-0.5 1

before polarization

Applied cathodic potential (V) vs. Ag/AgCl/KCl sat.

Figure 4.7. Variations of the E, of steel versus the
applied cathodic potential under static
conditions and two different flow
regimes.

Figure 4.8 depicts the hydrogen reduction process the steel surface during the
cathodic polarization and its effect on the cathodirrent density produced under
static and two different flow conditions (RDE anlkdw cell) for three different
cathodic potentials. The dotted arrows show thlacht current reduction after the
accumulation of hydrogen gas bubbles on the steédee under static conditions. In
the case of 300 s and 500 s cathodic polarizattoa potential of -1.7 V (vs.
Ag/AgCI/KCI) under static conditions, a rapid inase in the cathodic current density
is detected, which is attributed to the exit of togen bubbles. The formed gas
bubbles during the cathodic polarization decrehseattive surface area and therefore
reduce the cathodic current density under statinditons. According to our
observation during the measurements under statidittons small gas bubbles appear
from the beginning of the polarization process. Sehemall bubbles after become

larger and cover a larger area of the surface agdedse the current density. Further
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increase in the size of the bubbles over the seréxd@ the hydrogen bubble and once
again increases the cathodic current density. Hewemnder the both flow conditions,

the chronoamperograms exhibit almost constant gadter 600 s of polarization.

-1.3 V (static)

v Pl e Shlcands “.lll
] > R -1.5V (static)

hydrogen
bubble exit

- -17V static)
—-1.3 V (flow cell)

i/ mA.cm2

------ -1.5V (flow cell)
m=e 1.7V (flow cell)
e -1.3 V (RDE)
...... -1.5V (RDE)
=== -1.7V(RDE)

T
0 100 200 300 400 500 600

Time (s)

Figure 4.8. Chronoamperograms of steel for three

different cathodic potentials under static

conditions and two different flow regimes.
4.1.3.5. Surface morphology of the cathodicallyapakd steel
Figure 4.9 shows the AFM images of the steel serfaefore and after cathodic
polarization for 600 s at three different cathog@tentials under both static and flow
conditions constructed by the flow cell. The cathogbrrosion of the surface forms
metal particles that are transferred into the sdéde. After a 600 s polarization of the
surface at -1.3 V (vs. Ag/AgCI/KCI) in static modég surface roughness increases
and keeps on increasing as the cathodic potenbet®me larger. This growth
intensifies under flow conditions, with peak hegheaching 44.5 nm, 56.9 nm, and
66.9 nm after 600 s cathodic polarization at -1.3 -¥.5 V, and -1.7 V (vs.
Ag/AgCI/KCI), respectively. It is obvious that spaning of the surface grooves
increases the true surface area.
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Figure 4.9. Atomic force microscopy images of steel (a) befodic polarization
under static conditions, (b) after 600 s cathoditapization by -1.3 V (vs.
Ag/AgCI/KCI) under static conditions, (c) after 68@athodic polarization
by -1.5 V (vs. Ag/AgCI/KCI) under static condigpr(d) after 600 s
cathodic polarization by -1.7 V (vs. Ag/AgCI/K@hder static conditions,
(e) after 600 s cathodic polarization by -1.3 8.(Ag/AgCI/KCI) under
8.6 cm.s® flow, (f) after 600 s cathodic polarization by .51V (vs.
Ag/AgCI/KCI) under 8.6 cirs® flow, (g) after 600 s cathodic polarization
by -1.7 V (vs. Ag/AgCI/KCI) under 8.6 tst flow. The flow conditions
was produced by the flow cell.

Figure 4.10 shows the variation of the roughnesametersR, andR, of steel versus
the cathodic potentials applied under both statit fflow conditions. Her&, andR,
are the arithmetic mean and root mean squaredecatgply, of the deviations in
height from the profile mean value. Both tRgandR, parameters increase with the
cathodic potential; however, they increase with #hepe after the samples are
polarized under the fluid flow that has the greathodic polarization effect on the

surface topography of steel under flow conditions.
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R,/q (nm)

Figure 4.11 represents the SEM images of the seraples before and after 600 s
cathodic polarization under static conditions almivfconditions constructed by the
RDE with a rotation rate of 500 rpm. These imadesrty show the formed metal

particle clusters over the steel surface. It iseexgd that part of the formed metal
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Figure 4.10. The roughness parameters, (&d R) of

the steel surface versus the applied
cathodic potential after 600 s cathodic
polarization in 0.1 M sodium chloride
solution.

particles are transferred into the solution duthngjcathodic polarization.

In image d the characterization of the observedigies was performed by energy
dispersive spectroscopy (EDS). The spectra are shiawFigure 4.12. The EDS
analysis performed on the white part of the metabkter shows sharp peaks of

aluminum and oxygen. Higher intensity of the alummm peak than of iron and

chromium reveals the major part of the white clutteoe AbOs.
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Figure 4.11. SEM images of steel (a) before cathodic polariaatib) after 600 s
cathodic polarization at -1.7 V (vs. Ag/AgCI/KCInhder static
conditions, (c) after 600 s cathodic polarization 4.7 V (vs.
Ag/AgCI/KCI) under flow conditions constructed Ine tRDE (500
rpm) and (d) focused view of image (b).

The EDS spectrum of the black part of the metatteluhowever, shows a sharp iron
peak. Here the second sharpest peak is observetifamium. Considering the lower
intensity of aluminum and oxygen peaks comparethéowhite area of the cluster
depicts the presence of iron and chromium as therraéements in the darker part of
the analyzed metal cluster. In this analysis o#lements such as carbon, silicon,
molybdenum and nickel particles were detected all whkich reveals that the

cathodic polarization process produces metal pestimver the surface.
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Figure 4.12. SEM—EDS spectra of the metal particle clustersnéxt on steel
after 600 s cathodic polarization at -1.7 V (vs/AgCI/KCI)
under static conditions.

4.1.3.6. Electrochemical impedance spectroscopy

The corrosion resistance of steel before and adtrodic polarization under static and
dynamic conditions produced by the flow cell waseistigated by electrochemical
impedance spectroscopy. The Nyquist graphs in Eigut3a show lower imaginary
impedance values after cathodic polarization & Mland -1.7 V (vs. Ag/AgCI/KCl),
while the Nyquist graphs of the non—polarized s&gid the cathodically polarized
sample at a potential of -1.3 V (vs. Ag/AgCI/KCl)mmst overlap. Under flow
conditions, however, the effect of cathodic polatian is clearer. At low velocities
(Figure 4.13b) the Nyquist graphs of the cathotligadlarized steel at -1.3 V and -1.5
V (vs. Ag/AgCI/KCI) overlap. As expected, the smeall diameter of the impedance
graph is observed for the cathodically polarizestlsafter application of a -1.7 V (vs.
Ag/AgCI/KCI) cathodic potential. At a flow velocitgf 8.6 cni.s* (Figure 4.13c) the
diameter of the cathodically polarized graphs desee more significantly, where the
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maximum imaginary impedance of the polarized sefétr applying a cathodic
potential of -1.3 V (vs. Ag/AgCI/KCI) is about &kcnt, which decreases to around 3
kQ cnt after the steel is polarized at -1.5 V and -1.{%. Ag/AgCI/KCI). Moreover,
the graphs for both the static and flow modes stimav the corrosion resistance of

steel decreases with increasing cathodic polaozgtotential, especially for high flow

velocities. Similar results were observed when &Rias used to produce the flow

conditions (not shown).
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Figure 4.13. Nyquist graphs of steel before and
after cathodic polarization for

three different cathodic potentials
under (a) static, (b) low flow
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velocity (1.3 cris?), and (c) high
flow velocity (8.6 crhs?)
conditions. The flow conditions
were produced by the flow cell.

According to the measured potentiodynamic poladpatcurves and the Nyquist
graphs and the obtained AFM images (Figure 4.%git be concluded that as the
hydrogen entry on the surface occurs with greattensity with application of greater
cathodic potential, the cathodic corrosion procelsanges the morphology of the
oxide film and increases the true surface arehd@fteel with more intensity. Greater
amount of the absorbed hydrogen into the oxide filmereases the stability of the
passive layer and increases the corrosion curremsity and therefore decreases the
corrosion resistance of the steel.

These results are in good agreement with the immpeddata reported by some other
authors [42, 57-59] where the application of ththadic polarization process with

greater intensity decreases the diameter of thedkpce graphs.

4.2. Cathodic polarization of 304L stainless steeh a static micro scale

The second part of this work involves the invedtiagaof type 304L stainless steel in
the presence of chloride ions but on a micro stalel. This was performed by
cathodically polarizing the steel in a 1 M sodiuhiocide solution under a 200m
microcapillary. The main idea of the miniaturizatiof the cathodic polarization
process was to study the effect of the geometryhefworking electrode on the
corrosion procedure of steel especially its eftetE,; of steel during the dissolution
of steel in an aggressive media such as NaCl saluti

The microcell setup described in Chapter 3 was usedminiaturization of the

working electrode (304L stainless steel).

4.2.1. Experimental
4.2.1.1. Chemicals
A 1 M sodium chloride solution was prepared usinglgical grade NaCl powder
(Fluka). In addition a mixture of 1.5:1 ratio HNY8,0 (Fluka) was prepared to etch

the sample.

4.2.1.2. Specimen and surface preparation

A 304L stainless steel coupon with the followingewtical composition (wt. %): Cr:
17.65, Ni: 8.59, Mn: 1.75, Si: 0.41, C: 0.017, FO32 and S: 0.005 was used in this
study.
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The preparation procedure of the steel sample @temof 12.5 mm and thickness of
2 mm) was the same as Section 4.1. The microcgpiliameter used in this work is
about 200um (wetted area ~ 314x2@nt). The procedure described in Section 1.3
was followed to make the microcapillary.

Observation of the steel microstructure becamesilples after a surface etching
procedure. Etching was done by immersing a polisstegl coupon in a 1.5 : 1
mixture of HNQ/H,O for up to 80 s [60]. An optical image of the $tesupon after
etching is shown in Figure 4.14. The mean graia eizthe steel was estimated using
the linear intercept method. The main idea of thezhod is counting the number of
grains intercepted by one or more straight lind&csently long enough to yield at
least 50 intercepts [61]. The mean grain size efdteel used in this work is about
19.26um. The latter was obtained after three linear aggpt measurements on three

microscopic images of different areas of the sample

T N
.

Figure 4.14. Optical image of the microstructure of the etché®l3 stainless
steel sample.

4.2.2. Electrochemical measurements

The potentiostatic polarization was performed a¢ filifferent potentials (-1, -1.3, -
1.5,-1.7 and -1.9 V vs. Ag/AgCI/KCI) each with ardtion time of 600 s. Tafel plots
of the steel sample were recorded before and afteln cathodic polarization in the
potential range of -1.5 and 1.3 V (vs. Ag/AgCI/K@hd a scan rate of 10 mV.sThe
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latter allowed us to determine the corrosion pdddsjtcorrosion currents and also the
pitting potentials of the stainless steel underdliferent conditions. In between the
potential polarization at a specific voltage, falld by the linear sweep voltammetry
as described above, the microcapillary was movexhtgher spot of the sample for a
new set of measurements at a different potential.

Each series of the measurements was performedesteal coupon after one surface
preparation procedure in two small surface areaabout 4 x 4 mm next to each
other. In order to test the reproducibility of threasurements the experiments were

also repeated on two other coupons under the sanitions.

4.2.3. Xray photoelectron spectroscopy and atomic forceosgopy

The surface analysis of the measured area aft@l¢ctrochemical measurements was
performed by X-ray photoelectron spectroscopy (8s@rmonochromatized XPS
spectrometer) with a voltage and power of the sowofcrespectively 10 kv and 200
W. Further information about XPS can be found i2][6

Atomic force microscopy was used to investigate iweghness of the catodically
polarized steel. The measurements were performtitdarNanoscope Illa Multimode

instruments applying tapping mode.

4.2.4. Results and discussion

4.2.4.1. Potentiostatic and potentiodynamic poktitn

Figure 4.15 shows the variation of the corrosioteptial E.r), the anodic current
density and the pitting potentigky;) of the steel sample in the 1 M sodium chloride
solution before and after cathodic polarizatione Worrosion potential of steel after
the cathodic polarization decreases as greatertimegaathodic potential is applied.
The potential for the nespolarized sample is around -0.568 V (vs. Ag/AgCIIK&hd
this decreases to -0.627 V (vs. Ag/AgCI/KCI) attes polarization of -1 V during 600
s. By increasing the cathodic polarization to -¥,3the corrosion potential of the
sample decreases to -0.651 V (vs. Ag/AgCI/KCl).afnafter polarizing the sample
at-1.5V,-1.7 V and -1.9 V, the corrosion potahtif steel decreases further to -0.670
V (vs. Ag/AgCI/KCI).

This decreases ik, is attributed to the lower reduction rate of oxyga the
cathodically polarized surface. Part of the gemerajas bubbles (mainly hydrogen)
remains over the steel surface under the micrdaapihnd also in the diffusion layer
and blocks the pathway of oxygen. Therefore, lesggen participates in the

reduction reaction during the potentiodynamic pektion. This decreases the
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cathodic current density in the Tafel plots andtshhe E.., towards more negative

potentials.
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Figure 4.15. Variation of the anodic current

density, B, and E; of steel (a)

before and after 600 s of

potentiostatic polarization at five

different potentials (b) -1 V, (c) -1.3

V, (d)-15V, (e) -1.7 V and (f) -1.9

V (vs. Ag/AgCI/KCl)in a 1 M

sodium chloride solution. Tip

diameter of the microcapillary is ca.

200 zm.
Figure 4.15 also demonstrates that the pit in@rabf the non—polarized steel sample
appears at 0.677 V (vs. Ag/AgCI/KCI) while afteetpotentiostatic polarization of -1
V (vs. Ag/AgCI/KCI), the pit nucleation starts atone negative potentials (0.575 V
vs. Ag/AgCI/KCI) and then continuously drops till580 V (vs. Ag/AgCI/KCI) as
greater negative cathodic potentials are appliéd.fditting of steel starts at less noble
potentials after the cathodic polarization becatige cathodic polarization process
affects the protective oxide layer of the steel arehtes more weak points over the
measured surface. Therefore, pitting initiatesoatek potentials than non—polarized
(cathodically) surface.
Another effect of the cathodic polarization appesrhe anodic part of the Tafel plots

in Figure 4.15 where the anodic/passive currentitierincreases when applying
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higher cathodic potentials. This can be explaimed isimilar way to the previous
section of this chapter (Section 4.1), where tliecef prior cathodic polarization on
a large scale steel disc electrode was discussed.

However, also here the cathodic polarization oélsteder the microcapillary causes
micro cracks/pits on the surface, increases the surface area and promotes the
anodic dissolution of steel. Greater negative adithpotentials affect the oxide layer
with greater intensity and this results in a largarodic current density for
cathodically polarized surfaces than non—polarszauple.

Overall, Figure 4.15 clearly shows that the pittmafential, the corrosion potential
and in general the corrosion resistance depenteagplied cathodic potential which
cathodically corrodes metals—alloys. This currentl dhe potential shift and its
amount are attributed to the hydrogen atoms, whigkorb into the passive layer
during the cathodic polarization process [1].

Similar results were obtained when a modified niagpillary setup with a nitrogen
shielding was used (Figure 3.3). Due to the lovwae rof oxygen reduction and
therefore, a lower cathodic current density ofggbentiodynamic polarization curves,
lower current density (anodic and cathodic) andenmegative corrosion potentials
compared to the potentiodynamic polarization cumwesisured by the non—modified
setup (Figure 3.4).

In contrast to Figure 4.6a, on a micro scale withreerease of the applied cathodic
potential, . Of steel shifts towards more negative potentialsweler, the anodic
parts of the potentiodynamic polarization curvesbamth macro (Figure 4.6a) and
micro scale (Figure 4.15) show a higher currentsidgnfor a greater cathodic
potential. It can be concluded from these two #guthat the differences between the
micro and macro scale corrosion cells with différ@aygen concentration constructed
by the microcapillary and a conventional large sahisc electrode directly affect the
kinetics of the reduction of the dissolved oxygamimg the anodic polarization.
Under the microcapillary the rate of the oxygen ucttbn does not change
significantly. Part of the generated hydrogen bebbemains in the diffusion layer of
the measured surface, blocks the pathway of oxggentherefore, decreases the rate
of the oxygen transfer. However, similar to Figutééa here also the cathodic
polarization process decreases the thickness dlittusion layer which can increase
the rate of mass transfer. The competition betwbese two factors results in the

almost constant cathodic current densities in [Eigut5.
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4.2.4.2. Xray photoelectron spectroscopy

The chemical composition of the corroded area &€ s potentiostatic polarization
at -1.3 V (vs. Ag/AgCI/KCI) was studied by XPS (kig 4.16). The spectra show
only steel elements with the highest concentrafire Fe, Cr). Low intensity peaks
of Na and ClI also were detected which are not raeatl in this figure. According to

these results the expected composition of the dedarea of the steel are mainly
Fe,0; and CyO; plus small amounts of FeGind CrCj.
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Figure 4.16. XPS spectra of the corroded area of steel after a
potentiostatic polarization at -1.3 V (vs. Ag/AdCI)
in a 1 M sodium chloride solution. (a) survey spatt
(b) FeO; and (c) CpO; spectra with the relative
references.

4.2.4.3. Atomic force microscopy

Figure 4.17 depicts the surface morphology of teelssample after 600 s cathodic
polarization at -1 V (a) and -1.7 V (b, c) (vs. AgCI/KCI) under a 200um
microcapillary. Similar to Figure 4.9 (Section 4.lhigre also applying greater cathodic
potential results deeper valleys and higher ridigegigure 4.17a the peak heights of
the polarized surface after applying -1 V (vs. AgOVKCI) cathodic potential is
about 80 nm which this reaches to 2000 nm aftelyayp-1.7 V (vs. Ag/AgCI/KCI)
(Figure 4.17b). The formed metal nanoparticlesrduthe cathodic polarization are
clearly observed in Figure 4.17c. despite the cotioeal setup, under the capillary
setup all produced corrosion products or nanopesti;emain on the surface of the

sample.
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Figure 4.17. Atomic force microscopy
images of steel (a) after
cathodic polarization at -1
V for 600 s, (b,c) with the
same duration at -1.7 V
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4.3. Conclusions

This study investigated the effect of cathodic pe&ion on the electrochemical
corrosion of stainless steel under micro/macrdcseatd macro flow conditions with
two different flow regimes. In macro scale levehysetely opposite effects on the
rates of oxygen reduction were found under stagaadtflow conditions produced by
the flow cell with vortex flow regime, while the dgmic conditions constructed by
the RDE showed similar results with the stagnantddemns only with higher current
density. Under static conditions, the cathodic pmddion accelerates the mixed
charge transfer—-mass transfer oxygen reductiorepsoby decreasing the thickness of
the diffusion layer at the metal—electrolyte inded. This increases the rate of oxygen
reduction reaction during the anodic corrosion t#ek and therefore, the higher
cathodic current density of the cathodically pded steel shifts the corrosion
potential towards nobler potentials. Under macadesfiow conditions, depending on
the flow regime applied over the steel surface rdurihe potentiostatic and
potentiodynamic polarization processes the thicknefk the diffusion layer may
decrease or increase. Similarly the flow regimedpoed by the RDE reduces the
thickness of the diffusion layer during the catlvopolarization process and enhances
the rate of the oxygen reduction reaction. Thisaaees the cathodic current density,
the corrosion potential and corrosion current dgnas well. Unlike the RDE,
application of the flow regime constructed by thmnf cell during the potentiostatic
and the potentiodynamic polarizations increaseshtokness of the diffusion layer,
decreases the cathodic current density and corr@sioent density of the Tafel plots
and shifts the corrosion potential of steel towalktss noble potentials. In all the
investigated cases, application of the cathodi@nm@tion results in higher anodic
current density and lower pitting potential. Thessults reveal the key role of the
applied flow regime on the corrosion performancéhefsteel.

On a micro scale however, similar to the macroescadasurements parallel to the
increase of the applied cathodic potential, thedanourrent density increases after
application of cathodic polarization. Also as thaamo scale measuremeriis shifts
towards less nobler potentials during the anodisalution after application of greater
cathodic potential because more weak points arerged by absorption of hydrogen
over the surface.

In both macro and micro scale measurements patieofproduced anodic current
density is attributed to the oxidation of the hygn atoms which absorb the surface
during the cathodic polarization process. Thereftire total anodic current density of

the cathodically polarized steel is the resulthaf ietal dissolution, oxidation of the
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absorbed hydrogen and chloride atoms plus the gigtier effect of hydrogen and
chloride ions.

The observed results in this work are in good agesg with the results reported by
Yang et al. [47], who studied the synergistic dffeichydrogen and chloride ions on
the corrosion performance of 304L stainless siEaty also observed that hydrogen
and chloride ions increase the anodic current deasid also hydrogen enhances the
effect of chloride ions on the pitting potential sieel something which supports our
observations.

Further attentions must be paid on the pH changesglthe cathodic polarization
process especially under static conditions.
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Chapter 5
Investigation of the corrosion behavior of copper

in NaCl solution in micro and macro scales

5.1. Introduction

It is known that the corrosion mechanism of copgestrongly dependent on the
presence of chloride ions. Several attempts toribes¢he corrosion mechanism of
copper in different chloride containing media h#&een reported in the literature [1—
10]. The main differences among the available nwdek the descriptions of the
initial electrodissolution reactions of the bareper. Three reversible mechanisms
have been considered (Eq. 2.41-2.43).

This study investigates the electrochemical coomf copper in macro and micro
systems in various NaCl solutions using two différeorrosion cells constructed by a
conventional large scale electrochemical cell anchierocapillary electrochemical
droplet cell. Ranges of pH and chloride concertratpromoting local and global
corrosion of unalloyed copper are examined, asanglitions promoting breakdown
of the passive oxide film.

Linear sweep voltammetry and chronoamperometry ased to determine
electrochemical surface plots for copper in Na€bath the micro and macro scales.
An experimental design strategy known as centrahpmsite design (CCD) was
implemented to minimize the number of experimerdggquired, and additionally
determine which variable (pH or NaCl concentratioa$ the greater influence on the
corrosion of copper. Furthermore, this design stpatwas able to reveal correlations

between the pH and NaCl concentration.

5.2. Experimental

5.2.1. Chemicals

Sodium chloride solutions were prepared using dicalygrade NaCl powder (Fluka).

The prepared concentrations and pH values ranged @.01 to 5 M and 3 to 11,

respectively. The pH was measured using a digiiaineter (ORION, model: 420 A)

and adjusted with NaOH (4 M) or HCI (37%) purchafedh Fluka as necessary. The
total volume of each solution was 50 mL, of whicB f&hL was used for the

measurements.
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5.2.2. Specimen and surface preparation

All experiments were performed on pure copper cagpaith a diameter of 12.5 mm
and a thickness of 2 mm (Goodfellow Cambrige L88,9% purity, temper: half
hard). The coupons were ground with silicon carlmdper down to 600 grit and then
polished with a polishing cloth (MicroCloth, Buehleusing 1.0pm and 0.5pm
alumina in sequence. Finally, samples were wash#d distilled water and rinsed

ultrasonically in ethanol for 5 minutes.

5.2.3. Electrochemical setup

The electrochemical setups used in this work ageséime as the previous chapters.

A microcapillary cell was used for micro measureteerfFor the macro scale
measurements a conventional electrochemical setispuged.

The potentiodynamic polarization measurements \weréormed using linear sweep
voltammetry, in the potential range of -1 to 1 \8.(Ag/AgCI/KCI) with a scan rate of
10 and 1 mV.3 for the micro scale and macro scale measuremessectively. The
high scan rate for the micro scale measurementsselasted to avoid leakage of the
microcapillary (Section 1.5.2.3). The potentiostatieasurements were performed at a
potential higher than the corrosion potential oper (250 mV (vs. Ag/AgCI/KCI))

with a duration of 200 s for both micro and magrstems.

5.2.4. Experimental design

A Box—Wilson central composite design [11] was iempknted in order to design a
short series of experiments to study the pittingeptial, corrosion potential, and
stabilized passive current of copper in sodium Gtko solution. A wide range of
concentrations (0.01 to 5 M) and pH values (3 tp Was investigated at both the
micro and macro scales. The central composite desigables an analysis of the
correlation between these factors and revealsylikateractions between pH and
sodium chloride concentration. The polynomial emuns, response surface, and
central design for a particular response were pbthiusing the statistical software
package Essential Regression 97 [12, 13]. For gererental design with two
factors, the model includes linear, quadratic, emass terms that may be expressed as

follows:

Response b+ B F B F B K F B K F Kk F (5.1)
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The response is either the pitting potentigl), the corrosion potentiaE(,,), or the
passive currentifs). F; andF, are the variable parameters (NaCl concentratiah an
pH, respectively), andb, throughbs are the coefficient values obtained through a
multivariate linear regression. The teby indicates the intercept, which is used in
calculating the error. The statistical significardehe predicted model was evaluated
by an analysis of variance (ANOVA) and least squacdnique. Replicates € 4) of

the central points were performed to estimate dpe@mental error.

5.3. Results and discussion

5.3.1. Potentiodynamic and potentiostatic measuné&ne

Figure 5.1 shows a typical potentiodynamic poldiaracurve of pure copper in 3.82
M NacCl (pH = 9.8) taken at the micro scale levehewe the two peaks represent the
formation of Cu(l) and Cu(ll). The figure also shethe pitting potential, which is the
potential where the pitting starts, and is indidaby a rapid rise in the oxidation

current.
1E+04 -
1E+03 E
: ] ]
< 1E+02 A -
= ] g
~ °
-~ o
£
1E+01 - 3
1 E+00 — 7T 7T
-0.5 -0.3 -0.1 0.1 0.3

E (V) vs. Ag/AgCI/KCl sat.

Figure 5.1. Potentiodynamic polarization curve
of pure copper in 3.82 M NaCl (pH
= 9.8) obtained wusing a
microcapillary with a tip diameter
of ~100m. The numbers 1 and 2
indicate the position of the peaks
representing the formation of Cu(l)
and Cu(ll), respectively.
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Figure 5.2a shows similar curves taken at diffeqgrtvalues (acidic, neutral, and
alkaline). In all cases, peaks 1 and 2 can be lgl&dentified, which is not the case
when using a conventional macro scale setup. Iratter case, two separate anodic
peaks can only be distinguished at highly alkafirevalues [14].

Figure 5.2a—d also shows the variations of thengitind corrosion potential of copper
parallel to the variations of the pH and the Na@leentration at the micro and macro
scale. At the micro scale, the pitting potentiatopper decreases from 546 to 270 mV
(vs. Ag/AgCI/KCI) with increasing pH values (3, @nd 11, respectively) (Figure
5.2a). Higher concentrations of NaCl in neutral @Hl result in increasingly lower
pitting potentials for copper (Figure 5.2c).

The macro scale potentiodynamic polarization curgésopper in Figures 5.2b,d
reveal a very short passive area in the anodicomegéspecially for high chloride
concentrations. The passive area before the pieation (and therefore the pitting
potential) is detectable only for low chloride centrations (0.01 M). Thé&.,, value

shifts towards more negative potentials as therildaoncentration is increased.
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(d)
Figure 5.2. Potentiodynamic polarization

curves of pure copper for

various (a, b) pH values and

(c, d) NaCl concentrations at

both micro and macro scales.

The tip diameter of the used

microcapillary is ~10Q:m.
Figure 5.3a—d shows the potentiostatic polarizatanves of copper in NaCl for
different pH values and different chloride concatitms in micro (a and ¢) and macro
(b and d) systems. At the micro scajgssof copper shows a sharp decrease at neutral
pH (7) whilst the values at acidic and alkaline guid higher (Figure 5.3a). In addition,
higher NaCl concentrations show higher passiveeotiensities for the micro system
(Figure 5.3c). Figure 5.3b,d shows that highggvalues are obtained at neutral and
acidic pHs and higher chloride concentrations, #mat changes in pH have no
significant effect on the response in acidic anatra pHs.
In this figure the initial current density is duethe dissolution of copper to cuprous
cations that react in turn with dbns from the solution and form CuCl and further
CuCl'. The decreases in the current density with tineecare to the formation of a
porous oxide layer (GO@). The formation of the oxide layer provides prti
protection and does not allow the current to ingeea
The corrosion of copper with an oxide film typigalitarts with the removal of the
passive oxide layer, followed by oxidation of trepper to different oxidation states.

This process forms corroded pits, which are detettteough the rapid increase of the
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oxidation current. Figures 5.2a, 5.2c, 5.3a ana Hh&refore suggest that in micro

scale systems the pit corrosion of pure copperottiusn chloride solutions occurs

more readily at higher NaCl concentrations and lmlkapH values; however, the

passive current of oxide film breakdown is higheraaidic pH and high NaCl

concentrations. In macro scale systems the comop@rameters of copper are

dominated by the chloride concentration.

3 E+01

3 E+01 1

2 E+01 1

cm?

if pA

1E+01 -
5E+00 -

0 E+00

1E-01

9 E-02

7 E-02

i/ A.cm2

5 E-02

3 E-02

8 E-03

2 E+01 1

micro
e Cu in 2 M NaCl, pH =3

Cuin2 M NaCl, pH=7

Cuin2 M NaCl, pH=11

0 20 40 60
Time (s)
(a)
] macro
] e Cu in 2 M NaCl, pH = 11
] e Cu in 2 M NaCl, pH = 3
] Cuin2M NaCl, pH=7
] ~—
0 20 40 60
Time (s)

(b)

109



Chapter 5
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Figure 5.3. Potentiostatic polarization curves of
pure copper for various (a, b) pH
values and (¢, d) NacCl
concentrations at both micro and
macro scales. The tip diameter of
the used microcapillary is ~1Q6m.
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5.3.2. Central composite design

Two main questions remain. Which factor is morenigicant in each system? What is
the correlation between these two factors? To anfvese questions, an experiment
was designed using the central composite desighadein order to create a clear
surface map of thé&co(macro) Epit(micro) @Nd Ipass(microimacrovariations versugpH and

sodium chloride concentration. The significanceeath variable was investigated.

This central composite design consists of 12 measents for each response

(Epit(microp Ecorr(macroy@Nd ipassmicromacrdy Table 5.1 shows the levels of the coded and
actual experimental variables that were tested tlamdorresponding response of each

experiment.

Table 5.1. Design matrix and relative Jg ipass and Eo values in macro and
micro systems in the central composite designviorfactors: NacCl
concentration (molar) and pH. The letter “a” in thexperiment
column indicates the replicate measurements.

Experiment | Fy: [NaCl] | F,: pH Epit(micro) Ecorrmacro) | ipass(micro) | ipass(macro)
(M) (V) (V) (WAcm?) | (Acm?
1 0 2 0.186 -0.302 26.5 0.0105
2 0 -2 0.167 -0.324 27.15 0.102
3 0 0 0.41 -0.281 13.1 0.099
4 1.414 -1.414 0.374 -0.31 44.35 0.1472
2 0 -0.063 -0.313 24.7 0.182
6% 0 0 0.364 -0.287 129 0.0864
7 0 0 0.373 -0.28 12.9 0.0946
-1.414 1.414 0.539 -0.247 7.83 0.0314
-1.414 -1.414 0.311 -0.239 9 0.0327
10 -2 0 0.781 -0.210 0.102 0.0007
11 1.414 1.414 0.241 -0.332 22.65 0.163
12 0 0 0.396 -0.262 13.25 0.08
Coded value 0.01 3 - - - -
(-2)
Coded value 0.59 4.1 — — — -
(1)
Coded value 2 7 - - - -
©)
Coded value 3.828 9.8 — — — -
(+1)
Coded value 5 11 — — — -
(+2)
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Figures 5.4a and 5.4c show respectively the regpsnsface plots of the pitting
potential and the stabilized passive current ofpeopversuspH and the NacCl

concentration on the micro scale level.
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Figure 5.4. Response surface plots obtained from the
central composite design by plotting pH
vs. NaCl concentration for (a),Eand (b)
E.or Of copper at the micro and macro
scale, and (c) and (d),4s of copper at
the micro and macro scales respectively.
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The pitting potential surface plot (Figure 5.4ajdestrates that the most corrosive
medium for copper is a high NaCl concentration #band a highly alkaline pH
(~11) whereE,; = -0.3 to -0.2 V (vs. Ag/AgCI/KCI). The highesttimg potential, on
the other hand, is observed at neutral pH valuddam chloride concentration&f; =
0.6 to 0.7 V (vs. Ag/AgCI/KCI). Figure 5.4c showsethighest passive current density
for acidic pH values (pH = 3) and high chloride centrations (~5 M). The passive
current density increases at low NaCl concentras@n5 M) as the pH increases (up
to 11).

Figure 5.4b,d shows the variation &, andi,.ss respectively, against pH and NacCl
concentration at the macro scale. The lowest ciamogotential is observed at high
chloride concentrations (~5 M) and highly alkalpté (~11). This is similar to thE;
variation observed at the micro scale. The highgsthowever, was observed at high
chloride concentrations over a wide range of pHiesl

The p-values obtained from the ANOVA are shown in Tabl@. In statistical
analysesp—values are the most commonly used tool to measvitdience against a
hypothesis model. Thp—value is a probability, with a value ranging fr@dnto 1
indicating the possibility of observing a differenbetween the real value and the

estimated value [15]. Factors with lowefvalue are therefore more significant.

Table 5.2. p—values for each response.

coefficient Epit(micro) i pass(micro) Ecorr(macro) i pass(macro)
b 0.647 0.029 0.000 0.905
b, 0.910 0.003 0.021 0.238
b, 0.119 0.005 0.017 0.479
bs 0.894 0.200 0.024 0.632
b, 0.189 0.002 0.018 0.240
bs 0.260 0.002 0.496 0.540

Table 5.2 shows that in the case of the micro gualeitiation of copper, the obtained
p—values for factorg-; andF, are 0.910 and 0.119, respectively. This confirms a
greater influence of pH variation on the pittinggrtial of copper. The second lowest
p—value (0.189) was observed for the fifth tebn> pH x pH). At the micro scale, the
p—values for the passive current are 0.003 and 0f@Othe first and second factors,
respectively. This suggests that the influencénefNaCl concentration and pH on the
response is approximately equivalent. In this dhselowestp—values (0.002) were
observed for the interaction between the secontbrfap, x pH x pH) and the
interaction of the first and second factobg ¥ pH x [NaCl]). Thep—value for pH

itself (0.005) was also significant. On the maccals, thep—values forE.,, show a
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higher significance for pHp{value: 0.017). Here also the second important isrm
pH x pH @-value: 0.018) and the third important term is N&Ghcentration g~
value: 0.021). In the case igfssimacrofn® NaCl concentration shows a high significance
(p—value: 0.238). It can be concluded that pH hageatgr influence on th&,.,
variations, although the response variation showteeper slope on the NaCl axis at
the macro scale.

A potential-pH diagram of copper in NaCl solutiomyrbe useful to investigate the
composition of the corrosion products of coppediffierent pH values. Figure 5.5
represents the Pourbaix diagram of copper as expday Alfantazi in 2009 [14]. It
demonstrates that the major copper corrosion ptedndNaCl media from acidic pH
to neutral pH depend on the applied potential ardeither CuGr or Cif*, while for
alkaline pH values (~7-14) @b and CuO represent the majority of the corrosion
products. Finally, at pH values higher than 14 potentials higher than 0 V/SHE,
CuQ,”” is the only expected compound of copper corrosion.
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Figure 5.5. Potential-pH (Pourbaix) diagram of pure copper in
the presence of 1 M NaCl solution. The potentiads a
versus standard hydrogen electrode and the lines a
and b indicate the domain of thermodynamic stabilit
of water [14]. (With permission from Elsevier).

5.3.3. Surface morphology
The surface morphology of the various copper sasn@éer potentiodynamic

polarization is shown in Figure 5.6 both for thecneascale (a and b) as for the micro
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scale (c). Comparison of the corroded layers betwemges number 8, 9 and 11 in
Figure 5.6 (a and b) reveals that it is mostly bk concentration which changes the
surface morphology of the formed patina. In thecatrsaturated concentration of 5.0
M, a thick layer of patina covers the surface (Fégh.6 (a and b), image 5), while in
the 0.01 M solution a thin patina layer is formadparts of the sample (Figure 5.6 (a
and b), image 10). Moreover, strangely in the M%olution, in both acidic and
alkaline pH values (Figure 5.6 (a and b), images® 9) the formed patina layers on
the copper surface show a different morphology Mattye grains. In addition, for
images 2, 4 and 11 (Figure 5.6b) inflated pointdaurthe patina are observed, which
is attributed to the formed gas bubbles duringathedic polarization of the surface. In
the micro images some differences in the patinaphawogy are observed. For
instance images 5c¢ and 11c show different shapgatofas compared to the macro
images. However, as macro images, here also, tiherglemorphology of the formed
patinas under the microcapillary supports the ithed it is chloride concentration
which has the more significant role in surface rhotpgy of the corroded copper.

1 mm
—_—
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Figure5.6. (a) Optical images of the anodically polarized pampper in various
NaCl solutions (different concentrations and pHues) on a macro
scale; (b) related SEM images and (c) SEM imageaseforroded
copper samples using a microcapillary cell. The hars indicate
the designed experiments mentioned in Table 5dn &te: macro:
1 and micro 10 mV’s Tip diameter of the used microcapillary:
~100um.

5.4. Conclusions

A capillary—based microdroplet cell and a convemdlolarge scale copper disc
electrode were used to study the variation of sopreosion parameters of copper
versus the concentration of the electrolyte andirpldodium chloride solution. The
combination of chemometrics and electrochemicah dditained by the micro and
macro scale measurements was used to model thesicoriparameters of copper. The
influence of two factors (chloride concentratiordgH) at the micro and the macro
scales was compared. Surface plots were obtaineskdban the recorded
electrochemical data after performing an esserggiession by minimum amounts of
the measurements required. Using these plots, amestimate thEcor(macroy Epitmicro)
andipassmicromacrdf CcOpper for a wide range of pH and NaCl concéianavalues. The
obtained models show that due to the differentasion environments provided by
the micro and the macro scale setups the electnticheresponses of the corrosion of
copper have different intensities. Here also higiveygen concentration under the
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microcapillary causes more corrosion of copper caneqh to the large scale cell. This
directly affects the corrosion parameters investigdy the two systems and can be
easily observed through the 3D models constructed.
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English conclusions

Electrochemical methods have proven their abilitypolid—state surface analysis and
corrosion research. These techniques are usuaijylesi cheap and fast and provide at
the same time large amount of information througtly ca limited number of
experiments.

Recently developed electrochemical techniques allesearchers to miniaturize the
measurement area and to discover the propertiesalfzed corrosion.

Due to the large measured current density and itfte Imiting current, micro scale
techniques provide high-resolution electrochemiespponses. Current densities in the
range from a few femto to pico A.¢nto hundreds of A.cihican be measured.

This work has focused on the corrosion investigatibtwo grades of stainless steel
(304L and 316L) and pure copper in the presencehlafride ions using one of the
recently developed microelectrochemical techniquealled: “microcapillary
electrochemical droplet cell” and conventional &sgale disc electrodes.

Chapter 1 of this dissertation describes varioysiegtions for microcapillary cells in
corrosion research and solid state surface chaizatien as well as some advantages
and technical limitations.

In the second chapter, the history, applicatiorts &so the corrosion mechanisms of
stainless steel and copper in aqueous environmamisespecially in sodium chloride
solutions, have been discussed. This chapter atsdaios a short theoretical
discussion of the use of electrochemical techniguet as voltammetric polarization
and electrochemical impedance spectroscopy.

In the first experimental part (Chapter 3) we haneestigated the effect of
miniaturizing the measured surface of 304L staslegeel on the obtained
voltammetric response using a homemade microcapillaetup during the
voltammetric measurements. This comparison hasaledethat microcapillary
techniques provide different corrosion cells comparto the conventional disc
electrodes and therefore, the electrochemical oetasured by these two cells may
contain serious differences. In the case of migilieay technique used in this work,
it was found that the small surface area undetighef the microcapillary is strongly
under effect of the surrounding area of the migpdizay tip. We have observed that
oxygen, which is known as the dominant factor & ¢athodic partial reaction during
the corrosion process of steel, can penetrate ftioen surrounding area of the
microcapillary through the silicone gasket. Therefothe oxygen concentration

reaches even higher values and the corrosion ef setEurs with greater intensity
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under the microcapillary tip than it does for agkuscale disc electrode. Given these
results, it is recommended to use the microcapill@chnique under controlled
(aerated) environments.

Chapter 4 has shown the effect of prior cathoditanmation on the corrosion
behavior of stainless steel under different condgisuch as static macro and micro
scale levels and also dynamic macro scale systemier two different flow regimes.
The results show that fluid flow has a key roletle corrosion behavior of the
cathodically polarized steel. In the macro scald, ghe dynamic conditions were
constructed using a homemade flow cell with a vofti@v regime and a rotating disc
electrode with vertical stream lines. The resudtgenled that the applied flow regime
during the cathodic polarization process has actegffect on the anodic polarization
behavior of steel. Under static conditions, morgatige cathodic potentials shift the
corrosion potentialE.,,) of steel towards more positive potentials aftethodically
polarizing the steel and simultaneously increasectithodic current density. Under
flow conditions, however, it was observed that daeldeg on the structure of the
applied fluid flow the rate of the dissolved oxygeduction can increase or decrease
with greater cathodic polarization and therefoiftghe corrosion potential of steel
towards more positive or more negative potentiedpectively. Reducing the cathodic
current density and shifting the corrosion poténifasteel after cathodic polarization
towards less noble potentials was observed wheanzemade flow cell was used.
Opposite results were obtained when the cathodiarigation was applied under
static conditions or under the flow regime congidcby a rotating disc electrode.
Electrochemical impedance spectroscopy of the geldrsamples under both static
and flow conditions with two different flow regimesvealed cathodically polarized
steel to have lower corrosion resistance under ftonditions, especially for high
velocities.

On a static micro scale it was found that, in casttto macro scale systems, the prior
cathodic polarization of steel decreases the camgsotential due to the decrease in
the rate of oxygen reduction process. A modifiedrogapillary setup also was used
in this work and the same series of the measuremesd performed under the aerated
conditions. Similar to Chapter 3, here also remowélthe oxygen from the
surrounding area of the tip reduced the total acurrdensity and improved the
reproducibility of the measurements.

Chapter 5 is a combination of the electrochemicatasion study of pure copper on
micro and macro scale levels with a chemometricgtegty which has been used for
experimental design. In this chapter the effectpldfand chloride concentration on

the electrochemical corrosion of copper in agueda€l media have been studied at
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the micro scale using a microcapillary droplet @aid at the macro scale using a
conventional large scale disc electrode.

Using an experimental design strategy, electroct@mesponse surface models of
copper versupH and NaCl concentration have been constructell aitminimum
number of experiments required. Results show thatelectrochemical behavior of
copper under corrosive media shows significantedsffices between the micro and
macro scale experiments. At the micro scale, thmpiation of copper occurs at more
negative potentials for high NaCl concentrationd aikaline pH values. Also, the
micro scale potentiostatic measurements indicagbehistabilized passive currents at
high NaCl concentrations and low (acidic) pH valuessthe macro scale, the pH has
shown to have a greater influence on the corrogimtential. The chloride
concentration is the most significant factor in fressive current case while at the
micro scale the effect of these two factors onphssive current has been found to be
the same. These differences in the corrosion pegoce of copper in micro and
macro scale measurements are directly relatedferatit properties of the micro and
macro corrosion cells constructed by the two setups

Reading this dissertation one can get familiar vilih application of electrochemical
techniques in corrosion research. Especially, mrelemirochemical techniques and
their key differences with conventional large sc#dehniques. Furthermore, the
performed research which have been discussed thooughis dissertation opens new
views and reveals new challenges for corrosioraresers.

As future research one can consider the flow magpdiary setup for the
quantification corrosion study of different metalsd alloys hyphenated to different
chemical analysis techniques. As it has been dsecus the first chapter, the double
channel flow microcapillary setup combined with UNs-and ICP—MS techniques has
been introduced by some research groups. Howdwsiistalready a future plan in our
group to quantify the outlet stream of the flow roapillary setup by a voltammetric

technique using another electrochemical setup.
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Nederlandstalige samenvatting

Elektrochemische methoden worden standaard ingemset studies aangaande
vastestofchemie en corrosie—onderzoek, gezien amgdans grote hoeveelheden aan
informatie leveren via een beperkt aantal metingbteer recent ontwikkelde

elektrochemische methoden laten toe om de groodte et analysegebied te
reduceren en op die manier eigenschappen van hettgseren oppervlak te kunnen

meten op zeer lokale schaal.

Dit werk beoogt een bijdrage te leveren in dit $émtonderzoeksgebied. Meer
specifiek spitst het zich toe op het corrosie—onalek van twee typen roestvrij staal
(304L en 316L) en zuiver koper in de aanwezigheid ¢hloride—ionen en dit met
behulp van een eigen ontwikkelde microcapillairekebchemische cel. In wat volgt
wordt een overzicht gegeven van de verschillengedsn die aan bod komen in het

werk.

Hoofdstuk 1 beschrijft de verschillende toepassingeor microcapillaire cellen in
corrosie—onderzoek en vastestofchemie en bespmrmkinaast de voordelen en

technische beperkingen van deze techniek.

In hoofdstuk 2 wordt de geschiedenis, de toepasgimg het corrosiemechanisme in
aanwezigheid van chloride-ionen van roestvrij staekoper besproken. Dit hoofdstuk
bevat ook een korte theoretische beschrijving vanstindaard elektrochemische

technieken, waaronder voltammetrie en impedantespcopie.

Hoofdstuk 3 bespreekt de inviloed van de reducti@ e grootte van het
analyseoppervlak van roestvrij staal op de voltatrisahe respons besproken. De

resultaten worden vergeleken met conventionel@nutietrie.

In hoofdstuk 4 wordt het effect van voorafgaand¢éhédische polarisatie op het
corrosiegedrag van roestvrij staal bestudeerd ostd¢ische en dynamische condities.
Voor de dynamische opstellingen worden twee vlo#istwegingen bestudeerd, met
name een lineaire en een andere veroorzaakt doorogerende schijfelektrode. De
metingen worden uitgevoerd met de microcapillalekteochemische cel en via een

conventionele opstelling en worden vergeleken.

Hoofdstuk 5 bestudeert het corrosiegedrag van euk@per op micro— en
macroschaal, waarbij voor de uitvoering van de mgetih gebruik werd gemaakt van

een “experimental design” (chemometrische methode).
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Het werk wordt afgesloten met conclusies aangaaetieverk en een standpunt wat

betreft potentieel toekomstig onderzoek in hetaetfdmein.
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