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Abstract

Influence of flow on corrosion behavior of stainless steel, brass and aluminum was
studied using electrochemical measurement techniques. Flow effect was tdentified
by coniparing erosion-corrosion situations with pure corrosion studies. For this
purpose, polarization techniques and open-circuit potential measurements were
applied in both quiescent and flow conditions. A closed flow-loop in combination
with submerged impinging jet system was used to simulate fiow conditions similar
to industrial fluid flow at bends and disturbed conditions. The experimental setup

showed satisfactory performance within the range of operation.

Polarization behavior was observed in artificial seawater, sodium carbonate and
ferrous sulfate.  Active-passive behavior was observed for stainless steel in all
environments (except in ferrous sulfate with ferric chloride). Brass and aluminum
showed active-passive behavior with sodium carbonate. However, in flow condition
passive zone of aluminum was totally absent. The polarization curves were found

to shift with increasing flow rates indicating increase in corrosion rate.

Open-circuit potential (OCP) transient of the observed metals/alloys indicated
the nature and extent of corrosion on the sample by the environment. QCP was
obtained in artificial seawater and sodium carbonate solution. Three clistinct type
of curves were found for all the metal-environment combinations. Increasing OCP
potential indicated noble metal behavior while decrease in OCP indicated corro-
sion of the material in the exposed environment. Directional shift in the OCP
indicated changes in the surface phenomena. Hence, shape of these curves pro-
vides information about the nature and extent of metal environment interaction.
Experimental observations showed the applicability of open circuit measurement

for on-line corrosion monitoring,
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Chapter 1

Introduction

1.1 Background

Corrosion is a phenomena as old as the history of metal. Oxides are thermody-
namically more stable than the metal and hence, metals corrode spontaneously
to form their oxides. Costs involved with corrosion (direct or indirect) are huge

(Appendix A) and therefore a lot of effort is put into corrosion research.

Chemical process industries deal with various chemicals and most of the processes
are continuous or semi-continuous. A relative motion exists between the moving
fluids and the construction materials, In such a situation, corrosion process Is
intensified by the combined mechanical and chemical effects of the environment.

This synergistic effect is termed as erosion-corrosion.

Historically, erosion-corrosion became a problem with the copper alloy condensers
of British naval ships [1]. Erosion-corrosion of copper alloys has been an ongoing
problem since then. The other major problem areas are (a) power plants where
steels are exposed to water or water/steam mixtures in the temperature range 90-
280°C; (b) the oil and gas industries where steels are exposed to various liquid, gas
and sometimes solids; (¢) pulp and paper industries where materials are exposed

to sulfur containing chemicals.
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Erosion-corrosion can occur in different situations: in absence or presence of solids
and gases. Hence, there is no widely acceptable mechanism of erosion-corrosion.
However, there are suggestions that the corrosion process is enhanced by increased
mass transfer and/or mechanical force impacts on the surface [2, 3]. Therefore,
models to predict erosion-corrosion are not readily available. Experimental stud-
ies are best way to predict occurrence of erosion-corrosion. In addition, some

monitoring techniques have been also developed for online monitoring [4].

The most severe erosion-corrosion problem in single-phase flow occurs under con-
ditions of disturbed turbulent flow at sudden changes in the flow geometry, such
as bends, heat-exchanger-tube inlets, orifice plates, valves, fittings, and in turbo-
machinery including pumps, turbine, and propellers. In sifu experiments can be
performed to analyze erosion-corrosion behavior of metals. However, such large
scale experiments would require huge time. On the other hand, small-scale labora-
tory studies require less time and cost less. Design of experiments with appropriate

correlation to the actual large-scale system, therefore, can be verv effective.

Several systems has been proposed for studying erosion-corrosion. Among them
rotating disk electrode (RDE) has been used by numerous researchers. Rotating
cylinder electrodes also found to be atiractive and recognized as a useful to tool
to study velocity sensitive corrosion [5, 6]. Though, flow, heat and mass transfer
equations for these systems are well developed they are far from the geometric

similarity of the actual industrial systems.

Liquid impingement systems have three variations, namely, free-jet, submerged jet
and jet-in-slit [7]. Free-jet systems are well adopted for studying erosion-corrosion
by liquid droplets and slurry erosion-corrosion [8-11]. Jet-in-slit test has also
been used for flow-induced localized corrosion and slurry erosion-corrosion studies
[7, 12]. However, the impinging fluid has to travel through air before impinging
onto the metal surface for both these systems unlike the real conditions in process
flow where the metal surfaces are exposed to fluid impacts in submerged conditions.
As a result submerged jet systems have been adopted by many researchers [13, 14].

For the current study the latter approach has been selected.
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Use of corrosion coupons are simplest form of corrosion monitoring. Corrosion
coupons are carefully machined thin metal bars inserted into external coupon
holder in the test environment. Coupons are pre-weighed before testing. After
exposure, coupons are weighed and/or examined microscopically to assess the

mode and extent of damage.

On the other hand, Electrochemical technigues provide a viable method for rapid
prediction or evaluation of corrosion. Their applicability arises from the fact that
most aqueous corrosion processés involving metals require the transfer of charge
across the metal-solution interface. Electrochemical measurements in Howing so-
lution can provide data on (a) the rate of general corrosion and the possibility of
other forms of attack, (b) mechanism, {c) the characteristics hydrodynamic param-
eters, and {d) the composition of the solution by electro-analytically monitoring
compositions or measuring red-ox potential, pH etc. [15]. For the current study
electrochemical techniques (e.g. polarization and open circuit potential measure-
ments) have been used to take their advantages (e.g. shorter test period, online

monitoring ete.) compared to weight-loss method (coupon test).

1.2 Objective of the Study

The objective of the study was to identify the effect of flow on corresion behavior
of several metal/alloys, namely, stainless steel, brass and aluminum, in different
corrosive environments. The study included observation of open circuit potential

and polarization diagram in absence and presence of flow.

1.3 Scope of the Study

Selection of the metal/alloys and corrosive environment were dictated by the their
availability and cost. Corrosive environments were created by dissolving commer-
cial grade chemicals in distilled water Huge chemical requirements and high cost

prevented use of analytical grade chemicals.
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The experimental system was first characterized to check it’s suitability to perform
the study. After proper surface preparation metal/alloy specimens were exposed
to corrosive fluids, first under stagnant conditions and then with flow conditions.

Electrochemical measurements were made to identify flow effects.

1.4 Thesis Organization

Chapter 1 is the introduction to this thesis. Summary of the background and

thesis organization are also included in this chapter.

Chapter 2 provides an overview of erosion-corrosion. Hydrodynamic factors af-
fecting corrosion are briefly discussed. Current understanding of erosion-corrosion
mechanism, relative roles of erosion and corrosion and remedial measures for

erosion-corrosion are explained.

Chapter 3 describes methodology for erosion-corrosion testing. Different systems
used for erosion-corrosion study are discussed. Correlating criteria for experi-
mental results with the large-scale systems are provided. Electrochemical instru-
mentation of corrosion study are briefly discussed. Different corrosion monitoring

techniques are also discussed.

Chapter 4 includes experimental methods and materials. Material specifications

and detailed description of the experimental rig are provided.

Chapter 5 provides the results of the experimental studies. The observed results

are also discussed.

Chapter 6 states the conclusions drawn from the current work and suggests possible

direction for future research.



Chapter 2

Literature Review

2.1 Introduction: Forms of Corrosion

Depending on the environmental conditions and the nature of the metal involved
corrosion can take many forms. Corrosion can be classified in five broad groups.
When all areas of the metal corrode at the same rate it is called uniform corro-
sion. In case of localized corrosion, certain areas of the metal surface corrode
at higher rate than others due to heterogeneities in the metal, the environment
or in the geometry of the structure as a whole. Pitting occurs due to highly
localized attack at specific areas resulting in small pits that penetrate into the
metal and may lead to perforation. In selective dissolution, one component of
an alloy (usually the most active one) is selectively removed. Conjoint action of
corrosion and mechanical factors also causes localized attack or fracture due
to the synergistic action of mechanical factors and corrosion. Eroston-corrosion,
fretting corrosion, impingement attack, cavitation damage, stress corrosion crack-
ing, hyvdrogen cracking, etc. falls into this category. Potable water distribution
networks, fossil fuel and nuclear power industries, transportation sector, chemical
processing, pulp & paper, pharmaceutical, food & beverages, and petroleum &

petrochemical industries use metals and therefore encounter frequent occurrence
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of various forms of corrosion. Figure 2.1 shows types of corrosion that can occur

in chemical process industries (CPI) [16].

DEWPOINT
CORROSION
PROCESS BUILBUP,
CORRQSION FATIGUE ANY FORM VENT LINE
OF CORROSION
- COMDENSATE
SRD CORROSION
SPARGER !

CONDENSER

§

-

ey
o —
I

Ficure 2.1: Various types of corrosion in chemical process industries

This dissertation mainly focuses on flow induced corrosion, i.e., erosion-corrosion.

2.2 Erosion-Corrosion

Relative movement between metals and environments has an effect on rate of
corrosion, unless both anodic and cathodic processes are activation controiled [3].
Flow induced corrosion problems, encompassing flow enhanced dissolution and

impingement, attack, are generally termed as erosion-corrosion.

Erosion-corrosion is the conjoint action involving corrosion and erosion in the
presence of a moving corrosive fluid, leading to accelerated loss of material [17].

The relative contribution of erosion and corrosion to the corrosion rate may vary



|
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depending on the type of erosion-corrosion. Table 2.1 shows a spectrumn of erosion-
corrosion mechanisms from dissolution dominant to purely mechanical damage

18],

TABLE 2.1: Spectrum of erosion-corrosion processes

| Dissolution dominant

Flow thins protective film to equilibrium thickness which is a function of both
mass transfer rate and growth kinetics. Erosion-corrosion rate is controlled by
the dissolution rate of the protective film.

Film 1s locally removed by dissolution, surface shear stress or particle/bubble
impact; but it can repassivate. Erosion-corrosion rate is a function of the
frequency of film removal, bare metal dissolution rate and subsequent
repassivation rate.

Film is removed and does not reform. Erosion-corrosion rate is the rate the bare
metal can dissolve.

Film is removed and underlying metal surface is mechanically damaged which
contributes to overall metal loss i.e. erosion-corrosion rate is equal to bare metal
dissolution rate plus possibly synergistic effect of mechanical damage.

Film is removed and mechanical damage to underlying metal is the dominant
damage mechanism.

| Mechanical damage dominant

2.3, Flow Fundamentals Related to Corrosion

Corrosion of metals and alloys is a surface phenomenon and is affected by metal’s
interaction with the surroundings. Therefore, what goes to the metal surface has
a significant effect on corrosion. Transport of materials to the surface can be
diffusive or convective. In stagnant condition, diffusion is the means of transport.
However, presence of fiuid movement about the metal surface (or vice versa) would

result convective mass transfer in addition to diffusion.

Flnid flow over a solid surface can be characterized as either laminar or turbulent
(based on Reynolds number). Most of the practical transport processes involve
turbulent flow. Therefore, solid-fluid interaction in turbulent flow must be well

known to understand mass transfer and force impact by fluid on the surface.
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Disruption of boundary layer can give rise to some unwanted observations. There-
fore, hydrodynamics of the system can play an important role in material loss i.e.,

ErOSION-COTTOSioN.

Various hydrodynamic factors related to corrosion are discussed in brief in the

following sections.

2.3.1 Hydrodynamic Boundary Layer

Fluid is assumed as ideal {i.e, frictionless and incompressible) in most of the the-
oretical investigations in the field of fluid mechanics. However, the concept of a
perfect fluid fails completely when solid surfaces interact with the fluid. Existance
of intermolecular attractions in real fluids causes the fluid to adhere to the solid
surface and gives rise to shearing stress. Tangential or frictional forces of such a

fluid are well connected with the viscosity of the fluid.

For a real fluid, the effects of viscosity are obvious at the solid boundary and dimin-
ish rapidly with distance from the boundary. This relatively thin layer of distorted
velocity is defined as boundary layer. Outside the boundary layer behavior of the

real fluid is similar to the ideal fluid.

The turbulent layer can be divided into three regions [19]:

e inertial sublayer (y* > 30)
e buffer layer (30 > y* > 5)

e viscous sublayer (y < 5)

where 11 is the dimensionless viscous length.

Velocity profile for turbulent flow over a plane surface or in a pipe {also known as

universal velocity profile) is shown in Figure 2.2[20)].

Turbulent boundary layer plays a very important role in the corrosion process,

since the movements of corroding chemical species to the wall, chemical reaction
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FIGURE 2.2: The universal velocity profile

with the wall and transfer of corrosion products from the wall take place in this
region. Any kind of disturbances in the boundary layer (e.g. turbulent bursts
and sweeps) have significant effect on important hydrodynamic parameters such
as wall pressure and wall shear stress and thereby have major effects on corrosion

processes [21].

2.3.2 Wall Shear Stress

Wall shear stress is important to erosion-corrosion phenomena where shear-induced

forces damage the surface deposits or passive films. The mathematical definition

<5,
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of wall shear stress, 7, is given by [22]:

ou |
T — )U/ (8_1;)0 (2])

where p is the dynamic viscosity, v is the mean velocity and y is the distance

perpendicular to the surface.

However, Wood {4] suggested an alternative definition which includes the effect of

turbulence also:

A
w = + M —_— 2.2
= n)(&u)o 22
where 7, is the turbulence eddy viscosity.

Wall shear stress that causes the removal of the protective corrosion films is called
critical shear stress {23]. Efird measured the critical shear stresses for copper alloys
using plates parallel to tube flow. However, there are suggestions that the obtained
values are too low to mechanically disrupt the protective layer and the film removal
is actnally associated with mass transport induced surface dissolution, not the wall

shear stress [4, 24].

2.3.3 Mass Transfer Coeflicient
Mass transfer coefficient can be defined as:

o = (2.3)

D
B
where k., is the mass transfer coefficient, D is the diffusion coeflicient for a chemical
species and 4§ is the diffusion boundary layer thickness. Mass transfer (movement
of corrosive species to the metal surface and the movement of corrosion products
away from the metal surface) can significantly affect the reaction rates. T'herefore,
mass transfer coefficient plays important role in corrosion rates, particularly in

erosion-corrosion conditions.
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Corrosion rate can be calculated from the mass transfer coefficient by the appli-

cation of well established mass transfer correlations of dimensionless groups:
" Sh = aRe’Sc” (2.4)

where, Sc is the ratio of momentum diffusivity to mass diffusivity (Schmidt num-
her) and Sh is the ratio of convective mass transport to diffusive transport (Sher-
wood number). «, § and v are the experimental constants and function of spec-
imen composition and geometry. Values of these constants can be found in the

literature [15].

2.3.4 Relationship between Mass Transfer Coefficient and
Wall Shear Stress

Both mass transfer coefficient and wall shear stress are function of fluid velocity
and therefore closely related. The relationship can be obtained using Chilton-

Coulburn analogy:
knd
D

— fRe(Sc!/?) (2.5)

where, f is the fanning friction factor and d is the characteristic length (diameter

for pipe flow).

The wall shear stress for pipe flow is given by:
Tw = flpu®/2) (2.6)

where, p is the fluid density.

Using Equation 2.5 and 2.6, the following relationship between mass transfer co-

efficient and wall shear stress can be obtained:

0.5
km = constant (T—w> Sc~¥/3 (2.7}
P .
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2.4 Factors Affecting Erosion-Corrosion

2.4.1 Environmental Influences
2.4.1.1 Surface Films

Formation and retention of protective films are very important from the standpoint
of resistance to erosion-corrosion. Protective films can be either thick porous
diffusion barriers or invisible passive films. Diffusion barriers {(e.g. red rust on
carbon steel or cuprous oxide on copper) are formed by anodic dissolution of
metal. On the other hand, passive layers are formed by direct oxidation of metals
without entering into the solution (e.g. Cr,0, passive film on stainless steel).
Passive films are expected to withstand more severe conditions than the softer
thicker diffusion barriers which are more easily damaged. However, effect of other

factors such as temperature, pH also needs to be taken into consideration [4].

2.4.1.2 pH

pH plays an important role since the solubility of the protective oxide film in the
solution depends on it. Skold and Larson 125} studied the effect of pH on corro-
sion rate of mild steel and found that maximum corrosion rate occurs somewhere
between pH values of 7.5 and 8.5 in flow conditions. A similar peak of corrosion
rate at pH 8.0 was obtained by Luce and Fontana [26] in their study of the effect’
of pH on erosion-corrosion of mild steel in distilled water using circular rotating

disks at high velocity.

2.4.1.3 Oxygen Concentration

Effect of oxygen concentration on erosion-corrosion depends on controlling corro-
sion mechanism. When corrosion process is mass-transfer controlled, the corrosion

rate is directly proportional to bulk oxygen concentration, Cy o, or Cfp, [4]. The
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value of n depends on flow and geometry of the system. For example, the Berger-
Hau correlation [27] can be used to calculate corrosion rate (CR in mm/y) using

mass transfer rate of dissolved oxygen to a film-free carbon-steel pipe wall:
CR = 4923C} 0,( Do,/ d)Re®* 8% (2.8)

where. Dp, is the oxygen diffusion coefficient.

2.4.1.4 Temperature

Temperature has effect on pH, oxygen and carbon dioxide solubility, solubility of
ionic species, and reaction kinetics. Therefore, temperature can be very influential

in determining erosion-corrosion rates.

Effect of temperature on erosion-corrosion can be explained with the help of Fig-
ure 2.3 [28]. At lower temperature, erosion plays major role. As the temperature
increases, the rate of corrosion product formation increases. Gradually, corrosion
starts to play its role along with erosion, as the corrosion product is continually
removed and reformed. However, at critical temperature, the corrosion product
layer becomes sufficiently thick and strong enough to resist erosion. I'rom this
point, the erosion-corrosion rate decreases with time. The effect of alloy corrosion
resistance is also shown in the figure. Here, alloy 1 is more susceptible than alloy
2. Hence, change in erosion-corrosion rate is slower and alloy 2 has a different and

higher critical temperature.

2.4.1.5 Biofouling

Metal surface, when immersed into an aquatic environment, quickly adsorbs dis-
solved organic and inorganic substances. Biofouling of the metal surface follows as
the surface is then colonized by microorganisms including bacteria, microalgae and

fungi. Biofilm formation and generation of extracelluar polymeric substances (e.g.



Chapter 2. Literature Review .. 14

erosion-corrosion rate

Temperature

Ficure 2.3: Effect of temperature on erosion-corrosion of two alloys
of different corrosion resistance

polysaccharides, uronic acid) can play an important role in the erosion-corrosion

of metals [29].

2.4.1.6 Velocity

Velocity plays a very important role in erosion-corrosion of metals/alloys. Velocity
can highly affect the corrosion mechanism. Protective layer can easily break-down

at high velocities, specially in presence of suspended solids.

Increased velocity can increase or reduce attack, depending on the mechanism
involved. Corrosion of steel increases with velocity due to increased supply of
oxygen or carbon dioxide or hydrogén sulfide. On the other hand, in nitric acid
attack on type 347 stainless steel decreases as velocity increases. Under stagnant
conditions this steel in nitric acid is attacked autocatalytically because of formation
of nitrous acid as a cathodic reaction product. Increasing velocity sweeps away
the nitrous acid and thus removes one of the corrosive agents in the environment

130].

aw
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2.4.2 Nature of Metal or Alloy

Properties of metals/alloys (such as chemical composition, metallurgical history,

hardness etc.) can influence their performance under erosion-corrosion conditions.

o Addition of alloying elements can significantly improve the resistance to
erosion-corrosion. For example, addition of chromium greatly improves erosion-

corrosion resistance of cupro-nickels {3].

e Hardening by heat treatment results in changes in microstructure and het-
erogeneity and generally decreases resistance to corrosion. For exarple, type
304 stainless steel is more resistant then the precipitation-hardened stainless

steel [30j.

2.4.3 Geometric factors

Flow through valves, orifice plates, bends, elbows and heat exchanger fube inlets
disturb fully developed flow patterns and destroys the equilibrium hydrodynamic
and diffusion boundary layer. Boundary layer disruption at disturbed flow lo-
cations gives rise to localized erosion-corrosion. Disturbed flow pattern at heat
exchanger tube inlets gives rise to disproportionately wasteful tube replacement
as only the first three to four tube diameters at the tube inlet are affected with the
remaining tube often being in its original condition when replacement is required

31].

Surface roughness can significantly increase the mass transfer rate. Dawson and
Trass [32] used electrodes of different surface roughness to correlate Reynolds
number with Sherwood number. The experimental results obtained at Sc=1000
showed that the Sherwood number at rough surfaces are higher than the smooth

surface for similar Reynolds number.
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Liquid erosion-corrosion depends only on the normal component of velocity. There-
fore, liquid erosion-corrosion is reduced as impacts become more glancing. How-
ever, when the surface becomes roughened by erosion, the tangential component

also makes some contribution [33].

For slurry erosion-corrosion, impact of solid particle on the surface at an oblique
angle can generate more surface roughness. This is mainly due to the cutting
mode impact of particles at oblique angles rather than the indentation mode at
normal incidence. The surface is more susceptible to pitting type of corrosion

when impact angle is in between 30-40° {9, 34].

2.4.4 Galvanic Effect

Assembly of dissimilar metals in contact with flowing system can inﬂuence erosion-
corrosion. More anodic surface is then dissolved at an enhanced rate compared to
uncoupled reaction. However, effect of other factors such as anode-cathode area
ratio, temperature, low-field intensity are also needed to be taken into considera-

tions.

Calvanic effect on erosion-corrosion was studied by Al-Hosani et al. by coupling
copper-based alloys to Mo-stainless steels in Arabian Gulf seawater. The corrosion
rates were found to be between 1.33 and 3.0 times in flow conditions then those

measured in stagnant conditions [35].

2.5 FErosion-Corrosion Mechanisms

The effect of relative motion between the electrolyte and the metal surface is

twofold:

e relative movement influence the transport of reactants and products by con- .

vection
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e moving fluids create shear stress and pressure fluctuations on the surface,

and cause wear.

Based on these effects, flow-dependent corrosion can be classified into two wide

areas:
1. Corrosion influenced by convective mass transfer, and

2. Corrosion influenced by mechanical flow effects.

Figure 2.4 shows possible regions of erosion-corrosion interactions between different
flow regimes and corrosion [36]. The areas of interaction of corrosion and slurry
A = shirry erosion ~emrosion

L . B = cavitation €rosion -corrsion
Cavilation crosion C = turbulent flow corrosion

Laminar
flow

Corrosion

Tuthisbent {low Slurry crosion

Ficurg 2.4: Interaction of Erosion and Corrosion

impingement(A), cavitation (B) and turbulent flow (C) are termed as erosion-
corrosion. Among them, in region C the corrosion is influenced by convective
mass transfer. Corrosion in region A and B has effects of mechanical forces which

predominates.

2.5.1 Flow-Enhanced Corrosion

Mass transfer of reactants to and from the metal surface plays an important role

in Aow-enhanced corrosion. In this process, the protective layer on the surface is



Chapter 2. Literature Review : 18

destroyed by chemical thinning enhanced by greater mass transfer rate. Major
problems occur at locations with high mass transfer rates, corresponding to highly
turbulent flow conditions found at downstreams of welds and pipe fittings, at pipe
joints, downstream of valves and orifice plates, at bends and elbows of piping, and

at heat exchanger tube inlets.

In case of flow-enhanced corrosion, the kinetics is usually mixed and can be char-

acterized by three different stages [37):

o mass transfer of species (oxygen or H' from the bulk of the flow to the

surface of the solid}
e mass transfer of the same species through porous surface layers

e reaction at the metal surface

The corrosion rate is dependent on the concentration of the transported species,
convective mass transfer coefficient, material transport constant through the porous

layer and the reaction rate constant at the surface.

Flow-enhanced corrosion for mixed controlled reactions can be represented by the

modified Koutecky-Levich model , given by:.

1 1 1 1 k_q
=—t+t—-= 2.9
feorr t tq nfk + kinFk, (2.9)

where ... 15 corroston current density, i, is activation controlled current density.
iy is diffusion controlled current density, n is number of electrons, /' is Faraday

constant, ki is forward reaction rate and k_; is reverse reaction rate.

From Equation 2.9, it can be seen when the corrosion process is completely diffu- -

sion controlled, a linear relationship exists between the erosion-corrosion rate and
mass transfer coefficient. However, this simple relationship between mass trans-
fer and erosion-corrosion does not always hold and leads to a dependency on kj,.

Reasons for this non-linearity are the following and summarized in Figure 2.5 [18}:



Chapter 2. Literature Review . ' ' 19

removal of a surface film above a critical mass transfer coefficient

interactions of anodic and cathodic areas

coupling of reactions

e mixed control

POF ¥

_;'“‘ n=l

= P n=| sirrgle
wr Feoupled J mass
= ¢ reacan s transfer contal
w=r iPoer ) B3 i SUphuT ack
e irighness

- iotedls
% ’.‘ il"i, f-f
o . aciors o |
& film removed above i - LSl !

o . N L - A

= a critical K velue 7 e parba
Sl st in it in s L activaiion

F cartiol
Zi appper alkboy:
{% - in seowoier
{j "
&
L ™

1 | B 4 8ed

Ficure 2.5: Relationships between erosion-corrosion rate and mass
transfer coefficient

The effect of low on film dissolution is complex and still not well understood and

much more work is required on the fundamentals of the processes involved {2].

2.5.2 Predominantly Mechanical Force Determined Effects

The following mechanical forces can be involved in the destruction of the protective

films and the metal at Aow-systems: o5
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- o turbulent flow causing shear stress fluctuation and pressure impacts
¢ impact of suspended solid particles
* impact of suspended liquid droplets in high-speed gas flow

e cavitation

2.5.2.1 Turbulent Flow

Oceurrence of erosion-corrosion in single-phase turbulent flow can be due to the
enhanced mass transfer rate (Section 2.5.1). However, there is another concept:

damage of the protective film by the wall shear stress caused by the fluid fow.

The term “breakway” velocity was first introduced by Syrett [38], which gave rise
to the concept of critical shear stress for film damage. The value of critical shear
stress, 7w, for pipe flow is given in Equation 2.6. The fanning factor, f can be

written as a function of Reynolds nvmber and relative roughness:
[ = f(Re,e/d) (2.10)

For fully rough pipe, friction factor is independent of Reynolds number and there-

fore, 7, o u?.

Passive films can withstand more severe conditions and are not usually destroyed
by single-phase fluid flow [39]. Therefore, the acceptable velocity for carbon-steel

and low alloy steels are much higher than the copper tubing [2].

2.5.2.2 Solid Particle Impingement

1

Solid particle erosion occurs when hard particles are entrained in a gas or liquid
medium impinging on the metal surface at a significant velocity. In addition to
thick diffusion barriers, this type of impact can also damage thin passive films

leading to erosion-corrosion [2].



Chapter 2. Literature Review . ' 7 21

A simple relationship between the erosion rate (ER) and particle velocity can be
obtained, since ER is a function of the kinetic energy of the particles (proportional

to uﬁ) and the frequency of impacts (proportional to w,):
% ' :
ER o u, (2.11)

In addition to impact velocity, kinetic energy is also a function of impact angle,
particle size and density. Materials, based on the dependence of their erosion
rate on angle of impingement, are broadly classified as ductile or brittle. Ductile
materials (such as metals) have maximum erosion-corrosion rate at low impact
angles (typically 15-40°) [40]. Effect of impact angle on erosion corrosion can

be explained with the help of Figure 2.6 [9]. At normal incidence, the effect

(a) indentation mode

passive
film

passive
film

passive
fiim

FIgUurE 2.6: Plastic deformation by particle impact; (a) indentation
mode, (b) cutting mode I, and (c) cutting mode II

of particle impact is shown in Figure 2.6 (a). However, at an oblique angle of

impingement, particles create scars on the specimen surface. In most of the cases,
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direct material removal does not occur, but a ip of material remains attached
at the end of the impact crater. The craters are deeper but the diameter of the
scar is small compared to the impinging particle diameter Figure 2.6. Such mode
of deformation is known as cutting mode I At lower impact angles, the scars
produced by the particles are shallower and elongate more in the direction of the
particle motion. At cutting mode II, (Figure 2.6 (¢)) corrosion rate decreases with

decreasing impact angle.

For particle size above 100 pm, the size of erodent particles has little effect on
the erosion rate. However, the erosion rate rapidly decreases with particle size
smaller than 100 pm. As the particle size decreases, lower flow velocity is required

to maintain the particles in the suspension and reduce impact frequency [2, 40].

For fully turbulent pipe flow, average particle impact angle is 5°. This corre-
sponds to cutting mode I that cause very little erosion. Nesic showed that for
disturbed turbulent flow a wide range of impact angles is encountered [41]. There-
fore, erosion-corrosion significantly increases in presence of disturbance. Carbon
steel pipe carrying sand-slurry undergoes very severe erosion-corrosion after eight
days exposure to disturbed flow whereas the erosion rate is <1 mm/y for nondis-

turbed flow [42].

For up to 5 mass% solid concentration, erosion rate increases linearly with solid
concentration. However, at higher concentrations the effect decreases because of
particle-particle interaction [43]. Anothef important factor is the relative hardness
of the surface and the impinging particles. When the particles are softer than the

surface, erosion rate is significantly lower [2].

2.5.2.3 Liquid Impingement Erosion

Liquid impingement erosion occurs when a surface is continually exposed to im-
pacts by liquid drops or jets. Blade erosion of steam turbines, aircraft rain erosion

are some examples of liquid impingement erosion.
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Liguid droplet impingement at high velocities on a solid surface can have two

effects which leads to the damage of the surface:

e high contact pressure at the area of impact and

o liquid jetting flow along the surface

For example, impact pressure for water at 500 m/s is about 1250 Mpa, which is

above the vield strength of many alloys [44].

When liquid droplets make contact with the surface, contact is made at a point.
At that instant, a shock wave of the impact pressure is formed which then begins
to travel up into the droplet (Figure 2.7 (a)). Then the contact area spreads out
and its perimeter starts to move radially outward at a speed greater than the
impact velocity (Figure 2.7 (b)). When the contact angle becomes greater than a
critical contact angle,

phi., the shock front detaches itself from the solid surface and moves up along the
surface of the droplet. The compressed liquid then jet out to relieve the confact

pressure Figure 2.7 {c)).

i Shock wave
| e
|
P

7z
1

5o
[, Detached
sheck front

e, Rigi
T AR, surtnte

F1GURE 2.7: Liquid drop impact: (a) initial contact, (b) compressive
stage with attached shock front, and (c) detached shock and jetting
stage

However, fluid-solid interaction becomes more complicated after the formation of
peaks and craters by erosion. Initial contact point will then affect both the impact
pressure and the jetting pattern. A droplet falling on a peak or slope may not
develop full impact pressure. On the other hand, droplet falling in a crater may

produce increased pressure due to shock wave collisions [44].
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2.5.2.4 Cavitation

Repeated nucleation, growth, and viclent collapse of cavities or bubbles in a liquid
is termed as cavitation. Cavitation can occur in any liquid system in which flow

pattern or vibrations can cause pressure fluctuations.

Nucleation of bubbles occur when the pressure of the flowing liquid falls down
below the vapor pressure of the liquid. The bubbles then grow to a stable size and
be transported to the down-stream with the flow. These bubbles becomes unstable
and collapse violently when they reach a high pressure region in the down-stream.
Bubbles can also form and collapse in stationary liquid system that is subjected

to vibrational pressure fluctuations.

The collapse velocity is a function of the hydrostatic pressure under which the
cavity collapses, the volume of the initial cavity and the liquid density. For a 1
mm radius cavity collapsing at 1 atm overpressure in the water collapse velocity

is in the range of 100 to 150 m/s and collapse time is approximately 100 ns.

Collapse of cavities can occur either in contact with the solid surface or away
from the surface. Cavities collapsing away from the surface usually collapse sym-
metrically and produce a shock wave into the surroundings (Figure 2.8 (b)}). On
the other hand, when cavities collapse in contact with surface it forms a liquid

microjet directed toward the solid surface (Figure 2.8 (a)).

Initially, it was thought that these shock waves or jet impacts generated from
bubble collapse are the most likely causes of cavitation. However, impacts of
either kind do not have the ability to prodﬁce damages that are observed during
cavitation. It must be noted that iﬁ all practical cases large number of cavities
are generated at the same time in the low pressure zone. When these clusters
are subjected to increased pressure then they collapse in a concerted manner. The
collapse of the cavity clusters enhance the effects of other cavities. This resultsin a
significant increase in surfacé damage. Similar phenomena has also been observed

for cavitation in stationary fluids due to vibrational pressure fluctuations [45].
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FIGURE 2.8: Collapse of cavity: (a) in contact with the surface, {b)
away from the surface

2.6 Synergistic Effects of Erosion and Corrosion

Erosion and corrosion of metals can involve various mechanical and chemical pro-
cesses (Section 2.5). Simultaneous involvement of mechanical and chemical pro-
cesses and mutual interaction between them significantly increase loss of material,
which is beyond the individual contribution of mechanical wear and. corrosion.
Wood has defined synergy as the difference between erosion-corrosion and the

summation of its two parts [4].

Madsen [46] conducted three types of tests to determine the synergistic effect: (a)
pure erosion test to measure the erosion rate; (b) pure corrosion tests to measure
the corrosion rate; {c) combined tests to measure erosion-corrosion. Synergistic

effect was then found using the equation:
S=T-(E+C) (2.12)

where S is the synergistic effect, 7" is total erosion-corrosion rate, £ is pure erosion

rate and C' is pure rate of corrosion.
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Wood and Hutton [47] analyzed experimental data published by previous workers
including Madsen [46, 48-50] and derived two expressions by plotting S/C vs.
E/C on log-log scale.

g E 1.277
c = exp [1.277111 (5) - 1.9125] = 0.1477 (5) (2.13)

S E Q.755
c = exp [0.755 In (5) + 1.222:| = 3.3940 (5) (2.14)

Equations 2.13 and 2.14 can be used to predict synergistic effects, for medium-
and high-synergistic systems respectively, when pure erosion and corrosion rates

are known.

Synergy between erosion and corrosion was further divided into two components:
increase in mechanical wear due to corrosion, 5', and increase in corrosion due to
mechanical wear, S” [51-53]:

§=5+45" (2.15)

Watson et al. [52] further proposed three dimensionless factors to demonstrate

wear-corrosion synergism. The total synergism factor is:

T—-5

The corrosion augmentation factor represents the ratio of corrosion with wear to

corrosion only and is a measure of effect of wear on corrosion:

C+ 5"
C

The wear augmentation factor represents the ratio of wear plus the synergism of

corrosion on wear to wear only and demonstrates effect of corrosion on wear:

E+ S
E

Ferng et ol [54] used local flow models to predict erosion-corrosion locations in
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steel piping. They assumed erosion-corrosion as a coupled phenomena between
chemical corrosion and mechanical wear which depends on piping layout, fitting

geometry, local distribution of flow properties, and flow chemistry.

Based on their assumptions Ferng et al. divided the erosion-corrosion model into

two major parts: the chemical corrosion model and the mechanical erosion model.

The chemical corrosion model assumed a mixed control corrosion process of dis-

solution of magnetite on the metal surface and the mass-transfer rate of Fe?":

Cc - Yoo
e (2.16)
2’“1? km

where, R is the total mass loss rate, Cyq is the soluble ferrous ion concentration in
equilibrium with the magnetite, C, is the soluble Fe 2* concentration at the bulk

water, and kg is the reaction rate constant.

On the other hand, the erosion model assumed that the oxide layer caused by

corrosion is removed by the action of numerous liquid droplet impacts:

2
m = CSNFE(H)p;Iu

U

(2.17)

where m is the wear rate, C, is the system constant, N is the impingement fre-
quency, fy is a characteristic function, & is the impact angle, p is the fluid density,

w is the normal velocity, and H, is the pipe wall hardness.

The model showed satisfactory results when compared with the practical measure-

ments.

Bozzini et al. [55] developed a model based on the same approach of separating
erosion-corrosion into major parts. The erosion rate model was developed taking
into account the mass flow rate of impacting stream, the impact surface area, and
the impact angle. However, the corrosion model used a coefficient to include the

synergistic damage, f, (0 < f, < 1). The effective current density is thus given
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by the following equation:
Teorr = faia + (1 - fa)"iu (218)

where the subscripts ‘a’ and ‘0’ stand for affected and unaffected, respectively.

The stripping coefficient, f, is defined as:

. (no. of impacts) y (damaged area

: X recovery time = AA,7  (2.19)
control area impact

where ) is the particle flux, 4, is the affected surface area and 7 is the passive

recovery time.

Bozzini et al. analyzed their model to give the single and joint effects of operating
parameters (e.g. flow velocity, particle injection rate) on erosion-corrosion damage.
They showed that synergistic effects can be negative also as annealed CS shows a

reduction in overall corrosion rate with erosion present.

Conflicting results are reported in the literature while performing the tests under
different operating conditions. Wood [56] found negative synergy for UNS 532750
in 3.5% NaCl solution at E,=0.05 uJ (kinetic energy of impacting particles), while
Neville and Hue [57] reported positive synergy for the same metal with Ey of 4 fJ.
Based on these conflicting results Wood concluded that there is a complex rela-
tionship between synergy and kinetic energy, surface roughness, passive film state
and there might be either of the positive or negative interaction: for different sit-
uations. Wood listed various interactive mechanisms and their possible influences

(negative or positive) on erosion ($') or corrosion (S”)[58].

All the studies conducted on the synergistic effects are mainly for slurry-erosion
or cavitation erosion. The synergy in flow enhanced corrosion are rarely studied

and therefore is a potential field to explore.
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2.7 Erosion-corrosion Mapping

Erosion-corrosion is a generic term used for processes involving mechanical wear
and corrosion. The complexity in mechanism of erosion-corrosion are already
discussed in earlier sections {Table 2.1, Section 2.6). Such wide spectrum of mech-

anisms prompted researcher to classify erosion-corrosion into several regimes.
Interaction between erosion-corrosion was first described by Hogmark et al. [59] .
They suggested six possible regimes of erosion-corrosion:

1. corrosion

2. erosion-affected corrosion

3. erosion of the corrosion product without ﬂa,king

4. flaking of_ corrosion products at individual impacts

5. simultaneous eroston of the corrosion product and the metal substrate

6. erosion
However, the above regimes are only based on results from microscopy and the
transitions between the regimes were not defined.

Kang et al. [60] proposed four regimes based on erosion-oxidation studies of pure
metals Figure 2.9. Regime to regime transitions was defined by using an equation
relating scale growth due to oxidation and scale removal due to erosion:

¢ ,
X hofe =k (2.20)

where ¢ is the instantaneous scale thickness, ¢ is time, k.. is the parabolic rate
constant in presence of erosion and k' is the erosion constant. Later, Rishel et al.
[61] subdivided the ‘erosion-enhanced oxidation zone’ into three categories: Type

I, Type II and Type III {Figure 2.10).

f} .
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Sundararajan [62] used the similar approach and developed erosion-corrosion map
showing the transitions between erosion-corrosion regimes as a function of both

the erosion and corrosion variables Figure 2.11.

Oxide scale adherent l

and plastic

Metal Erosion

Oxidation
affected
Erosion

Impact Velociy

N Increasing Particle Flux

Oxide Firosion

Temperature

FIcURE 2.11: FErosion-corrosion map developed by Sundararajan
(1990)

Stack along with other researchers have used erosion and corrosion models from
the literature along with Pourbaix diagrams to develop erosion-corrosion maps
[63-68]. Particle velocity-applied potential, particle velocity-pH, particle velocity-
particle concentration maps were developed. In addition, process control maps
showing the level of wastage in particular environments were developed. A sample

process control map is shown in Figure 2.12

Erosion-corrosion maps can be very helpful for selecting material in a particular
environment. Erosion-corrosion maps also provide valuable information relating
to control of environmental parameters. Process control maps also provide very

useful information for optimizing process parameters to minimize erosion-corrosion

rate.
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Fioure 2.12: Particle velocity-particle concentration wastage map
showing the transition between the wastage levels at an applied poten-
tial of -0.7 V

2.8 FErosion-corrosion Prediction and Control

2.8.1 Prediction

Occurrence of erosion-corrosion can be predicted by using Keller’s approach. An
equation relating erosion-corrosion with temperature, velocity, geometric factors
etc., was developed by Keller [69]. This approach has been further modified
by Electric Power Research Tnstitute (EPRI) and a computer program (CHEC-
WORKS) has been developed. This software can be used to predict erosion-

COITOsion occurrence [3]

Another approach to predict erosion-corrosion is to simulate the practical case in
the laboratory and generate erosion-corrosion data that can be used by correlating
the experimental data to the actual case. This approach of erosion-corrosion will

be discussed in the next chapter.

Online monitoring of erosion-corrosion is possible by adoption of advanced electro-
chemical techniques. Electrochemical noise (EN) is defined as the fluctuations of

electrical quantities such as cell current, electrode potential in electrolytic system.

-
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Sources of EN in corrosion systems can be fluctuations of the concentration of the
reacting species at the metal-electrolyte interface, fluctuations in surface morphol-
ogy, fluctuations in electrode activity, fluctuations in electrolyte velocity etc. By
measuring electrochemical current noise (ECN) and/or electrochemical potential
noise (EPN) can be used to predict changes in flow regime for multiphase flow.
EN has also been used for characterizing the kinetics of the breakdown and healing
processes of passive films continuously abraded by impinging solid particles from
the analysis of EN transients. Details of this technique can be found in literature

(70, 71).

2.8.2 Control
2.8.2.1 Design

Improved design can considerably lower the erosion-corrosion rate. Controlling the
velocity by increasing the flow area and the minimization of the abrupt changes in
the flow system geometry by using long radius etbows, gradual changes in the flow
cross-section, and specifying maximum weld root protrusion are good practices to
minimize erosion-corrosion problem. Damage of heat-exchanger-tube-inlet can bhe

avoided by using plastic inserts.

For slurry erosion-corrosion, damage rate can be controlled by optimizing the
particle size (e.g. by grinding). Appropriate design to reduce the amount of
impacting liquid, the droplet size and the angle of impact is beneficial for liquid
inipingement attack. Cavitation damage of pumps can be avoided by maintaining

a substantial safety margin between NPSH available and NPSH required.

2.8.2.2 Materials

Using more erosion-corrosion resistant but costly materials can be beneficial. For
example, copper tubing in hot water distribution system can be substituted by

stainless steels. However, stainless steel should be avoided for chloride containing



Chapter 2. Literature Review T 34

environments. Alloy containing 20-28% Cr and 2-2.5% C with 2% Mo have good
resistance to slurry erosion-corrosion at pH values down to 4. For more corrosive
environments, alloy should contain less C. Stellite, 12% Cr martensitic stainless .
steel and 17Cr-4Ni precipitation hardened stainless steels are good choice for pre-
venting liquid impingement erosion. In addition to nickel-based and titanium

alloys, high density polyethylene has good cavitation-erosion resistance.

2.8.2.3 Inhibitors

Inhibitors are successfully used in recirculating cooling water system and steam
condensate return line. However, excessive costs in once through systems bas

limited the applicability of inhibitors.

Chromates and nitrates act as passivating inhibitor at high concentrations. On the
other hand chromates at low concentrations act as cathodic inhibitors. However,
chromates are carcinogenic and it’s toxicity made the use limited (< 0.05 ppm in

effluent) in some jurisdictions [2].

Non-chromate inhibitors (e.g. zinc oxide, sodium tripolyphosphate, nitrilotris
(methylene) triphosphoric acid(NTMP}) has been successfully used for recircu-
lating cooling water systems but showed little benefit when used in sand or coal

slurries.

2.8.2.4 Environmental Modifications

Environmental conditioning such as deaeration or raising the pH can be applied.
However, it must be noted that at elevated pH corrosion might increase due to
pitting corrosion. Modification of operating variables such as temperature, flow

rates can be beneficial where wet steam is involved.
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2.8.2.5 Cathodic Protection

Cathodic protection can be used if possible and has sufficient throwing power down

the inside of pipes.



Chapter 3

Laboratory Testing of

Erosion-Corrosion

3.1 Introduction

Prediction of erosion-corrosion occurrence and determination of the relative roles
of corrosion and erosion are prerequisite for the control of erosion-corrosion. Ap-
propriate design modifications and material selection are very much dependent on

these technical know-how.

Information about erosion-corrosion can be obtained from various case studies in
the practical fields. However, collection of such data would require a large time

sparn.

An alternative and suitable way to produce erosion-corrosion data is to design
laboratory experiments. Experimental data is then used for the industrial case
with the use of appropriate cofrelation. Design of experiments is based on the
underlying principles. Therefore, prediction of the mechanism and selection of
appropriate correlation coefficients have significant role on the validity of the data

produced.

36
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This chapter focuses on the testing and monitoring of flow-enhanced erosion-

corrosion.

3.2 Basis of Experiment Design

Effect of velocity on corrosion is a known phenomena. The effect of flow on
corrosion can be governed by various factors (discussed in details in Chapter 2).
However, design of experiments for studying erosion-corrosion is aimed at the

following;:

1. effect of mass transfer
2. effect of shear
3. effect of differential mass transfer

4. effect of multiphase flow

For cathodically controlled processes (corrosion by H' organic acids, oxygen,
Fe®* jons etc.) mass transter of the corrosive species to the wall through the
diffusion boundary layer determine the corrosion rate [72, 73]. Anodically con-
trolled processes can also have flow effects where the flow affects the dissolution
or thinning of the corrosion-product film {corrosion of carbon-steel lines carrying
hot deoxygenated water or wet steam in power plants)[2]. Such corrosion in large-
scale systems can be well approximated by choosing flow systemns with comparable

mass-transfer coefficient.

Wall shear stresses above critical values can cause damage to the protective films.
Moreover, hydrodynamic shear may influence the persistence of filming inhibitors
since they are more loosely bound to the surfaces than the oxide films. Shear
induced corrosion in large-scale systems can be studied by choosing flow systems

with comparable surface shear.
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Differential cell may form between regions of same metal due to exposure to differ-
ing flow fields. Anodic sites may corrode uniformly or in the form of pits. Study
of differential mass transfer effect is very difficult since detailed knowledge of local

flow field in addition to mechanism of anodic and cathodic process is required.

Corrosion in the power plants and petrochemical industries occur mainly in mul-
tiphase flow conditions. Multiphase flow corrosion mechanism may differ from
the mechanisms of single-phase flow corrosion {e.g., mass transfer, surface shear).
However, simulation of the large-scale systems can be performed by incorporating
involved mechanisms {e.g. liquid droplets, slug flow)and comparable operating

conditions.

3.3 Experimental Systems

3.3.1 Rotating Disk

Rotating disk electrode (RDE) is simply a metal coupon machined into a cylinder
and encased in epoxy or PTFE such that only the circular face is exposed to
the corrosive environment. Relative motion between the surface and electrode is

produced by rotating the electrode about its axis (Figure 3.1).

Rotation
4 R
- \ Soead
W
Ed
1
PTFE sipeve i
o =y
"n-..__f-q_“
l Pt disc
2

F1cURE 3.1: Rotating disk electrode

The RDE draws the solution up toward the electrode along the z-axis and then
fiings it out radially across the electrode surface (Figure 3.2). The electrode surface

is uniformly accessible with this centrifugal flow [15].
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FIGURE 3.2: Rotating disk electrode

From simple geometry and circular symmetry about the z-axis, the hydrodynamic
and convective diffusion equations can be analytically solved. Therefore, RDE
is an ideal tool to study systems with complex reactions [74]. Because of it’s

simplicity RDE has been used by many researchers.

Equation for current distribution on the disk for laminar conditions was developed

by Levich [75] equation and given by(in dimensjonless form):

Sh = 0.6205Re™Sc”* (3.1)
2 A
where Re = YT and Sh = M
v D

At higher Reynolds number, three different flow regimes can exist simultaneously
on the disk surface. Chin and Litt conducted detailed study of transition between
flow regimes and found that if Re< 1.7 x 10° flow is laminar; if 1.7 x 10° <Re<

3.5 x 10° flow is transitional and flow is turbulent for Re> 3.5 x 10° [76].

Simultaneous presence of different flow regimes leads to formation of differential
concentration cell as different section of the surface is exposed to different flow
fields. Greater corrosion have been observed at the periphery, when copper disk
was rotated in seawater; the central regions have been relatively unattacked. Iron
disks have shown greater corrosion in the central region than on the periphery.
These ohservations are related to the differential oxygen cell formation. Corrosion
rate at the periphery (where the flow is turbulent)increased due to higher oxygen

transfer rate. On the other hand, iron disks actually passivated at the periphery
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faster than central regions [73]. Therefore, RDE is an appropriate tool for erosion-
corrosion study if the disk is not too large to cause the flow to become transitional

or turbulent at the periphery.

3.3.2 Rotating Cylinder

Erosion-corrosion occurs preferably in turbulent flow conditions. However, RDE
is only applicable for corrosion studies in laminar flow. Rotating cylinder elec-
trode {RCE) is an alternative for RDE and have been successfully used to studj'
flow enhanced corrosion [5, 77, 78]. Basic components of a RCE is shown in

Figure 3.3[79].
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Ficure 3.3: Rotating cylinder electrode

Practical aspects and hydrodynamics of RCE is now well known [75, 80, 81].

Laminar flow occurs only at low rotational speed with a critical Reynolds number

2
of ~ 200 (R.e — %).
2u

Dimensionless group correlation was first reported by Eisenberg et al. [82]:
Sh = 0.0791Re 7S5 (3.2)

Correlation reported by other workers have similar form of Sh = aRe’Sc® with b in

between 0.6-0.748 and ¢ in between 0.27-0.41 [6]. However, all these correlations
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were developed assuming hydrodynamically smooth surface. These correlations

can vary depending upon the type of surface roughness [5].

Two approaches can be used to study erosion-corrosion using RCE: similarity in
the wall shear-stress and similarity in mass-transfer coefficients between RCE and
the large-scale systems [6]. However, for fully developed turbulent flow, the two

approaches are linked (Equation 2.7).

RCE has seen increasing use as a corrosion examining tool for last 50 years. Eix-
amples of using RCE for corrosion evaluation for different alloys and environments
are listed by Silverman [6]. Easy construction, simple application procedure and
well-understood hydraulics have made RCE probably the simplest device to study

corrosion in the turbulent flow conditions.

3.3.3 Impinging Jet

Impinging jet systems consist of a electrolytic jet impinging at 90° onto a metal
specimen [83] as shown in Figure 3.4. In impinging jets, hydrodynamic charac-
teristics and mass transfer depends on both jet to plate distance (H/d) and the
radial position on the plate (r/d) and therefore dimensionless group correlation is

somehow different from other geometries:

Sh = aRe*Sc f(H/d) f(r/d) (3.3)

Hydrodynamic characteristics of fluid jet impinging on a flat plate is shown in Fig-
ure 3.5. Stagnation zone is marked as region A. The velocity component changes
from axial to radial component in this region, with a stagnation point at the center
and ends at ~ r/rq = 2. The stagnation zone has been well characterized in terms
of mass transfer and resembles a rotating disk (region of uniform accessibility)
[15, 73]. However, this region is poorly defined on the basis of wall shear stress

since the flow vectors changes with increasing radial distance [84].

Qk\:“
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FIGURE 3.5: Flow field for a circular jet impinging on a flat plate

Region B extends radially upto r /7y = 4 {85]. Fluid flow in this region is character-
ized by high turbulence, large velocity gradient at wall and high wall shear stress.
This region is of interest for studying erosion-corrosion in high-turbulence area.
This region has not been mathematically well characterized. However, published
work conducted in this region shows that wall shear stress is proporticnal to the

square of the velocity (86, 87):

-2.0
T = 0.179pU2Re™0 182 (1) (3.4)

70
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2rol,
where, Reynolds number is defined as Re = oY%,
v

Turbulence subsides in Region C as the wall jet thickness gradually increases. Flow
in this region is hard to correlate with pipe flow since the momentum transfer and
fluid entrainment is in the opposite direction from the pipe flow [84]. However,

equation developed by Giralt and Trass, Equation 3.4, is still valid for this region.

Jet impingement study has been effectively employed to study flow enhanced cor-
rosion, effect of gas entrainment, disturbed flow, and slug fow as well as effects
of flow on corrosion inhibitor [84, 88-90]. It must be mentioned that the selection
of appropriate specimen size is critical to the observed results. To study effect of
uniform mass transfer the coupon must lie within the stagnation region. If the
specimen size is greater than the jet diameter than the corrosion process becomes
complicated with the possibility of differential oxygen cell formation since the mass

transfer rate varies outside the stagnation region [73].

Examples of several setups using impinging jet for corrosion studies can be found

in the literature [13, 14, 90].

3.3.4 Flow-Loop Systems

Flow-loop systems can be once-through or recirculating. However, recirculating
systems are preferred because of high operating cost of once-through systems. Sim-

ple flow-loop systems can be designed by combining fAuid flow and heat transfer.

Different. geometries can be used in the test section. Flow-loops using orifice [15],
circular tubes [15, 91], square channels [92], elbows [93] have been designed to
study erosion-corrosion. However, while designing the test section it is necessary
to ensure that the pressure drop in the test section must not exceed the pressure

drop for which the pump is selected.

In addition to erosion-corrosion study, flow-loop systems can also be used for

studying performance of inhibitors [91, 94].
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3.4 Selection of Experimental System

Experimental systems discussed in Section 3.3 have been more or less used for
erosion-corrosion study. Selection of systems by the researchers were governed by

the underlying mechanism and the relative merits and demerits of the systems.

Rotating disk electrodes, though extensively used, have some major drawbacks.
Even at high rotational speeds, RDE operates under laminar flow, whereas indus-
trial systems operate under turbulent flow. RCE can operate satisfactorily under
turbulent flow conditions. For both, RDE and RCE maintaining low-resistance

electrical connection is difficult [73)].

Compared to rotating electrodes, impinging jets more closely simulates industrial
flow systems, where the fluid isrmoving and the metal surface is stationery. Flow
pattern developed for the impinging jet systems are similar to that developed at
bends and other location of flow disturbances. These systems also capable of

testing multi-phase flow situations.

Impinging jets can be classified into three categories: free-jet, jet-in-slit and sub-
merged jet. Free-jet and jet-in-slit systems are suitable for studying liquid-droplet
erosion and slurry erosion-corrosion. Submerged jet systems are adopted to study
flow-enhanced corrosion where corrosion is increased by increased mass transfer

and/or increased surface shear.

3.5 Electrochemical Measurements in Corrosive

Environments

Corrosion of metals or alloys in aqueous environment is electrochemical process.
Therefore, a wide range of electrochemical techniques have been developed. Elec-
trochemical techniques have several advantages when compared to weight loss

measurements: sensitivity to low corrosion rates, short experiment durations and

i
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well-established theoretical understanding. Some of the electrochemical techniques

commonly applied are listed below:

e potential measurements

e current measurements

polarization measurements

electrochemical impedance spectroscopy (E1S)

e electrochemical noise {EN), etc.

Among them, potential and polarization measurements are described in the fol-

lowing sections.

3.6 Open Circuit Potential Measurements

Open circuit potential (OCP) is the electrode potential at which no net current
flow through the external circuit of the electrochemical cell. OCP of a corroding
metal/alloy is measured as voltage between the metal/alloy (working electrode)
and a reference electrode using a high-impedance voltmeter. Principle of OCP
measurements are shown in the Figure 3.6. To measure OCP, a reference electrode
(R) is also immersed in the electrolytic solution. To minimize, the ohmic drop it
is necessary to place the reference electrode as close as possible to the electrode
surface (W). In practice, a reference electrode is inserted into a Luggin probe(HL)
and the tip of the probe is placed at about éd from the surface, where d is the
external diameter of the capillary [95]. With such arrangements potential can be
measured using voltmeter (U); amplification of the signal, if necessary, is done by

using amplifiers (MV).

Measurement of OCP can provide:

e A method for determining whether the corrosion system is in the active or

the passive state [96].
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FiaURE 3.6: Electrical circuit for OCP measuraments

e Determination of the potential distribution on the corroding surface (het-

erogenous mixed electrodes) [97].
e Data for corrosion monitoring in a plant or in the field [98, 99].

e Information on the free corrosion potential as the starting point for the

application of electrochemical protection methods.

e Data for control of the protection potential during electrochemical protection

100].

3.7 Polarization Measurements

Correlations between current and potential in corrosion systems are referred to as
current-potential curves or the polarization curves. For polarization measurements
a three-electrode cell is necessary. The metal/alloy under investigation, working
electrode (W), connected with a counter electrode (C) and a. reference electrode

(R) in presence of electrolytic environment. Such a cell is shown in Figure 3.7.
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Figure 3.7: Blectrochemicai cell for polarization measurements

Depending on the position of the working potential to the open-circuit potential,

polarization measurements can be classified into two broad groups:

e Measurements in the vicinity of the open-circuit potential, and

o Measurements far away from the open-circuit potential (>100 mV)

Measurements near the openwcircluit potential are used for the determination of
polarization resistance, and potential and current measurements on corrosion cell.
Determination of polarization curves and pitting, passivation and repassivation
potentials for localized corrosion (e.g. crevice corrosion, SCC, fatigue) are per-
formed by measurements far from the open-circuit potential. Active, passive and

transpassive regions can be distinguished from these measurements.

The polarization resistance, R, is defined as the slope of the polarization curve at

the corrosion potential:
dE

R, - (E) o (3.5)

Measurement of polarization resistance is also known as linear polarization resis-
tance (LPR) measurements assuming a linear relationship between current density

and potential exists around Fq,. This resistance is related to the corrosion current
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deﬁsity, beorr, Dy Stern-Geary equation [101]:

B (1 Bae
w72~ (m) (257) 69

where 3, and f3, are the Tafel slopes for anodic and cathodic reactions respecti{rely.

Value of B is dependent on the systems and required to determine experimentally.
Experimental values of B for different systems have been summarized by Grauer
et al. [102]. LPR has found useful application for on-site real time corrosion
monitoring by providing rapid determination of corrosion rate. Some common

applications of LPR are:

Cooling water systems

Potable water treatment and distribution systems

Amine sweetening

Waste water treatment systems

Pickling and mineral extraction processes

Pulp and paper manufacturing

Potentiostats are used to maintain the working electrode at a constant potential
while measuring the polarization curves. The potentiostat acts as an electronic
regulating device and can produce any required potential-time function. Using

potentiostats following measurements can be performed:

¢ Potential hold experiments in which the potential is held constant for a given

time of the experiment

e “Potentiostatic” experiments for imposing quasistationary states in which
the applied potential is maintained for a certain time. The applied potential

is then changed to the next value.
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e Potentiodynamic (potentickinetic) experiments with a linear change of po-

tential with time.

e Potential on, potential off, potential reversal, potential step experiments with

very rapid changes in potential.

Another important measuring arrangement for corrosion studies is the galvano-
static polarization circuit. Galvanostatic polarization measurements can be per-
formed with the same arrangement used for potentiostatic measurements (Fig-
ure 3.7). A potentiostat can supply constant current by maintaining a constant
voltage across a resistor. The supplied current then flows through the measuring

circuit that is connected in series with the resistor.

However, it must be noted that the potentiostatic and galvanostatic curves for
active-passive metal are not same and passive region cannot be accessed from

galvanostatic polarization curves (shown in Figure 3.8) [95].

204
ifmA cm-2 0o
i
i (b)

] i
i ———————— —(E)-—— - f,

400 800 1200 1600 2000
UVt

FiGURE 3.8: Current density-potential curves for 13% Cr Steel: (a)
0.2 M H,SO,, potentiostatic; (b) 0.2 M Na,S0,, potentiostatic; {c}
0.2 M H,50,, galvanostatic

Applications of galvanostatic and potentiostatic measurements are:

¢ Characterization of the electrochemical systems taking part in the corrosion
process (metal electrode and redox systems, systems with active and passive

behavior, electrode kinetics) [103, 104].
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e Determination of the dependence of dissolution rates on potential, in par-
ticular the estimation of critical potentials such as the pitting potential

[105, 106], repassivation potential [107].

o Dectermination of the potential dependence of rupture time and crack prop-

agation rate in SCC and corrosion fatigue [108].

¢ Potential dependence of selective corrosion of structural components in in-

tergranular corrosion [109j.

o Potential dependence of dissolution rates during cathodic [110] and anodic

protection [111].

e Estimation of corrosion rates solely from current—potential curves.

Polarization measurements can cause irreversible changes in the electrode surface
that can be observed from the hysteresis effect of backward polarization scans
[30]. These changes can be small or large depending on the length of time and

magnitude of impressed current and potential changes.

3.8 Electrochemical Instrumentation

3.8.1 Reference Electrodes

In corrosion tests selection of reference electrodes depends on the corrosive en-
vironment and the aim of the test (Tab.}e 3.1}. The reference electrode selected
should be as similar as possible to the system under investigation. This will ensure
contamination minimization of the reference electrode (e.g. chloride ions diffus-
ing into the sulphate solution of a copper/copper sulphate reference electrode will
change the potential of the reference electrode) and avoid misleading corrosion test
results by ions from the reference electrode entering the test solution (e.g. chloride

ions in a pitting corrosion test in sulphate solution) [112].
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TABLE 3.1: Field of application of various reference electrodes

Electrode system  Electrolyte Field of application
Hg/Hg,Cl,/Cl™ KCI sat. general

Hg/Hg,Cl,/C1™ KCl 1M general

Hg/Hg,Cl,/Cl™ KCl0.1M  general
Hg/Hg,S0,/S02" K,SO, sat. sulfate containing media

Hg/HgO/OH™ NaOH 1M  alkaline media
Ag/AgCl/CI™ KC10.1M  general
Ag/AgCl/Cl™ KC1 3M hot media

Hg T1/TICI KCl 3.56M  hot media
Cu/CuS0, CuS0, sat. Soils, water

3.9 Potentiostat

A potentiostat is a basic equipment required to control a three-electrode cell. It
functions by maintaining the potential of the working electrode at a constant
level with respect to a reference electrode by varying current through an auxiliary
electrode. The potentiostat of Figure 3.9 shows the basic principles of potential

control [113].

_L_/ ctr

FIGURE 3.9: A simple potentiostat connected to a three-electrode cell

As shown in the Figure, the reference electrode is connected to the inverting input
of the operational amplifier. Since the mverting input is a virtual ground, the
reference electrode is at —e; ws. ground. The current through the cell is controlled
by the amplifier so that the reference electrode is always at —e; vs. ground. Since

the working electrode is grounded, ey {vs. ref) = e;.
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However, the controlled voltage always contains a uncompensated resistance loss
due to voltage drop in the solution. This loss can be made negligibly small by

careful placement of the reference electrode with respect to the working electrode.

3.10 Galvanostat

A galvanostat is an electronic instrument that controls the current through an
electrochemical cell at a preset value. In the galvanostat shown in Figure 3.10, the

working electrode is at virtual ground. Current through the cell depends on the

~eyk US. ref

R e

M S ~._ lcall
cC ()
| : i

Figure 3.10: A simple galvanostat

Mo o
|

input potential. The reference electrode is connected to the noninverting input
of F. Thus voltage follower, F, gives the reference electrode’s potential versus

ground, which is —ewk.



Chapter 4

Materials and Methods

4.1 Introduction

A submerged impinging jet system was used to study effect of flow on corrosion.
Stainless steel, brass and aluminum were exposed to different aqueous solutions
at different fluid velocities as well as in quiescent condition. Weight loss method
was applied to study the behavior of the experimental rig. Later electrochemical

methods (e.g. polarization, open circuit potential transient) were also used.

4.2 Experimental Setup

Closed-loop system designed by Easin [114], after several modifications, was used
for the current study. Modifications involve removal of the metallic bend and
tee-section, removal of exiting specimen holder and replacing it with a perspex

specimen holder.

A schematic diagram of the test rig is shown in Figure 4.1. A 150 liter tank
was used to store aqueous solution. Water was circulated from the reservoir by

a centrifugal pump (material of construction: polypropylene). Poly vinyl chloride
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(PVC) pipeline and fittings were used to avoid corrosion which would be experi-

enced with steel or copper tubes.
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Reservoir Centrifugal Pump

FIGURE 4.1: Erosion-corrosion test rig with

submerged impinging‘ jet

To manipulate water velocity at the nozzle exit a bypass line with valve was used.

Water circulation rate through the system was adjusted by varying the opening

of this valve. A pre-calibrated rotameter was installed to measure the water flow

rate. A nozzle of 0.5-inch diameter was used to create the impinging jet. Capacity

of the pump did not permit use of nozzles with smaller diameters.

The specimen holder, made of perspex sheet, could be rotated about its vertical

axis. This enabled conducting impinging test runs for any impact angle between

0° to 90°. The test rig can be used either as submerged jet or free jet. How-

ever, experiments were performed with submerged jet configuration because of it’s

resemblance with the disturbed flow systems commonly encountered in chemical

process industries.
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4.3 Materials

4.3.1 Metal and Alloys

Erosion-corrosion of stainless steel, brass and aluminum were investigated. Optical
Emission Spectroscopy (OES) was used to determine compositions of the metal

and alloys. Table 4.1 shows composition of the metal and alloys used.

TABLE 4.1: Metal/Alloy Compositions

Metal/Alloy Components % Designation
Stainless Steel Cr 17.187 UNS S20100
Ni 2.1167
C 0.10894
Mn 4.9511
Si 0.57588
P 3.04515
g 0.0106
Aluminum Al =99 -
Brass Cu 62.753 CW5H08L
Zn 36.972

4.3.2 Reagents

Commercial grade Na,CO,, FéSO4, FeCl; and raw seasalt were used for prepara-
tion of solutions. These chemicals were dissolved in distilled water to prepare the

solution.

In addition, HCl and HNQOj were used for corrosion product removal for cleaning

the test specimens after experiment.
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4.4 Potentiostat/Galvanostat

HA-303 Potentiostat/Galvanostat manufactured by Hokuto Denko Corporation,
Japan was used for producing potentiostatic/galvanostatic polarization curves.
Saturated Calomel Electrode (SCE) was used as reference electrode while platinum
was used as counter electrode. For potentiostat function the equipment was able to
provide maximum control voltage of £10 V, for galvanostat function the equipment

can provide maximum control voltage of £1 V| equivalent to &3 A current.

4.5 Data Acquisition System

A data acquisition system was developed to collect open circuit potential transient
data. The system has two input channels; one with voltage-follower function and
the other with five times amplification. A micro-controller was used for Analog-to-
digital (AD) conversion. The data acquisition system was connected to a computer

through RS-232 port.

4.6 Experimental Procedures

1. Preparation of Working Electrodes

Rectangular working electrodes were made from commercial sheet (composition is
given in Table 4.1) of 1.5-mm thickness. Since size of the specimen affects corrosion
hehavior [73, 115], specimens were made sufficient large enough (102mm x 76mm)

to nullify the size effect.

2. Surface Preparation

The prepared electrodes were polished to obtain a smooth surface, free of any
physical defects. All specimens were ground on 600 grit silicon carbide abrasive
paper. The specimens were then washed with distilled water, degreased with

acetone, dried with hot air and stored in a desiccator before weighing. The rear and
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the edges of the samples were coated with expanded polystyrene (EPS) solution

in Xvylene to make sure that only the front section is exposed to the flow.

3. Coupon Tests

For coupon tests, Specimen was then placed in the specimen holder and exposed
to the impinging jet for a fixed period. The specimen was then dismounted and
cleaned by washing with distilled water, treated chemically if needed, and de-
greased by washing with acetone. Then the specimen were dried in hot air, cooled

in a desiccator and weighed.

4. Removal of Corrosion Products

Corrosion products can be removed in three ways: mechanical, chemical and elec-
trolytic. ASTM G1-03 standard procedure was applied for chemical removal of
corrosion products. Aluminum was treated with nitric acid for 5 minutes at 25°C.
Brass samples were immersed in HCl (sp. gr. 1.19) for 3 minutes at ambient

temperature. SS201 was treated with HCI at ambient temperature.

. To determine the mass loss of the base metal when removing corrosion products, an
uncorroded sample was also cleaned by the same procedure. The extent of metal
Joss resulting from cleaning process was then utilized to correct the corrosion mass

i0gs.

5. Cell Formation

A cell consisting of working electrcde and a saturated calomel electrode (SCE)
was formed for measuring equilibrium potentials. For measurements away from
the equilibrium (potentiostatic or galvanostatic control), cell consisting of three
electrodes was used. The test specimen was used as working electrode, SCE served
as reference electrode while a platinum electrode was used as auxiliary electrode.
A luggin capillary with salt-bridge connection was used to hold the reference elec-

trode. Tip of the capillary ended at the surface of the working electrode.

6. Electrochemical Measurements



Ch‘apter 4. Materials and™Methods IR 58

Measurements from the above mentioned cells were recorded. Tests were per-
formed to conduct galvanostatic, potentiostatic polarization and open-circuit po-

tential measurement.
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Results and Discussion

5.1 Results

5.1.1 Characterization of the Test Rig

The test rig was first characterized to ensure that it has good control over various

test parameters (e.g. velocity, impact angle).

Figure 5.1 demonstrates changes in temperature as a function of time of operation.
Two separate sets of data were collected; one in the month of July and $he other
in the month of November. Rise of temperature resulted from operation of the
pump for extended period. For both cases maximum temperatures were achieved

after about 12 hours from start. Beyond this point the temperature was expected

to remain constant. However, cooler ambient temperature at night in November

caused temperature to fall slightly before becoming constant.

Variation of oxygen concentration was also recorded. Figure 5.2 shows dissolved
oxygen (DO) concentration and the corresponding water temperature. Increased
aeration caused by flow agitation at the beginning resulted immediate rise in DO.

However, the process was reversed soon due to increase in water temperature.
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FIGURE 5.1: Water temperature variation with time

After about 4 hours DO concentration reached a minimum. Thereafter, DO con-

centration increased at a very slow rate for a short period and then remained

constant.
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FIGURE 5.2; Dissolved Oxygen as a function of time of the running
time of test rig (velocity = 2.63 m s 1)

To check the consistency and reproducibility of the rig several tests were performed.

Figure 5.3 shows weight loss of 5S 201 specimen at impact velocity of 2.63 m s~}
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and impact angle of 90°C. It can be assumed that all data points lie on a straight

line. The rate of corrosion was also within a very small range.
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FiGURE 5.3: Cumulative weight loss and rate of corrosion as a function
of time (material: 8S 201, impact velocity = 2.63 m s~1, impact angle
= 90°)

Figure 5.4 shows the relationship between corrosion rate and the impact velocity of
water impinging onto copper specimen. This figure clearly shows that at quiescent
condition corrosion rate was considerable low and the rate increased with velocity.
Specimens without EPS coating on the back and on the edges were also exposed to
the flow. These specimens showed higher corrosion rate, resulted from differential

cell formation due to less mass transfer at the rear.

Effect of impact angle on corrosion is shown in Figure 5.5. For single phase flow,
erosion-corrosion depends only on the normal component of the impact velocity
[33]. The experimental data conforms this phenomenon as the corrosion rate has

gradually increased with the increasing impact angle having a maximum at 90°.

With current configuration, the setup is able to produce impact velocities up to
about 6 m s~!. However, increasing the pumping capacity can definitely increase

the impact velocity.
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FIGURE 5.4: Corrosion rate with different impact velocities {material:
Copper, impact angle = 90°)
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FIGURE 5.5: Corrosion rate with different impact angles (material:
Aluminum, velocity = 3.29 m s71)
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The experimental data shown above conforms consistency and reproducibility of
the test rig. This rig is very simple to operate and have good control over the
operating variables. Moreover, fluid flow is well characterized for such systems.
As a result, a impinging jet system can bhe successfully used to develop laboratory

tests comparable to actual industrial situations.

5.1.2 Polarization Diagrams

5.1.2.1 Stainless Steel

Figure 5.6 shows potentiostatic polarization curves for S5201 measured in artificial
seawater under both quiescent condition and fluid jet impingement. From the
figure it is clear that the cathodic reaction is accelerated by the high mass transfer

rate under flow conditions.
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Figure 5.6: Potentiostatic polarization curves: SS201 in artificial
seawater
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At quiescent condition, passivation occurs at approximately -300 mV. Passivation
also occurs under flow conditions. However, upon reaching the passivation cur-
rent the current density starts to increase immediately and the alloy enters the

transpassive zone.

Polarization curves in Na,CO, were obtained in two different concentrations (2.5%
and 5%). $S201 shows active-passive behavior for both quiescent and fluid im-
pingement, conditions. Figure 5.7 shows that there flow rates and concentration
of Na,CO, has insignificant effect on Epassive and Etranspassive.  However, critical
current density and passivation current density have shown increasing trend with

increasing velocity. Cathodic polarization curves also have significant flow effect.

Potentiostatic polarization diagrams obtained for SS201 in FeSQO, is shown in
Figure 5.8(a). SS201 shows active-passive behavior in the solution. However, the
passive zone is found to be very small. The flow conditions greatly increased
the cathodic reaction rate. Ilgisica alsc; significantly increased in flow conditions.
Anodic polarization curve at EMF more than 800 mV at quiescent condition shows
repeated formation and dissolution of oxide film. However, flow conditions do not
show similar behavior. Figure 5.8(b) shows polarization diagram for 55201 in

FeSO,-+FeCl,. The passive zone is completely absent.

5.1.2.2 Brass

Cathodic polarization curves of brass shift to the right as the flow rate increases
(Figure 5.9). In the anodic region, the current density steadily increases without
any fluctuations. Brass specimens used for polarization curve measurement were

found to have shallow pits.

Figure 5.10 shows potentiostatic polarization curves for brass measured in Na,CO;,.
When polarized anodically brass shows active-passive behavior. As shown in the
figure, at approximately -360 mV critical current density is obtained. A secondary

passivation was also observed at -200 mV. The secondary passive zone is obtained

1
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FicURE 5.9: Potentiostatic polarization curves: Brass in artificial sea-
water

with small/invisible active nose and the secondary passivation current increased

10 folds for the flow conditions. There were no effect of flow on Etranspassive:

Figure 5.11(a) shows polarization diagram of brass in FeSO,. The polarization
curves for quiéscent and flow conditions are qiialitatively similat; only the rate of
cathodic and anodic processes are faster with flow. Similar behavior is observed
with addition of FeCl,. However, reaction rates increased by ten folds in presencs

-of chlerides.

5.1.2.3 Aluminum

Potentiostatic polarization curves for aluminum in artificial seawater is shown in
Figure 5.12. Like brass there is a significant increase in the cathodic réaction rate.
No passive zone is observed. Al specimens showed formation of numerous pits

after removing from the cotrosive environment.
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FIcURE 5.12: Potentiostatic polarization curves: Aluminum in artifi-
cial seawater

Galvanostatic polarization curves for aluminum in Na,CO; are shown in Fig-
ure 5.13. For both coricéntrations, passivation of aliiiniiniiinn is observed due to
anodizing effect of the environment. However, in flow situations no passive zone
is observed. Passive zone is completely stripped off by the flow impact and an-
odic pelarization curves are very steep. Cathodic polarization curves showed small

variation due to flow.

Polarization behavior of Aluminum in FeSO, and FeSO,+FeCl, are shown in fig-
ures 5.14(a) and 5.14(b). Like brass, reactions rates are found to increase in

presence of chlorides and flow.

5.1.3 Open Circuit Potential

Open circuit potential is often also termed as the equilibrium potential, the rest
potential or the free corrosion petential. Open circuit potentials were measured

immediately after immersing the specimens in the corroding environment with
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L

_ respect to SCE. OCP forisszﬂl, aluminum and brass in different environments
are-shown in Table 5.1.

TABLE 5.1: OCP of S5, Brass and Aluminum at different environments

Material ~ Environment OCP at different velocities (m/s), mV
: 0 2.63 3.95
S5201 Seawater -460 -310 -280
Sodium Carbonate (2.5%) -530 -440 -430
Sodium Carbonate (5%) -630 -550 -510
Ferrous Sulfate -500 -180 -170
Ferrous Sulfate+Ferric Chloride -90 -80 -90
Brass Seawater -360 -250 -230
Sodium Carbonate (2.5%} -460 -390 -380
Sodium Carbonate (5%} -510 -390 -380
Ferrous Sulfate -180 -140 -140
Ferrous Sulfate+Ferric Chloride -210 -190 -200
Aluminum Seawater -760 -730 =720
Sodium Carbonate (2.5%) -1600 -1597 -1600
Sodium Carbonate (5%} -1600 ~1597 -1600
Ferrous Sulfate -240 -150 : -150
Ferrous Sulfate+Ferric Chloride -730 =720 -710

Open circuit potential can be function of many factors (e.g. metal composition,
ion concentrations, temperature). Effect of flow on OCP can be ¢learly understood
from the results. Flow conditions greatly affect the cathodic process (represents
the reduction of oxygen st aerated conditions). Higher rate of cathodic process
cause the intersection point of the cathodic and anodic polarization curves {hence
the OCP) shift to more positive direction as observed for all of the cases. Though
the experiments were performed without temperature control, each run was started
with similar temperature. Thereforé, it can bé ¢oncluded that the shift in OCP is

only due to the presence of fl6W.
In addition, flow seems to have some effect on the exchange current density. In-
créasing How velocity causes higher exchangé ciirrent density indicatinig higher rate

of corrosion.
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5.1.4 Open Circuit Potential Transient

5.1.4.1 Stainless Steel

Figure 5.15 shows OCP of SS201 in seawater as a function of time. Under fluid
jet impingemeiif, thé potential increasés very sharply iihitiediately after exposing
to the environment. After first 40 s the rate decreases and shows an exponential
behavior until pitting potential of -187 mV (at approximately 1200 s; shown with
an arrow in Figure 5.15) is reached. However, the potential then starts to decrease
at a slow rate. The rate increases as the timé goes on With more and more

fluctnations.
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Freure 5.15: OCP transient of S$201 in seawater

OCP of S5201 in quiescent condition also increases with time. However, the rate
is mitich slower than the flow conditions. The poteritial also does not réach the
pitting potential within the experimental period of 5000 s. At quiescent condition,
the potential reaches a maximum of -330 MV at approximately 3000 s and then

shows a very slow decline.
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When exposed to 2.5% Na,CQj;, $5201 and brass show similar trend in OCP. §5201
starts with a potential difference of -510 inV with respect to SCE (Figure 5.16l).
The potential then starts to increase. However, the rate starts to diminish with
tiimeé and OCP settles to 4 Value of -373 mV dfter 5000 s. Under fluid impingement,
initial potential shifts to a more positive direction, -440 mV and reaches to -200
mV after 5000 s.
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FIGURE 5.16: OCP transient of S5201 in. Na,CO,

5.1.4.2 Brass

OCT of brass in seawater is shown in Figure 5.17. In both quiescent and fluid
impingement condition the the potential change after the initial itiduction period
is very slow leading to almost constant potential after a period of approximately
3500 s. The shape of the curve indi¢ates formation of protective layer on the
surface. In flow condition, protective layer of the fluid impact zone continuously

get déstroyed followed by reformation of the layer.
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FIGURE 5.17: OCP transient -of brass in seawater

Brass has initial OCP of -505 mV for no flow and -435 mV for impact velocity of
3.95 m/s. The OCP then increases and after an induction period of approximately

1000 s shows relatively small variation (Figure 5.18).

5.1.4.3 Aluminum

OCP of aluminum in seawater in totally different from the other two specimens, as
shown in Figuré 5.19. After exposing the aluminum specimeii to arfificial seawater
the OCP starts to decrease. At quiescent condition, OCP decreases at a steady
rate. But, at flow conditiotis, OCP of aliifiiifitm decreases at a very fast rate
upto 200 s. The rate, then becomes much slower. However, the curve shows large
amount of oscillations indicating destruction and formation of éorrosion product
layer at the surface. The convex shape of OCP for aluminum indicates that it
undergoes severe corrosion when exposed to seawater. Even at the end of a exper-

iméiital period of 5000 s the rate of decline in OCP is quite considerable.
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Like seawater, behavior of aluminum in Na,CO, is quite different from other two
alloys as shown in Figiire 5.20. For quicscent condition, the OCP initially increases,
upto 400 s. For next 400 s the potential remains within -1556 to -1564 mV. After
that the potential gradually decreasés ifidicating significant attack on the metal
and continues upto 1700 s. This phase is followed by a steady value of OCP for
rest of the experimental time. The metal get anodized to give a protective layér
and therefor OCP variation is insignificant here.
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FIGURE 5.20: OCP transient of aluniinum in Na,CQO,

At flow condition, induction period is reached at a faster rate and only in 300 s.
Then the potential gradually decréases initially at faster rate. Rate of changé iii
OCP slows down with time, but doés not disappear compietely. The anodizing
offeet. is therefore ahsent in case of flow. This obscrvation is similar to the earlier

observations made with thé galvanostatic polarization curves Figure 5.13.

5.1.5 Physical Observations

Stainless steel specimens used for OCDP measurement in artificial seawater showed

no apparent change in thé surface after the éxposire period. However, while
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measuring OCP under flow conditions pit formation was observed for stainless
steel specimens. S8 specimens exposed to sodium carbonate solution showed better
resistivity than in the seawater in both quiescent and flow conditions. Passive layer

of Cr,0; was invisible with naked eyes.

When brass samples were exposed to seawater a diffusion barrier formed on the
specimen surface marked by a visible oxide layer. In quiescent condition, this oxide
layer was continuous. However, when exposed to fluid flow three distinct section
was observed: stagnation, transition and wall-jet region. Among them stagnation
and wall-jet region were covered with the oxide layer. Fluid impact pressure is
greater in the transition region {discussed in Section 3.3.3) and therefore oxide
layer in this region was thinner and the specimen was directly exposed to the
corrosive environment {Figure 5.21). Brass in sodium carbonate showed similar

behavior.

., |
]

FIGURE 5.21: Brass specimen after flow exposure: (A) Stagnation,
{B) Transition and {C) Wall-jet region
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Aluminum when exposed to seawater showed higher corrosion rate than the 'ofher
specimens. Both in quiescent and flow conditions nu1_11ero'ﬁ_s pits were observed.
Pits formed on the surface showed an array like formation. Under flow condi-
tions, the corrosion products moved away from the‘ljiigher turbulence region and
deposited on the region of lower turbulence. Henée, surface roughness greatly
increased under flow conditions. Aluminum specimens éhowed better resistivity

when exposed to sodium carbonate solution.

While performing polarization measurements applied \}oltage was shifted far from
the rest potential until oxygen evolution occurred. Pits were found in each speci-

mens as the applied potential in all cases were above the pitting potential.

5.2 Discussion

Electrochemical measurements were made to study the effect of flow on corrosion.
Tests were performed in the turbulent flow regime since erosion-corrosion occurs
mostly under such conditions. All the experiments were performed under steady

Aow rates (2.63 m/s and 3.95 m/s) without any temperature control.
Reynolds number for an impinging jet is given by:

_dup
7

Re (5.1)

where, d is the diameter of the impinging nozzle,  is the solution velocity, and
p and p is the density and viscosity of the solution. For a fiow velocity of 2.63
m/s using a nozzle of 0.5 in diameter, Re under flow impingement is calculated to
he 333000. Reynolds number is 500000 for flow velocity of 3.95 m/s for the same
system. This value indicates that the flow is turbulent since the critical value for
laminar to turbulent flow in a impinging jet system is 2000 [15]. Turbulent flow
near the surface enhanced oxygen mass transfer rate to the electrode surface and
reduces the thickness of the diffusion boundary layer. Therefore, flow increases

oxygen reduction at the surface and also enhance the anodic reaction.

i

%
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5.2.1 Polarization Diagrams

Staring from cathodic region, metals/alloys were polarized in the anodic direction.
The shape of the polarization curves of the specimehs varied depending on the

specimen and the environment (e.g. corrosive environment, flow velocity).

Effect. of low on cathodic polarization curves were observed in all the cases. With
increased velocity, the cathodic current density increased causing the curves to
shift to right. The increased mass transfer rate resulted from the flow increased

cathodic reaction rates.

Effect, of flow on anodic polarization curves varied from case to case and discussed

in detail in the following sections.

5.2.1.1 Polarization Curves in Artificial Seawater

S5 showed active-passive behavior in artificial seawater. For quiescent condition,
the passive zone lies in between -300 mV and -120 mV. The current density in this
region has shown oscillatory behavior. Presence of chloride ion in high concentra-
tion hindered the passive layer formation. These observed oscillations signify the
breakdown of passive layer and instant repassivation until the transpassive zone
is reached. Presence of flutd flow shortened the passive zone. Turbulent flow near
the electrode increases oxygen transfer to the metal surface through the porous
passive layer (in presence of chlorides) and transfer of metal ions from the pores
to the bulk solution. Hence, stable pitting starts soon after passivation and the

transpassive zone is reached Figure 5.6.

Brass and aluminum showed similar anodic behavior. Current density increased
monotonically with increasing applied potential. Brass is more noble in seawater
galvanic series then aluminum. Like other copper alloys a visible diffusion barrier
of Cu,Cl, is formed on the specimen surface. No such protective layer is formed for
aluminum. Severe attack on aluminum in seawater is marked by the presence of

numerous pits compared to brass specimen. Pits observed on the brass specimen
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are because of selective attack of chloride environment to zinc, as observed for
copper-zinc alloys containing less than 85% Cu. Since, the anodic process for
brass and aluminum are partially activation controlled they are less responsive to

flow (hence mass transfer)then stainless steel.

5.2.1.2 Polarization Curves in Sodium Carbonate

Anodic polarization of SS in Na,CO, showed active-passive behavior. For, both
quiescent and flow conditions the typical S-shaped curve was observed. Curves
obtained conforms the stability of the chromium oxide passive layer in absence of
significant amount of chlorides. However, polarization curves moved to the right
in flow conditions. The critical current density and the size of the active nose

increased with flow rate.

Active-behavior shown by brass in Na,CO; is different from that of SS. A sec-
ondary passive zone is observed in addition to the primary passive zone. Primary
passivation corresponds to the formation of Cn,O diffusion barrier. However, in
aerated solution Cu,O reacts with oxygen to form CuQ. Initial breakup of pas-
sivity therefore occurs because of dissolution of Cu,0O diffusion barrier. However,
the surface repassivates with the newly formed Cu,O-CuO layer. Ratio of Cu,O
to CuQ depends of various factors such as corrosive environment, alloy additions
etec. In flow conditions, 10 folds increase in curreni density was observed in the
transition zone. Convective transfer of oxygen to the surface has affected both
the kinetics and yield of Cu,O to CuQ corrosion as reflected by this increase in

current.

In guiescent condition, aluminum also showed passivation when polarized in Na,COj.
Due to the limitations of the equipment, galvanostatic polarization curves were
generated instead of potentiostatic polarization curves. As a result, the active

nose is absent in these curves.

Aluminum readily converts to oxide because of its active nature. The stability

of this oxide layer depends on pH, alloying elements. However, similar pH can



Chapter b. Results and [iscussion 83

have different effect on the oxide layer depending on the nature of the acid or base

present, in the solution.

In quiescent condition oxide layer acts as a very good diffusion barrier in Na,CO,
solution. The passive zone observed was very stable. However, when aluminum
was exposed to turbulent flow the oxide layer was completely destroyed due to
combined effect of flow impacts and alkaline dissolution of oxide layer into AlO?™.

The passive zone is therefore completely absent in turbulent flow conditions.

All these three metal/alloys show a net shift of polarization curve to the right
with increased concentration (Figure 5.7, 5.10 and 5.13). Variation in pH of the
two environment was very small (10.56 and 10.61). However, the commercial
grade of Na,CO, contained chlorides(Cl™). 2.5% solution found to consist of 54.3
ppm of Cl~. Chloride content in the solution is doubled with the concentration of
Na,CO;,. The increase in current density is affected by this increased concentration

of chloride ion.

5.2.1.3 Polarization Curves in Ferrous Sulfate

Anodic polarization curves for SS in FeSO, showed a very small passive zone.
Impurities present in the commercial grade eSO, may have shortened the pas-
sive zone. Bffect of these impurities can not be explained in detail since exact
composition was unknown. Ilow conditions increased the active nose of the po-
larization curve and also increased the critical current density since the process is

mass-transfer controlled.

Anodic polarization of aluminum and brass showed similar behavior in the same
environment. Current density gradually increased with increase in applied poten-

tial.

When FeCl, was added in the solution along with FeSO, the polarization curves
shifted to the right. The passive zone for SS vanished due to the effect of high
chloride content. The current density also increased from the previous case (only

FeSO,) because of oxidizing effect of FeCl,.
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5.2.2 Open Circuit Potential Transient

As soon as the sample specimens were immersed in the corroding environment
OCP was found to vary with time. Variation of OCP depends on the metal/alloy
composition, nature of the corrosive environment, flow conditions, temperatures
etc. Depending on the conditions OCP can shift either in more noble or less noble

direction or can be a combination of both.

While studying the OCP transients of the metal/alloys, three distinct types of

potential-time curves are observed.

¢ Case A: Potential becomes more and more noble, the metal or alloy becomes

protected by the oxide layer formation: brass and stainless steel in Na,CO,.

e Case B: Potential becomes noble and then starts to decrease. This is ob-
served when the protective layer of the metal or alloy is modified by the
environmental factors (e.g. breakdown of passivation of 55201 in presence

of chloride)

e Case C: Potential becomes less and less noble, the metal or alloy severely

attacked by the environment: aluminum in seawater.

Case A is caused by enhanced cathodic reaction (oxygen reduction) and enhance
anodic reaction {growth of the passive film) on the surface. In such cases, corrosion
products are formed instantaneously as soon as the specimens are exposed to the
corrosive environment. The potential starts to shift to the noble direction. After
stable diffusion barrier is developed the material gets isolated from the environment
and metal dissolution rate drops considerably. As a result insignificant changes in

surface potential is observed.

Case B is observed for SS201 when exposed to flowing seawater. Initially the
polarization shifts to the noble direction indicating formation of diffusion boundary
layer on the metal surface. However, presence of turbulent flow impacts reduces

the diffusion boundary layer and alse enhances the oxygen mass transfer rate. The



Chapter 5. Results and Discussion 85

turbulent flow also washes away anolyte from the surface. This causes migration
of more metal ions to the anolyte. Chloride ions then migrates to maintain the
electroneutrality. Hence the anolyte has a high concentration of FeCl, and thereby
lowering the anolyte pH. It is shown earlier that at a concentration higher than
3 M FeCl, dissolution of stainless steel sustains in chloride medium. When this
concentration is obtained, pits start to form on the surface. The net effect is
shift of polarization curve to the active direction. Formation of pit is followed
by repassivation. This explains the oscillations in the potential in this region.
However, this phenomena is not as severe as observed for SS under impingement

by free jets [10].

Similar curve is found for aluminum in Na,CO,. For aluminum, the potential
shift in the negative reduction was observed after a certain period of time for both
quiescent and flow conditions. Here the oxide film is dissolved by the alkaline
dissolution of Al,O, to AIO?". The rate of dissolution increased in presence of

flow and observed by the faster rate of potential shift in the active direction.

Case C is observed for aluminum in seawater. Aluminum is prone to pitting
corrosion in presence of chlorides ions and at a pH close to neutrality [116]. The
oxide layer dissolves in the solution in the form of A1** and does not act as effective
boundary layer. More severe conditions are observed in turbulent flow conditions.
The dissolution rate is increased by accelerated diffusion to and from the surface

and the potential continues to decrease.
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Conclusions and

Recommendations

6.1 Conclusions

Erosion-corrosion of stainless steel, brass and aluminum was studied under im-
pingement by a submerged fluid jet. Electrochemical techniques (e.g. polarization,
open circuit potential measurement) were used instead of conventional weight-
loss method. Electrochemical studies provided some advantages over weight-loss
method such as quick characterization of corrosion behavior and provided a means

for online corrosion monitoring.

The experimental system, a combination of closed flow-loop and impinging jet
system, used for the studies showed acceptable performance. However, the system
used was very large volume-wise and therefore large volume of liquid handling was

necessary.

From the polarization studies following conclusions can be made:

o Stainless steel showed active-passive behavior in artificial seawater, sodium
carbonate and ferrous sulfate in quiescent condition. In presence of flow,
passive zones were shortened by flow impacts and convective mass transfer.

86
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The passive zone was completely removed when FeCl; was added with ferrous

sulfate due to oxidizing nature of Fe® and presence of chloride ions.

e Brass showed active-passive behavior for sodium carbonate only. Passive
zone similar to quiescent conditions were observed in flow conditions only
with higher passivation current for Na,CQ,. For all cases with Na,CO;, two
different passive zones were observed second of which corresponds to shift
of passive layer from Cu,0 to CuO. Polarization curves of brass in artificial

seawater and ferrous sulfate found to be similar to active metals/alloys.

o Aluminum showed active behavior in seawater and ferrous sulfate. However,
basic solution of Na,CO, favored formation of passive oxide layer in quiescent
condition. When exposed to flow, the passive layer was completely destroyed
due to flow impacts and enhanced dissolution of alumina layer resulting

absence of passive zone.

The shape of the polarization curve depends on the metal-environment interaction.
Therefore, polarization curves can be usefully utilized as a tool for identification

of corrosion mechanism(s) involved.

Shape of the open circuit potential transient shows the severity of attack on met-
al/alloy by the environment. Therefore, it can be used as a tool for on-line mon-
itoring of corrosion. It is a simple and cheap technique for corrosion nlonitoring
The experimental results obtained in the current study shows that it can be very
effective. For example, the curves obtained for brass shows that a diffusion barrier
is quickly formed on the surface upon exposure to artificial seawater. Similarly, SS
in seawater did not show pitting type of attack in quiescent condition during the
period of study. However, pitting was observed for the same specimen in presence
of flow. Therefore, open circuit potential also gives a good insight of the effect of

flow on corrosion.
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6.2 Recommendations for Modifications

e Flow-loop system used for the current study is very large (the water reservoir
liolds approximately 120 liters of water). Due to large volume of the system
a lot of distilled water is required. A similar system can be designed in a

smaller scale which can be used with ease of operation.

e The flow-loop system for the test rigs includes long pipes and quite a few di-
rectional shifts {e.g. elbows, T-joints) in it’s flow path causing large amount
of head loss. As a result, pump used in the current system can develop a
maximum flow rate of 6 m s~!. Moreover, the impinging-jet of smaller diam-
eter cannot be used in the system because of overall head loss in the system.
Modification of flow-path and increasing the pumping capacity can increase

the range of experimental study in terms of flow-rates.

e The specimen holder, specimen and the connecting wire (welded/brazed to
the back side of the specimen) was completely submerged in the solution.
- Copper wires, used for electrical connection, can lead to galvanic cell for-
mation when the EPS coating is removed under some undesirable circum-
stances. This problem can be avoided by using extended hollow specimen
holder which will penetrate through the reservoir wall and electrical con-
nection to the specimen can be made through the cylindrical shell without

exposing to the solution.

6.3 Recommendations for Future Work

¢ Experiments were performed in open system. However, industrial flow sys-
tems have limited access to oxygen. Use of closed systems can be more

practical and corrosion behavior with limited oxygen supply can be observed.

e Effect of temperature on erosion-corrosion can be observed by installing a

temperature-control system in the solution reservoir.
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e Three-distinct flow regimes are observed in jet systems: stagnation, tran-
sition and wall-jet region. Corrosion behavior in these three zones can be
studied by the use of three concentric circular ring-electrodes, each of which

will lie in three different regions.
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Cost of Corrosion

TABLE A.1: Direct economic losses due to corrosion

Country Year Direct economic loss/year Avoidable Cost  Reference
USA 1949 $ 5.5 billion [117]
1966 $ 10 billion (118)
1975 $ 75 billien 15% [119]
1986 8 176 billion 15% [120]
1998-2001  § 276 billion [121]
Germany 1968-1969 DM 19 billion 23% [122]
1988 DM 85 billion (223
1994 DM 117 billien [123]
UK 1969-1970  £1.365 billion 23% [124]
1975 £2 hillien 20% [125]
1998-2001  £4.645 billion 14.46% [119]
Sweden 1964 300-400 millien Crowns 25-35% [123]
Finland 1965 150-200 million Markaa [119)
USSR 1969 6 billion Rubles [119]
Australia 1956 AS 100-120 [126]
1973 AS 470 million [127)
India 1960-61 Rs 1.54 hillion [128]
1986 Rs 40.8 billion 44% [129]
1996-1997  Rs 240 billion [130]
Japan 1976-1977  JPY 2500 billien [131)
1997 JPY 3900 billien (Uhlig's method} [132)
JPY 5200 billion (Hoar’s method) [132]
JPY 9700 billien (NBS/BCL method) [132]
Canada 1953 C% 300 million [133)
1966 C$ 1 billion [134]
1979 $ 10 billion [123
South Africa 1985 ZAR 4 billion [135]

TABLE A.2: Global cost of corrosion for 2004

Direct Cost % 990 billion
Indirect Cost  $ 940 billion
Total Cost $ 1930 billion
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Experimental Data

TaBLE B.1: Polarization Data: SS201 in artificial seawater

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential Current Density

mV Ajem? mV Ajem? mV Ajem?

-1000 4.95E-04 -1000 8.51E-03 -1000 1.16E-02
-990 4.68E-04 -090 8.05E-03 -990 1.05E-02
-980 4.49E-04 -980 7.35E-03 -980 9.64E-03
-a70 4.33E-04 -970 6.97E-03 -970 8.90E-03
-960 4.26E-04 -960 6.81E-03 -960 8.20E-03
-950 4.14E-04 . -950 6.31E-03 -950 7.62E-03
-940 4.02E-04 -940 5.9215-03 -940) 7.04E-03
-930 3.87E-04 -930 5.531-03 -930 6.70E-03
-920 3.75E-04 -920 5.3012-03 -920 6.19E-03
-914 3.64E-04 -910 4.99E-03 -910 5.9215-03
-900 3.60E-04 -900 4.80E-03 -900 5.65E-03
-890 3.56E-04 -890 4.64E-03 -890 5.34E-03
-880 3.52E-04 -880 4 37E-03 -880 5.22E-03
-870 3.52E-04 -870 4.22E-03 -870 4.99E-03
-860 3.48E-04 -860 4.06E-03 -86( 4.80E-03
-850 3.48E-04 -850 . 3.95E-03 -850 4.68E-03
-840 3.44E-04 -840 3.87E-03 -840 4.45E-03
-830 3.41E-04 -830 3.75E-03 - -830 4.33E-03
-820 3.37E-04 -820 3.68E-03 -820 4.14E-03

Continued on next page
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Potential  Current Density | Potential Current Density | Potential Current Density
mV A/cm? mV A/em? mV A/cm?
-810 3.33E-04 -810 3.41E-03 -810 3.99E-03
-800 3.33E-4 -800 3.21E-03 -800 3.79E-03
-7890 3.29E-04 =790 3.10E-03 -790 3.64E-03
-780 3.25E-04 -780 2.98E-03 -780 3.44E-03
-770 3.25E-04 -770 2.83E-03 -770 3.25E-03
-760 3.25E-04 -760 2.63E-03 -760 3.13E-03
750 3.21E-04 750 2.52E-03 750 2.93E-03
-740. 3.21E-04 -740 2.40E-03 -740 2.83E-03
=730 3.21E-04 -730 2.28E-03 =730 2.75E-03
-720 3.17E-04 -720 2.13E-03 -720 2.60E-03
=710 3.17E-04 -710 2.05E-03 -710 2.51E-03
=700 3.06E-04 -700 1.98E-03 =700 2.36E-03
-690 3.02E-04 -690 1.92E-03 -690 2.29E-03
-680 2.90E-04 -680 1.82E-03 -680 2.19E-03
-670 2.79E-04 670 1.74E-03 670 2.11F-03
-660 2.63E-04 -660 1.66E-03 -660 2.03E-03
-650 2.48E-04 -650 1.55E-03 -650 1.93E-03
-640 2.24E-04 -640 1.49E-03 -640 1.86E-03
-G30 2.13E-04 -630 1.43E-03 -630 1.81E-03
-G20 1.93E-04 -620 1.38E-03 -620 1.76E-03
-610 1.82E-04 -610 1.32E-03 -610 1.72E-03
-600 1.63E-04 -600 1.25E-03 -600 1.66E-03
-590 1.43E-04 -590 1.24E-03 -590 1.63E-03
-580 1.24E-04 -580 1.20E-03 -580 1.58E-03
-570 1.08E-04 -570 1.18E-03 -570 1.55E-03
-560 9.20E-05 -560 1.16E-03 -560 1.53E-03
-550 7.74E-05 -550 1.15E-03 -550 1.52E-03
-540 6.58E-05 -540 1.11E-03 -540 1.52E-03
-530 5.42E-05 -530 1.11E-03 -530 1.49E-03
-520 4.26E-05 -520 1.12E-03 -520) 1.51E-03
-510 3.48E-05 -310 1.11E-03 -510) 1.49E-03
-500 2.32E-05 -500 1.10E-03 -500 1.51E-03
-490 1.93E-05 -490 1.10E-03 -490 1.49E-03
-480 1.16E-05 -480 i.OQE—OS -480 1.47E-03
-470 3.87E-06 -470 1.07E-03 -470 1.44E-03

Continued on next page
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Potential Cuwrrent Density | Potential Current Density | Potential Current Density
mV Ajcm? mV Ajem? mV A/cm?
-460 1.93E-06 -460 1.06E-03 - 460 1.43E-03
-450 7.74E-06 -450 1.01E-03 -450 1.38FE-03
-440 1.55E-05 -440 9.64E-04 -440 1.32E-03
-430 2.32E-05 -430 8.86E-04 -430 1.25E-03
-420 3.87E-05 -420) 7.35E-04 -420 1.04F-03
-416 4.26E-05 -410 5.73E-04 -410 7.89E-04
-4{}0 5.42E-05 -400 3.72E-04 -400 5.73E-04
-390 6.19E-05 -390 2.48E-04 -390 4.06E-04
-380 6.97E-05 -380 1.78E-04 -380 3.06E-04
-370 7.74E-05 -370 1.43E-04 -370 2.63E-04
-360 8.90E-05 -360 1.04E-04 -360 2.21E-04
-350 9.29E-05 -350 8.13E-05 -350 1.86E-04
-340 © 9.67E-05 -340 5.80E-05 -340 1.59E-04
-330 1.04E-04 -330 3.87E-05 -330 1.39E-04
-320 1.08E-04 -320 1.93E-05 -320 1.16E-04
-310 1.08E-04 -310 1.16E-05 -310 8.90E-05
-300 1.12E-04 -300 1.55E-05 -300 6.58E-05
-290 1.01E-04 =290 3.10E-05 -290 3.87E-05
-280 9.67E-05 -280 5.03E-05 -280 1.93E-05
-270 9.29E-05 -270 8.13E-05 -270 3.10E-05
-260 9.29E-05 -260 1.12E-04 -260 6.97E-05
-250 9.67E-05 -250) 1.51E-04 -250 1.24E-04
-240 8.90E-05 -240 2.13E-04 -240 1.93E-04
-230 8.90E-05 -230 2.75E-04 -230 2.83E-04
-220 8.90E-05 -220 3.60E-04 -220 4.13E-04
-210 9.29F-05 -210 4.72E-04 -210 5.57E-04
-200 9.67E-05 -200 5.173E-(J4 -200 7.04E-04
-190 9.29E-05 -190 6.19E-04 -190 8.90E-04
-180 8.90E-05 -180 5.11E-04 -180 9.95E-04
-170 8.13E-05 -170 1.82Fk-04 -170 7.8215-04
-160 8.13E-05 -160 1.28E-04 -160 3.75E-04
-150 8.51E-05 -150 1.39E-04 -150 1.24E-04
140 8.51E-05 -140 1.47E-04 -140 1.28E-04
-130 8.90F-05 1130 1.70E-04 130 1.32E-04
-120 9.67E-05 -120 1.93E-04 -120 1.47E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV A/em? mV Ajem? mV A/em?
-110 1.04E-04 -110 2.17E-04 -110 1.63E-04
-100 1. 12E-04 -100 2.40E-04 -100 1.90E-04
-90 1.28E-04 -90 2.71E-04 -90 2.24F-04
-80 1.43E-04 -80 3.10E-04 -80 2.71E-04
-70 1.66E-04 -70 3.48E-04 -70 3.17E-04
-60 2.01E-04 -60 4.22E-04 -60 3.721-04
-50 2.40E-04 -50 4.84E-04 -50 4.41E-04
-40 2.86E-04 -40 5.57E-04 -40 5.19E-04
-30 3.56E-04 -30 G.39E-04 -30 6.00E-04
-20 4.2215-04 -20 7.24E-04 -20 6.81E-04
-10 5.11E-04 -10 8.20E-04 -10 7.66E-04

0 5.92E-04 0 8.98E-04 0 8.55E-04
10 7.16E-04 10 1.00E-03 10 9.48E-04
20 8.13E-04 20 1.11E-03 20 1.04E-03
30 9.79E-04 30 1.23E-03 30 1.16E-03
40 1.11E-03 40 1.31E-03 40 1.30E-03
50 1.28E-03 50 1.42E-03 50 1.41E-03
60 1.44E-03 60 1.53E-03 GO 1.52E-03
70 1.68E-03 70 1.64E-03 0 1.66E-03
80 1.94E-03 80 1.76E-03 80 1.82E-03
90 2.29E-03 90 1.91E-03 a0 1.97E-03
100 2.72E-03 100 2.04E-03 100 2.13E-03
110 3.44E-03 110 2.21E-03 110 2.37E-03
120 4.76E-03 120 2.45E-03 120 2.61E-03
130 6.19E-03 130 2.61E-03 130 2.83E-03
140 7.74E-03 140 2.86E-03 140 3.10E-03
150 9.13E-03 150 3.14E-03 150 3.37E-03
160 1.10E-02 160 3.40E-03 160 3.73E-03
170 1.25E-02 170 - 3.79E-03 170 4.22E-03
180 1.40E-02 180 4.49E-03 180 4.68E-03
190 1.53E-02 190 5.26E-03 190 5.07E-03
200 1.69E-02 200 5.96E-03 200 5.61E-03
210 1.84E-02 210 7.08E-03 210 6.04E-03
220 1.97E-02 22() 8.20L-03 220 6.66E-03
230 2.10E-02 230 9.4812-03 230 7.20L-03

Continued on next page
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Potential  Current Density | Potential Current Density | Potential  Current Density
mV A/cm? mV A/cmn? mV A/cm?
240 2.23E-02 240 1.08E-02 240 7.86E-G3
250 2.38E-02 250 1.27E-02 250 - B.67TE-03
260 2.50E-02 260 1.44F-02 260 9.52E-03
270 2.61E-02 270 1.55E-02 270 1.08E-02
280 2.75E-02 280 1.70E-02 280 1.20E-02
290 2.86E-02 290 1.80E-02 290 1.35E-02
300 3.01E-02 300 . 1.94E-02 300 1.51E-02
310 3.15E-02 310 2.07E-02 310 1.61E-02
320 3.28E-02 320 2.18E-02 320 1.74E-02
330 3.41E-02 330 2.31E-02 330 1.87E-02
340 3.54F-02 340 2.45F-02 340 2.05E-02
350 3.67E-02 350 2.59E-02 350 2.17E-02




Appendix B. Ezperimental Data

TaBLE B.2: Polarization Data: $5201 in 2.5% sodium carbonate

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential Current Density

mV  Afem? mV Ajem? mV A/cm?

-1000 5.53E-05 -1000 9.56E-04 -1000 1.14E-03
-990 5.03E-05 -960 9.48E-04 -990 1.10E-03
-080 4.68E-05 -980 9.29E-04 -980 1.07E-03
-970 4.41E-05 -970 9.25E-04 -970 1.04E-03
-960 4.10E-05 -960 9.13E-04 -960 1.01E-03
-850 3.95E-05 -850 8.90E-04 -950 9.01E-04
-940 3.72E-05 -940 8.78E-04 -940 9.64E-04
-930 3.56E-05 -930 8.67E-04 -930 0.44F-04
-920 3.37E-05 -920 8.55E-04 -920 9.13E-04
-910 3.21E.05 -910 8.44F-04 | -910 8.86E-04
-900 3.10E-05 -900 8.20E-04 -900 8.67E-04
-890 2.94E-05 -890 8.05E-04 -890 8.36E-04
-880 2.83E-05 -880 7.70E-04 -880 8.13E-04
-870 2.71E-05 -870 7.47E-04 -870 7.80E-04
-860 2.67E-05 -860 7.20E-04 -860 7.66E-04
-850 2.48E-05 -850 6.93E-04 -850 7.43E-04
840 2.36E-05 -840 6.70E-04 -840 | 7.08E-04
-830 2.32E-05 -830 6.39E-04 -830 6.77F-04
-820 1.35E-05 -820 6.15E-04 -820 6.54E-04
-810 1.28E-05 -810 5.88E-04 -810 6.31E-04
-800 1.24E-05 -800 " 5.60E-04 -800 6.00E-04
-790 1.16E-05 -790 5.38E-04 -790 5.73E-04
-780 1.16E-05 -780 5.15E-04 -780 5.46E-04
=770 1.12E-05 =770 4 88E-04 -770 5.191-04
-760 1.08E-05 -760 4.61E-04 -760 4.80F-04
-750 1.01E-05 -750 4.30E-04 -730 4.49F-04
-740 9.67E-06 =740 4.06E-04 -740 4.10E-04
=730 9.29E-06 -730 3.79E-04 -730 3.79E-04
-720 8.51E-06 -720 3.52E-04 -720 3.48E-04
-710 7.74E-06 -710 3.21E-04 -710 3.13E-04
-700 6.97E-06 -700 2.98E-04 -700 2.86E-04
-690 6.58E-06 -690 2.67E-04 -690 2.55E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV Afem? mV A/cm? mV A/cm?
-680 6.58E-06 -680 2.43E-04 -680 2.21E-04
-G70 6.19E-06 -670 2.18E-04 -670 1.96E-04
-660 5.42E-06 -660 1.95E-04 -6G0 1.74F-04
-650 5.03E-06 -650 1.6912-04 -650 1.51E-04
-640 4.26E-06 -640 1.52E-04 -640 1.28E-04
-630 3.87%-06 -630 1.24E-04 -630 1.10E-04
-620 3.10E-06 -620 1.14E-04 -620 9.17E-05
-610 2.32E-06 -610 9.09E-05 -610 7.28E-05
-600 1.55E-06 -600 7.78E-05 -600 5.73E-05
-590 1.16E-06 -590 6.11E-05 -590 4.26E-05
-580 7.74E-07 -580 . 4.53E-05 -580 3.21E-05
-570 7.74E-07 -570 3.33E-05 -570 2.13E-05
-560 8.51E-07 -560 2.44E-05 -560 1.55E-05
-55(} 5.42E-07 -550 . 1.90E-05 -550 1.20E-05
-540 1.16E-07 -540 1.43E-05 -540 8.51E-06
-530 3.87E-08 -530 1.12E-05 -530 5.80E-06
-520 3.10E-07 -520 8.51E-06 -520 3.87E-06
-510 8.13E-07 -510 6.97E-06 -510 3.10E-06
-500 1.28E-06 -500 6.19E-06 -500 2.71E-06
-490 1.78E-06 -490 5.03E-06 -490 2.32E-66
-480 2.32E-06 -480 3.87E-06 -480) 1.93E-06
-470 2.94E-06 -470 3.10E-06 -470 1.55E-06
-460 3.41E-06 -460 2.32E-06 -460 1.16E-08
-430 3.75E-06 -450 1.555-06 -450 7.74E-07
-440 4 41E-06 -440 7.74E-07 -440 3.87E-07
-430 4.95E-06 -430 3.87E-07 -430 3.87E-06
-42() 5.61E-06 -420 1.93E-06 -420 6.19E-06
-410 6.58E-06 -410 3.87E-06 -410 7.35E-06
-400 8.13E-06 -400 5.80E-06 -400 8.90E-06
-390 8.13E-06 -390 6.97E-06 -390 9.67E-06
-380 8.51E-06 -380 8.13E-06 -380 1.12E-05
-370 8.90E-06 -370 1.04E-05 -370 1.20E-05
-360 9.29E-06 -360 1.16E-05 -360 1.33E-05
-350 9.67E-06 -350 1.12E-05 -350 1.50E-05
-340 1.04E-05 -340 1.24E-05 -340 1.59E-05

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV A/em? mV A/cm? mV Ajcem?
-330 1.08E-05 -330 1.32E-05 -330 1.59E-05
-320 1.12E-05 -320 1.28E-05 -320 1.59E-05
-310 1.08E-05 -310 1.35E-05 -310 1.86E-05
-300 1.12E-05 -300 1.32E-05 -300 1.36E-05
-290 8.13E-06 -290 1.16E-05 -290 1.36E-05
-280 8.51E-06 -280 1.16E-05 -280 1.36E-05
-270 6.97E-06 -270 1.16E-05 -270 1.36E-05
-260 6.58E-06 -260 1.04E-05 -260 1.36E-05
250 6.19E-06 250 0.67E-06 | -250 1.39E-05
-240 6.19E-06 -240 1.01E-05 -240 1.35E-05
-230 6.19E-06 -230 9.20E-06 -230 1.35E-05
-220 6.19E-06 -220 9.67E-06 -220 1.36E-05
-210 6.19E-06 -210 9.67E-06 -210 1.40E-05
-200 6.19E-06 -200 9.29E-06 -200 1.55E-05
-190 6.58E-06 -190 9.67E-06 -190 1.56E-05
-180 6.97E-06 -180 1.01E-05 -180 1.58E-05
-170 6.97E-06 -170 1.08E-05 -170 1.58E-0b
-160 6.97E-06 -160 1.08E-05 -160 1.70E-05
-150 7.35E-06 -150 1.04E-05 -150 1.76E-05
-140 7.74E-06 -140 1.12E-05 -140 1.74E-05
-130 7.74E-06 -130 1.12F-05 -130 1.78E-05
-120 8.13E-06 -120 1.16E-05 -120 1.93E-05
-110 8.13E-06 -110 1.20E-05 -110 1.99E-05
-100 7.74E-06 -100 1.24E-05 -100 2.05E-05
-90 8.13E-06 -90 1.20E-05 -90 2.10E-05
-80 8.13E-06 -80 1.24E-05 -80 2.16E-05
-7 7.74E-06 -70 1.28E-05 -70 2.25E-05
-60 7.74E-06 -60 1.32E-05 -60 2.29E-05
-50 G.58E-06 -50 1.32E-05 -50 2.32E-05
40 5 80F-06 -40 © 1.32E-05 ~40 2.35E-05
-30 6.97E-06 -30 1.35E-05 -30 2.42E-05
-20 6.97E-06 -20 1.35E-05 -20 2.42E-05
-10 6.19E-06 -10 1.39E-05 -10 2.44E-05

0 6.58E-06 0 1.39E-05 0 2.47E-05
10 6.58E-06 16 1.351-05 10 2.48F-05

Continued on next page
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Potential  Current Density | Potential Current Density | Potential Current Density

mV Ajem? mV Ajem? mV Ajem?

20 6.58E-06 20 1.35E-05 20 2.48E-05
30 6.97E-06 30 1.35E-05 30 2.50E-05
40 7.35E-06 40 1.43E-05 40 2 5905
50 7.35E-06 50 1.47B-05 50 2.53E-05
60 7.74E-06 . 60 1.51E-05 60 2.58E-05
70 7.74E-06 70 1.55E-05 70 2.67E-05
30 8.13E-06 80 1.59E-05 &0 2.48E-05
90 8.51E-06 90 1.63E-05 90 2.55E-05
100 9.29E-06 100 1.70E-05 100 2.59E-05
110 9.29E-06 110 1.82E-05 110 2.71E-05
120 9.67E-06 120 1.82E-05 120 2.83E-05
130 1.01E-05 130 1.82E-05 130 2.86E-05
140 1.08E-05 140 1.97E-05 140 2.94E-05
150 1.16E-05 150 2.17E-05 150 3.02E-05
160 1.28E-05 160 2.32E-05 160 3.25E-05
170 1.35E-05 170 2.52E-05 170 3.10E-05
180} 1.47E-05 180 2.67E-05 180 3.48E-05
190 1.66E-05 190 2.86E-05 190 3.64E-05
200 1.78E-05 200 3.13E-05 200 3.75E-05
210 1.90E-05 210 3.52E-05 210 3.95E-05
220 2.01E-05 220 3.83E-05 220 4.14E-05
230 2.24E-05 230 4.02E-05 230 4.26E-05
240 2.36E-05 240 4.30E-05 240 4.64F-05
250 2.55E-05 250 4.45E-05 250 4.88E-05
260 2.79E-05 260 4.80E-05 260 5. 19E-05
270 3.02E-05 270 4.88E-05 270 5.34E-05
280 3.33E-05 280 5.07E-05 280 5.46E-05
290 3.33E-05 200 5.22E-05 290 5.46E-05
300 3.37E-05 300 5.42E-05 300 5.42E-05
310 3.33E-05 310 5.4G1-05 310 5.50E-05
320 3.52E-05 320 5.50E-05 320 5.53E-05
330 3.72E-05 330 5.50E-05 330 5.53E-05
340 3.95E-05 340 5.53E-05 340 5.42E-05
350 3.99E-05 350 5.46E-05 350 5.42E-05
360 4.10E-05 360 5.46E-05 360 5.11E-05
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Potential  Current Density | Potential Current Density | Potential Current Density
mV Ajem? mV A/cm? mV Afem?
370 4.18E-05 370 5.50E-05 370 5.07E-05
380 4.30E-03 380 5.42E-05 380 5.03E-05
390 4.33E-05 390 5.38E-05 390 4.84E-05
400 4.45E-05 400 5.34E-05 400 4.76E-05
410 4.26E-05 410 5.30E-05 410 4.68-05
420 4.26E-05 420 5.03E-05 420 4.49E-05
430 4.14E-05 430 4.88E-05 430 4 30E-05
440 3.99E-05 440 4.76E-05 440 4.18E-05
450 4.06E-05 450 4.80E-05 450 4.10E-05
460 4.14E-05 460 4,72E-05 460 4.10E-05
470 4.22E-05 470 4 84E-05 470 4.06E-05
480 4.14E-05 480 4 80E-05 430 4.06E-05
490 4.30E-05 490 4.88F-05 490 4.06E-05
500 4.37E-05 500 4.99E-05 500 4,02E-35
510 4.30E-05 510 5.07E-05 510 4.02E-05
520 4.26E-05 520 5.07E-05 520 3.95E-05
530 4.45E-05 530 5.11E-05 530 3.95E-05
540 4.451-05 540 5.15E-05 540 3.99E-05
550 4 45E-05 550 5.15E-05 530 4.10E-05
560 4.33E-05 560 5.38E-05 560 4.18E-05
570 4.57E-05 570 5.50E-05 570 4.26E-05
580 4.91E-05 580 5.73E-05 580 4.26E-05
590 5.26E-05 530 5.92E-05 590 4.45F-05
600 5.61E-05 600 6.15E-05 600 4.61E-05
610 6.23E-05 610 6.46E-05 610 4.88E-05
620 6.66E-05 620 7.00E-05 620 4.95E-05
630 7.1215-05 630 7.82E-05 630 5.42E-05
640 8.24E-05 640 8.63E-05 640 5.80E-05
650 1.10E-04 650 1.04E-04 650 6.G6E-05
660 1.44E-04 660 1.37E-04 660 8.51E-05
670 2.14E-04 670 2.055-04 670 1.22E-04
680 3.80E-04 680 3.15I5-04 680 1.92E-04
690 6.31E-04 690 6.08E-04 690 3.25E-04
700 1.03E-03 700 9.91E-04 700 5.61E-04
710 1.62E-03 710 1.53E-03 710 8.63E-04
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Potential Current Density

Potential Current Density | Potential Current Density

mV Ajem? mV Afem? mV Ajcm?

720 2.37E-03 720 - 2.51E-03 720 1.16E-03
730 3.29¥-03 730 3.17E-03 730 1.55E-03
740 4.18E-03 740 4.21E-03 740 2.07E-03
750 5.19E-03 750 5.07E-03 750 2.51E-03
760 6.23E-03 760 6.00E-03 760 3.03E-03
770 7.00E-03 770 6.93E-03 770 3.56E-03
T80 8.24E-03 780 8.05E-03 780 3.95E-03
790 9.09E-03 790 8.94E-03 790 4.33E-03
800 1.01E-02 800 1.02E-02 800 4.76E-03
810 1.14F-02 810 1.12E-02 810 5.22E-03
820 1.23E-02 820 1.20E-02 820 5.65E-03
830 1.35E-02 830 1.31E-02 830 6.42E-03
340 1.46E-02 840 1.42E-02 840 7.20E-03
850 1.57E-02 850 1.52E-02 850 8.05E-03
860 1.68E-02 860 1.65E-02 860 8.67E-03
870 1.79E-02 870 1.75-02 870 9.20F-03
880 1.91E-02 880 1.87E-02 880 1.00E-02
890 1.99E-02 890 1.98E-02 890 1.08E-02
900 2.12E-02 900 2.11E-02 900 1.17E-02
910 2.26E-02 910 2.22E-02 910 1.28E-02
920 2.40E-02 920 2.33E-02 920 1.35E-02
930 2.50E-02 930 2.44E-02 930 1.50E-02
940 2.60E-02 940 2.54E-02 940 1.65E-02
950 2.73E-02 950 2.64E-02 950 ) 1.70E-02
960 2.86E-02 960 2.76E-02 960 1.81E-02
970 2.955-02 970 . 2.88E-02 970 1.89E-02
980 3.10E-02 980 3.00E-02 980 2.05E-02
990 3.19E-02 930 3.12E-02 990 2.09E-02
1000 3.30E-02 1000 3.26E-02 1000 2.24E-02
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TABLE B.3: Polarization Data: $5201 in 5.0% sodium carbonate

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential Current Density

mv A/cm? mV A/cm? mV Ajem?

-1000 1.24E-04 -1000 7.12E-04 -1000 9.13E-04
-990 1.04E-04 -990 7.04E-04 -990 8.55E-04
-980 9.09E-05 -980 6.77E-04 -980 8.208-04
-970 7.80E-05 -970 6.62E-04 -970 7.93E-04
-960 6.89E-05 - -960 6.35E-04 -960 7.59E-04
-850 8.00E-05 -950 6.19E-04 -950 - 7.24E-04
-940 5.34E-05 -040 5.96E-04 -940 6.93E-04
-930 4.91E-05 -930 5.73E-04 -930 6.58F-04
-920 4.49E-05 -920 5.53E-04 -920 6.27E-04
-910 4.22E-05 -910 5.26E-04 -910 6.00E-04
-800 3.99E-05 -900 5.07E-04 -900 5.69E-04
-840 3.72E-05 -890 4.84E-04 -890 5.30E-04
-880 3.44E-05 -880 4.57E-04 -880 5.03E-04
-870 3.29E-05 -870 - 4.18E-04 -870 4.68E-04
-8G0O 3.10E-05 -860 3.87E-04 -860 4.37E-04
-850 ' 2.83E-05 -850 3.68E-04 -850 4.10E-04
-840 2.63E-05 -840 341E-04 -840 3.87E-04
-830 2.558-05 -830 3.21E-04 -830 3.68E-04
-824 2.32E-05 -820 3.02E-04 -820 3.48E-04
-810 2.21E-05 -810 2,831?}04 -810 3.25E-04
-800 2.05E-05 -800 2.55E-04 -800 3.10E-04
-790 1.93E-05 =790 2.50E-04 -7490 2.86E-04
-780 1.78E-05 -780 2.41E-04 -780 2.71E-04
-770 1.66E-05 -770 2.26E-04 -770 2.52E-04
-T60 1.51E-05 -760 2.12E-D4 -760 2.32E-04
-750 1.39E-05 -750 1.96E-04 -750 2.17E-04
-740 1.24E-05 =740 - 1.32E-04 -740 2.01E-04
-730 1.12E-05 -730 1.68E-04 -730 1.82E-(4
-720 1.01E-05 -720 1.57E-04 =720 1.66E-04
-710 8.90E-06 -710 1.46F-04 -710 1.55E-04
=700 6.97E-06 =700 1.32E-04 -700 1.43E-04
-690 5.42E-006 -690 1.22E-04 -690 1.28E-04

Continued on nezt page
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& -t
Potential Current Density | Potential Current Density | Potential Current Density

mV A/em? mV Ajem? mV A/em?

-680 2.71E-06 -680 1.11E-04 -680 1.16E-04
-670 1.93E-06 -670 L.01E-04 -670 1.08E-04
-660 3.87E-07 -660 9.13E-05 -660 9.29E-05
-650 1.93E-06 -650 8.28E-05 -650 8.51E-05
-640 3.87E-06 -640 7.28E-05 -640 7.74E-05
-630 5.42E-06 -630 6.42E-05 -630 6.97E-05
-620 7.35E-06 -620 5.57E-05 -620 6.19E-05
-610 9.29E-06 -610 - 4.64E-05 -610 5.42E-05
-600 9.67E-06 -600 3.87E-05 -600 4.26E-05
-590 1.01E-05 -590 3.21E-05 -540 3.87E-05
-580 1.08E-05 -580 2.67E-05 -580 3.10E-05
-570 1.16E-05 -B70 2.01E-05 -570 2.32E-05
-560 1.24E-05 -560 1.55E-05 -560 1.93E-05
-550 1.32E-05 -550 9.67E-06 -550 1.55E-05
-540 1.20E-05 -540 3.48E-06 -540 1.16E-05
-530 1.63E-05 -530 2.32E-06 -530 7.74E-06
-520 1.70E-05 -520 1.55E-06 -520 3.87E-06
-510 1.66E-05 -510 1.16E-06 -510 2.71E-06
-500 1.59KE-05 -500 5.03E-06 -500 2.32E-06
-490 1.66E-05 -490 - 6.97E-06 -490 3.87E-06
480 1.82E-05 480 ' 1.04E-05 -480 7.74E-06
-470 2.09E-05 -470 1.32E-05 -470 1.16E-05
-4G0 2.36E-05 -460 1.93E-05 -460 1.93E-05
-450) 2.55L5-05 -450 2.63E-05 -450 2.32E-05
-440 2.94E-05 -440 3.13E-05 -44_[) 3.10E-05
-430 3.10E-05 -430 3.56E-05 -430 3.48E-05
-421) 3.79E-05 -420 4.14E-05 -420 3.87E-05
-410 4.22E-05 -410 5.03E-05 -410 5.03E-05
-400 4.30E-05 =400 5.22E-05 -400 5.80E-05
-390 4.49E-05 -390 5.80E-05 -390 5.80E-05
-380 4.88E-05 -380 6.35E-05 -380 6.19E-05
-370 5.07E-05 -370 6.50E-05 -370 6.58E-05
-360 5.22E-05 -360 . 6.46E-05 -360 6.58E-05
-350 5.11E-05 -350 6.35E-05 -350 5.80E-05
-340 4.68E-05 -340 4.61E-05 -340 3.87E-05
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. 'l:;.



Appendix B. Fzperimental Data

104

Potential Current Density | Potential Cirrent Density | Potential Current Density
mV Ajem? mV Afem? mV Afcm?
-330 4.26E-05 -330 4.68E-05 -330 3.87E-05
-320 3.99E-05 -320 4.33E-05 -320 3.48E-05
-310 3.8712-05 -310 4.2212-05 -310 3.10E-05
-300 3.68E-05 -300 4.10E-05 -300 3.10E-05
-290 3.721-05 -260 3.83E-05 -290 2.71E-05
-280 (3.721-05 -280 3.87E-05 -280 2.71E-05
-270 3.83E-05 =270 3.79E-05 - =270 3.10E-05
-260 3.87E-05 -260 3.99E-05 -260 3.10E-05
-250 3.87E-05 -250 4.02E-05 -250 3.10E-05
-240 4.0215-05 -240 3.99E-05 -240 3.10E-05
-230 4.14E-05 -230 ~ 3.99E-05 -230 3.48E-05
-220 4.22E-05 -220 4.22E-05 -220 3.48E-05
-210 4.41E-05 -210 4.37E-05 -210 3.48E-05
-200 4.37E-05 -200 4.68E-05 -200 3.48E-05
-190 4. 45E-05 -190 4.41E-05 -190 3.87E-05
-180 4.61E-05 -180 4.80E-05 -180 3.87E-05
-170 4.37E-05 -170 4.99E-05 -170 3.87E-05
-160 4.41E-05 -160 5.15L-05 -160 3.87E-05
-150 4.45E-05 -150 5.07E-05 -150 4.26E-05
-140 4.53E-05 -140 5.11E-05 -140 5.03E-05
-130 4.53E-05 -130 5.26E-05 -130 5.42E-05
-120 4.57E-05 -120 5.26E-05 -120 5.42E-05
-110 4.64E-05 -110 4.801-05 -110 5.421-05
-100 4.61E-05 -100 - 4.22E-05 -100 3.87E-05
-90 4.45E-05 -90 4.0212-05 -90 3.87E-05
-80 4.53E-05 -80 3.72E-05 = -80 3.48E-05
-70 4.53E-05 -70 3.48E-05 =70 3.87E-05
-GO 4.4912-05 -60 3.41E-05 -G0 3.10E-05
-50 4.45E-05 -50 3.21E-05 -50 3.10E-05
-40 4.45E-05 -40 3.17E-05 -40 3.10E-05
-30 3.87E-05 -30 3.21E-05 -30 3.10E-05
-20 3.87E-05 -20 3.29E-05 -20 3.4SE-05
-10 3.87E-05 -10 3.37E-05 -10 3.48E-05

0 3.87E-05 0 3.33E-05 0 3.48E-05
10 3.87E-05 10 3.41E-05 10 3.48E-05

Continued on nezt page
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Potential Current Density | Potential Current Density | Potential Current Densiby
mV Ajem? mV Ajem? mV Alcem?®
20 3.87E-05 20 3.56E-05 20 3.10E-05
30 3.99E-05 30 - 3.75E-05 30 3.48E-05
40 3.99E-05 40 3.83E-05 40 3.48E-05
a0 4.10E-05 50 4.14E-05 50 3.87E-05
60 4.10E-05 60 4.14E-05 60 3.87E-05
70 4.10E-05 70 4.18E-05 70 3.87E-05
80 4.10E-05 80 4.37E-05 80 3.87E-05
90 4.10E-05 90 4.68E-05 90 4.26E-05
100 4.10E-05 100 4.72E-05 100 3.87E-05
110 4.22E-05 110 4.88E-05 110 4.26E-05
120 4.22E-05 120 5.11E-05 120 4.64E-05
130 4.02E-05 130 5.15E-05 130 4.64E-05
140 4.06E-05 140 5.46E-05 140 5.03E-05
150 4.22E-05 150 5.73E-05 150 5.03E-05
160 4.26E-05 160 6.04E-05 160 5.42E-05
170 4.45E-05 170 6.15E-05 170 5.80E-05
180 4.37E-05 180 6.35E-05 180 5.80E-05
190 4.37E-05 190 6.89E-05 190 6.19E-05
200 4.61E-05 200 7.43E-05 200 6.58E-05
210 4.61E-05 210 7.82E-05 210 6.58E-05
220 4.80E-05 220 8.40E-05 220 6.97E-05
230 5.031%-05 230 8.90E-05 230 7.74E-05
240 5.42E-05 240 9.37E-05 240 7.74E-05
250 5.61E-05 250 9.98E-05 250 8.13E-05
260 5.80E-05 260 1.02E-04 260 8.51E-05
270 6.19E-05 270 1.06E-04 270 9.67E-05
280 6.81E-05 280 1.09E-04 280 1.04E-04
290 6.97E-05 290 © 1.12E-04 290 1.04E-04
300 6.97E-05 300 1.13E-04 300 1.12E-04
310 7.39E-05 310 © 1.13E-04 310 1.08E-04
320 7.39E-05 320 1.13E-04 ' 320 1.16E-04
330 7.59E-05 330 1.12E-04 330 1.16E-04
340 7.78E-05 340 1.13E-04 340 1.16E-04
350 7.97E-05 350 1.15E-04 350 1.20E-04
360 8.09E-05 360 1.16F-04 360 1.24E-04
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Potential  Current Density | Potential Current Density | Potential ~Current Density
mv Afem? mV Ajem? mV A/em?
370 8.28E-05 370 1.15E-04 370 1.24E-04
380 8.40E-05 380 1.13%-04 380 1.24E-04
390 8.44F-05 390 1.14E-04 390 1.24E-04
400 8.67E-05 400 1.14E-04 400 1.24E-04
410 8.67E-05 410 1L11E-04 410 1.20E-04
420 8.71E-05 420 1.09E-04 420 1.24E-04
430 8.67E-05 430 1.08E-04 430 1.20E-04
440 8.71E-05 440 1.06E-04 440 1.12E-04
450 8.55E-05 450 1.06E-04 450 1.12E-04
460 8.51E-05 460 1.08E-04 460 1.12E-04
470 8.44E-05 470 1.13E-04 470 1.12E-04
480 8.44E-05 480 1.15E-04 480 1.16E-04
490 8.59E-05 490 1.14E-04 490 1.20E-04
500 '8.90E-05 500 1.14E-04 500 1.24E-04
510 9.09E-05 510 1.16E-04 510 1.28E-04
520 9.13E-05 520 1.14E-04 520 1.32E-04
530 9.21E-05 530 1.13E-04 530 1.32E-04
540 9.20E-05 540 1.22E-04 540 1.35E-04
550 9.48E-05 550 1.25%-04 550 1.39E-04
560 9.37E-(5 560 1.26E-04 560 1.47E-04
570 9.98E-05 570 1.30E-04 570 1.47E-04
580 9.83E-05 580 1.31E-04 580 1.43E-04
590 9.98E-05 590 1.33E-04 590 1.47E-04
600 1.04E-04 GO0 1.35E-04 600 1.55E-04
G10 1.04E-04 610 1.34E-04 610 1.55K-04
620 1.07E-04 620 1.41E-04 G20 1.55E-04
630 1.13E-04 630 1.48E-04 630 1.55E-04
640 1.13E-04 640 1.52E-04 640 1.70E-04
650 1.18E-04 650 1.61E-04 650 1.78E-04
660 1.27E-04 660 1.78E-04 660 1.90E-04
670 1.40E-04 670 1.99E-04 670 2.09E-04
680 1.60E-04 680 2.40E-04 680 2.52E-04
690 1.94E-04 690 3.20E-04 690 3.02E-04
700 2.55E-04 700 4.13E-04 700 4.88E-04
710 3.32E-04 710 7.20E-04 710 7.97E-04
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Potential Current Density

Potential Current Density Potential Current Density
mV Ajem? mV A/em? mV A/cm?
720 4.72E-04 720 1.16E-03 720 1.39E-03
730 6.89E-04 730 1.78E-03 730 2.22E-03
740 9.25E-04 740 2.90E-03 740 3.12E-03
750 1.28E-03 750 3.78E-03 750 4.02E-03
760 1.67E-03 760 4.88E-03 760 5.30E-03
770 1.98E-03 770 5.80E-03 770 6.15E-03
780 2.26E-03 780 6.77E-03 780 7.12E-03
790 2.63E-03 790 7.82E-03 790 8.36E-03
800 3.25E-03 800 9.13E-03 800 9.40E-03
810 3.69E-03 810 © 1.03E-02 810 1.08E-02
820 4.13E-03 820 1.14E-02 820 1.19E-02
830 4.645-03 830 1.24E-02 830 1.30E-02
840 5.19E-03 840 1.35E-02 840 1.45E-02
850 5.80B-03 850 1.49E-02 850 1.56E-02
860 6.46E-03 860 1.58E-02 860 1.70E-02
870 7.35E-03 870 1.70E-02 870 1.80E-02
880 8.17E-03 880 1.83E-02 880 1.92B-02
890 9.13E-03 890 1.96E-02 890 2.05E-02
900 1.02E-02 900 2.08E-02 900 2.16E-02
910 1.13E-02 910 2.20E-02 910 2.20E-02
920 1.23E-02 920 2.33E-02 920 2.41E-02
930 1.34E 02 930 2.45E-02 930 2.55E-02
940 1.43E-02 940 2.57E-02 940 2.69E-02
950 1.55E-02 950 2.68E-02 950 2.82E-02
960 1.66E-02 960 2.82E-02 960 2.96E-02
970 1.74E-02 970 2.93E-02 970 - 3.08E-02
980 1.89E-02 980 3.03E-02 980 3.20E-02
990 2.00E-02 990 3.17E-02 990 3.30E-02
1000 2.12E-02 1000 3.31B-02 1000 3.48E-02
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TaBLE B.4: Polarization Data: $5201 in FeSO,

Veloeity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s

Potential  Current Density | Potential Current Density | Potential ~Current Density

mV Ajem? mV Afem? mV Ajem?

-1000 2.01E-04 -1000 4.68E-03 -1000 5 42E-03
-990 1.93E-04 -990 4.49E-03 -990 5.30E-03
-080 1.84E-04 -980 4.37E-03 -980 5.22E-03
-970 1.72E-04 -970 4.10E-03 -970 5.22E-03
-960 1.63E-04 -960 4.02E-03 -960 5.11E-03
-850 1.58E-04 -950 4.06E-03 -850 5.07E-03
-940 1.52E-04 -940 4.02E-03 -940 4.91E-03
-930 1.49E-04 -830 3.91E-03 -930 4.84E-03
-920 1.47E-04 -920 3.87E-03 -920 . 4. 76 E-03
-910 1.45E-04 -910 3.72E-03 -910 4.64F8-03
-900 1.39E-04 -900 3.64E-03 -900 4.61E-03
-390 1.34E-04 -390 3.56E-03 -890 4.57E-03
-880 1.27E-04 -880 3.41E-03 -880 | 4.41E-03
-870 1.23E-04 -870 3.29E-03 -870 4.33E-03
-860 1.18E-04 -860 3.25E-03 -860 4.26E-03
-850 1.16E-04 -850 3.21E-03 -850 4.18E-03
-840 1.13E-04 -840 3.17E-03 -840 4.06E-03
830 1.108-04 830 3.10E-03 830 | 4.026-03
-820 1.05E-04 -820 3.06E-03 -820 3.95E-03
-810 1.01E-04 -810 3.02E-03 -810 3.91E-03
-800 9.60E-05 -800 2.90E-03 -800 ‘ 3.87E-03
-790 8.94E-05 -780 2.88E-03 -790 3.75E-03
-780 8.32E-05 -780 2.84E-03 -780 3.72E-03
=770 7.82E-05 -770 2.79E-03 -770 3.64E-03
-760 7.20E-05 -760 2.74E-03 -760 3.60E-03
-730 6.62E-05 -750 2.66E-03 -750 3.52E-03
-740 5.80E-05 -740 2.60E-03 -740 3.48E-03
-730 5.19E-05 -730 2.657E-03 -730 3.44E-03
=720 4.72E-05 -720 2.53E-03 =720 3.41E-03
-710 4.30E-05 -710 2.51E-03 =710 3.37E-03
-700 4.06E-05 -700 2.46F-03 =700 3.33E-03
-G90 3.95E-05 -690 2.40E-03 -690 3.29E-03

Continued on next page
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Potential Current Density

Potential Current Density | Potential Current Density

mV Ajem? mV Ajem? mV Afem?

-680 V 3.72E-05 -680 2.36E-03 -680 3.21E-03
-670 3.64E-05 -670 2.32K-03 -670 3.17E-03
-660 3.37E-05 -660 2.30E-03 -660 3.13E-03
-650 3.21E-05 -650 2.27E-03 -630 3.21E-03
-640 3.02E-05 -640 2.24E-03 -640 3.17E-03
-630 2.79E-05 -630 2.20E-03 -630 3.14E-03
-620 2.63E-05 -620 2.17E-03 -620 3.10E-03
-610 2.48E-05 -610 2.17E-03 -610 3.06E-03
-600 2.21E-05 -600 2.14E-03 -G00 3.03E-03
-590 . 2.01E-05 -590 2.11E-03 -590 2.98E-03
-580 1.82E-05 -580 2.09E-03 -580 2.96E-03
-570 1.59E-05 -570 2.08E-03 -570 2.92E-03
-560 1.39E-05 -560 2.06E-03 -560 2.88E-03
-550 1.16E-05 -550 1.98E-03 -550 2.80E-03
-540 9.67E-06 -540 .- 1.92E-03 -540 2.69E-03
-530 8.90E-06 -530 1.90E-03 -530 2.59E-03
-520 8.13E-06 -520 1.87E-03 -520 2.55E-03
-510 4.26E-06 -510 1.84E-03 -510 2.44E-03
-500 3.87E-07 -500 1.80E-03 -500 2.36E-03
-490 7.74E-07 -480 1.74E-03 -490 2.27E-03
-480 1.83E-06 -480 1.69E-03 -480 2.13E-03
-470 3.48E-06 -470 1.62E-03 -470) 2.07E-03
-460 4. 64E-06 -460 1.53E-03 -460 1.90E-03
-450 5.80E-06 -450 1.43E-03 -450 1.82E-03
-440 6.97E-06 -440 1.30E-03 -440 1.70E-03
-430 7.74E-06 -430 1.20E-03 -430 1.59E-03
-420 8.51E-06 -420 1.145E-03 -420 1.49E-03
-410 9.67E-06 -410 " 1.08E-03 -410 1.37E-03
408 1.04E-05 -400 1.03E-03 -400 1.28E-03
-390 1.20E-05 -390 8.90E-04 -390 1.22E-03
-380 1.32E-05 -380 8.44E-04 -380 1.10E-03
-370 1.32E-05 -370 7.31E-04 -370 1.03E-03
-360 1.20E-05 -360 6.77E-04 -360 8.37E-04
-350 1.20E-05 -350 6.19E-04 -350 8.63E-04
-340 1.24E-G5 -340 5.42E-04 -340 7.74E-04
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Potential Current Density | Potential Current Density | Potential Current Density
mv A/cm? mV Afem? mV Afem?
-330 1.20E-05 -330 4.95E-04 -330 7.12E-04
-320 1.20E-05 -320 4.26E-04 -320 6.58E-04
-310 1.16E-05 -310 3.64E-04 -310 6.11E-04
-300 1.16E-05 -300 3.21E-04 -300 5.34E-04
-290 1.20E-05 -290 3.06E-04 -290 4.84E-04
-280 1.39E-05 -280 2.59E-04 -280 4.41E-04
-270 1.39E-05 -270 2.05E-04 -270 3.87E-04
-260 1.55E-05 -260 1.78E-04 -260 3.52E-04
-250 1.59E-05 -250 1.55E-04 -250 3.10E-04
-240 1.63E-05 -240 1.24E-04 -240 2.75E-04
-230 1.74E-05 -230 9.29E-05 -230 2.52E-04
-220 1.90E-05 -220 7.7415-05 -220 2.13E-04
-210 2.01E-05 -210 5.03E-05 -210 1.66E-04
-200 2.17E-05 -200 3.87E-05 -200 1.39E-04
-190 2.32E-05 -190 1.93E-05 -190 1.04E-04
-180 2.40E-05 -180 2.71E-05 -180 5.80E-05
-170 2.40E-05 -170 3.87E-05 -170 3.87E-05
-160 2.40E-05 -160 7.74E-05 -160 5.80E-05
-150 2.36E-05 -150 1.16E-04 -150 9.67E-05
-140 2.40E-05 -140 2.13E-04 -140 1.55E-04
-130 2.48E-05 -130 3.64E-04 -130 2.75E-04
-120 2.75E-05 -1200 4.99E-04 -120 4.10E-04
-110 2.75E-05 -110 6.39E-04 -110 5.80E-04
-100 2.83E-05 -100 7.7415-04 -100 7.35[-04
-490 3.13E-05 -90 6.62E-04 -80 8.05E-04
-80 3.33E-05 -80 3.02E-04 -80 7.04E-04
-70 3.48E-05 -70 2.63E-04 -70 6.08E-04
-60 3.68E-05 -60 2.36E-04 -60 5.22E-04
-50) 3.95E-05 -50 2.24E-04 -50 4.22F-04
-40 4.06E-05 -40 2.17E-04 -40 2.75E-04
-30 4.41E-05 -30 2.09E-04 -30 2.44F-04
-20 4.76E-05 -20 2.01E-04 -20 2.36E-04
-1 4.95E-05 -10 1.97E-04 -10 2.32E-04

0 5.07E-05 0 1.82E-04 0 2.24E-04
10 5.19E-05 10 1.66E-04 10 2.17E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV A/em? mV Ajem? mV A/em?
20 5.42E-05 20 1.51E-04 20 2.01E-04
30 5.77E-05 30 1.39E-04 30 1.90-04
40 6.00E-05 40 1.32E-04 40 1.821-04
50 6.27E-05 50 1.28E-04 50 1.74E-04
60 6.62E-05 60 1.28E-04 60 1.63E-04
70 7.00E-05 70 1.20E-04 70 1.59E-04
80 7.35E-05 80 1.16E-04 80 1.55E-04
90 7.70E-05 90 1.16E-04 90 1.51E-04
100 8.09E-05 100 1.20E-04 100 1.43E-04
110 8.48E-05 110 1.20E-04 110 1.39F-04
120 8.90E-05 120 1.20E-04 120 1.35E-04
3¢ - 9.33E-05 130 1.241-04 130 1.35E-04
140 9.71E-05 140 1.28E-04 140 1.35E-04
150 1.01E-04 159 1.28E-04 150 1.35E-04
160 1.06E-04 . 160 1.32E-04 160 1.39E-04
170 1.11E-04 170 1.35E-04 170 1.43E-04
180 1.15E-04 180 1.39E-04 180 1.47E-04
190 1.19E-04 190 1.43E-04 190 1.51E-04
200 1.23E-04 200 1.4715-04 200 1.55E-04
210 1.28E-04 210 1.51E-04 210 1.55K-04
220 1.32E-04 220 7 1.55E-04 220 1.59E-04
230 1.36E-04 230 1.63%-04 230 1.63E-04
240 1.40E-04 240 1.66E-04 240 1.66E-04
250 1.45E-04 250 1.70E-04 250 1.70E-04
260 1.49E-04 260 1.74E-04 260 1.74E-04
270 1.54E-04 270 1.78E-04 270 1.82E-04
280 1.658E-04 280 1.82E-04 280 1.82E-04
290 1.63E-04 290 1.90E-04 290 1.90E-04
300 1.68E-04 300 1.93E-04 300 1.93E-04
310 1.72E-04 310 1.97E-04 310 2.01E-04
320 1.77E-04 320 2.01E-04 320 2.05E-04
330 1.82E-04 330 2.09E-04 330 2.00E-04
340 1.86E-04 340 2.13E-04 340 2.13E-04
350 1.91E-04 350 - 2.17E-04 350 2.17E-04
360 1.96E-04 360 2.21E-04 360 2.21E-04
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Potential ~ Current Density | Potential Current Density | Potential Current Density
mV Afem? mV Afem? mV Afem?
370 2.00E-04 370 2.24E-04 370 2.28E-04
380 - 2.05E-04 380 2.32E-04 380 2.32E-04
390 2.10E-04 390 2.36E-04 390 2.36E-04
400 2.15E-04 400 2.40E-04 400 2.40E-04
410 2.19E-04 410 2.44E-04 . 410 2.44E-04
420 2.23E-04 420 2.48E-04 420 2.48E-04
430 2.28E-04 430 2.52E-04 430 2.55E-04
440 2.34E-04 440 2.55E-04 440 2.59E-04
450 2.38E-04 450 2.63E-04 450 2.63E-04
460 2.43E-04 460 2.71E-04 460 2.67E-04
470 2 49E-04 470 2.71E-04 470 2.75E-04
480 2.55E-04 480 - 2.75E-04 480 2.33E-04
490 2.60E-04 490 2.79E-04 490 2.86L-04
500 2.66E-04 500 2.86E-04 500 2.94E-04
510 2.72E-04 510 2.94E-04 510 3.02E-04
520 2.77E-04 520 2.98E-4 520 3.06E-04
530 2.84E-04 530 3.02-04 530 3.13E-04
540 2.91E-04 540 3.13E-04 540 3.21E-04
550 2.98E-04 550 3.21E-04 550 3.29E-04
560 3.05E-04 560 3.29B-04 560 3.41E-04
570 3.12E-04 570 3.37E-04 570 3.48F-04
580 3.21E-04 580 3.44T5-04 580 3.60E-04
590 3.25E-04 590 3.56E-04 590 3.72E-04
GO0 3.37E-04 600 3.6815-04 600 3.83E-04
610 3.44E-04 610 3.79E-04 610 3.95E-04
620 3.56E-04 620 39E-04 620 4.14E-04
630 3.68E-04 630 4.06E-04 630 4.26E-04
640 3.83E-04 G40 4.30E-04 640 4.45E-04
650 3.95E-04 630 4.45E-04 650 4.64E-04
660 4.10E-04 660 4.57E-04 660 4.88E-04
670 4.30E-04 670 4.84E-04 670 5.11E-04
680 "4.45E-04 G8O 5.07E-04 680 5.38E-04
690 4.68E-04 690 5.34E-04 690 5.65E-04
700 4.95-04 700 5.65E-04 700 6.00E-04
710 5.19E-04 710 6.04E-04 710 G.31E-04
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Potential Current Density | Potential Current Density | Potential Current Density
mV Ajem? mV Ajem? mV A/cm?
720 5.50E-04 720 6.39E-04 720 6.70E-04
730 5.84E-04 730 6.70E-04 730 7.04E-04
740 6.23E-04 740 7.08E-04 740 TATE-04
750 6.66E-04 750 7.47F-04 750 7.86E-04
760 7.20E-04 760 7.74E-04 760 8.13E-04
770 7.74E-04 770 8.09E-04 770 8.36E-04
780 8.51E-04 780 8.32E-04 780 8.71E-04
790 9.44E-04 790 8.63E-04 790 9.13E-04
800 1.03E-03 800 9.13E-04 800 9.37E-04
810 1.11E-03 810 9.48E-04 810 9.40E-04
820 1.22E-03 820 9.87E-04 820 9.29E-04
830 1.32E-03 830 1.01E-03 830 9.44E-04
840 1.43E-03 840 1.02E-03 840 9.48E-04
850 1.52F-03 850 ~ 1.03E-03 850 9.71E-04
860 1.60E-03 860 1.03E-03 860 9.52E-04
870 1.66E-03 870 1.01E-03 870 9.37E-04
880 1.68E-03 880 0.87E-04 880 9.25E-04
830 1.68E-03 890 9.67E-04 890 9.25E-04
900 1.66E-03 900 9.48E-04 900 8.86F-04
910 1.61E-03 910 9.13E-04 910 8.78E-04
920 1.55E-03 920 8.86E-04 920 8.51E-04
930 1.52E-03 930 8.71E-04 930 8.24E-04
940 1.44E-03 940 8.50E-04 940 8.09E-04
950 1.3615-03 950 8.55E-04 8950 7.82E-04
960 1.32E-03 960 8.40E-04 960 7.74E-04
970 1.27E-03 970 8.28E-04 970 7.86E-04
980 1.25E-03 980 - 8.28E-04 980 8.01E-04
990 1.25E-03 990 §.28E-04 990 8.09E-04
1000 1.2515-03 1000 8.32E-04 1000 8.32E-04
1010 1.25E-03 1010 8.55E-04 1010 8.51E-04
1020 1.26E-03 1020 8.63E-04 1020 8.71E-04
1030 1.27E-03 1030 9.02E-04 10630 9.13E-04
1040 1.29E-03 1040 9.33E-04 1040 9.44E-04
1050 1.31E-03 1050 9.64E-04 1050 9.79E-04
1060 1.35E-03 1060 1.0115-03 1060 1.03E-03
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Potential Current Density | Potential Current Density | Potential Current Density

mV A/em? mV Afem? mV A/cm?®

1070 1.38E-03 1070 1.04E-03 1070 1.08E-03
1080 1.42E-03 1080 1.09E-03 1080 1.12E-03
1090 1.45E-03 1080 1.13E-03 1090 1.16E-03
1100 1.51E-03 1100 1.20E-03 1100 1.21E-03
1110 1.54E-03 1110 1.26E-03 1110 1.28E-03
1120 1.60E-03 1120 1.33E-03 1120 1.32E-03
1130 1.63E-03 1130 1.36E-03 1130 1.39E-03
1140 1.67E-03 1140 1.43E-03 1140 1.43E-03
1150 1.70E-03 1150 1.49E-03 1150 1.47E-03
1160 1.73E-03 1160 1.52E-03 1160 1.52E-03
1170 1.75E-03 1170 1.66E-03 1170 1.57E-03
1180 1.76E-03 1180 1.63E-03 1180 1.631:-03
1190 1.77E-03 1190 1.70E-03 1190 1.74E-03
1200 1.78-03 1200 1.76E-03 1200 1.82E-03
1210 1.78E-03 1210 1.84E-03 1210 1.84E-03
1220 1.78E-03 1220 1.83E-03 1220 1.88E-03
1230 1.80E-03 1230 1.93E-03 1230 1.94E-03
1240 1.81E-03 1240 1.97E-03 1240 2.03E-03
1250 1.81E-03 1250 1.99E-03 1250 2.07E-03
1260 1.83E-03 1260 2.05E-03 1260 2.17E-03
1270 1.86E-03 1270 2.13E-03 1270 2.21E-03
1280 1.88E-03 1280 2.18E-03 1280 2.26E-03
1290 1.92E-03 1290 2.32E-03 1290 2.35E-03
1300 1.97E-03 1300 2.381-03 1300 2.55-03
1310 2.00E-03 1310 2.4415-03 1310 2.63E-03
1320 2.06E-03 1320 2.491-03 1320 2.72E-03
1330 2.16E-03 1330 2.52E-03 1330 2.82E-03
1340 2.26L5-03 1340 2.67E-03 1340 2.90E-03
1350 2.37L-03 1350 2.79L-03 1350 2.94F-03
1360 2.52E-03 1360 © 3.06E-03 1360 2.97E-03
1370 2.62E-03 1370 3.14-03 1370 3.10E-03
1380 2.71E-03 1380 3.27E-03 1380 3.17E-03
1390 2.62E-03 1390 3.38E-03 1390 3.21E-03
1400 1.82E-03 1400 3.51E-03 1400 3.29-03
1410 1.61E-03 1414 3.64E-03 1410 3.37E-03

Continued on next page
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Potential Cuwrrent Density | Potential Current Density | Potential —Current Density

mV Ajem? mV Ajcm? mV A Jem?

1420 1.62E-03 1420 3.87E-03 1420 3.44F-03
1430 1.55E-03 1430 3.91E-03 1430 3.52E-03
1440 1.55E-03 1440 3.95E-03 1440 3.64E-03
1450 1.55E-03 1450 4.10E-03 1450 3.91E-03
1460 1.47E-03 1460 4.45E-03 1460 4.30E-03
1470 1.50E-03 1470 4.57E-03 1470 4.45E-03
1480 1.70E-03 1480 4.76E-03 1480 4.53E-03
1490 2.21E-03 1490 - 4.88E-03 1490 4.72E-03
1500 2.38E-03 1500 5.30E-03 1500 4.95E-03
1510 2.56E-03 1510 5.38E-03 1510 5.11E-03
1520 2.70E-03 1520 5.50E-03 1520 5.42E-03
1530 2.94E-03 1530 5.69E-03 1530 5.69E-03
1540 3.10E-03 1540 6.00E-03 1540 5.92E-03
1550 3.19E-03 1550 6.19E-03 1550 6.00E-03
1560 3.41E-03 1560 6.31E-03 1560 G.11E-03
1570 2.79E-03 1570 6.398-03 1570 6.31E-03
1580 2.53E-03 1580 6.46E-03 1580 6.46E-03
1590 2.33E-03 . 1590 6.66E-03 1590 6.58E-03
1600 1.93E-03 1600 6.89E-03 1600 6.97E-03
1610 1.77E-03 1610 -_ 6.97E-03 1610 7.08E-03
1620 1.66E-03 1620 7.16E-03 1620 7.285-03
1630 1.59E-03 1630 7.39E-03 1630 7.59E-03
1640 1.54E-03 1640 7.70E-03 1640 7.74E-03
1650 1.53E-03 1650 7.86E-03 1650 7.86E-03
1660 1.54E-03 1660 8.13E-03 1660 8.09E-03
1670 1.54F-03 167(]‘\ 8.32E-03 1670 8.32E-03
1630 1.565E-03 1680 8.51E-03 1680 8.51E-03
1690 1.55E-03 1690 8.71E-03 1690 8.71E-03
1700 1.56E-03 1700 8.90E-03 1700 8.90E-03
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TaeLE B.5: Polarization Data: 88201 in FeSO,+FeCl,

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density Potential Current Density
mV Ajcm? mV A/cm? mV Aem?
-1000 2.28E-03 -1000 4.84E-03 -1000 5.50E-03
-990 2.21E-03 -970 4.68E-03 -990 5.46E-03
-980 2.14E-03 -960 4.61E-03 -980 5.42E-03
-870 2.09E-03 -950 4.57E-03 -850 5.38%8-03
-960 2.02E-03 -940 4.53E-03 -930 5.30E-03
-950 1.97E-03 -630 4.49E-03 -920 5.26E-03
-940 1.90E-03 -910 4.45E-03 -910 5.22E-03
-830 1.85E-03 -900 . 4.41E-03 -900 5.19E-03
2920 1.80E-03 750 4.33E-03 -890 5.11E-03
-910 1.73E-03 -700 4.26E-03 -880 4.99E-03
-000 1.68E-03 -680 4.18E-03 -730 4.91E-03
-890 1.62E-03 -670 4.10E-03 -720 4.88E-03
-880 1.58E-03 -660 4.06E-03 -700 4.84E-03
-870 1.652E-03 -620 4021503 -690 4.80E-03
-860 1.48E-03 -600 3.95E-03 -630 4.76E-03
-850 1.46E-03 -590 3.75E-03 -670 4.61E-03
-840 1.4DE-03 -540 3.60E-03 -660 4.57E-03
-830 1.36E-03 -530 3.56E-03 -650 4.53E-03
-820 1.31E-03 -520 3.52E-03 -640 4.45E-03
-810 1.27E-03 -510 3.44E-03 -630 4.37E-03
-800 1.23E-03 -500 3.33E-03 -610 4.26E-03
=790 1.20E-03 -490 3.25E-03 -600 4.10E-03
-780 1.16E-03 -480 3.21E-03 -590 4.06E-03
=770 1.12E-03 -470 3.13E-03 -580 3.99E-03
-760 1.08E-03 -460) 3.02E-03 -560 3.87E-03
-750 1.05E-03 -450 2.90E-03 -550 3.83E-03
-740 1.02E-03 -440 2.79E-03 -540 3.75E-03
-730 9.87E-04 -430 2.67E-03 -530 3.72E-03
-720 9.75F-04 -420 2.55E-03 -520 3.60E-03
=710 9.48E-04 -410 2.48F-03 -510 3.44E-03
-700 9.25E-04 -400 2.36E-03 -500 3.37E-03
-G90 9.061-04 -390 2.2412-03 -490 3.29E-03

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV Afcm? mV - Afem? mV Ajcm?
-680 8.94E-04 -380 ©2.17E-03 -480 313E-03
-670 8.82E-04 =370 - 2.01E-03 -470 3.10E-03
-660 8.63E-04 -360 1.90E-03 -460 2.98E-03
-650 8.48E-04 -350 1.78E-03 -450 2.90E-03
-G40 8.3615-04 -340 1.66E-03 -440 2.75E-03
-630 8.24E-04 -330 1.55E-03 -430 2.67E-03
-G20 8.13E-04 -320 1.43E-03 -420 2.55E-03
-610 8.05E-04 -310 1.32E-03 -410 2.48E-03
-G00 7.97E-04 -300 1.20E-03 -400 2.32F-03
-590 7.86E-04 -290 1.12E-03 -390 2.24E-03
-580 7.74E-04 -280 1.01E-03 -380 2.13E-03
=570 7.66E-04 =270 9.29E-04 -370 1.97E-03
-560 7.62E-04 -260 85104 -360 1.86E-03
-550 7.59E-04 -250 7.74E-04 -350 1.7415-03
-540 7.55E-04 -240 6.97E-04 -340 1.63E-03
-490 7.51E-04 -230 6.58E-04 -330 1.51E-03
-480 7.47E-04 -220 6.191-04 -320 1.39E-03
-460 7.43E-04 =210 . 5.80E-04 -310 1.28E-03
-410 7.35E-04 -200 5.42E-04 -300 1.16E-03
-400 7.24E-04 -190 5.03E-04 -290 1.08E-03
-390 7.20E-04 -180 4.64E-04 -280 9.67E-04
-380 © T.12E-04 -170 4.26E-04 -270 8.90E-04
-370 7.00E-04 -160 3.87E-04 -260 7.74E-04
-360 6.89E-04 -150 3.48E-04 -250 6.97E-04
-350 6.73E-04 -140 3.10E-04 -240 6.58E-04
-340 6.58E-04 -130 - 2.71E-04 -230 5.42E-04
-330 6.39E-04 -120 2.71E-04 -220 5.03E-04
-320 6.19E-04 -110 2.32E-04 -210 4.64E-04
-314 5.84E-04 -100 1.90E-04 -200 4.26E-04
-300 5.46E-04 -90 1.43E-04 -190 3.87E-04
-290 4.95E-04 -80 9.675-05 -180 3.48E-04
-280 4.37E-04 =70 3.87E-05 -170 3.10E-04
-270 4.02E-04 -60 5.42E-05 -160 2.71E-04
-260 '3.68E 04 -50 1L.01E-04 -150 2.32E-04
-250 3.48E-04 -40 2.21E-04 -140 1.93E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV Ajem? mV A/cm? mV Afcm?
-240) 3.37E-04 -30 2.75E-04 -130 1.55E-04
-230 3.41E-04 -20 3.33E-04 -120 1.16E-04
-220 3.41E-04 -10 -_ 4.64E-04 -110 1.32E-04
-210 3.41E-04 0 5.07E-04 -100 1.01E-04
-200 3.29E-04 10 5.61E-04 -90 7.35E-05
-190 3.10E-04 20 6.46E-04 -80 5.03E-05
-180 2.98L-04 30 7.24E-04 =70 4.26E-05
-170 2.83E-04 40 7.97E-04 -60 3.87E-05
~160 2.63E-04 50 8.78E-04 -50 5.03E-05
-150 2.40E-04 60 9.67E-04 -40 5.80E-05
-140 2.24E-04 70 1.03E-03 -30 7.35E-05
-130 2.01E-04 80 1.11E-03 -20 1.04E-04
-120 1.82E-04 90 1.19E-03 -10 1.47E-04
-110 1.16E-04 100 1.27E-03 0 1.93E-04
-100 5.03E-05 110 1.36E-03 10 2.71E-04
-90 7.74E-06 120 1.44E-03 20 3.33E-04
-80 3.87E-05 130 1.54E-03 30 3.99E-04
-70 5.03E-05 140 1.60E-03 40 4.80E-04
60 6.58E-05 150 1.70E-03 50 5.53E-04
-50 8.51E-05 160 1.81E-03 60 6.27E-04
-40 1.08E-04 170 1.87E-03 70 7.08E-04
-30 1.66E-04 180 2.02E-03 80 7.89E-04
-20 2.21E-04 190 2.14E-03 90 8.78E-04
-10 2.86E-04 200 2.30E-03 100 9.67E-04
0 3.48E-04 210 2.43E-03 110 1.06E-03
10 4.30E-04 220 2.55E-03 120 1.15E-03
20 4.95F-04 230 2.68E-03 130 1.23E-03
30 5.80E-04 240 2.79E-03 140 1.32E-03
40 6.89E-04 250 . 2.86E-03 150 1.43E-03
50 7.74E-04 260 3.00E-03 160 1.52E-03
60 8.82E-04 270 3.10E-03 170 1.64E-03
70 9,71E-04 280 3.20E-03 180 1.75E-03
3 1.07E-03 290 3.32E-03 190 1.83E-03
90 1.18E-03 300 3.4415-03 200 1.95E-03
100 1.28E-03 310 3.55E-03 210 2.01E-03
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Potential Current Density | Potential ~Current Density | Potential  Current Density
mV Ajem? mV Afen® mV A/em?
110 1.41E-03 320 3.65E-03 220 2.10E-03
120 1.54E-03 330 3.78E-03 230 9.29E-03
130 1.68E-03 340 3.91E-03 240 9.39E-03
140 1.82E-03 350 4.06E-03 250 2 43E-03
150 2.00E-03 360 4.14E-03 260 2.57E-03
160 2.13E-03 370 " 4.99E-03 270 2.83E-03
170 2.27E-03 380 4.33E-03 280 3.03E-03
180 2.42E-03 390 4.49E-03 290 3.19E-03
190 2.55E-03 400 _ 4.64E-03 300 3.39E-03
200 2.69E-03 410 4.76E-03 310 3.45B-03
210 2.83E-03 420 4.91E-03 320 3.57E-03
220 2.98E-03 430 5.03E-03 330 3.68E-03
230 3.11E-03 440 5.15E-03 340 3.79E-03
240 3.25B-03 450 5.26B-03 350 3.91E-03
250 3.39E-03 460 5.34E-03 360 4.02E-03
260 3.56E-03 470 5.53E-03 370 4.10E-03
270 3.69E-03 480 5.65E-03 380 4.29E-03
280 3.85E-03 490  5.77E-03 390 4.33E-03
290 3.09E-03 500 5.92E-03 400 4.45E-03
300 4.16E-03 510 6.04E-03 410 4.61E-03
310 4.26E-03 520 6.15E-03 420 4.76E-03
320 4.64E-03 530 6.27E-03 430 4.88E-03
330 5.15E-03 540 6.54E-03 440 4.99E-03
340 5.46F-03 550 6.62E-03 450 5.07E-03
350 6.00E-03 560 6.73E-03 460 5.225-03
360 6.27E-03 570 6.81E-03 | 470 5.38E-03
370 6.46E-03 580 6.07E-03 480 5.53E-03
380 6.62E-03 590 . 7.16E-03 490 5.69E-03
390 6.81E-03 600 7.28E-03 500 5.77E-03
400 6.97E-03 610 7.43E-03 510 5.88F-03
410 7.20E-03 620 © 7.55E-03 520 6.00E-03
420 7.35E-03 630 7.74E-03 530 6.11E-03
430 7.51E-03 640 7.97E-03 540 6.23E-03
440 7.70E-03 650 8.13E 03 550 6.42E-03
450 7.86E03 660 8.24E-03 560 6.58E-03
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Potential Current Density | Potential Current Density | Potential ~ Current Density
mV A/cm? mV Ajem? mV Ajem?
460 8.01E-03 670 8.36E-03 570 6.70E-03
470 8.17E-03 680 3.5515-03 580 6.77-03
480 8.32E-03 690 8.63E-03 590 6.93E-03
490 8.44F-03 700 8.78E-03 600 7.08E-03
500 8.59E-03 710 8.90E-03 610 7.16E-03
510 8.75E-03 720 9.06E-03 620 7.31E-03
520 8.90E—03‘ 730 9.29E-03 630 7.47E-03
530 9.06E-03 740 - 9.40E-03 640 7.59E-03
540 9.21E-03 750 0.64E-03 650 7.74E-03
550 9.37E-03 760, 9.75E-03 660 7.82E-03
560  0.52E-03 770 9.87E-03 670 8.01E-03
570 9.67E-03 780 LO1E-02 680 8.17E-03
580 9.83E-03 790 1.01E-02 690 8.28E-03
590 9.95E-03 800 1.04E-02 700 8.44E-03
600 1.02E-02 810 1.04E-02 710 8.55E-03
610 1.03E-02 820 1.06E-02 720 8.67E-03
G20 1.05E-02 830 1.07E-02 730 8.78E-03
630 1.06E-02 840 1.10E-02 740 8.98E-03
640 1.08E-02 850 1.11E-02 750 9.21E-03
630 1.10E-02 860 1.12E-02 760 0.20E-03
660 1.11E-02 870 © 1.13E-02 70 9.44E-03
670 1.135-02 880 1.15E-02 780 9.56E-03
680 1.15E-02 890 1.16E-02 790 9.67E-03
690 1.16E-02 900 1.18E-02 800 9.83E-03
700 1.18E-02 910 1.20E-02 810 9.95E-03
710 1.19E-02 920 1.22E-02 820 1.01E-02
720 1.21E-02 930 1.23E-02 830 1.01E-02
730 1.23E-02 940 1.24E-02 840 1.03E-02
740 1.25E-02 950 1.26E-02 850 1.04E-02
750 1.27E-02 960 1.28E-02 860 1.05E-02
760 1.28E-02 970 1.28E-02 870 1.07E-02
770 1.29E-02 980 1.30E-02 880 1.10E-02
780 1.32E-02 990 . 1.33E-02 890 1.11E-02
790 1.33E-02 1000 1.34E-02 900 1.13E-02
800 1.35E-02 910 1.15E-02
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Potential Current Density | Potential Current Density | Potential ~ Current Density
mV Afem? mV Afem? mV Ajem?
810 1.37E-02 920 1.16E-02
820 1.38E-02 930 1.18E-02
330 1.40E-02 940 1.19E-02
840 1.41E-02 950 1.21E-02
850 1.43E-02 960 1.24E-02
360 1.44E-02 970 1.25E-02
870 1.46E-02 980 1.26E-02
880 1.47E-02 990 1.27E-02
890 1.49E-02 1000 1.29E-02
900 1.51E-02
910 1.52E-02
920 1.54E-02
930 1.55E-02
940 1.57E-02
950 1.58E-02
960 1.60E-02
970 1.61E-02
080 1.63E-02
990 1.64E-02
1000 1.66E-02
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TABLE B.6: Polarization Data: Brass in artificial seawater

Velocity: 0 m/s

Velocity:' 2.63 m/s

Velocity: 3.93 m/s

Potential Current Density | Potential ~Current Density | Potential =~ Current Density
mV Afem? mV A/cm? mV A/cm?
-1000 4.80E-04 -1000 5.22E-03 -1000 6.73E-03
-990 4.53E-04 -990 4.80E-03 -850 6.27E-03
-080 4.18E-04 080 4.57E-03 -080 5.84E-03
-970 3.95E-04 -970 4.33E-03 -970 5.53E-03
-960 3.75E-04 -960 4.14E-03 -960 5.22E-03
-850 3.60E-04 -950 3.91E-03 -950 4.95E-03
-940 3.44F-04 -840 3.68E-03 -940 4.72E-03
-930 3.25E-04 -930 3.48E-03 -930 4.45E-03
-920 3.10E-04 -920 3.37E-03 -920 4.18E-03
-910 2.94F-04 -910 3.15E-03 -910 3.99E-03
-900 2.831-04 -900 3.00E-03 -900 . 3. 72E-03
-880 2.63E-04 -890 2.82E-03 -890 3.56E-03
-880 2.55E-04 -880 2.61E-03 -880 3.39E-03
-870 2.48E-04 -870 2.48E-03 -870 3.21E-03
-860 2.40E-04 -860 2.34E-03 -860 3.02E-03
-850 2.32E-04 -850 2.26E-03 -850 2.81E-03
-840 2.24E-04 -840 2.12E-03 -840 2.71E-03
-830 2.09E-04 -830 2.02E-03 -830 2.09E-03
-820 2.01E-04 -820 1.94E-03 -820 2.47TE-03
-8140 1.86E-04 -810 1.85E-03 -810 2.37E-03
-800 1.74E-04 -800 1.76E-03 -800 2.28E-03
=790 1.63E-04 -790 1.69E-03 -790 2.23E-03
=780 1.51E-04 -780 - 1.66E-03 =780 2.17E-03
-770 1.39E-04 =770 1.57E-03 =770 2.11E-03
760 1.28E-04 -760 1.54E-03 - -760 2.05E-03
=750 1.12E-04 -750 1.51E-03 -750 2.03E-03
-740 1.04E-04 =740 1.47E-03 -740 1.98E-03
-730 9.29E-05 -730 1.43E-03 -730 1.97E-03
-720 8.13E-05 =720 1.41E-03 =720 1.96E-03
-710 7.35E-05 -710 1.40E-03 -710 1.90E-03
-700 6.58E-05 =700 1.35E-03 =700 1.88E-03
-690 5.80E-05 -690 1.34E-03 -690 1.88E-03
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Potential Current Density | Potential Current Density | Potential ~Current Density

mV A/cm? mV Ajem? mV A/em?

-680 5.42E-05 -680 1.32E-03 -680 1.87E-03
-670) 5.03E-05 -670 .. 1.31E-03 -670 1.85FE-03
-660 4.64E-05 -660 1.29E-03 -660 1.85E-03
-650 4.26E-05 -650 1.27E-03 -650 1.85E-03
-640 3.87E-05 -640 1.27E-03 -640 1.82E-03
-630 3.79E-05 -630 1.26E-03 -630 1.81E-03
-620 3.72E-05 -620 1.26E-03 -620 1.80E-03
-610 3.52E-05 -610 1.25E-03 -610 L.31E-03
-G00 3.37E-05 -600 1.24E-03 -600 1.82E-03
-590 3.17E-05 -590 1.26E-03 -590 1.79E-03
-H80 3.02E-05 -580 1.25E-03 -580 1.78E-03
570 2.90K 05 570 1.25E-03 570 1.78E-03
-560 2.79E-05 -560 1.24F-03 -560 1.79E-03
-550 2. 71E-05 -550 1.25E-03 -550 1.78E-03
-540 2.63E-05 -540 . 1.26E-03 -540 1.79E-03
-530 2.55E-05 -530 1.26E-03 -530 1.79E-03
-520 2.48E-05 -520 1.27E-03 -520 1.82E-03
-510 2.40E-05 -510 1.24E-03 -510 1.80E-03
-500 2.32E-05 -500 1.25E-03 -500 1.80E-03
-490 2.21E-05 -490 1.28E-03 -490 1.80E-03
-480 2.13E-05 -480 1.32E-03 -480 1.78E-03
-470 2.01E-05 -470 1.28E-03 -470 1.76E-03
-460 1.86E-05 -460 1.24E-03 -460 1.73E-03
-45{) 1.74E-05 -450 1.22E-03 -450 1.68F-03
-440 1.55E-05 -440 1.20E-03 -440 1.66E-03
-430 1.39E-05 -430 1.19¥-03 -430 1.55E-03
-420 1.24E-05 -420 1.09E-03 -420 1.34E-03
-410 1.01E-05 -410 3.82K-04 -410 1.12E-03
-400 7.74E-06 -400 7.16E-04 -400 9.44E-04
-390 5.42E-06 -390 5.42E-04 -390 7.47E-04
-380 3.87E-06 -380 4.64E-04 -380 6.39E-04
-370 1.93E-06 -370 - 3.87E-04 -370 5.57TE-04
-360 3.87E-07 -360 3.48E-04 -360 5.15E-04
-350 1.55E-06 -350 3.21E-04 -350 4.76E-04
-340 3.48K-06 -340 2.90E-04 -340 4.41E-04
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Potential ~ Current Density | Potential ~Current Density | Potential ~Current Density
mV Ajem? mV Afem? mV Afem?
-330 5.80E-06 ~330 2.71E-04 -330 4.10E-04
-320 7.74E-06 -320 2.48E-04 -320 3.79E-04
-310 9.67E-06 -310 2.24E-04 -310 3.52E-04
-300 1.24E-05 -300 2.01E-04 -300 3.25E-04
-290 1.47E-05 -290 1.70E-04 -290 2.M4E-04
-280 1.70E-05 -280 1.51E-04 -280 2.52E-04
-270 2.05E-05 =270 1.16E-04 -270 2.13E-04
-260 2.36E-05 -260 7.35E-05 -260 1.47E-04
-250 2.86E-05 -250 2.32E-05 -250 9.29E-05
-240 3.44E-05 -240 4.26E-05 -240 4.64E-05
-230 4.26E-05 -230 1.01E-04 -230 8.13E-05
-220 5.651-05 -220 1.90E-04 -220 1.59E-04
-210 7.16E-05 -210 2.83E-04 -210 2.98E-04
-200 1.05E-04 -200 4.06E-04 -200 4 53E-04
-190 1.68E-04 -190 5.80E-04 -190 6.66E-04
-180 2.42F-04 -180 7.97E-04 -180 8.98E-04
-170 3.44E-04 -170 1.07E-03 -170 1.20E-03
-160 5.15E-04 -160 © 1.39E-03 -160 1.55E-03
-1580 6.97E-04 -150 1.82E-03 -150 2.00E-03
-140 8.90E-04 -140 2.388-03 -140 2.55E-03
-130 1.13E-03 -130 2.87E-03 -130 3.15E-03
-120 1.461E-03 -120 3.52E-03 -120 3.72E-03
-110 1.80E-03 -110 4.26E-03 -110 4.41E-03
-100 2.17E-03 -100 4.918-03 -100 4.91E-03
-90 2.67E-03 -90 5.50E-03 -90 5.57E-03
-80 3.07E-03 -80 6.27E-03 -80 6.23E-03
-70 3.55E-03 -70 6.93E-03 -70 6.93E-03
-60 4.06E-03 -G0 7.74E-03 -G0 7.70E-03
-50 4.53E-03 -50 8.40L-03 -50 2.32E-03
-40 5.15E-03 -40) 9.21E-03 -40 9.06E-03
-30 5.80E-03 -30 9.87E-03 -30 9.71E-03
-20 6.39E-03 -20 1.07E-02 -20 1.04E-02
-10 7.00E-03 -10 1.14E-02 -10 1.11E-02
0 7.62E-03 0 1.21E-02 0 1.18E-02
10 8.32E-03 10 1.28E-02 10 1.25E-02
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Potential  Current Density | Potential Current Density | Potential ~Current Density

mV Ajem? mV Ajcm? mV A/cm?

20 0.17E-03 20 1.32E-02 20 1.33E-02
30 1.01E-02 30 1.43E-02 30 1.41E-02
40 1.07E-02 40 1.49E-02 40 1.47E-02
50 1.15E-02 50 1.52E-02 50 1.53E-02
60 1.23E-02 60 1.631-02 60 1.58E-02
70 - 1.30E-02 iy 1.71E-02 70 1.63E-02
&0 1.38E-02 80 1.80-02 80 1.71E-02
90 1.45E-02 90 1.88E-02 90 1.81E-02
100 1.52E-02 100 1.94E-02 100 1.89E-02
110 1.58E-02 110 2.01E-02 110 1.95E-02
120 1.63E-02 120 2.05E-02 120 2.01E-02
130 1.69E-02 130 2.12E-02 130 2.11E-02
140 1.73E-02 140 2.19E-02 140 2.19E-02
150 1.78E-02. 130 2.27E-)2 150 2.255-02
160 1.80E-02 160 2.35E-02 160 2.32E-02
170 1.82E-02 170 2.43E-02 170 2.41E-02
180 1.84E-02 180 2.50E-02 180 2.49E-02
190 1.85E-02 190 2.57E-02 190 2.57E-02
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TABLE B.7: Polarization Data: Brass in 2.5% sodium carbonate

Velocity: 0 m/s

Velocity: 2.63 m/s

Velocity: 3.93 m/s

Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV A/cm? mV Ajcm?
-1000 1.16E-03 -1000 1.57E-03 -1000 2.08E-03
-990 1.08E-03 -990 1.51E-03 -990 1.99E-03
-980 9.87E-04 -980 1.49E-03 -980 1.95E-03
-970 9.13E-04 -970 1.47E-03 -970 1.93E-03
-960 8.48E-04 -960 1.47E-03 -560 1.91E-03
-950 7.89E-04 -950 1.45E-03 -950 1.88E-03
-940 7.35E-04 -940 - 1.44E-03 -940 1.87E-03
-930 6.89E-04 -930 1.44E-03 -930 1.82E-03
-920 6.30E-04 -920 1.41E-03 -920 1.80E-03
-910 5.96E-04 -910 1.41E-03 -410 1.79E-03
-900 5.42E-04 -900 1.42E-03 -900 1.78E-03
-890 4.99E-04 -890 1.43E-03 -890 1.77E-03
-880 4.68E-04 -880 1.42E-03 -880 1.77E-03
-870 4.41E-04 -870 1.40E-03 -870 1.77E-03
-860 4.18E-04 -860 1.36E-03 -860 1.76E-03
-850 3.95E-04 -850 1.37E-03 -850 1.73E-03
-840 3.72E-04 -840 1.38E-03 -840 1.75E-03
-830 3.33E-04 -830 1.37E-03 -830 1.73E-03
-820 3.13E-04 -820 1.37E-03 -820 1.74E-03
-810 2.97E-04 -810 - 1.37E-03 -810 1.74E-03
-800 2.83E-04 -800 1.36E-03 -800 1.73E-03
-790 2.72E-04 -790 1.33E-03 -790 1.73E-03
-780 2.59E-04 -780 1.32E-03 -780 1.73E-03
=770 2.47E-04 -770 1.32E-03 -770 1.72E-03
-760 2.36E-04 -760 1.30E-03 -760 1.71k-03
-750 2.28E-04 -750 1.26E-03 -750 1.68LE-03
-740 2.20E-04 =740 1.20E-03 -740 1.67E-03
-730 '2.19E-04 —?30 8.18E-04 -730 1.64E-03
=720 2.04E-04 =720 9.33E-04 -720 1.52E-03
-710 1.97E-04 -710 3.02F-04 -710 1.45E-03
-700 1.90E-04 =700 6.56E-04 -700 1.32E-03
-690 1.83E-04 -690 -690 1.23E-03

5.90E-04
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Potential Current Density | Potential ~ Current Density | Potential =~ Current Density

mV A/cm? mV A/jom? mV Ajem?

-680 1.75E-04 -680 5.35E-04 -6G80 1.08E-03
-670 1.68E-04 -670 4.99E-04 -670 1.01E-03
-660 1.59%-04 -660 4.72E-04 -660 9.24E-04
-650 1.51E-04 -650 4.64E-04 -650 8.92E-04
-640 1.43E-04 -640 4.40E-04 . -640 8.49E-04
-630 1.37E-04 -630 4.36E-04 -630 8.18E-04
-620 1.30E-04 -620 4.52E-04 -620 7.82E-04
-610 1.22E-04 -610 4.72E-04 -610 7.86E-04
-600 1.16E-04 -600 4.91E-04 -600 7.78E-04
-590 1.08E-04 -590 5.31E-04 -590 7.78E-04
-580 1.02E-04 -580 5.50E-04 -580 7.86E-04
-570 9.44E-05 -570 5.90E-04 -570 8.25B-04
-560 8.00E-05 -560 6.29E-04 -560 8.88E-04
-550 8.53E-05 - -550 7.11E-04 -550 9.04E-04
-540 7.12E-05 -540 7.55E-04 -540 9.43E-04
-530 6.42E-05 -530 8.10E-04 -530 9.94E-04
-520 G.19E-05 -520 8.06E-04 -520 1.04E-03
-510 5.19E-05 -510 8.25E-04 -510 1.08E-03
-500 3.99E-05 -500 8.41E-04 -500 1.13E-03
-490 2.17E-05 -490 8.29E-04 -490 1.12E-03
-480 1.82E-05 -480 8.14E-04 -480 1.12E-03
-470 1.24E-05 -470 7.82E-04 -470 1.14E-03
-460 8.90E-06 -460 7.15E-04 -460 1.06E-03
-450 5.42E-06 -450 6.21E-04 -450 1.00E-03
-440 2.32E-05 -440 © 5.19E-04 -440 8.45E-04
-430 3.52E-05 -430 3.46E-04 -430 7.67E-04
-420 5.46E-05 -420 1.93E-04 -420 5.82E-04
-410 5.80E-05 -410 7.47E-05 -410 3.46E-04
-400 7.0415-05 -400 1.97E-05 -400 1.42E-04
-390 7.82E-05 -390 6.68E-05 -390 2.75E-05
-380 7.82E-05 -380 8.65E-05 -380 5.11E-05
-370 7.55E-05 -370 9.83E-05 -370 9.04E-05
-360 8.09E-05 -360 1.10E-04 -360 1.06E-04
-350 7.7415-05 -350 1.14E-04 -350 1.14E-04
-340 7.35E-05 -340 1.18E-04 -340 1.18E-04
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Potential Current Density | Potential ~Current Density | Potential ~Current Density

mV A/cm? mV Ajem? mV Afem?
-330 7.74E-05 -330 1.22E-04 -330 1.18E-04
-320 6.11E-05 -320 - 1.30E-04 -320 1.22E-04
-310 5.80E-05 -310 1.34E-04 -310 1.45E-04
-300 4.84E-05 -300 1.38E-04 -300 1.53E-04
-290 5.84E-05 -290 1.57E-04 -290 1.73E-04
-280 6.351-05 ~280 1.69k-04 -280 1.77E-04
-270 6.85E-05 -270 1.89E-04 -270 2.00E-04
-260 7.12E-05 -260 2.12E-04 -260 2.08E-04
-250 7.97E-05 -250 2.36E-04 -250 2.63E-04
-240 8.44E-05 -240 2.63E-04 -240 3.07E-04
-230 8.98E-05 -230 2.75E-04 -230 3.62E-04
-220 9.52E-05 -220 3.07E-04 -220 4.05E-04
-210 9.71E-05 -210 3.26E-04 -210 4.13E-04
-200 8.75E-05 -200 3.34E-04 -200 4.36E-04
-190 8.90E-05 -190 © 3.26E-04 -190 4.36E-04
-180 8.71E-05 -180 3.42E-04 -180 41.60E-04
-170 8.48E-05 -170 3.461-04 -170 4.87E-04
-160 8.17E-05 -160 3.54E-04 -160 4.95E-04
-150 7.89E-05 -150 3.50E-04 -130 5.07E-04
-140 7.74E-05 - -140 3.54E-04 -140 4.52E-04
-130 7.66E-05 -130 3.58E-04 -130 4.87E-04
-120 7.66E-05 -120 3.62E-04 -120 4,.99E-04
-110 7. 70E-03 -110 3.62E-04 -110 5.03E-04
-100 7.62E-05 -100 3.58E-04 -100 . 4.95E-04
-90 7.59E-(5 -90 3.66E-04 -90 5.03E-04
-80 7.59E-05 -80 3.73E-04 -80 5.15E-04
=76 7.518-05 -70 - 3.69E-04 -70 5.03E-04
-60 7.62E-05 -60 3.73E-04 -60 5.15E-04
-50 7.55E-05 -50 3.69E-04 -50 5.15E-04
-40 7.59E-05 -40 3.81E-04 -40 5.15E-04
-30 7.74E-05 -30 3.77E-04 -30 5.11E-04
-20 7.74E-05 -20 3.81E-04 -20 5.31E-04
-10 7.74E-05 -10 3.89E-04 -10 5.19E-04
0 7.74E-05 0 3.89E-04 0 5.27E-04
103 7.74E-05 10 . 3.77E-04 10 4.99E-04
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Potential Current Density | Potential ~Current Density | Potential ~Current Density

mV Afem? mV Afem? mV Aem?
20 7.74E-05 20 3.85E-04 20 5.15E-04
30 7.04E-05 30 3.93E-04 30 5.19E-04
40 7.12E-05 40 4.01E-04 40 5.278-04
50 7.31E-05 50 4.01E-04 50 4.99E-04
60 7.43E-05 60 | 4.05E-04 60 - 5.15E-04
70 7.6215-05 70 4.05E-04 70 5.19E-04
80 7.66E-05 20 - 4.09E-04 80 5.31E-04 -
90 7.78E-05 g0 4.01E-04 a0 5.35E-04
100 8.01E-05 100 4.05E-04 100 5.50E-04
110 8.05E-05 110 4.09E-04 110 5.15E-04
120 8.20E-05 120 4.05E-04 120 5.31E-04
130 8.28E-05 130 4.05E-04 130 5.42E-04
140 8.20E-05 140 4.05E-04 140 5.62E-04
150 8.28E-05 150 4.09E-04 150 5.27E-04
160 8.28E-05 160 4.09E-04 160 5.42E-04
170 8.40E-05 170 4.13E-04 170 5.39E-04
180 3.24E-05 180 4.01E-04 180 5.62E-04
190 8.44E-05 180 4.01E-04 190 5.66E-04
200 8.51E-05 200 4.13E-04 200 5.50E-04
210 8.44K-05 210 4.09E-04 210 5.50E-04
220 3.20E-05 220 4.01E-04 220 5.70E-04
230 8.24E-05 230 4.17E-04 230 5.70E-04
240 8.32E-05 240 4.09E-04 240 5.54E-04
250 8.36E-05 250 4.051-04 250 5.54E-04
260 8.44E-05 260 4.01E-04 260 5.46E-04
270 8.55E-05 270 4.13E-04 270 5.74E-04
280 8.67E-05 280 3.93E-04 280 5.50E-04
290 8.55E-05 290 4.05E-04 290 5.58E-04
300 8.59E-05 300 4.05E-04 300 5.35E-04
310 8.51E-05 310 4.05E-04 310 5.35E-04
320 8.51E-05 320 4.17E-04 320 5.23E-04
330 8.51E-05 330 4.17E-04 330 5.42E-04
340 8.63E-05 340 4.17E-04 340 5.31E-04
350 8.63E-05 350 4.21E-04 350 5.23E-04
360 8.67E-05 360 4.21E-04 360 5.23E-04
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Potential Current Density | Potential ~Current Density | Potential — Current Density
mV Afem? mV Ajcm? mV Afem?
370 8.44E-05 370 4.21E-04 370 5.27E-04
380 8.17E-05 380 4.13E-04 380 5.23E-04 |
390 8.24E-05 390 4.09E-04 390 5.31E-04
400 8.36E-05 400 3.97E-04 400 5.23E-04
410 8.44E-05 410 4.09E-04 410 5.35E-04
420 8.63E-05 420 3.97E-04 420 5.46E-04
430 8.71E-05 430 ©3.97E-04 430 5.50E-04
440 8.75E-05 440 4.01E-04 440 5.42E-04
450 3.90E-05 450 3.85E-4 450 5.39E-04
460 8.82E-05 460 3.69E-04 460 5.42B-04
470 8.82E-05 470 3.58E-04 470 5.23E-04
480 8.71E-056 480 3.54E-04 430 5.46E-04
490 8.75E-05 490 3.50E-04 490 5.23E-04
500 8.75E-05 500 3.46E-04 500 5.23E-04
510 8.71E-05 510 3.30E-04 510 5.03E-04
520 8.67E-05 520 3.18E-04 520 4.95E-04
530 8.71E-05 530 311E-04 530 4.76E-04
540 8.75E-05 540 3.03E-04 540 4.52E-04
550 9.02E-05 550 2.91E-04 550 4.32E-04
560 8.94E-05 560 2.83E-04 560 4.25E-04
570 9.33E-05 570 2.79E-04 570 3.97E-04
580 9.44E-05 580 2.75E-04 580 3.93E-04
590 9.71E-05 590 2.83E—04 590 3.85E-04
600 1.01E-04 600 2.91E-04 600 3.85E-04
610 1.08E-04 610 2.99E-04 610 3.58E-04
620 1.16E-04 620 3.26E-04 620 3.54E-04
630 1.32E-04 630 3.62E-04 630 3.62E-04
G40 1.56E-047 640 4.09E-04 640 3.73B-04
650 1.93E-04 650 4.80-04 650 3.81E-04
660 2.44E-04 660 5.27E-04 660 3.97E-04
670 3.03E-04 670 6.17E-04 670 4.25E-04
680 3.70E-04 680 . 7.51E-04 680 4.40F-04
690 4.49E-04 690 8.53E-04 690 5.58E-04
700 5.53E-04 700 1.09E-03 700 6.56E-04
710 6.50E-04 710 1.25E-03 710 7.94E-04
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Afem? mV Ajem?
720 7.28E-04 720 1.43E-03 720 9.12E-04
730 8.28E-04 730 1.63E-03 730 1.08E-03
740 9.25E-04 740 A 1.93E-03 740 1.38E-03
750 1.081-03 750 2.06E-03 750 1.64E-03
760 1.20E-03 760 2.41E-03 760 1.74E-03
770 1.35E-03 770 2.84E-03 770 1.91E-03
780 1.51E-03 780 3.98E-03 780 2.21E-03
790 1.66E-03 790 4.64E-03 790 2.66E-03
800 1.88E-03 800 - 4.83E-03 800 3.08E-03
810 2.08E-03 810 5.11E-03 810 3.41E-03
820 2.28E'-03 820 5.74E-03 820 4.01E-03
830 2.52E-03 830 6.13E-03 830 4.21E-03
840 2.79E-03 840 6.96E-03 840 4.44E-03
850 3.11E-03 850 7.43E-03 850 5.03E-03
860 3.72E-03 860 7.90E-03 860 5.46E-03
870 4.37E-03 870 8.73E-03 870 7.35E-03
880 "4.80E-03 880 9.67E-03 880 7.82E-03
890 5.34E-03 890 1.02E-02 390 7.94E-03
900 5.65E-03 900 1.05E-02 00 © 9.04E-03
910 6.35E-03 910 1.09E-02 910 9.98E-03
920 6.89E-03 920 1.14E-02 920 1.04E-02
930 7.51E-03 930 - 1.06E-02 930 1.14E-02
940 8.05E-03 940 1.16E-02 940 1.20E-02
950 8.71E-03 950 1.19E-02 950 1.29E-02
960 9.71E-03 960 1.26E-02 960 1.34E-02
970 1.06E-02 970 1.33E-02 970 1.40E-02
980 1.12E-02 980 1.42E-02 980 1.42E-02
990 1.20E-02 900 1.45E-02 990 1.42E-02
1000 1.28E-02 1000 - 1.60E-02 1000 1.52E-02

"
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TABLE B.8: Polarization Data: Brass in 5.0% sodium carbonate

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential ~Current Density

mV A/cm? mV Ajcm? mV Ajcm?

-1000 6.97E-05 -1000 1.04E-03 -1000 1.70E-03
-990 5.80E-05 -750 9.29E-04 -990 1.66E-03
-980 5.42E-05 -740 8.90E-04 -980 1.63E-03
-970 5.03E-05 -730 8.55E-04 -970 1.59E-03
-960 4.64E-05 =720 8.28E-04 -960 1.58E-03
-950 4.64E-05 -710 8.01E-04 -950 1.55E-03
-940 4.26E-05 -700 7.74E-04 -940 1.51E-03
-930 4.26E-03 -690 7.59E-(14 -930 1.53E-03
-920) 3.87E-05 -680 7.35E-04 -920 1.47E-03
-910 3.87E-05 -670 7.08E-04 -910 1.50E-03
-900 3.87E-05 -660 6.80E-04 -900 1.47E-03
-890 3.87E-05 . -650 6.62E-04 -890 1.47E-03
-880 3.48E-05 -640 6.39E-04 -880 1.47E-03
-870 3.48E-05 -630 6.19E-04 -870 1.45E-03
-860 3.48E-05 -620 6.04E-04 -860 1.43E-03
-85() 3.48E-05 -610 5.77E-04 -850 1.43E-03
-840 3.48E-05 -600 5.57E-04 -840 1.42E-03
-830 3.10E-05 -590 5.30E-04 -830 1.40E-03
-820 3.10E-05 -580 5.03E-04 -820 1.39E-03
-810 3.10E-05 -570 4.76E-04 -810 1.41E-03
-800 3.10E-05 -560 4.61E-04 -800 1.39E-03
=790 2.71E-05 -550 4.33E-04 -790 1.39E-03
-780 2.71E-05 -540 4.14E-04 -780 1.39E-03
-770 2.71E-05 -530 3.91E-04 =770 1.38E-03
-760 2.71E-05 -520 3.79E-04 -760 1.37E-03
-750 2.32E-05 -510 3.72E-04 -750 1.37E-03
-740 2.32E-05 -500 3.64E-04 -740 1.35E-03
-730 2.32E-05 -490 3.52E-04 -730 1.35E-03
=720 2.32E-05 -480 3.37E-04 =720 1.35E-03
-710 1.93E-05 -470 341E-04 -710 1.29E-03
-700 1.93E-05 -460 3.41E-04 =700 1.26E-03
-G90 1.93E-05 -450 3.37E-04 -690 1.22E-03
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV Ajem?
-680 1.93E-05 -440 3.33E-04 -680 1.18E-03
-670 1.93E-05 -430 3.29E-04 -670 1.11E-03
-660 1.93E-05 -420 2.90E-04 -660 1.07E-03
-650 1.93E-05 -410 2.32E-04 -650 1.02E-03
-640 1.93E-05 -400 1.63E-04 -640 9.98E-04
-G30 1.55E-05 -390 3.87E-05 -630 9.37E-04
-620 1.55E-05 -380 1.74E-04 -620 8.98E-04
-610 1.55E-05 -370 3.68E-04 -610 8.78E-04
-600 1.55E-05 -360 5.80E-04 -600 8.44E-04
-590 1.55E-05 -350 7.35E-04 -590 8.13E-04
-580 1.16E-05 -340 1.16E-04 -580 7.93E-04
=570 1.16E-05 -330 1.32E-04 -570 7.66E-04
-560 1.16E-05 -320 1.51E-04 -560 7.51E-04
-550 1.16E-05 -310 . 1.63E-04 -550 7.35E-04
-540 7.74E-06 -300 1.86E-04 -540 7.20E-04
-530 3.87E-06 -290 2.17E-04 -530 7.16E-04
-520 3.87E-06 -280 2.52E-04 -520 7.35E-04
-510 1.93E-06 =270 2.98E-04 -510 747TE-04
-500 3.10E-06 -260 3.60E-04 -500 7.51E-04
-490 3.87TE-06 -250 5.03E-04 -490 7.78E-04
-480 7.74E-06 -240 6.19E-04 -480 7.74E-04
-470 1.16E-05 -230 7.39E-04 -470 7.82E-04
-460 1.93E-05 -220 8.17E-04 -460 7.86E-04
-450 3.48E-05 -210 9.02E-04 -450 7.891-04
-440 5.42F-05 =200 9.37-04 -440 7.82E-04
-430 8.51E-05 -190 9.67E-04 -430 7.16E-04
-420 1.24E-04 -180 © 9.91E-04 -420 6.85E-04
-410 1.59E-04 -170 1.01E-03 -410 5.84E-04
-400 1.93E-04 -160 1.01E-03 -400 3.99E-04
-390 2.32E-04 -150 1.06E-03 -390 1.55E-04
-380 2.71E-04 -140 1.03E-03 -380 7.35E-05
-370 3.10E-04 -130 9.06E-04 -370 3.72E-04
-360 3.21E-04 -120 9.25E-04 -360 6.50E-04
-350 3.41E-04 -110 9.29E-04 -350 1.16E-04
-340 3.64F-04 -100 9.40E-04 -340 1.24E-04
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Potential Cutrent Density | Potential ~Current Density | Potential Current Density
mV Ajem? mV Ajem? mV A/em?
-330 3.68E-04 -90 9.40E-04 -330 1.43E-04
-320 3.52E-04 -80 9.29E-04 -320 1.55F-04
-310 3.48E-04 =70 9.40E-04 -310 1.78E-04
-300 3.52E-04 -60 © 9.48E-04 -300 2.13E-04
-290 3.48E-04 -50 9.56E-04 -290 2.59E-04
-280 2.98E-04 -40 9.67E-04 -280 3.10E-04 .
-270 2.71E-04 -30 9.67E-04 -270 3.91E-04
-260 2.52E-04 -20 9.75E-04 -260 5.42E-04
-250 2.32E-04 -10 9.87E-04 -250 6.77E-04
-240 1.39E-04 0 1.01E-03 -240 8.13E-04
-230 1.55E-(04 10 1.01E-03 -230 9.33E-04
220 1.66E-04 20 9.87E-04 220 1.05E-03
-210 1.63E-04 30 1.01E-03 -210 1.11E-03
-200 1.70E-04 40 1.02E-03 -200 1.17E-03
-180 1.70E-04 50 1.03E-03 -190 1.17E-03
-180 1.70E-04 60 1.05E-03 -180 1.16E-03
-170 1.63E-04 70 1.04E-03 -170 1.16E-03
-160 1.55E-04 80 1.03E-03 -160 1.16E-03
1150 1.47E-04 90 LO3E03 | -150 1.145-03
-140 1.43E-04 100 1.03E-03 -140 1.15E-03
-130 1.43E-04 110 1.04E-03 -130 1.14E-03
-120 1.28E-04 120 1.04E-03 -120 1.15E-03
-110 1.32E-04 130 1.04E-03 -110 1.16E-03
-100 1.32E-04 140 1.06E-03 -100 1.15E-03
-90 1.35E-04 150 1.05E-03 -90 1.17E-03
-80 1.39E-04 160 1.04E-03 -80 1.16E-03

-70 1.39E-04 170 1.05E-03 -70 1.16E-03
-60 1.43E-04 180 1.05E-03 -60 1.16E-03
-50 1.43E-04 190 . 1.08E-03 -50 1.18E-03
-40 1.47E-04 200 1.06E-03 -40 1.18E-03
-30 1.651E-04 210 1.06E-03 -30 1.18E-03
-20 1.51E-04 220 1.06E-03 -20 1.18E-03
-10 1.43E-04 230 1.05E-03 -10 1.19E-03

0 1.47E-04 240 1.06E-03 0 1.18E-03
10 1.51F-04 250 1.06E-03 10 1.20E-03
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Potential Current Density | Potential ~Current Density | Potential Current Density

mv Ajem? mV Ajem? mV A/cem?
20 1.51E-04 260 1.03F-03 20 1.18E-03
30 1.51E-04 270 1.05E-03 30 1.20B-03
40 1.55E-04 280 1.03E-03 40 1.20E-03
50 1.59E-04 200 1.05E-03 50 1.21E-03
60 1.63B-04 300 1.06E-03 60 1.20E-03
70 1.63E-04 310 © 1.06E-03 70 1.20E-03
80 1.63E-04 320 1.04E 03 80 1.22E-03
90 1.63E-04 330 1.05E-03 90 1.20E-03
100 1.66E-04 340 1.04E-03 100 1.21E-03
110 1.70E-04 350 1.04E-03 110 1.23E-03

120 1.70E-04 360 1.04E-03 120 1.23E-03
130 1.70E-04 370 1.04E-03 130 1.23E-03
140 1.70E-04 330 1.05E-03 140 1.23E-03
150 1.74E-04 300 1.02E-03 150 1.215-03
160 1.74E-04 400 1.04E-03 160 1.225-03
170 1.74E-04 410 1.01E-03 170 1.29E-03
180 1.74E-04 420 1.01E-03 180 1.24E-03
190 1.74E-04 430 1.00E-03 190 1.24E-03
200 1.74E-04 440 9.835-04 200 1.24E-03
210 1.74E-04 450 9.60E-04 210 1.24E-03
290 1.74E-04 460 9.44E-04 220 1.9315-03
230 1.74E-04 470 9.371-04 230 1.24E-03
240 1.74E-04 480 9,17E-04 240 1.24E-03
250 |.74F-04 490 9.09E-04 250 1.241 03
260 1.74F-04 500 8.71E-04 260 1.24E-03
270 1.78E-04 510 8.63E-04 270 1.23E-03
280 1.74E-04 520 8.36E-04 280 1.24E-03
290 1.78E-04 530 7.93E-04 200 1.24E-03
300 1.78E-04 540 7.556-04 300 1.258-03
310 1.82E-04 550 7.20E-04 310 1.93E-03
320 1.82E-04 560 7 00E-04 320 1.24E-03
330 1.82E-04 570  6.46E-04 330 1.24E-03
340 1.82E-04 580 6.31E-04 340 1.225-03
350 1.86E-04 590 5.885-04 350 1.228-03
360 1.86E-04 600 5.42E-04 360 1.22E-03
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV A/cm?
370 1.90E-04 610 5.19E-04 370 1.21E-03
380 1.86E-04 620 4.88E-04 380 - 1.20E-03
390 1.86E-04 630 4.64E-04 390 1.20E-03
400 1.90E-04 640 4.53E-04 400 1.20E-03
410 1.90E-04 650 4.49E-04 410 1.18E-03
420 1.86E-04 660 4.84E-04 420 1.16E-03
430 1.86E-04 670 5.38E-04 430 1.14E-03
440 1.90E-04 680 6.23E-04 440 1.12E-03
450 1.90E-04 690 - 7.89E-04 450 1.11E-03
460 1.93E-04 700 1.01E-03 460 1.09E-03
470 1.93E-04 710 1.22E-03 470 1.08E-03
480 1.93E-04 720 1.56E-03 430 1.07E-03
490 1.93E-04 730 1.90E-03 490 1.04E-03
500 1.931-04 740 2.29E-03 500 1.01E-03
510 1.93E-04 750 2.75E-03 510 9.75E-04
520 1.93E-04 760 3.31E-03 520 9.52E-04
530 1.90E-04 770 3.75E-03 530 9.13E-04
540 1.93E-04 780 4.30E-03 540 8.75E-04
550 1.93E-04 790 4.91E-03 550 8.36E-04
560 1.93E-04 800 5.53E-03 560 7.86E-04
570 1.97E-04 810 - 6.19E-03 570 7.47E-04
580 1.97E-04 820 6.97E-03 580 7.08E-04
590 1.97E-04 830 7.74E-03 590 6.62E-04
600 1.97E-04 840 8.55E-03 600 6.23E-04
610 1.97E-04 850 9.40E-03 610 5.80E-04
620 1.97E-04 860 1.03E-02 620 5.42E-04
630 2.01E-04 870 1.11E-02 630 5.15E-04
640 2.05E-04 880 1.19E-02 640 5.03E-04
650 2.13E-04 890 1.27E-02 650 5.03E-04
660 2.32E-04 200 1.37E-02 660 5.38E-04
G670 2.55E-04 910 1.47E-02 670 5.65E-04
G680 2.98E-04 920 1.57E-Ué 630 6.50E-04
690 3.75E-04 930 . 1.66E-02 690 7.70E-04
700 4.95E-04 940 1.75E-02 T00 1.01E-03
710 6.50E-04 950 1.84E-02 710 1.22E-03
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Potential Current Density | Potential Current Density Potential Current Density
nv A/cm? mV Ajcm? mV Ajem?
720 8.51E-04 960 1.94E-02 720 1.55E-03
730 1.03E-03 970 2.04E-02 730 1.83E-03
74{) 1.24E-03 930 2.13E-02 740 2.29E-03
750 1.47E-03 990 2.24E-02 750 2.67E-03
760 1.70E-03 1000 2.33E-02 760 3.20E-03
770 1.93E-03 770 3.72E-03
780 2.19E-03 . 780 4,18E-03
790 2.51E-03 790 4.68E-03
800 2.86E-03 800 5.531-03
810 3.20E-03 810 6.19E-03
820 3.61E-03 ’ 820 6.97E-03
830 3.99E-03 830 7.82E-03
840 4.37E-03 840 8.50E-03
850 4.76E-03 850 9.48E-03
860 5.26E-03 860 1.04E-02
870 5.84E-03 870 1.11E-02
880 6.35E-03 830 1.20E-02
840 6.97E-03 890 1.29E-02
900 7.74E-03 a0 1.41E-02
a10 8.36L-03 910 1.52E-02
920 9.02E-03 920 1.62E-02
930 9.91E-03 930 1.70E-02
940 1.08E-02 : 940 1.80E-02
950 1.16E-02 ' 950 1.911-02
960 1.25E-02 - 960 2.01E-02
970 . 1.34E-02 970 2.09E-02
530 1.40E-02 980 2.19E-02
990 1.49E-02 990 2.28E-02
1000 1.59E-02 1000 2.38E-02
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TABLE B.9: Polarization Data: Brass in FeSO,

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential ~Current Density

Y A/cm? mV Ajem? mV A/em?

-1000 3.56E-04 -1000 5.26E-03 -1000 6.42E-03
-990 2.83E-04 -990 5.03E-03 -990 6.23E-03
-980 2. 40E-04 -980 4.84E-03 -980 6.00E-03
-970 2.09E-04 -970 4.68E-03 -970 5.69E-03
-960 1.90E-04 -960 4.53E-03 -960 5.50E-03
-950 1.74E-04 -950 4.33E-03 -950 5.34E-03
-940 1.63E-04 -940 4.22E-03 -940 5.22E-03
-930 1.55E-04 -930 3.99E-03 -930 5.11E-03
-920 1.52E-04 -920 3.87E-03 -920 4.84E-03
-910 1.44E-04 -910 3.64E-03 -910 4.57E-03
-900 1.37L-04 -900 © 3.48E-03 -900 4.45E-03
-890 1.28E-04 -890 3.29E-03 -840 4.375-03
-880 1.22E-04 -880 3.17E-03 -880 4.26E-03
-870 1.16E-04 -870 3.02E-03 -870 . 4.14E-03
-860 1.10E-04 -860 2.79E-03 -860 3.99E-03
-850 1.03E-04 -850 2.75E-03 -850 3.91E-03
-840 9.56F-05 -340 2.67E-03 -840 3.75E-03
-830 8.90E-05 -830 2.50E-03 -830 3.72E-03
-820 7.74E-05 -820 2.55E-03 -820 3.64E-03
-810 7.08E-05 -810 2.52E-03 -810 3.56E-03
-800 6.04E-05 -800 2.46E-03 -800 3.48E-03
=790 5.26E-05 -790 2.41E-03 -790 3.41E-03
-780 4.91E-05 -780 2.32E-03 - -780 3.33E-03
=770 4.53E-05 =770 - 2.29E-03 -770 3.29E-03
-760 4.10E-05 =760 2.24E-03 -760 3.25E-03
=750 3.87E-08 -750 2.20E-03 750 3.21E-03
-740 3.52E-05 -740 2.13E-03 -740 3.17E-03
-730 3.41E-05 -730 2.10E-03 -700 3.12E-03
=720 3.17E-05 =720 2.04E-03 -690 3.12E-03
=710 3.02E-05 | -710 1.97E-03 -680 3.10E-03
-700 2.79E-05 -700 1.93E-03 -670 3.06E-03
-G30 2.75E-05 -690 1.90E-03 -660 . 3.03E-03
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Potential Current Density | Potential ~Current Density | Potential ~Current Density
mV A/fem? mV Ajem? mV Ajem?
-680 2.71E-05 -680 1.85E-03 -650 3.01E-03
-670 2.59E-05 -670 1.80E-03 -640 2.96E-03
-660 2.55E-05 -590 1.63E-03 -620 2.88E-03
-650 2.44E-05 -580 ~ 1.59E-03 -570 2.77E-03
-640 2.40E-05 -570 1.55E-03 -550 2.72E-03
-630 2.36E-05 -560 1.51E-03 -520 2.70E-03
-620 2.28E-05 -550 1.46E-03 -500 2.60E-03
-550 2.24E-05 -540 1.43E-03 -480 2.48E-03
-500 2.32E-05 -530 1.39E-03 -470 2.43E-03
-490 2.24E-05 -520 1.35E-03 -460 2.31E-03
-460 2.17E-05 -510 1.34E-03 -450 2.26E-03
-450 2.13E-05 -500 1.32E-03 -44{) 2.08E-03
-440 2.09E-05 -490 1.28E-03 -430 1.97E-03
-430 2.05E-05 -480 1.24E-03 -420 1.90E-03
-420 2.01E-05 -470 1.20E-03 -410 1.76E-03
-410 1.93E-05 -460 1.16E-03 -400 1.65E-03
-400 1.86E-05 -450 © 113E-03 -390 1.49E-03
-390 1.78E-05 -440 1.11E-03 -380 1.36E-03
-380 1.66E-05 -430 1.08E-03 -370 1.27E-03
-370 1.63E-05 -420 1.06E-03 -360 1.11E-03
-360 1.59E-05 -410 1.04E-03 -350 1.01E-03
-350 1.47E-05 -400 1.04E-03 -340 8.51E-04
-340 1.43E-05 -390 1.03E-03 -330 7.59E-04
-330 1.35E-05 -380 1L.01E-03 -320 6.60E-04
-320 1.32E-05 -370 9.79E-04 -310 6.00E-04
-310 1.24E-05 -360 8.67E-04 -300 5.26E-04
-300 1.16E-05 -350 8.13E-04 -290 4.76E-04
-290 1.12E-05 -340 7.70E-04 -280 4.26E-04
-280 9.67E-06 -330 - 7.20E-04 =270 3.99E-04
270 8.90E-06 -320 ' 6.46E-04 260 3.83E-04
-260 8.13E-06 -310 6.00E-04 -250 3.64E-04
-250 7.74E-06 -300 5.46E-04 -240 3.52E-04
=240 6.97E-06 -290 5.07E-04 -230 3.33E-04
-230 6.19E-06 -280 4.84E-04 -160 2.63E-04
-220 5.42E-06 -270 4.37E-04 -150 1.55E-04
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Potential Current Density

Potential - Current Density Potential  Current Density
mV Afem? mV Ajem? mV Afem?
-210 5.03E-06 -260 4.22E-04 -140 7.74E-05
-200 3.87E-06 -250 3.95E-04 -130 1.32E-04
-190 2.32E-06 -240 3.87E-04 -120 3.87E-04
-180 3.87E-07 -230 3.75E-04 -110 8.01E-04
-170 1.93E-06 -220 3.68E-04 -100 1.21E-03
-160 5.42E-06 -160 3.21E-04 -90 1.80E-03
-150 1.55E-05 -150 " 1.97E-04 -80 2.26E-03
-140 2.71E-05 -140 6.19E-05 -70 2.75E-03
-130 4.64E-05 -130 2.13E-04 -60 3.25E-03
-120 7.351E-05 -120 5.22E-04 -50 3.79E-03
-110 1.08E-04 -110 7.93E-04 -40 4.33E-03
-100 1.66E-04 -100 1.23E-03 -30 4.99E-03
-90 2.86E-04 -90 1.74E-03 -20 5.61E-03
-80 4.57E-04 -80 2.25E-03 -10 6.23E-03
-70 7.51E-04 -70 2.83E-03 0 6.81E-03
-60 1.07E-03 -60 3.30E-03 10 7.24E-03
-50 1.47E-03 -50 3.84E-03 20 7.89E-03
-40 1.89E-03 -40 4.41E-03 30 8.51E-03
-30 2.32E-03 -30 . 4.91E-03 40 8.98E-03
-20 2.6915-03 -20 5.38E-03 50 9.60E-03
-10 3.12E-03 -10 6.00E-03 60 1.01E-02
0 3.54E-03 0 6.42E-03 70 1.04E-02
10 4.0vE-03 10 8.77E-03 80 1.07E-02
20 4.45E-03 20 7.04E-03 90 1.11E-02
30 4.99E-03 30 7.62E-03 100 1.14E-02
40 5.38E-03 40 7.89E-03 110 1.18E-02
50 5.84E-03 50 8.13E-03 120 1.25E-02
60 6.19E-03 60 8.63E-03 160 1.30E-02
70 6.39E-03 70 3.94E-03 170 1.32E-02
30 6.70E-03 80 9.52E-03 190 1.34E-02
90 7.08E-03 90 9.98E-03 200 1.35E-02
100 7.59E-03 100 1.03E-02 210 1.36E-02
110 8.09E-03 110 1.07E-02 220 1.38E-02
120 8.48E-03 120 1L.11E-02
130 3.90E-03 130 1.15E-02
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Potential Current Density | Potential Current Density Potential Current Density
mV Ajem? mV Afem? mV Afem?
140 9.37E-03 140 1.19E-02
150 9.01E-03 150 1.21E-02
160 1.04E-02 160 1.23E-02
170 .1.08E-02 170 1.25E-02
180 1.13E-02 180 1.26E-02
190 1.18E-02 190 1.27E-02
200 1.23E-02 200 1.30E-02
210 1.27E-02 210 1.32E-02
220 1.32E-02 220 1.34E-02
230 1.37E-02 230 1.37E-02
240 1.42E-02 240 1.41E-02
250 1.48E-02
260 1.53E-02
270 1.59E-02
280 1.64k-02
290 1.68E-02
300 1.74E-02
310 1.80E-02
320 1.84E-02
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TaBLE B.10: Polarization Data: Brass in FeSO, +FeCl,

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential  Current Density | Potential Current Density | Potential Current Density

mvy A/cm? mV A/cm? mV A/em?

-500 8.32E-04 -490 3.75E-02 -500 3.34E-02
-490 8.17E-04 -480 3.60E-02 -490 3.23E-02
-480 8.09E-04 -470 3.52E-02 -480 3.20E-02
-470 8.05E-04 -460 3.44E-02 -470 3.10E-02
-460 8.01E-04 -450 3.37E-02 -460 2.99E-02
-450 7.93E-04 -440 3.27E-02 -450 2.88E-02
-440 7.89E-04 -430 3.08E-02 . -440 2.78E-02
-430 7.86E-04 -420 3.02E-02 -430 2.68E-02
-420 7.82E-04 -410 2.90E-02 -420 2.57E-02
-410 7.78E-04 -400 - 2.79E-02 -410 2.45E-02
-400 7.74FE-04 -390 2.74E-02 -400 2.33E-02
-390 7.70E-04 -380 2.59E-02 -390 2.23E-02
-380 7.66E-04 -370 2.47E-02 -380 2.09E-02
-370 7.62E-04 -360 2.33E-02 -370 2.00E-02
-360 7.59E-04 -350 2.21E-02 -360 1.86E-02
-350 7.55E-04 -340 2.09E-02 -350 1.74E-02
-340 7.47E-04 -330 1.92E-02 -340 1.61E-02
-330 7.39E-04 -320 1.83E-02 -330 1.50E-02
-320 7.31E-04 -310 1.66E-02 -320 1.39E-02
-310 7.16E-04 -300 1.55E-02 -310 1.28E-02
-300 7.00E-04 -290 1.40E-02 -300 1.16E-02
-290 6.77E-04 -280 1.2415-02 -290 1.06E-02
-280 6.46E-04 -270 1.10E-02 -280 9.40E-03
-270 6.11E-04 -260 9.67E-03 -270 8.28E-03
-260 5.6OE-04 -250 8.13E-03 -260 6.97E-03
-250 5.03E-04 -240 7.16E-03 -250 6.00E-03
-240 3.87E-04 -230 5.73E-03 -240 4.41E-03
-230 2.67E-04 -220 4.37E-03 -230 3.256-03
-220 7.74E-05 -210 2.59E-03 -220 2.01E-03
-210 1.55E-05 -200 1.43F-03 -210 1.08E-03
-200 2.71E-04 -190 8.13E-04 -200 7.74E-04
-190 5.80E-04 -180 1.86E-03 -190 1.20E-03
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Potential ~ Current Density | Potential Current Density | Potential Current Density
mV Ajfem? mV Ajem? mV Ajcm?
-180 1.12E-03 -17¢ 3.02E-03 -180 2.36E-03
-170 1.46F-03 -160 4.41E-03 -170 3.48E-03
-160 1.96F-03 -150 5.57E-03 -160 4.61E-03
-150 2.82E-03 -140 6.70E-03 -150 5.73E-03
-140 3.25E-03 -130 7.89E-03 -140 6.93E-03
-130 4.22E-03 -120 9.21E-03 -130 7.97E-03
-120 5.42F-03 -110 1.03E-02 -120 9.21E-03
-110 6.70E-03 -100 1.15E-02 -110 1.03E-02
-100 7.59E-03 -90 1.28E-02 -100 1.13E-02
-90 8.98E-03 -80 1.39E-02 -90 1.25E-02
-80 1.03E-02 =70 1.49E-02 -80 1.35E-02
-70 1.16E-02 -60 1.60E-02 -70 1.47E-02
-60 1.26E-02 -50 1.72E-02 -60 1.60E-02
-50 1.37E-02 -40 1.84FE-02 -50 1.72E-02
-40 1.47E-02 -30 . 1.95E-02 -40 1.81E-02
-30 1.58E-02 -20 2.07E-02 -30 1.93E-02
-20 1.71E-02 -10 2.16E-02 -20 2.03E-02
-10 1.82E-02 0 2.30E-02 -10 2.14E-02

0 1.90E-02 0 2.26E-02
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TaBLE B.11: Polarization Data: Aluminum in artificial seawater

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential ~Current Density

mV Ajem? mV Ajem? mV Ajem?

-1000 1.23E-05 -1400 1.66E-04 -1000 2.75E-04
-990 1.07E-05 -990 1.61E-04 -990 2.65E-04
-980 1.00E-05 -980 " 1.58E-04 -980 2.59E-04
-970 9.44E-06 -970 1.51E-04 -970 2.55E-04
-960 8.90E-06 -960 1.49E-04 -960 2. 47E-04
-950 8.44E-06 -950 1.46E-04 -950 2.35E-04
-940 8.01E-06 -940 1.44E-04 -940 2.31E-04
-930 7.62E-06 -330 1.40E-04 -930 2.26E-04
-920 7.28E-06 -920 1.38E-04 -920 2.24E-04
-910 6.89E-06 -910 1.34E-04 -910 2.17E-04
-900 6.58E-06 -900 1.31E-04 -900 2.14E-04
-890 6.19E-06 -890 1.28E-04 -890 2.07E-04
-880 5.80E-06 -880 1.25E-04 -880 2.01E-04
-870 5.465-06 -870 1.23E-04 -870 1.97E-04
-860 4.99E-06 -860 1.22E-04 -860 1.93E-04
-850 4.72E-06 -850 1.20E-04 -850 1.878-04
-840 4.37E-06 -840 1.16E-04 -840 1.83E-04
-830 4.02E-06 -830 1.15E-04 -830 1.80E-04
-820 3.72E-06 -820 1.12E-04 -820 1.75E-04
-810 3.44E-06 -810 1.10E-04 -810 1.67F-04
-800 3.17E-06 -800 1.10E-04 -800 1.57E-04
-790 2.86E-06 =790 1.03E-04 -790 1.45E-04
-780 2.55E-06 -780 3.01E-04 -780 1.36E-04
=770 2.17E-06 =770 9.37E-05 -770 1.18E-04
-760 1.55E-06 -760 8.44E-05 -760 9.79E-05
-750 8.90E-07 -750 6.97E-05 -750 6.97E-05
-740 4.84E-06 -740 4.64E-05 -740 2.94E-05
-730 6.42E-06 -730 1.59E-05 -730 1.93E-05
-720 1.04E-05 -720 2.71E-06 -720 1.16E-06
-710 1.18E-05 -710 5.80E-06 -710 5.42E-06
-700 1.84E-05 -700 7.74E-06 -700 6.19E-06
-690 2.28E-05 -690 1.16E-05 -690 1.558-05

Continuved on next page
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Potential Current Density | Potential ~Current Density | Potential ~Current Density
mV Ajem? mV Afem? mV A/cm?
-680 2.79E-05 -680 3.87E-05 -680 4.10E-05
-G70 5.34E-05 -670 5.19E-05 -670 5.80E-05
-660 7.82E-05 -660 6.97E-05 -660 7.00E-05
-650 1.08E-04 - -650 7.55E-05 -650 3.90E-05
-640 1.47E-04 -640 1.08E-04 -640 1.07E-04
-630 1.97E-04 -630 1.42E-04 -630 1.36E-04
-620 2.44E-04 -620 1.82E-04 -620 1.78E-04
-610 2.84E-04 -610 2.29E-04 -610 2.23E-04
-600 3.37E-04 -600 2.76E-04 -600 2.60E-04
-590 3.95E-04 -590 3.16E-04 -590 3.16E-04
-580 4.49E-04 -580 3.83E-04 -580 3.58E-04
-570 4.99E-04 -570 4.30E-04 -570 3.99E-04
-560 5.57E-04 -560 4.84E-04 -560 4.72E-04
-550 6.08E-04 -850 5.38E-04 -550 5.26E-04
-540 6.66E-04 -540 5.84E-04 -540 5.84E-04
-530 7.16E-04 -530 6.11E-04 -530 6.31E-04
-520 7.74E-04 -520 6.50E-04 -520 6.81E-04
-510 8.36E-04 -510 7.28E-04 -510 7.35E-04

=500 8.86E-04 =500 7.82E-04 -500 3.05E-04
-490 9.44E-04 -490 8.40E-04 -490 8.55E-04
-480 9.91E-04 -480 8.86E-04 -480 8.98E-04
-470 1.05E-03 -470 0.37E-04 -470 9.48E-04
-460 1.11E-03 -460 9.75E-04 -460 1.00E-03
-450 1.16E-03 -450) . 1.03E-03 -450 1.07E-03
-440 1.22E-03 -440 1.09E-03 -440 1.08E-03
-430 1.27E-03 -430 1.15E-03 -430 1.15E-03
-420 7 1.32E-03 -420 1.18E-03 -420 1.22E-03
-410 1.38E-03 -410 1.25E-03 -410 1.27E-03
-400 1.44E-03 -400 1.301:-03 -400 1.32E-03
-390 1.49E-03 -390 1.35E-03 -390 1.36E-03
-380 1.57E-03 -380 1.40E-03 -380 1.43E-03
-370 1.63E-03 -370 1.46E-03 -370 1.49E-03
-360 1.69E-03 -360 - 1.52E-03 -360 1.56E-03
-350 1.75E-03 -350 1.57E-03 -350 1.59E-03
-340 1.80E-03 -340 1.61E-03 -340 1.63E-03

Continued on next page
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV Afem?
-330 1.87E-03 -330 1.67E-03 -330 1.72E-03
-320 1.92E-03 -320 1.73E-03 -320 1.76E-03
-310 1.97E-03 -310 1.77E-03 -310 1.81E-03
-300 2.04E-03 -300 1.83E-03 -300 1.89E-03
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TaBLE 3.12: Polarization Data: Aluminum in 2.5% sodium carbonate

Velocity: 0 m/s

Velocity: 2.63 m/s

Velocity: 3.93 m/s

Potential Current Density | Potential Current Density | Potential Current Density
mV Ajem? mV Ajem? mV Ajem?
-1665 3.87E-03 -1696 3.87E-03 -1752 3.87E-03
-1665 3.83E-03 -1696 3.83E-03 -1747 3.831-03
-1664 3.79E-03 -1695 3.79E-03 -1743 3.79E-03
-1664 3.75E-03 -1695 3.75E-03 -1739 3.75E-03
-1664 3.72E-03 -1694 3.72E-03 -1736 3.72E-03
-1663 3.68E-03 -1693 3.68E-03 -1734 3.68E-03
-1663 3.64E-03 -1694 3.64E-03 -1731 3.64E-03
-1662 3.60E-03 -1693 3.60E-03 -1728 3.60E-03
-1662 3.56E-03 -1692 3.56E-03 -1725 3.56E-03
-1662 3.52E-03 -1690 - 3.52E-03 -1723 3.52E-03
-1661 3.48E-03 -1689 3.48E-03 -1722 3.48E-03
-1661 3.44E-03 -1690 3.44E-03 -1720 3.44E-03
-1660 341E-03 -1688 3.41E-03 -1718 3.41E-03
-1659 3.37E-03 -1687 3.37E-03 -1716 3.37E-03
-1658 3.33E-03 -1687 3.33E-03 -1714 3.33E-03
-1658 3.20E-03 -1686 3.29E-03 -1713 3.29E-03
-1657 3.28E-03 -1685 3.25E-03 -1712 3.25E-03
-3657 3.21E-03 -1684 3.21E-03 -1709 3.21E-03
-1656 317E-03 -1683 3.17E-03 -1708 3A7E-03
-1655 3.13E-03 -1681 3.13E-03 -1706 3.13E-03
-1655 3.10E-03 -1681 3.10E-03 -1705 3.10E-03
-1654 3.06E-03 -1680 3.06E-03 -1703 3.06E-03
-1653 3.02E-03 -1679 " 3.02E-03 -1702 3.02E-03
~1652 2.98E-03 -1678 2.98E-03 -1701 2.98E-03
-1652 2.941-03 -1677 2.94E-03 -1699 2.94E-03
-1651 2.90E-03 -1676 2.90E-03 -1697 2.90E-03
-1650 2.86E-03 -1675 2.86E-03 -1695 2.86E-03
-1650 2.83E-03 -1674 2.83E-03 -1694 2.83E-03
-1649 2.79E-03 -1673 2.79E-03 -1693 2.79E-03
-1649 2.75E-03 -1672 2.75E-03 -1691 2.75E-03
-1648 2.71E-03 -1671 2.71E-03 -1690 2.71E-03
-1648 2.67E-03 -1670 2.67E-03 -1688 2.67E-03

Continued on next page



Appendix B. Ezperimental Data 148

Potential Current Density | Potential  Current Density | Potential Current Density
mV Ajem? mV Afem® mV Ajcm?
-1648 2.63E-03 -1669 - 2.63E-03 -1687 2.63E-03
-1647 2.59E-03 -1668 2.59E-03 -1686 2.59E-03
-1647 2.558-03 -1667 - 2.55E-03 -1684 2.55E-03
-1646 2.52E-03 -1666 2.52E-03 -1683 2.52E-03
-1646 2.48E-03 -1665 2.48E-03 -1681 2.48E-03
-1645 2.44E-03 -1664 2.44E-03 -1680 2.44F-03
-1645 2.40E-03 -1663 2.40E-03 -1678 2.40E-03
-1644 2.36E-03 -1662 2.36E-03 -1677 2.36E-03
-1644 2.32E-03 -1661 2.32E-03 -1675 2.32E-03
-1644 2.28E-03 -1660 2.28E-03 -1674 2.28E-03
-1643 2.24E-03 -1659 2.24E-03 -1673 2.24E-03
-1643 2.21E-03 --1658 2.21E-03 -1671 2.21E-03
-1642 2.17E-03 -1657 2.17E-03 -1670 2.17E-03
-1642 2.13E-03 -1656 2.13E-03 -1668 2.13E-03
-1641 2.09E-03 -1655 2.09E-03 -1666 2.09E-03
-1640 2.05E-03 -1654 ' 9.05E-03 -1665 2.05E-03
-1639 2.01E-03 -1653 2.01E-03 -1664 2.01E-03
-1639 1.97E-03 -1652 1.97E-03 -1663 1.97E-03
-1639 1.93E-03 -1651 1.93E-03 -1662 1.93E-03
-1638 1.90E-03 -1650 1.90E-03 -1660 1.90E-03
-1637 .1.86E-03 -1649 1.86E-03 -1659 1.86E-03
-1637 1.82E-03 -1648 1.82E-03 -1657 1.82E-03
-1636 1.78E-03 -1647 1.78E-03 -1856 1.78E-03
-1635 1.74E-03 -1646 1.74E-03 -1655 1.74E-03
-1634 1.70E-03 1645 1.70E-03 -16563 1.70E-03
-1634 1.66E-03 -1643 1.66E-03 -1652 1.66E-03
-1633 | 1.63E-03 -1642 1.63E-03 -1651 1.63E-03
-1632 1.59E-03 -1641 1.59E-03 -1650 1.59E-03
-1631 1.55E-03 -1640 1.55E-03 -1649 1.55E-03
-1630 1.51E-03 -1639 1.51E-03 -1647 1.51E-03
-1629 1.47E-03 -1638 1.47E-03 -1645 1.47E-03
-1628 1.43E-03 -1637 1.43E-03 -1644 1.43E-03
-1628 1.39E-03 -1636 1.39E-03 -1643 1.39E-03
-1627 1.35E-03 -1635 1.35E-03 -1642 1.35E-03
-1625 1.32E-03 -1634 1.32E-G3 -1641 1.32E-03
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV Ajem?
-1625 1.28E-03 -1633 1.28E-03 -1640 1.28E-03
-1624 1.24E-03 -1632 1.24E-03 -1638 1.24E-03
-1624 1.20E-03 -1630 1.20E-03 -1637 1.20E-03
-1623 1.16E-03 -1630 1.16E-03 -1636 1.16E-03
-1621 1.12E-03 -1629 - 1.12E-03 -1634 1.12E-03
-1620 1.08E-03 -1628 - 1.08E-03 -1633 1.08E-03
-1619 1.04E-03 -1627 1.04E-03 -1632 1.04E-03
-1618 1.01E-03 -1626 1.01E-03 -1631 1.01E-03
-1617 9.67E-04 -1624 9.67E-04 -1630 9.67E-04
-1616 9.29E-04 -1623 9.20E-04 -1628 9.29E-04
-1615 8.90E-04 -1622 8.90k-04 -1627 8.90E-04
-1615 8.51E-04 -1621 8.51E-04 -1626 8.51E-04
-1614 8.13E-04 -1620 8.13E-04 -1624 8.13E-04
-1614 7.74E-04 -1619 7.74E-04 -1623 7.74E-04
-1613 7.35E-04 -1618 7.35E-04 -1622 7.35E-04
-1612 6.97E-04 -1617 6.97E-04 -1621 6.97E-04
-1611 6.58E-04 -1616 6.58E-04 -1619 6.58E-04
-1610 6.19E-04 -1615 6.19E-04 -1618 6.19E-04
-1610 5.80E-04 -1614 5.80E-04 -1617 5.80E-04
-1610 5.42E-04 -1613 5.42E-04 -1616 5.42F-04
-1609 5.03E-04 | -1611 5.03E-04 -1615 5.03E-04
-1609 4.64E-04 -1610 4.64F-04 -1612 4.64E-04
-1609 4.26E-04 -1609 4.26E-04 -1611 4.26E-04
-1608 3.87E-04 -1608 3.87E-04 -1610 3.87E-04
-1607 3.4815-04 -1607 3.48-04 -1609 3.48E-04
-1605 3.10E-04 -1606 3.10E-04 -1608 3.10E-04
-1603 2.71E-04 -1605 2.71E-04 -1607 2.71E-04
-16G3 2.32E-04 -1604 2.32E-04 -1606 | 2.32E-04
-1602 1.93E-04 -1602 1.93E-04 -1604 1.93E-04
-1602 1.5515-04 -1601 ~ 1.55E-04 -1603 1.55E-04
-1601 1.16E-04 -1600 1.16E-04 -1602 1.16E-04
-1601 7.74E-05 -1599 7.74E-05 -1601 ‘ 7.74E-05
-1601 3.87E-05 -1598 3.87E-05 -1598 3.87E-05
-1598 3.87E-05 -1595 3.87E-05 -1597 3.87E-05
-1597 7.74E-05 -1594 7.74E-05 -1596 7.74E-05
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Potential Current Density | Potential Current Density | Potential ~ Current Density

mV A/cm? mV Ajem? mV A/cm?
-1595 1.16E-04 -1593 1.16E-04 -1595 1.16E-04
-1594 1.55E-04 -1592 1.55E-04 -1594 1.55E-04
-1592 1.93E-04 -1581 1.93E-04 -1592 1.93E-04
-1590 2.32E-04 -1590 2.32E-04 -1591 2.32E-04
-1588 2.71E-04 -1589 2.71E-04 -1590 2.71E-04
-1587 3.10E-04 -1588 3.10E-04 -1588 3.10E-04
-1585 3.48E-04 -1586 - 3.48E-04 -1587 3.48E-04
-1584 3.87E-04 -1585  3.87E-04 -1586 3.87E-04
-1582 4.26E-04 -1584 4.26E-04 -1585 4.26E-04
-1580 4.64E-04 -1583 4.64E-04 -1584 4.64E-04
-1578 5.03E-04 -1582 5.03E-04 -1582 5.03E-04
-1575 5.42E-04 -1581 5.42E-04 -1581 5.42E-04
-1572 5.80E-04 -1580 5.80E-04 -1579 5.80E-04
-1570 6.19E-04 -1579 6.19E-04 -1578 6.19E-04
-1566 6.58E-04 -1577 6.58E-04 -1577 6.58E-04
-1563 6.97E-04 -1576 6.97E-04 -1576' 6.97E-04
-1560 7.35E-04 -1575 7.35E-04 -1575 7.35E-04
-1556 7.74E-04 -1574 7.74E-04 -1574 7.74E-04
-1552 8.13E-04 -1573 8.13E-04 -1572 8.13E-04
-1548 8.51E-04 -1571 . 8.51E-04 -1571 8.51E-04
-1545 8.90E-04 -1570 8.90E-04 -1570 8.90E-04
-1521 9.29E-04 -1569 9.20k-04 -1568 9.29E-04
-1489 9.67E-04 -1568 9.67E-04 -1566 9.67E-04
-1449 1.01E-03 -1567 1.01E-03 -1565 1.01E-03
-1400 1.04E-03 -1566 1.04E-03 -1564 1.04E-03
-512 1.08E-03 -1565 1.08E-03 -1563 1.08E-03
-451 @ 1.12E-03 -1564 1.12E-03 -1561 1.12E-03
-303 1.16E-03 -1562 1.16E-03 -1560 1.16E-03
-223 1.20E-03 -1561 1.20E-03 -1559 1.20E-03
-159 1.24E-03 -1560 1.24E-03 -1557 1.24E-03
-135 1.28E-03 -1558 1.28E-03 -1556 1.28E-03
-128 1.32E-03 -1557 1.32E-03 -1554 1.32E-03
-102 1.35E-03 -1555 " 1.35E-03 -1553 1.35E-03
-88 1.391-03 -1554 1.39E-03 -1551 1.39E-03
-82 1.43E-03 -1553 1.43E-03 -1550 1.43E-03
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Potential Current Density | Potential ~Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV A fem? -
-71 1.47E-03 -1552 1.47E-03 -1549 1.47E-03
-60 1.51E-03 -1550 1.51E-03 -1547 1.61E-03
-52 1.565E-03 -1549 1.55E-03 -1546 1.55E-03
-46 1.59E-03 -1548 1.59E-03 -1544 1.59E-03
-39 1.63E-03 -1547 1.63E-03 -1543 1.631-03
=37 1.66E-03 -1546 | 1.66E-03 -1542 1.66E-03
-37 1.70E-03 -1546 1.70E-03 -1540 1.70E-03
-37 1.74E-03 -1545 1.74E-03 -1539 1.74E-03
-32 1.78E-03 -1543 1.78E-03 -1537 1.78E-03
-36 1.82E-03 -1541 - 1.82E-03 -1536 1.82E-03 -
-43 1.86E-03 -1539 1.86-03 -1535 1.86E-03
-40 1.90E-03 -1538 1.90E-03 -1533 1.90E-03
-35 1.93E-03 -1536 1.93E-03 -1531 1.93E-03
-42 1.97E-03 -1534 1.97E-03 -1529 1.97E-03
-51 2.01E-03 -1533 2.01E-D3 -1528 2.01E-03
-59 2.05E-03 -1532 2.05E-03 -1526 2.05E-03
-60 2.09E-03 -1530 2.09E-03 -1525 2.09E-03
-60 2.13E-03 -1528 2.13E-03 -1523 2.13E-03
-60 2.17E-03 -1527 2.17E—03. -1522 2.17E-03
-G0 2.21E-03 -1526 2.21E-03 -1521 2.21E-03
-57 2.24E-03 -1523 2.24E-03 -1519 2.24E-03
-50 2.28E-03 -1522 2.28E-03 -1517 2.28E-03
-4{) 2.32E-03 -1520 2.32E-03 -1515 2.32E-03
-38 2.36E-03 -1520 2.36E-03 -1513 . 2.36E-03
-44 2.40E-03 -1518 2.40E-03 -1512 2.40E-03
-44 2.44E-03 -1516 2.44F-03 -1510 2.44E-03
-37 2.48E-03 -1514 2.48E-03 -1509 2.48E-03
-21 2.52E-03 -1513 2.52E-03 -1506 2.52E-03
-31 2.55E-03 -1512 2.55E-03 -1505 2.55E-03
-35 2.59E-03 -1510 2.50E-03 -1503 2.59E-03
-36 2.63E-03 -1508 2.63E-03 -1502 2.63E-03
-33 2.67E-03 -1506 2.67E-03 -1500 2.67E-03
-29 2.71E-03 -1505 2.71E-03 -1498 2.71E-03
-24 2.75E-03 -1503 2.75E-03 -1497 2.75E-03
-19 2.79E-03 -1502 2.79E-03 -1495 2.79E-03
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Potential Current Density | Potential Current Density | Potential — Current Density
mV Afem? mV A/cm? mV A/cm?
-11 2.83E-03 -1501 2.83E-03 -1493 2.83E-03
=17 2.8615-03 -1500 2.86E-03 -1492 2.86E-03
-21 2.90L-03 -1497 2.90E-03 -1490 2.90E-03
-20 2.94E-03 -1499 2.94E-03 -1488 2.94E-03
-10 2 98E-03 -1495 2.98E-03 -1486 2.98E-03
-5 3.02E-03 -1464 3.02E-03 . -1484 3.02E-03
-6 3.06E-03 -1490 3.06E-03 -1482 3.06E-03
-4 3.10E-03 -1489 3.10E-03 -1481 3.10E-03
2 3.13E-03 -1488 3.13E-03 -1479 3.13E-03
4 3.17E-03 -1487 3.17E-03 -1477 3.17E-03
1 3.21E-03 -1483 3.21E-03 -1476 3.21E-03
13 3.25E-03 -1481 3.25E-03 -1473 3.25E-03
22 3.29E-03 -1478 - 3.29E-03 -1472 3.29E-03
30 3.33E-03 -1477 3.33E-03 -1469 3.33E-03
26 3.37E-03 -1476 3.37E-03 -1467 3.37E-03
28 3.41E-03 -1475 3.41E-03 -1465 3.41E-03
30 3.44E-03 -1472 3.44E-03 -1464 3.44E-03
34 3.48E-03 -1470 3.48E-03 -1462 3.48E-03
40 3.52E-03 -1467 3.52E-03 -1461 3.52E-03
40 3.56E-03 -1468 3.56E-03 -1458 3.56E-03
41 3.60E-03 -1465 3.60E-03 -1457 3.60E-03
42 3.64E-03 -1462 3.64E-03 -1455 3.64E-03
44 3.68E-03 -1460 3.68E-03 -1453 3.68E-03
49 3.72E-03 -1458 3.72E-03 -1452 3.72E-03
52 3.75E-03 -1457 3.75E-03 -1452 3.75E-03
61 3.79E-03 -1456 © 3.79E-03 -1451 3.79E-03
63 3.83E-03 -1454 3.83E-03 -1450 3.83E-03
64 3.87E-03 -1452 3.87[-03 -1448 3 87TE-03
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TABLE B.13: Polarization Data: Aluminum in 5.0% sodium carbonate

Velocity: 0 m/s 7 Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV A/cm? mV Ajcm?
-1696 3.87E-03 -1696 3.87E-03 -1678 3.87E-03
-1692 3.83E-03 ~-1693 3.83E-03 -1677 3.83E-03
-1690 3.79E-03 -1691 3.79E-03 -1676 3.79E-03
-1688 3.75E-03 -1690 3.75E-03 -1675 3.75E-03
-1686 3.72E-03 -1689 3.72E-03 -1674 3.72E-03
-1684 3.68E-03 -1688 3.68E-03 -1672 3.68E-03
-1682 3.64E-03 -1G87 3.64E-03 -1671 3.64E-03
-1680 3.60E-03 -1686 3.60E-03 -1670 3.60E-03
-1679 3.56E-03 -1685 3.56E-03 -1669 3.56E-03
-1677 3.52E-03 -1683 3.52E-03 -1668 3.52E-03
-1675 3.48E-03 -1682 3.48E-03 -1666 3.48E-03
-1673 3.44E-03 -1681 3.44E-03 -1665 3.44E-03
-1671 3.41E-03 -1680 © 341E-03 -1664 341E-03
-1670 3.37E-03 -1679 3.37E-03 -1663 3.37E-03
-1668 3.33E-03 -1678 3.33E-03 -1662 3.33E-03
-1666 3.20E-03 -1676 3.29E-03 -1661 3.20E-03
-1665 3.25E-03 -1675 3.25E-03 -1660 3.25E-03
-1663 3.21E-03 -1674 3.21E-03 -1659 3.21E-03
-1662 3.17E-03 -1673 3.17E-03 -1658 3.17E-03
-1660 3.13E-03 -1671 3.13E-03 -1657 3.13E-03
-1659 3.10E-03 -1670 3.10E-03 -1656 3.10E-03
-1657 3.06E-03 -1669 3.06E-03 -1655 3.06E-03
-1656 3.02E-03 -1667 3.02E-03 -1655 3.02E-03
-1654 2.98E-03 -1666 2.98E-03 -1654 2.98E-03
-1652 2.94E-03 -1665 2.94E-03 -1653 2.94E-03
-1651 2.90E-03 -1664 | 2.90E-03 -1652 2.90E-03
-1650 2.86E-03 -1663 2.86E-03 -1651 2.86E-03
-1648 2.83E-03 -1662 2.83E-03 -1650 2.83E-03
-1647 2.79E-03 -1660 2.79E-03 -1649 2.79E-03
-1646 2.75E-03 -1659 2.75E-03 -1648 2.75E-03
-1644 2.71E-03 -1658 2.71E-03 -1648 2.71E-03
-1643 2.67E-03 -1657 2.672-03 -1647 2.67E-03
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Potential Current Density | Potential Current Density | Potential Current Density
mV A/cm? mV A/cm? mV Ajem? -
-1642 2.63E-03 -1655 2.63E-03 -1646 2.63E-03
-1641 2.598-03 -1654 2.591-03 -1644 2.59E-03
-1639 2.55E-03 -1653 2.55F-03 -1643 2.55E-03
-1638 2.52E-03 -1652 2.52E-03 -1642 2.52E-03
-1637 2.48E-03 -1650 . 2.48E-03 -1642 2 48E-03
-1635 2.44E-03 -1649 2.44E-03 -1641 2.44E-03
-1634 2.40E-03 -1647 2.40E-03 -1640 2.40E-03
-1633 2.36E-03 -1646 2.36E-03 -1639 2.36E-03
-1632 2.32E-03 -1645 2.32E-03 -1638 2.32E-03
-1631 2.28E-03 -1644 2.28E-03 -1636 2.28E-03
-1630 2.24E-03 -1642 2.24E-03 -1635 2.24F-03
-1628 2.21E-03 -1641 2.21E-03 -1634 2.21E-03
-1627 '2.17E-03 -1640 2.17E-03 -1633 2.17E-03
-1626 2.13E-03 -1639 2.13E-03 -1631 2.13E-03
-1625 2.009E-03 -1638 2.09E-03 -1630 2.09E-03
. -1624 2.05E-03 -1637 2.05E-03 -1630 2.05E-03
-1623 2.01E-03 -1635 2.01E-03 -1629 2.01E-03
-1622 1.97E-03 -1634 ' 1.97F-03 -1627 1.97E-03
-1620 1.93E-03 -1633 1.93E-03 -1626 1.93E-03
-1619 1.90E-03 -1631 1.90E-03 -1625 1.90E-03
-1618 1.86E-03 -1630 1.86E-03 -1624 1.86E-03
-1617 1.82E-03 -1629 1.82E-03 -1622 1.82E-03
-1616 1.78E-03 -1627 1.78E-03 -1621 1.78E-03
-1615 1.74E-03 -1626 1.74E-03 -1620 1.74E-03
-1614 1.70E-03 -1625 1.70E-03 -1619 1.70E-03
-1613 1.66E-03 -1624 1.66E-03 -1617 1.66E-03
-1611 1.63E-03 -1623 1.63E-03 -1615 1.63E-03
-1610 1.59E-03 -1621 1.59E-03 -1614 1.59E-03
-1609 1.55E-03 -1620 1.55E-03 -1613 1.55E-(3
-1608 1.51E-03 -1619 7 1.51E-03 -1611 1.51E-03
-1607 1.47E-03 -1617 1.47E-03 -1610 1.47E-03
-1606 1.43E-03 -1616 1.43E-03 -1609 1.43E-03
-1604 1.39E-03 -1615 1.39E-03 -1608 1.39E-03
-1603 1.35E-03 -1614 1.35E-03 -1607 1.35E-03
-1602 1.32E-03 -1612 1.32E-03 -1605 1.32E-03
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Potential Current Density | Potential Current Density | Potential ~Current Density
mV A/em? mV Afcm? mV A/em?
-1600 1.28E-03 -1611 1.28E-03 ~1604 1.28E-03
-1599 1.24E-03 -1610 1.24F-03 -1603 1.24E-03
-1598 1.20E-03 ~-1609 1.20E-03 -1602 1.20E-03
-1596 1.16E-03 -1607 1.16E-03 -1601 1.16E-03
-1596 1.12E-03 -1606 1.12E-03 -1599 1.12E-03
-1594 1.08E-03 -1604 1.08E-03 -1598 1.08E-03
-1593 1.04E-03 -1603 1.04E-03 -1597 1.04E-03
-1592 1.01E-03 -1602 1.01E-03 -1595 1.01E-03
-1590 9.67E-04 -1600 9.67E-04 -1594 9.67F-04
-1589 9.29E-04 -1599 9.29E-04 -1593 9.20E-04
-1588 8.90E-04 -1598 8.90E-04 -1591 8.90E-04
-1587 8.51E-04 -1597 8.51E-04 -1590 8.51E-04
-1585 8.13E-04 -1595 8.13E-04 -1589 8.13E-04
-1584 7.74E-04 -1594 7.74E-04 -1588 7.74E-04
-1583 7.35E-04 -1592 7.35E-04 -1587 7.35E-04
-1581 6.97E-04 -1591 6.97E-04 -1585 6.97E-04
-1580 6.58E-04 -1590 6.58E-04 -1584 6.58E-04
-1579 6.19E-04 -1589 6.19E-04 -1583 6.19E-04
-1577 5.80E-04 -1587 5.80E-04 -1581 5.80E-04
-1576 5.42E-04 -1586 . 5.42E-04 -1580 5.42E-04
-1575 5.03E-04 -1584 5.03E-04 -1578 5.03E-04
-1573 4.64E-04 -1583 4.64E-04 -1577 4.64E-04
-1572 4.26E-04 -1582 4.26E-04 -1575 4.26E-04
-1571 3.87E-04 -1580 3.87E-04 -1573 3.87E-04
-1569 3.48E-04 -1579 3.48E-04 -1572 3.48E-04
-1567 3.10E-04 -1577 3.10E-04 -1571 3.10E-04
-1566 2.71E-04 -1576 2.71E-04 -1569 2.71E-04
-1564 2.32E-04 -1575 2.32E-04 -1568 2.32E-04
-1563 1.93E-04 -1573 1.93E-04 -1566 1.93E-04
-1561 1.55E-04 -1572 1.55E-04 -1564 1.55E-04
-1559 1.16E-04 -1570 1.16E-04 -1563 1.16E-04
-1557 7.74E-05 -1568 7.74E-05 -1561 7.74E-05
-1555 3.87E-05 -1567 3.87E-05 -1560 3.87E-05
-1553 3.87E-05 -1563 3.87E-05 -1557 3.87E-05
-1651 7.74E-05 -1562 7.74E-05 -1555 7.74E-05
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Potentia! Current Density | Potential Current Density | Potential ~Current Density
mV Ajem? mV Ajem? mV Ajcm?
-154% 1.16E-04 -1560 1.16E-04 -1554 1.16E-04
-1548 1.55E-04 -1559 1.55E-04 | -1552 1.55E-04
-1545 1.93E-04 -1557 1.93E-04 -1550 1.93E-04
-1543 2.32E-04 -1556 2.32E-04 -1548 2.32E-04
-1540 2.71E-04 -1554 2.71E-04 -1546 2.71F-04
-1538 3.10E-04 -1553 3.10E-04 -1544 3.10E-04
-1535 3.48E-04 -1550 3.48E-04 -1543 3.48E-04
-1532 3.87E-04 -1548 3.87E-04 -1541 3.87E-04
-1529 4.26E-04 -1547 4.26E-04 -1539 4.26E-04
-1526 4.64E-04 -1545 - 4.64E-04 -1537 4.64E-04
-1521 5.03E-04 -1543 5.03E-04 -1535 5.03E-04
-1518 5.42E-04 -1542 5.42E-04 -1533 5.42F-04
-1513 5.80E-04 -1540 5.80E-04 -1531 5.80E-04
-1509 6.19E-04 -1538 6.19E-04 -1529 6.19E-04
-1501 6.58E-04 -1536 6.58E-04 -1527 6.58K-04
-1495 6.97E-04 -1534 6.97E-04 -1525 6.97E-04
-1488 7.35E-04 -1532 7.35E-04 -1523 7.35E-04
-1478 7.74E-04 -1530 7.74E-04 -1521 7. 74E-04
-1400 8.13E-04 -1528 8.13E-04 -1519 8.13E-04
-1317 8.51E-04 -1526 8.51E-04 -1516 8.51E-04
-1194 8.90E-04 ) -1524 8.90E-04 -1515 2.90E-04
-1117 9.29E-04 -1522 9.29E-04 -1512 9.29E-04
-1060 9.67E-04 -1520  9.67E-04 -1510 9.67E-04
-985 1.01E-03 -1517 1.01E-03 -1508 1.01E-03
-830 1.04E-03 -1515 1.04E-03 -1508 1.04E-03
-774 1.08E-03 -1513 1.08E-03 -1503 1.08E-03
-684 1.12E-03 -1511 1.1215-03 -1501 1.12E-03
-545 1.16E-03 -1500 1.16E-03 -1498 1.16E-03
-400 1.20E-03 -1507 1.20E-03 -1495 1.20E-03
250 1.24E-03 -1505 1.24E-03 -1493 1.24F-03
290 1.28E-03 -1502 1.28E-03 -1492 1.28E-03
347 1.32E-03 -1500 1.32E-03 -1490 1.32E-03
361 1.35E-03 -1497 1.35E-03 -1487 1.35E-03
430 1.39E-03 -1495 1.39E-03 -1484 1.39E-03
497 1.43E-03 -1492 . 1.43E-03 -1482 1.43E-03
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Potential Current Density | Potential Current Density | Potential Current Density
mV Ajem? mV Ajem? mV Ajem?
547 1.47E-03 -1490 1.47E-03 1478 1.47E-03
560 1.51E-03 -1487 1.51E-03 -1477 1.51E-03
565 1.55E-03 -1484 1.55E-03 -1474 1.55E-03
583 1.59E-03 -1481 1.59E-03 -1471 1.59E-03
GO7 1.63E-03 -1479 1.63E-03 -1469 1.63E-03
613 1.66E-03 -1477 1.66E-03 -1466 1.66E-03
652 1.70E-03 -1475 1.70E-G3 -1463 1.70E-03
687 1.74E-03 -1471 1.74E-03 -1461 1.74E-03
693 1.78E-03 -1469 1.78E-03 -1458 1.78E-03
695 1.82E-03 -1467 1.82E-03 -1456 1.82E-03
706 1.86E-03 -1464 1.86E-03 -1454 1.86E-03
719 1.90E-03 -1461 1.90E-03 -1450 1.90E-03
724 1.93E-03 -1458 1.93E-03 -1448 1.93E-03
737 1.97E-03 -1455 1.97E-03 -1445 1.97E-03
755 2.01E-03 -1452 2.01E-03 -1441 2.01E-03
773 2.05E-03 -1450 2.05E-03 -1439 2.05E-03
779 2.09E-03 -1446 2.09E-03 -1437 2.09E-03
783 2.13E-03 -1444 2.13E-03 -1434 2.13E-03
789 2.17E-03 -1442 2.17E-03 -1431 2.17E-03
795 2.21E-03 -1437 2.21E-03 -1428 2.21E-03
800 2.24E-03 -1434 2.24E-03 -1426 2.24E-03
805 2.28E-03 -1432 2.28F-03 -1423 2.28E-03
840 2.32E-03 -1429 2.32E-03 -1421 2.32E-03
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TABLE B.14: Polarization Data: Aluminum in FeSO,

Velocity: 0 m/s Velocity: 2.63 m/s Velocity: 3.93 m/s
Potential Current Density | Potential Current Density | Potential Current Density

mV Afem? mV . Ajem? mV Ajcm?

-1000 6.27E-05 -1000 1.66E-03 -1000 2.67E-03
-990 6.11E-05 -950 1.63E-03 -970 2.63E-03
-980 5.96E-05 -900 1.59E-03 -940 2.59E-03
970 5.84E-05 -850 1.558-03 920 2.55E-03
-960 5.73E-05 -780 1.51E-03 -900 2.52E-03
-950 5.65E-05 -540 1.37E-03 -890 2.48E-03
-940 5.61E-05 -530 1.33E-03 -880 2.44E-03
-930 5.57E-05 -520 1.21E-03 -840 2.40E-03
920 5.50E-05 -510 1.13E-03 820 2.36E-03
-910 5.46E-05 -500 1.04E-03 -790 2.32E-03
-800 5.38E-05 -490 9.33E-04 -680 2.20E-03
-890 5.30E-05 -480 8.44E-04 -650 2.28E-03
-880 5.26E-05 -470 " 7.93E-04 -630 2.26E-03
-870 5.22E-05 -460 7.16E-04 -620 2.24E-03
-860 5.22E-05 -450 6.62E-04 -610 2.23E-03
-850 5.19E-05 -440 6.00E-04 -600 2.21E-03
-840 5.19E-05 -430 5.57E-04 -590 2.17E-03
-830 5.15E-05 420 5.07E-04 -580 2.09E-03
-820 5.11E-05 -410 4.53E-04 -570 2.04E-03
-810 5.07E-05 -400 4.22E-04 -560 1.96E-03
-800 5.03E-05 -390 3.79E-04 -550 1.86E-03
=790 4.99E-05 -380 3.52E-04 -540 1.75E-03
-780 4.91E-05 -370 3.33E-04 -530 1.62E-03
=770 4.88E-05 -360 3.25E-04 -520 1.51E-03
-760 4.80E-05 -350 - 3.13E-04 -510 1.41E-03
-750 4.76E-05 -340 3.02E-04 -500 1.31E-03
-740) 4.72E-05 -330 2.86F-04 -490 1.21E-03
-730 4.68E-05 -320 2.79E-04 -480 1.12E-03
-720 4.64E-05 -310 2.71E-04 -470 1.04E-03
-710 4 57E-05 -300 2.52E-(}4 -460 9.75E-04
=700 4.53E-05 -290 2.44E-04 -450 8.98E-04
690 4.491-05 -280 2.36E-04 -440 8.20E-04

Continued on next page



Appendix B. Ezperimental Dota

159

Potentinl  Current Density | Potential Current Density | Potential Current Density
mVv A/fem? mV A/cm? mVv A/cm?
-680 4.45F-05 =270 2.28E-04 -430 7.74E-04
-670 4.41E-05 -260 2.13E-04 -420 7.08E-04
-660 4.37E-05 -250 2.01E-04 -410 6.46E-04
-650 4.33E-05 -240 1.86E-04 -400 5.96E-04
-640 4.26E-05 -230 1.70E-04 -390 5.57E-04
-G30 4.22E-05 -220 1.55E-04 -380 5.19E-04
-620 4.18E-05 -210 1.39E-04 -370 4.88E-04
-610 4.10E-05 -200 1.12E-04 -360 4.53E-04
-600 4.02E-05 -190 8.90E-05 -350 4.26E-04
-580 3.99E-05 -180 6.58E-05 -340 3.91E-04
-580 3.95E-05 -170 4.6412-05 -330 3.64E-04
=570 3.95E-05 -160 1.93E-05 -320 3.41E-04
-560 3.91E-05 -150 3.87E-06 -310 3.21E-04
-550 3.87E-05 -140 7.74E-06 -300 2.98E-04
-540 3.83E-05 -130 1.16E-05 -290 2.83E-04
-530 3.79E-05 -120 1.55E-05 -280 2.67E-04
-520 3.75E-05 -80 1.93E-05 -270 2.481-04
-510 3.64E-05 -30 2.32E-05 -260 2.36E-04
-500 3.56E-05 20 2.71E-05 -250 2.21E-04
-490 3.37E-05 30 3.10E-05 -240 2.01E-04
-480 3.21E-05 80 3.48E-05 -230 1.86E-04
-470 2.90E-05 70 3.48E-05 -220 - 1.74E-04
-460 2.52E-05 80 3.87E-05 -210 1.51E-04
-450 2.13E-05 a0 3.87E-05 -200 1.39E-04
-440 1.86E-05 100 4.26E-05 -190 1.12E-04
-430 1.74E-05 110 4.26E-05 -180 8.90E-05
-420 1.66E-05 120 4.64E-05 -170 6.58E-05
-410 1.51E-05 130 4.64E-05 -160 3.48E-05
-400 1.39E-05 140 5.03E-05 -150 3.87E-06
-390 1.28E-05 150 7. 5.42E-05 -140 1.16E-05
-380 1.16E-05 160 5.42E-05 -130 1.55E-05
-370 1.01E-05 170 5.80E-05 -100 1.93E-05
-360 8.90E-06 180 5.80E-05 -80 2.32E-05
-350 7.74E-06 190 5.80E-05 -70 2.32E-05
-340 6.97E-06 200 6.19E-05 -50 2.71E-05

Continued on nest page



Appendix B. Ezperimental Data

160

Potential  Current Density | Potential Current Density | Potential Current Density
mV A/em? mV A/em? mV A/cm?
-330 6.19E-06 210 6.58E-05 -40 3.10E-05
-320 5.03E-06 220 6.97E-05 -30 3.10E-05
-310 4.64E-06 230 6.97E-05 -20 3.48E-05
-300 3.87E-06 240 7.35E-05 -10 3.48E-05
-290 2.71E-06 250 7.35E-05 G 3.48E-05
-280 2.32E-06 260 7.74E-05 10 3.87E-05
-270 1.55E-06 270 8.13E-05 20 4.26E-05
-260 1.16E-06 280 © 8.51E-05 30 4.26E-05
-250 7.74E-07 290 8.51E-05 40 4.26F-05
-240 3.87E-07 300 8.51E-05 50 4.64E-05
-230 7.74E-07 310 8.90E-05 60 4.64E-05
-220 1.55E-06 320 9.29E-05 70 5.42E-05
-210 1.93E-06 330 9.29E-05 80 5.80E-05
-200 2.71E-06 340 9.20E-05 a0 6.19E-05
-190 3.48[£-06 350 9.67E-05 100 6.19E-05
-180 4.26E-06 360 1.04E-04 110 6.53E-05
-170 5.03E-06 370 1.04E-04 120 6.97E-05
-160 6.19E-06 380 1.12E-04 130 7.35E-05
-150 6.58E-06 390 1.12E-04 140 7.74E-05
-140 7.74E-06 400 1.16E-04 150 8.13E-05
-130 7.74E-06 410 1.20E-04 160 8.51E-05
-120 7.74E-06 420 1.28E-04 170 8.90E-05
-110 8.51E-06 430 1.35E-D4 180 9.29E-05
-100 8.51E-06 440 1.43E-04 180 1.01E-04
-90 8.90E-06 450 1.51E-04 200 1.04E-04
-80 9.67E-06 460 1.63E-04 210 1.08E-04
-70 1.01E-05 470 1.74F-04 220 1.12E-04
-60 1.16E-05 480 1.861-04 230 1.16E-04
-50 1.20E-05 490 1.93E-04 240 1.24E-04
-40 1.32E-05 500 2.17E-04 250 1.32E.04
-30 1.47E-05 510 2.32E-04 260 1.35E-04
-20 1.70E-05 520 2.52E-04 270 1.47E-04
-10 1.86E-05 530 - 2.75E-04 280 1.55K-04

0 2.05E-05 540 2.90E-04 290 1.66E-04
10 2.09E-05 550 3.10E-04 300 1.70E-04
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Potential Current Density | Potential Current Density | Potential Current Density
mV Ajcm? mV Ajcm? mV Ajem?
20 2.17E-05 560 3.37E-04 310 1.74E-04
30 2.32E-05 570 3.56E-04 320 1.78E-04
40 2.59E-05 580 3.75E-04 330 1.86E-04
50 2.79E-05 590 3.91E-04 340 1.93E-04
60 3.06E-05 600 4.06E-04 " 350 2.01E-04
70 3.21E-05 610 4.26E-04 360 2.13E-04
80 3.37E-05 620 4.41E-04 370 - 2.24E-04
90 3.64F-05 630  4.57E-04 380 2.28F-04
100 3.87E-05 640 4.68E-04 390 2.40E-04
110 4.10E-05 650 4.80E-04 400 2.52E-04
120 4.33E-05 660 - 4.84E-04 410 2.55E-04
130 4.57E-05 670 4.91E-04 420 2.63E-04
140 4.84E-05 630 4.95E-04 430 2.79E-04
150 5.07E-05 690 5.11E-04 440 2.90E-04
160 5.34E-05 00 5.22E-04 450 3.02E-04
170 5.57E-05 710 5.22E-04 460 3.10E-04
180 5.80E-05 720 5.26E-04 470 3.17E-04
190 6.04E-05 730 5.26E-04 480 3.21E-04
200 6.35E-05 740 5.30E-04 490 3.29E-04
210 6.58E-05 750 5.34E-04 500 3.37E-04
220 6.85E-05 760 5.38E-04 510 3.44E-04
230 7.12E-05 770 5.42E-04 520 3.60E-04
240 7.35E-05 780 5.50E-04 530 3.68E-04
250 7.62E-05 790 | 5.61E-04 540 3.75E-04
260 7.93E-05 300 5.69E-04 550 3.79E-04
270 8.17E-05 810 5.77E-04 560 3.91E-04
280 8.51E-05 820 5.80E-04 570 3.95E-04
290 . 8.78E-05 830 5.84E-04 580 3.99E-04
300 9.25E-05 840 5.88E-04 590 4.02E-04
310 9.44F-05 850 5.92E-04 600 4.18E-04
320 9.83E-05 860 6.00E-04 610 4.30E-04
330 1.01E-04 870 6.04E-04 620 4.33E-04
340 1.04E-04 880 6.04E-04 630 4. 45E-04
350 1.08E-04 890 6.11E-04 640 4.57E-04
360 1.12E-04 900 6.19E-04 650 4.64E-04

Continued on nezt page
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Potential Current Density | Potential Current Density | Potential Current Density
mV A/cm? mV A/cm? mV A/cm?
370 1.16E-04 910 6.27E-04 660 4.68E-04
380 1.22E-04 920 6.31E-04 . 670 4.72E-04
390 1.27E-04 930 6.35E-04 680 4. 84F-04
400 1.32E-04 940 6.42E-04 690 4 88E-04.
410 1.39E-04 950 6.46k-04 700 4.99E-04
420 1.46E-04 960 6.54E-04 710 5.07E-04
430 1.56E-04 970 6.62E-04 720 5.19E-04
440 1.70E-04 980 6.70E-04 730 5.22E-04
450 1.82E-04 990 6.77E-04 740 5.34E-04
460 1.96E-04 1000 6.85E-04 750 5.50E-04
470 2.11E-04 760 5.61E-04
480 2.29E-04 770 5.65E-04
490 2.48E-04 o 780 5.69E-04
500 2.63E-04 ‘ 790 5.77E-04
510 2.85E-04 800 5.88E-04
520 3.00E-04 810 5.96E-04
530 3.25E-04 320 6.00E-04
540 3.44E-04 830 6.15E-04
550 3.64E-04 840 6.19E-04
560 3.87E-04 850 6.23E-04
570 4.06E-04 860 6.42E-04
580 4.30E-04 ‘ 870 6.58E-04
590 4.458-04 880 6.73E-04
600 4.64E-04 890 6.85E-04
610 4.80E-04 900 6.85E-04
620 4.99E-04 910 7.08E-04
630 5.035-04 | 920 7.24E-04
640 5.15E-04 930 7.31E-04
650 5.34E-04 940 7.35E-04
660 5.38E-04 950 T7.4TE-04
670 5.50E-04 960 7.62E-04
680 5.69E-04 970 7.66E-04
600 5.77E-04 980 7.70E-04
700 5.84E-04 990 7.89E-04
710 5.88E-04 : _ 1000 8.05E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mvV Ajem? mV Ajem? mV A/em?
720 6.04E-04
730 6.11E-04
740 6.15E-04
750 6.27E-04
760 6.27E-04
770 6.35E-04
780 6.35k-04
790 6.39E-04
800 6.46E-04
810 6.46E-04
820 6.46E-04
830 6.58E-04
840 6.62E-04
850 6.62E-04
860 6.70E-04
870 6.73E-U4
880 6.73E-04
890 6.77E-04
400 6.81E-04
910 6.89E-04
920 7.00E-04
930 7.04E-04
9410 7.08E-04
950 7.16E-04
960 7.28E-04
970 7.31E-04
980 7.43E-04
900 7.55E-04
1000 7.62E-04
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TasLE B.15: Polarization Data: Aluminum in FeSO,+FeCl,

Velocity: 0 m/s

Velocity: 2.63 m/s

Velocity: 3.93 m/s

Potential Current Density | Potential Current Density | Potential Current Density
mV Afem? mV Afem? mV Ajcm?
-1000 1.71E-03 -1000 9.33E-03 -1000 1.12E-02
-990 1.64E-03 -990 8.86E-03 -990 1.07E-02
-980 1.61E-03 -980 8.71E-03 -980 1.04E-02
-970 1.53E-03 -970 - T.93E-03 -970 9.83E-03
-960 1.48E-03 -960 7.78E-03 -960 9.52E-03
-950 1.45E-03 -950 7.55E-03 -950 8.86E-03
-940 1.37E-03 -940 7.24E-03 -940 7.78E-03
-930 1.30E-03 -930 7.04E-03 -930 7.59E-03
-920 1.24E-03 920 6.77E-03 -920 7.16E-03
-910 1.20E-03 -910 6.58E-03 -910 6.93E-03
-900 1.16E-03 -900 6.11E-03 -900 6.58E-03
-890 1.15E-03 -890 5.84E-03 -890 6.15E-03
-880 1.13E-03 -880 5.34E-03 -880 5.80E-03
-870 1.12E-03 -870 5.03E-03 -870. 5.57E-03
-860 1.07E-03 -360 4.64E-03 -860 5.34E-03
-850 1.02E-03 -850 4 45E-03 -850 4.88E-03
-840 9.75E-04 -840 - 4.1415-03 -840 4.61E-03
-830 9.40E-04 -830 3.95E-03 -830 4.22E-03
-820 9.06E-04 -820 3.755-03 -820 3.91E-03

- =810 8.67E-04 -810 3.37E-03 -810 3.60E-03
-800 8.285-04 -800 2.98E-03 -800 3.20E-03
-790 7. 78E-04 -790 2.52E-03 -790 3.02E-03
=780 7.35E-04 -780 2.21E-03 -780 2.71E-03
-770 6.42E-04 -770 1.66E-03 -770 2.17E-03
-760 5.11E-04 =760 1.28E-03 -760 1.90E-03
-750 3.44E-04 -750 8.90E-04 -750 1.63E-03
-740 1.82E-04 -740 4.26E-04 -740 1.32E-03
-730 4.26E-05 -730 2.32E-04 -730 1.16E-03
-720 2.21E-04 -720 _1.55E-04 -720 5.03E-04
-710 4.72E-04 -710 - 3.87E-04 -710 2.32E-04
-700 7.20E-04 -700 8.51E-04 =700 3.87E-04
-690 1.06E-03 -690 1.24E-03 -690 7.74E-04

Continued on next page
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Potential Current Density | Potential Current Density | Potential Current Density
mV A/cm? mVvV Afem? mV A/cm?
-G80 1.39F-03 -680 1.63E-03 -680 1.01E-03
-670 1.75E-03 -670 2.09E-03 -670 1.32E-03
-660 2.15K-03 -660 2.32E-03 -660 1.47E-03
-G50 2.48E-03 -650 2.59E-03 -650 1.74E-03
-640 2.79E-03 -640 3.02E-03 -640 2.21E-03
-630 3.17E-03 -630 3.48E-03 -630 2.40E-03
-620 3.53E-03 -620 3.68E-03 -620 2.90E-03
-610 3.91E-03 -610 4.14E-03 -610 3.41E-03
-600 4.18E-03 -600 4.45E-03 -600 3.68E-03
-590 4.53E-03 -590 © 4.88E-03 -590 4.06E-03
-580 4.95E-03 -580 5.19E-03 -580 4.26E-03
-570 5.26E-03 -570 5.57E-03 -570 4.80E-03
-560 5.61E-03 -5H60 5.92E-03 -560 5.38E-03
-550 6.08E-03 -550 6.39E-03 -550 5.57E-03
-540 6.42E-03 -540 6.73E-03 -540 5.77E-03
-530 6.77E-03 -530 7.08E-03 -530 5.96E-03
-520 7.12E-03 -520 7.43E-03 -520 6.39E-03
-510 7.55E-03 -510 7.74E-03 -510 6.54E-03
-500 7.89E-03 -500 8.01E-03 -500 6.73E-03
-490 8.32E-03 -490 8.75E-03 -490 7.00E-03
-480 8.715-03 -480 8.90E-03 -480 7.55E-03
-470 9.06E-03 -470 C 9.29E-03 -470 7.86E-03
-460 9.44E-03 -460 9.64E-03 -460 8.13E-03
-450 9.87E-03 -450 9.83E-03 -450 8.71E-03
-440 1.06E-02 -440 1.01E-02 -440 8.98E-03
-430 1.09E-02 -430 1.03E-02 -430 9.33E-03
-420 1.13E-02 -420 1.07E-02 -420 9.83E-03
-410 1.17E-02 -410 - 1.09E-02 -410 1.04E-02
-400 1.23E-02 -400 1.12E-02 400 1.06E-02
-390 1.27E-02 -390 1.18E-02 -390 1.10E-02
-380 1.32E-02 -380 1.21E-02 -380 1.14E-02
-370 1.36E-02 -370 1.24E-02 =370 1.16E-02
-360 1.40E-02 -360 1.27E-02 -360 1.18E-02
-35( 1.44E-02 -350 1.31E-02 -350 1.23E-02
-340 1.55E-02 -340 - 1.34E-02 -340 1.28E-02

Continued on next page
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Potential  Current Density | Potential Current Density | Potential  Current Density
mV Ajem? mV Afem? mV Ajem?
-330 1.61E-02 -330 1.37E-02 -330 1.34E-02
-320 1.64E-02 -320 1.38E-02 -320 1.37E-02
-270 1.71E-02 -310 1.43E-02 -310 1.40E-02
-250 1.73E-02 -300 1.46E-02 -300 1.42E-02
-240 1.75E-02 -290 1.50E-02 -290 1.47E-02
-230 1.78E-02 -280 1.54E-02 -280 1.49E-02
-220 1.82E-02 =270 1.57E-02 -270 1.51E-02
-210 1.84E-02 -260 1.59E-02 -260 1.53E-02
-200 1.90E-02 -250 1.63E-02 -250 1.57E-02
-190 1.95E-02 -240 1.66E-02 -240 1.59E-02
-180 1.98E-02 -230 1.68E-02 -230 1.63E-02
-170 2.02E-02 -220 1.72E-02 -220 1.65E-02
-160 2.04E-02 -210 1.75E-02 -210 1.67E-02
-150 2.07E-02 -200 1.77E-02 -200 1.69E-02
-140 2.12E-02 -190 1.79E-02 -190 1.72E-02
-130 2.16E-02 -180 1.83E-02 -180 1.75E-02
=120 2.19E-02 -170 1.88E-02 -170 1.77E-02
-110 2.22E-02 -160 1.92E-02 -160 1.79E-02
-100 2 24E-02 -150 1.96E-02 -150 1.82E-02
-90 2.29E-02 -140 1.99E-02 -140 1.86E-02
-80 2.34E-02 -130 2.03E-02 -130 1.90E-02
=70 2.38E-02 -120 2.05E-02 -120 1.98E-02
-80 - 2.43E-02 -110 2.09E-02 -116 2.02E-02
-50 2.53E-02 -100 2.11E-02 -100 2.07E-02
-40 2.84E-02 -0 - 2.14E-02 -90 2.11E-02
-30 2.94E-02 -80 2.17E-02 -80 2.14E-02
=20 2.98E-02 -70 2.20E-02 -70 2.15E-02
-10 3.02E-02 -60 2.231-02 -60 2.18E-02
0 3.05E-02 -50 2.28E-02 -50 2.21E-02
-40 2.33E-02 -40 2.23E-02
-30 2.37E-02 -30 2.26E-02
-20 2.40E-02 -20 2.28E-02
-10 2.43E-02 -10 2.32E-02
0 2.46E-02 0 2.37E-02
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