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Pipework for cooling and firefighting purposes in naval vessels is typically subject to
corrosion by pumped seawater. Close to land, erosion by ingested sand also occurs. The
expensive alloys presently used to resist corrosion do not resist erosion very well. There
are requirements both to understand conjoint erosion and corrosion better and to develop
improved materials. This Thesis examines the possibilities for using metal-on-steel
claddings for this duty, and also the possibilities for the use of Electrochemical Noise
techniques to evaluate their performance.

The literature is reviewed for relevant aspects of erosion, corrosion, their interaction
(‘synergy’), electrochemical methods, appropriate experimental equipment and the
materials requirements for such claddings. It is concluded in the latter case that the key
properties are that claddings should be as hard as possible and that, since porosity can
never be wholly eliminated, that they should be anodic to the substrate (carbon steel).

For practical investigations, a series of model claddings have been used — HVOF spayed
aluminium, aluminium/12%silicon alloy, a composite of this alloy with particulate
alumina and hot-dipped zinc. Characterisation of the experimental composite showed it
had high porosity; it also did not perform well in early tests, so its use was discontinued.

Erosion failure of the metal claddings was found to be entirely ductile, though the
angular dependency of this was not classical; this was probably associated with the
relatively dense slurries used. Corrosion behaviour under static conditions was heavily
influenced by the deposition of solid corrosion deposits, especially in pores in the
cladding, and by the aeration of the corroding solution.

Flow corrosion and erosion-corrosion were examined in a newly built test rig, specially
adapted for electrochemical measurements. Zinc claddings were found to suffer severely
from flow corrosion; aluminium-based claddings do not. Neither metal performs very
adequately under erosion-corrosion conditions; hardening by alloying or composite
formation will be required in practical systems, as will be protection against pitting.

Simple erosion is non-Faradaic, so direct prediction of mass loss by electrochemical
means is not possible where this process dominates. However, in brine pitting occurs and
impacts cause depassivation/repassivation events. These can be monitored using
Electrochemical Noise techniques. A new application of the wavelet transform allows
separation of these effects, and a preliminary quantitative understanding of how the
chloride inhibition of impact scar repassivation can result in increased corrosion..

Proposals are made as to how this work may be further developed, in terms of more
realistic materials, improved experimental technique and better data analysis.
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NOMENCLATURE

A unified nomenclature has been used for this Thesis, set out below. This implies that
the symbols used in some papers quoted from the literature are not the same as those in
the original papers. While an effort has been made to retain the symbols most commonly
used for important quantities, the interdisciplinary nature of this work has meant that this

has not always been possible.

a,b,c... are used for uncharacterised constants in various equations.
j is used for V-1.
X,y... are used for uncharacterised variables in various equations,

- Suffix n is used to denote the nth value of x.

- Suffix r is used to denote a lag in x.

0 is used as an uncharacterised angle in various equations.

A Autocorrelation function (None)

Ayg Normalised autocorrelation function (None)

A, Autocorrelation function for lag r (None)
Asqar  Scar area (m'z)

an Noise amplitude (LA)

C Capacitance (Farads)
Cp Material constant, from density and elastic load limit (Bitter) (kg'.m"’ s*)
Cau  Double layer capacitance (Farads)
Crass  Passivation layer capacitance. (Farads).
¢y Specific heat at constant pressure (Jkg' XK
D Diffusion coefficient (m*s™)

dy Diameter of particle (m)

d; Diameter of jet (m)

Wavelet detail number » (None)

S
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Particle energy/nominal impact
Free corrosion potential
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Heat transfer coefficient
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Depth of particle contact (Finnie).
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Thermal conductivity
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Mass loss
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Mass loss in flowing ‘brine’ (this work)

Mass loss in flowing ‘brine/sand’ (this work)

Total mass loss

Mass loss due to erosion

Order parameter (filter length), Maximum Entropy Method

(mg)
(mg)
(kg).
(kg)
(None)

‘Synergistic mass loss’, effect of corrosion on erosion rate (Stack) (kg)

Mass loss due to corrosion

‘Additive mass loss’, effect of erosion on corrosion rate (Stack)

Mass loss due to synergy effect

Mass loss in flowing ‘water” (this work)

Mass loss in flowing ‘water/sand’ (this work).

Particle mass

Number of data points

Number of data points in range x # /2

Velocity exponent

Number of moles of substance
‘Power’ or data variance (= o)
Power Spectral Density
Particle radius exponent.
Prandtl Number

Convective energy flux

Radius of particle

Pore radius

Radial distance from stagnation point
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Surface flatness

Charge transfer resistance
Polarisation resistance.
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Solution(cell) resistance
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Re Reynolds Number

» Correlation coefficient

Sc Schmidt Number

Sh Sherwood Number

St Stanton Number

Sk Skewness.

Syn-E Electrochemical synergy (this work)
Syn-M Mass loss synergy (this work)

A Temperature

Tk Absolute temperature

t Time

L Length of synthetic pulse train
14 Volume

Ve Volume of impact scar

Va Volume removed by single particle impact
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1 INTRODUCTION

Background

Naval ships contain pipework, carrying seawater for such purposes as firefighting and
cooling items of machinery. Because seawater is corrosive, expensive alloys are
currently used for this duty. However, if a ship is situated over a sandbank, sand may
be pumped in along with the water. Although filters are used, fine sand passes
through and erodes the pipes’ internal surfaces, the alloys used not being particularly
resistant to erosion. The conjoint action of corrosion and erosion is termed erosion-
corrosion. An example is shown in Figure 1.1. It is desired to improve the
understanding of the processes of erosion-corrosion in this context, and to identify
materials that will resist these conditions. Preferably, for cost reasons, this should be
a coating on carbon steel. This Thesis investigates the possibilities for the use of

metallic coatings on steel, and develops methods for characterising their degradation.

Figure 1.1: Erosion-corrosion on a pump impeller.
From: G.A. Minick and D.L. Olsen, Metals Handbook, 9™ Edition, Volume 13,
ASM International, 1987.



Objectives

The objecti

Scope of T

ves of this work have been:

To investigate materials issues of metal-on-steel coating systems for slurry

corrosion duties.
To develop equipment suitable for investigating such systems.

To investigate synergies between erosion and corrosion in sand/seawater

slurries.

To investigate the application of advanced signal processing techniques to
Electrochemical Noise data from slurry-erosion studies, to characterise

degradation.

hesis

Erosion-corrosion work encompasses a very large number of possible variables. To

make this s

ituation manageable, the work in this Thesis has been limited as follows:

The basic principles governing materials choice for this duty have been
assessed on the basis of literature review; some possible candidate
materials have been identified by the same means. Practical work has

been limited to the investigation of model materials.

The liquid used has been either water or a 3.5% solution of sodium
chloride in water (hereafter referred to as ‘brine’), rather than real
seawater. Therefore, complexities due to calcareous scaling or biofouling

have been avoided.



- Mass loss has generally been limited to situations where the coating is not
perforated, in order to characterise the coating performance. Actual

behaviour at breakdown is not covered.

- Most variables have been limited to one or two values only. In particular,
in the erosion-corrosion work, only one slurry density has been used, only
one chloride concentration and all experiments have been carried out
under fully aerated conditions at one flow velocity and at ambient
temperature.  Cathodic protection has not been investigated. The

implications of these limitations, are, however, discussed.

Structure of Thesis

The literature is reviewed in Section 2 for significant aspects of the science. This is
done under the heads; Erosion, Static corrosion, Corrosion under Flow conditions,
Electrochemical Methods, Equipment and Metal Claddings for Erosion-Corrosion

Protection. Conclusions are drawn from this review.
Section 3 describes sample preparation and characterisation.

Sections 4 and 5 describe preliminary erosion and (static) corrosion experiments
carried out separately, to obtain baseline data for further investigation of the
combined effects, to develop suitable methods and to characterise equipment

(particularly, electrochemical equipment).

Section 6 describes the main experimental part of this work. Design and construction
of a new test rig is described. Various experimental difficulties encountered, and the
means used to control/allow for these are reviewed. An experimental program is
defined, and the results obtained from this reported and discussed, under the heads:
Appearance of samples, Mass loss and Electrochemical Noise data. Particular

conclusions are noted, by Section.



Sections 7 and 8 summarise Overall Conclusions and make proposals for Further

Work.
References are collected in Section 9.

Associated Publications

- A Speyer, RJ.K. Wood, K.R. Stokes and A .J. Sturgeon, “Corrosion of
aluminium-based coatings for use in marine pipework”, presented at

Eurocorr 2000, London, 2000, [1].

- AJ. Speyer, RJ.K. Wood and K.R. Stokes, “Erosion of aluminium-based
claddings on steel by sand in water”, presented at Wear of Materials,

Vancouver 2001; published in Wear, 250 (2001), 802-808, [2].

- R.J.K. Wood, J.A. Wharton, A.J. Speyer and K.S. Tan, “Investigation of
erosion-corrosion processes using electrochemical noise measurements”,

Tribology International, 35, (2002), 631-641, [3].

- R.J.K Wood and A.J. Speyer, “Erosion-corrosion of Marine Coatings”, to

be submitted to a special Tribo-corrosion issue of Wear (2002), [4].



2 LITERATURE REVIEW

2.1 EROSION
2.1.1 Introduction

Erosion is defined to be wear caused by hard particles striking a surface, carried by a

gas stream or entrained in a flowing liquid [5].

The response of solid bodies to impact has been a matter of scientific interest at least
since the time of Thomas Young [6], better known for his work on Optics. As noted

by Lord Rayleigh [7], Young in 1807 pointed out that:

“There is, however, a limit beyond which the velocity of a body striking
another cannot be increased without overcoming its resilience and breaking it,
however small the bulk of the first body may be, and this limit depends on the
inertia of the parts of the second body, which must not be disregarded when

they are impelled with a considerable velocity.”

Rayleigh used a form of dimensional analysis to show that the relative sizes of the
two bodies do not matter, so this observation is pertinent to the erosion of extended
solid bodies by sand-blasts or slurries. He also noted that the behaviour might be

dependent on strain rate as well as strain magnitude.

Young and Rayleigh both seem to have envisaged solid wastage under erosion as
resulting from a mechanism akin to cavitation in liquids. Further consideration of

how erosion actually occurs has had to wait for more than another half century.

Erosion of solid surfaces by slurries is an extremely complex phenomenon, and has

attracted a large literature. Detailed reviews exist [8,9]. More specifically, Meng and



Ludema [10] have reviewed more than 28 erosion models with over 100 variables and
constants — their principal conclusions were that no general quantitative models exist
and that there is no convergence of thought regarding the general form an erosion
model should have. Partly this is because there is no general agreement as to the
precise meaning of terms, and partly because many of the material properties used in
equations are interdependent. Hardness is the most widely used variable, but is

clearly not the only important factor.

The present review will limit itself to a qualitative discussion of issues relevant to the

characterisation of erosion-corrosion under jet impingement conditions.
Variables involved in slurry erosion may be listed (adapted from [8]):

Slurry Parameters:

Liquid:
Viscosity, density, surface tension, composition, corrosivity, aeration

Particles:
Size, shape (angularity), density, brittleness, relative hardness,
concentration, degradation

Flow Field:
Relative velocity, angle of impingement, particle impingement
efficiency, boundary layer, particle/particle interactions, particle drop-

out, turbulence intensity

Target parameters:

Bulk Properties:
Ductility or brittleness, hardness and toughness, melting point,

microstructure

Surface Properties:
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Roughness, work hardening (shot peening effect), corrodibility, oxide
and other corrosion surface layers (including biofouling)

Coatings:
Type, mode of application, bonding to substrate, thickness,
porosity/permeability, degradation

System parameters:
Overall system geometry

Temperature/Pressure

Early Work

I. Finnie

The earliest clear discussion of erosion phenomena was made by Finnie in 1960 [11].

As he pointed out, the prior literature was mostly of a purely practical nature, with

little consideration of fundamental behaviour. The only useful observation, made by

Wellinger [12] was that results could vary with angle of impingement — under

bombardment by quartz sand in air, soft steels eroded faster than hard ones at

glancing angles of impingement, reflecting field experience of wear in pipes;

conversely, at normal incidence, as used by previous investigators, there was little

difference.

Finnie first of all considered fluid flow conditions. He recognised clearly that:

“The erosion of a surface by abrasive particles in an inert fluid should depend
on the number of particles striking the surface, their velocity and their
direction relative to the surface. These quantities are largely determined by

the flow conditions.”



Turbulence can promote erosion, so surface finish is an important parameter, as is the
overall system geometry. So is erodent particle size (and shape). Furthermore,
particle velocity is not necessarily the same as fluid velocity, owing to the interplay of
drag and inertia effects. The effects of particle velocity and impact angle are,
therefore, not at all clear, as the real values of these quantities are not easily recovered
from experiments. Finnie satisfied himself that for small particles in air, the particle
velocity is likely to be only a small fraction of air velocities under bench-top test
conditions (larger scales are necessary for these experiments). He did not do the
corresponding calculations for particles in water, but one would expect that relatively
increased drag forces would lead particles to more nearly follow liquid streamlines.
How this applies to particular situations in practice is a key issue for the

understanding of erosion (and erosion-corrosion) phenomena.

Finnie made a clear-cut distinction between ductile materials on the one hand and

brittle materials on the other.

Figure 2.1: Geometry of microcutting by impacting particle
From I. Finnie, Wear 3 (1960), 87-103



For ductile materials, erosion is by a process of microcutting. The geometry
envisaged 1s as Figure 2.1, taken from [11]. Consideration of the equation of motion
for the particle leads to the following expressions for the volume of material removed
from the target (regarded as the product of the area swept out by the particle tip and
the width of the cutting face):

mv* )
= (sin.?a-%sin a] if tanaé—]%‘f— 2.1

" PYK F
2 2
y, = [Krcos a it wnexif 2
)27/ 6 6

where V, is the volume of material removed by a single impact (m”).
m 1is the particle mass (kg).
v is the particle velocity (m.s™).
p is the plastic flow stress immediately on impact (N.m™).
 is the ratio of the depth of contact | to the depth of cut y;
(taken as 2, by analogy with metal cutting experiments)
Ky is the ratio of vertical to horizontal force components.

« is the angle of impact.

The first equation, for lower angles, predicts behaviour when the particle leaves the

surface still cutting; the second, for higher angles, predicts behaviour when the

particle comes to rest during the cutting operation.

Figure 2.2, from [10], shows how these equations predict a peak in volume removal at
relatively small angles, typically 20°-30°. Also shown are experimental data from
erosion of copper, AISI 1020 steel and aluminium by angular silicon carbide grains

entrained in air



Figure 2.2 shows two things. Firstly it shows that the theory correctly predicts the
low angle peak in erosion for ductile metals, with close to the experimental angle for
peak erosion. Secondly, it shows that, while the theory predicts zero erosion at
normal incidence, in reality quite significant levels of erosion occur. Any theory
which depends only on the effects of a component of velocity parallel to the surface is
bound to be inadequate at normal incidence — some other mechanism must be present

to account for normal incidence erosion.

RELATIVE VOLUME REMOVAL

ANGLE o< {DEGREES)

Figure 2.2: Predicted variation of volume removal with angle for a single abrasive
grain (solid line). Experimental points for erosion by many grains are plotted so that
the maximum erosion is the same in all cases.

(A copper, [1 AISI 1020 steel, O aluminium)

From: I. Finnie, Wear 3 (1960), 87-103

Finnie’s equations also predict a linear dependence on kinetic energy (or,

equivalently, a ‘velocity exponent’ of 2). For the particular test conditions Finnie

used - erosion of AISI 1020 steel by angular silicon carbide in air at 20° incidence,
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particle velocities being determined photographically — this relationship was closely

observed.

Finnie observed also that sharp particles cause more erosion than round ones, that
particle hardness only matters in a gross sense (particles are either harder than the
target, in which case excess hardness does not make any difference, or softer than the
target, in which case little erosion occurs) and that weak particles may shatter rather

than cause erosion (independent of hardness).

Analysis of the erosion of brittle materials was much less satisfactory. Qualitatively,
mass loss occurs as a result of the formation of cracks, and their subsequent
intersection. The latter depends on how cracks propagate within the material. Initial
cracking may be predicted for elastic impact by spherical erodents by using Hertzian
stress analysis [5], but further cracking and mass loss cannot be easily modelled.
Experimental work showed that mass loss peaked at near normal incidence (with a lot
of scatter in the data), and that ‘velocity exponents’ around 6.5 were obtained, quite

different from the ductile erosion case.
Overall, Finnie’s work is important in identifying most of the important parameters in
erosion situations, and in modelling the erosion of ductile materials at low

impingement angles. It is unsuccessful at modelling ductile erosion at normal

incidence, or brittle erosion, other than qualitatively, under any conditions.

Subsequent work can be seen as elaborating the successful parts of Finnie’s work and

trying to resolve the difficult areas.

J.G.A. Bitter

The most important single contribution subsequent to this has been made in a pair of

papers by Bitter [13,14].
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Bitter distinguished two modes of erosion; one by repeated deformation leading to
pieces of material breaking loose, the other caused by the cutting action of the

erodent. In practice these wear modes occur together.

For deformation wear only, Bitter derived equation (2.3):

1 M(vsinaz—v,)*

- 2.3
2 Ep 23)

Vud =

where V), is the volume eroded by deformation (m3).
M is the total mass of impinging particles (kg).
v is the velocity of particles before collision (m.s™).
v, is the maximum velocity for purely elastic impact (m.s™).
« is the impingement angle
g 1s a deformation wear factor, i.e. the amount of energy

required to remove unit volume of material by this mechanism

(J.m™).

Equation (2.3) says that the volume removed depends on the kinetic energy of the

erodent stream, less an allowance for the elastic deformation, which does not result in

wear.

ve 1s closely related to the elastic load limit of the material near its surface, hence its
hardness. Continuous deformation of the surface leads to local work hardening, and
it is important that it is the hardness close to the surface (as, for example, measured
on a section of the sample) that is considered, rather than the bulk hardness. Also, the
work hardness of the surface takes time to develop, so experiments should be allowed

to run for long enough for this not to be an issue.

gp is the energy required to remove unit volume of target. This is only partly
deformation energy; some of it may relate to recrystallisation and to formation of new

surface area. For brittle materials there is no deformation and failure of homogeneous
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materials, e.g. glass, is by cracking. According to Bitter, the cracks occur in such a
way that &z is proportional to the square of the elastic load limit divided by Young’s
modulus for the material. Similarly, for cements (i.e. brittle particles in a brittle
binder) the particles are dislodged whole and it is the elastic load limit and Young’s

modulus of the binder only that are important in this case.

For metals, deformation wear is always associated with cutting wear. This is the
situation considered by Finnie. Bitter gives a somewhat more elaborate analysis,

leading to the two equations:

. _ 2 : —— 2
- _2MCy(vsina -v,) Cyp(vsina~v,) pg) (2.4)

veOosSa —
ucl N s
VySmo ( AJvsino

when o < 0 , and:

_1/2Mv? cos® a - K (vsinar —v,)*"?

Per

(2.5)

Ve

UC o

when o > oy
where the nomenclature is as in the previous equation, except that:

V. is the volume eroded by cutting (m’).

Cp is a material constant, which depends on the density and the elastic
load limit (kg™ .m®.s*°).

pp 1s the integrated product of stress and strain (cutting wear
factor)(Pa).

oy 1s the angle at which the horizontal component of velocity just
becomes zero as the particle leaves the body; this is the same condition

as used by Finnie.
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For the case: a = ay, it can be shown that the treatments of Finnie and of Bitter are

essentially identical.

For the case: a < gy, Bitter considers the role of elastic forces (neglected by Finnie) in
ejecting the erodent particle and obtains a more complicated equation: however, he
claims that v,, Cp are constants of the target material, whereas Finnie’s y and Ky are
variables, strongly dependant on angle. Bitter’s equation should therefore be more

useable 1n practice.

Erosive wear is the sum of deformation wear and cutting wear, and Bitter shows
evidence to show that his theory successfully accounts for the finite wear that occurs

in ductile materials at 90° impact, unlike Finnie’s.

2.1.3 Nature of Fluid.
Fluid considerations fall into two groups, relating to physical and chemical properties.

Physical properties such as density and viscosity mainly affect particle behaviour in
the flow field and will be dealt with under that heading (Section 2.1.5). The major
distinction is between gas phase erosion (not discussed in detail in this review), where
particle-fluid interactions are relatively small, and liquid phase (particularly aqueous)

erosion where particle trajectories are strongly influenced by the liquid flow field.

Chemical properties affect corrosion behaviour and erosion-corrosion synergy and
will be dealt with under those heads (Section 2.2 and 2.3). Both impacting particles

and target materials need to be considered under this head.

2.1.4 Nature of Impacting Particles

The key parameters here are size, shape, hardness/softness, strength and

concentration in the fluid/particle-particle interactions.
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Lin and Shao [15] found, using quartz sand in water to erode a variety of targets, that
erosion rate rises rapidly with erodent size in the range 80-250 um; also the
impingement angle for peak erosion shifts to lower values with increasing grit size.
This is consistent with Finnie’s predictions. These authors also found a regular
transition in erosion behaviour over a range of materials from pure aluminium (very

ductile) to glass (brittle), as illustrated in Figure 2.3.
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Figure 2.3: Trends in peak erosion angle with ductility/brittleness.
From: F. Lin and H. Shao, Wear, 141 (1991), 279-289

These results clearly show a regular trend in behaviour as one goes from
predominately ductile to predominately brittle, as predicted by Bitter but not by
Finnie. Note also that for the most brittle material (glass) peak erosion occurs at

about 80°, not at normal incidence; the reason for this is not understood.

Lynn et al [16] made a particular study of particle size effects, using silicon carbide

abrasives in oil to erode API P110 casing steel in a slurry pot. They found that in
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their system, for particles larger than about 100 pum, mass loss was proportional to the
dissipation of kinetic energy. However, for smaller particles both the collision
efficiency (i.e. the ratio of the number of particles striking unit area of surface in unit
time to the number of particles within the volume of the suspension sweeping that
area in unit time) and the impact velocity decreased with decreasing size. This is
largely due to flow field effects (see below, Section 2.1.5) resulting in very fine
particles in a dense medium being swept away from the target surface without ever
contacting it. It is asserted also that small particles lack the energy to rebound from
the surface after impact, accumulate in the boundary layer and that these particles
then make multiple impacts with the surface, thus enhancing the erosion rate; some
evidence is adduced to support this view, in the shape of calculated vs measured
erosion rates as a function of particle size. In some ways this conclusion is
surprising, since collisions within a particle-laden boundary layer should redistribute
the energy of the most energetic (most erosive) particles impacting on it. It would be
interesting to know how experimental erosion rates for fine particles varied as a

function of slurry concentration, but this experiment seems not to have been carried

out.

It is common experience in slurry erosion work [5,11] that particle shape is important.
Sharp particles are more erosive than rounded ones, so that, if slurries are recycled,
their erosivity decreases [17]. Nevertheless, little systematic work has been carried
out on the effects of particle shape, possibly due to the difficulty of defining particle
shape. A possible approach by Stachowiak [18] has been to attempt to define the
angularity of projections; some success has been claimed for this, so long as the
erodent particles are not agglomerates (do not have low fracture toughness). The
qualitative effect is clearly due to energy transfer from the impacting particle to the

target being concentrated in a smaller area resulting in higher impact pressures.
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2.1.5 Flow field considerations
The flow field in dilute slurries.

Benchaita er a/ [18] have considered in detail the fluid dynamics of the erosion of a
metallic plate by solid particles entrained in a liquid jet, in air. The system
investigated was sand in water (at very low concentrations, to minimise
particle/particle interactions), impinging normally (vertically downward) on a copper
plate. The plate had been machined to a surface finish of 1 um before testing and
therefore contained some surface strain. Erosion profiles typically of the “W’ shape
indicated in Figure 2.4 were obtained. Note the central maximum, and the flanking
minima outside the width of the impinging jet, i.e. the maximum erosion is displaced

laterally from the stagnation point, directly beneath the jet.
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Figure 2.4: Wear profile of sand in water impinging normally on copper plate.
From Benchaita ef a/, “Erosion of a metallic plate by solid particles entrained in a
liquid jet”, J. Eng. Ind 105 (1983), 215-227
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The procedure used to model this was to:

a) Evaluate the liquid velocity distribution in the absence of particles.
b) Determine the erodent trajectories within the jet
¢) Apply a suitable erosion model, first to one impact only, then summing

over all impacts.

To evaluate the liquid flows, laminar inlet and exit flows were assumed, with a
transition region between them in which vertical flow decreased linearly to rest, while
horizontal flow increased linearly from rest at the stagnation point (the symmetrically
central point on the plate surface, away from which all horizontal flow occurs). The
geometry is shown in Figure 2.5. A boundary layer develops, but is calculated to be
thin, relative to the dimensions of the erodent particles used in this study, and may
therefore be neglected. Note that this may not always be true — calculation of
boundary layer thickness depends on a ‘flow parameter’, not defined in this paper,

and quite small changes in this parameter could make the boundary layer significant.

Once the liquid flow pattern is established, particle trajectories can be calculated by
momentum analysis, i.e. by balancing inertial and drag forces. The latter are related
to Reynolds Numbers (in this case for spherical particles — assumed for simplicity of
calculation and not necessarily realistic). The differential equations of motion are
non-linear and must be solved numerically. It is found that large particles are little
affected by the flow and strike the plate at near normal incidence, small particles are
carried by the flow out of the system without impact; it is only a range of particles of
intermediate sizes that have intermediate trajectories and strike the plate at shallow
angles and peripheral sites. Figure 2.6 shows this for particles initially on the central
axis. For particles of intermediate size, the behaviour is influenced by how far off the
central axis the particle was when it left the jet, as shown for a particular case in

Figure 2.7.
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From Benchaita er al, “Erosion of a metallic plate by solid particles entrained in a

liquid jet”, J. Eng. Ind 105 (1983), 215-227

The particular numerical conclusions reached in this paper reflect the particular

situation studied; what is important is the methodology and the general trend of the

results.

Having established the particle trajectories, it remains to describe the consequences of

impact. Essentially here Benchaita ez al follow Finnie [11], though they spell out the

assumptions more clearly:

- the erodent particle is rigid (or harder than the target material)

- the erodent particle impinges with a sharp edge, rather than with a flat face
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Figure 2.7: Intermediate size particle trajectory as a function of starting position.
From Benchaita ef al, “Erosion of a metallic plate by solid particles entrained in a

liquid jet”, J. Eng. Ind 105 (1983), 215-227
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- any oxide or other layer at the surface may be neglected.

- the target deforms entirely plastically.

- all motions are two dimensional.

- boundary layer, vorticity and other secondary flow effects may be

neglected.

Since Benchaita er al follow Finnie in this part of the analysis, their results have the
same defect of incorrectly predicting zero erosion at the stagnation point; the micro-

cutting mechanism cannot be the only one.

The erosion distribution over the plate is taken to be the sum of all the individual
impact effects. This is calculated numerically for given flow rates and erodent sizes.

It is anticipated that the result will overestimate erosion, because the calculation

neglects:

- work hardening of the surface
- particle shape and orientation at impact (sharp edge leading?)
- squeeze layer effects

- the possibility that it may take more than one impact to detach material

from the target

The eventual result of this calculation is a calculated erosion profile. It is found to be
in qualitative agreement with experiment, and calculated values for the position of
maximum erosion depth relate reasonably well to real values. However, the
experimental erosion scar is distinctly sharper than that calculated, and, contrary to
calculation, erosion does take place at the stagnation point (evidently by a mass

removal mechanism not considered by this paper).
This paper has been considered at some length, since further work would have to

follow essentially the same methodology, allowing for different geometries and

attempting to allow for the complexities noted but not allowed for in this treatment.

21



It may also be noted that the erosion scar itself, once developed, alters the geometry
of the system, both in terms of overall shape and also the target surface roughness.
Moreover, this effect will vary across the erosion scar, and so will be non-uniform in
space as well as in time; perhaps this complexity accounts for the fact that this

consideration appears not to have been addressed in this paper or elsewhere.

Dense slurries.

The bulk of published work has been devoted to the behaviour of dilute slurries, as in
the paper of Benchaita above, since in these it is possible to follow the behaviour of
individual particle trajectories and the consequences of individual impacts. Indeed,
there is a noticeable trend in recent research to concentrate on individual particle
impacts, e.g. [20,21,22]. However, most erosion-corrosion situations of practical
interest involve relatively dense slurries, in which particle/particle interactions are
important. Relatively little has been published about the behaviour of dense slurries,
but in general, it is found that erosion mass loss increases less rapidly than slurry
concentration [23,24,25], i.e. the efficiency of nominal particle impacts decreases.
This is partly due to particle shielding effects and partly due to particle blunting,

resulting from particle/particle collisions [17,23].

More work has been reported on dense solid-in-gas systems, in the context of
fluidised bed erosion. While, obviously, the numerical results from these calculations
are not applicable to solid-in-liquid systems, some general principles have been found

which should be relevant.

Firstly, what is meant by ‘dense’ in this context? Shipway and Hutchings [26]
introduced the idea of relative spacing between particles, i.e. the ratio of mean
particle/particle distance to mean particle diameter. This has been further developed
by Oka et al [27], who concluded that for non-interference particle relative spacing
should be greater than 17. As will be seen in the experimental parts of this Thesis,

actual relative spacing under the conditions used is much less than this, so actual
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particle impact velocities, impact angles and impact efficiencies will differ from the

nominal conditions of the experiment.

The fluid dynamics of impact under dense particle laminar flow (solid-in-gas) have
been very recently considered by Gustavsson [28]. He considered that following the
behaviour of individual particles under these conditions was impracticable, so a two-
fluid approach was used in which the particles are regarded as constituting a
continuous phase interpenetrating with the carrier phase. The erosion process results
from the normal and shearing components of the viscous dissipation of the particulate

phase, resulting in deformation and cutting wear processes respectively.
2.1.6 Kinetic Energy and the velocity exponent.

Clark in a review article [22] pointed out that the erosion rate is some power function

of velocity:
Mass loss o V' (2.6)

Here v is the jet velocity, and » is known as the velocity exponent. “It is generally
acknowledged that the exponent derives from the expression for the kinetic energy of
solid particles, and other things being equal, should have a value of 2.0”. However,
various workers have found values for » greater than 2, and a variety of explanations

have been proposed for this.

That, on a per-particle basis, mass loss is approximately proportional to kinetic
energy input seems to have been first recognised by van Riemsdijk and Bitter in 1959
[29], who also showed that it is the energy associated with the normal component of
velocity that is responsible for deformation wear and the parallel component with
cutting wear. Subsequent to this, both Finnie [11] and Bitter [13,14] produced
theories of erosion (see above, Sections 2.1.2) which predicted » = 2 (with a small

adjustment for elastic losses in the case of Bitter’s theory).
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Experience has shown that » is often slightly greater than 2, particularly at high flow

rates. Several explanations have been suggested for this:

Finnie and McFadden [30], using a complicated theoretical analysis,
showed that, under suitable conditions ‘z > 2” could be obtained if the
impacting particle rolled forward during impact. However, the effect is
small (and under the experimental conditions used in this Thesis would be

entirely negligable).

Hashish [31] found that, under water jetting conditions (typically v = 500
m.s” i.e. about two orders of magnitude greater than the conditions used in
this work), considerations of particle shape, material strength (flow stress)

and hydrodynamic loading combined to give ‘n=2.5".

Sundararajan [32] developed a theory for the erosion of ductile metals,
based on the formation and fracture of lips. This theory leads to an
explicit ‘n = 2’ velocity dependence, but Sundararajan argues for ‘n > 2’
on the basis that several of the target material properties used in the theory
(e.g. coefficient of restitution, coefficient of friction) are also velocity
dependent. The excess of # over 2 is not explicit and is not expected to be

large.

Laitone [33] studied the aerodynamics of gas-blast sand erosion testing at
normal incidence, and was able to show that particle impact speeds can
vary with the square of the nominal stream velocity. This is because the
fluid stream is actually accelerated as it leaves the stagnation point.
Subsequent calculations by Hojo [34] indicate that the point of maximum
erosion is not the stagnation point but that at which impact is at about 40°.
Hydrodynamic effects alone, particularly at high fluid flow rates, can give

values of # in the range 2-4.
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A more fundamental advance has been made in connection with solid-in-
gas systems (fluidised beds). The key point recognised has been that
erosion loss is proportional to kinetic energy loss /ocally [35] — the
‘monolayer kinetic energy dissipation model’. Values of ‘n’ greater than 2
then arise mainly from the non-uniform distribution of kinetic energy flux
across the surface. This is naturally largest with large fluid velocities.
Gustavsson [28] has used these ideas to calculate the effect of a dense
solid-in-gas jet on an obliquely angled plate, by setting up a grid of points
all over the plate surface, calculating normal and shearing components of
viscous dissipation at each point and deducing deformation and cutting
wear rates from these. It is found that the modelling of the particulate
phase boundary is particularly important for cutting wear, and is affected
by particle size and angularity, and by surface roughness. Extension of
this sort of calculation to solid-in-liquid systems with turbulent flow

would be valuable.

Overall, the evidence suggests that the velocity exponent can take values greater than

2, but will generally only do so at fluid flow velocities significantly higher than those

used in this work.

2.1.7 Target material considerations.

Ductile materials.

It is noted above that the principle distinctions to be made relate to the ductility or

brittleness of the target material and the angle of incidence of incoming erodent

particles. Hutchings [5] has reviewed some more detailed considerations.

Firstly, under low angle, ‘ductile’ conditions, several different types of metal removal

may be distinguished:
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- Rounded particles cause ploughing’, displacing material to the side and

front.

- Angular particles, rolling forward, cause ‘type I cutting’, forming a

prominent lip ahead of the particle.

- Angular particles, rolling backward, may give a true machining action,

‘type 2 cutting’, cleanly removing a chip of material; this is quite rare.

Useful SEM photographs for comparison purposes are given by Hutchings for
ploughing and Types 1 and 2 cutting erosion on mild steel in air in [36]. Some
impact scars do not fit easily into these categories. Oltra et a/ [37] illustrate scars
with more prominent lateral lips obtained in a dense medium (erosion of iron by SiC

in sulphuric acid).

Hutchings [38] considering Finnie type models, and elaborations of them, found that
they typically predict an inverse dependence on hardness and possibly ductility,
defined as a failure strain. This inverse hardness dependence is not general. For
some pure metals the relationship is found, provided the correlation is made with the
work-hardened surface rather than the annealed metal. Alloys show a much weaker
dependence, and materials hardened by heat treatment, almost no dependence at all.
This is thought to be a consequence of strain-rate effects. Strain rates during erosion
can reach 10° s’. Conventional strengthening mechanisms, such as precipitation,

solid solution and grain boundary hardening are relatively ineffective at these rates.

Where lips are formed, repeated impacts may remove material more readily than from
the bulk of the target. Levy [39,40], writing principally about gas blast erosion, has
called this ‘platelet erosion’. The process is one of micro-extrusion and forging,
leading to lips which are easily fractured. The mechanism proposed is largely
qualitative, but shows good agreement with the physical features observed (by SEM)

on gas-phase eroded mild and stainless steel and aluminium. Under these conditions

26



Levy finds that sometimes softer, more ductile alloys resist erosion better than harder,
stronger ones; this he attributes to the ability of the more ductile alloys to redistribute
the kinetic energy of impacting particles by the plastic deformation of a large
subsurface region beneath the impact area, thereby reducing the concentration of
force at the immediate point of impact and thence reducing platelet formation also.
(Clearly, in the case of a coated sample, this mechanism may be compromised if the
coating is thin and forces are not efficiently transmitted to the substrate, if the

substrate 1s unable to undergo the necessary deformation or if disbondment occurs).

Platelet erosion on aluminium at normal incidence is illustrated by Finnie er o/ [40],
who also points out that material removed is only about 1% of scar volume in this

case, 1.e. this mechanism is a very inefficient process.

A study by Cousens and Hutchings [42] of the very particular case of erosion of
aluminium alloy by solid spherical particles at normal incidence concluded that, in
this case, platelet formation resulted from work hardening of the surface by the
impacting particles (with some particle embedment), fracture of this relatively brittle
surface and back-extrusion of the softer underlying material into platelets. Mass loss
was by subsequent fracture of these platelets. For non-spherical particles or non-
normal incidence, other erosion mechanisms, e.g. micro-cutting are expected to

compete with this one.

This picture has been elaborated by Sundararajan [32], who has developed a

theoretical model to account for lip formation, based on strain localisation. This

model asserts that:
- Erosion occurs by extrusion of lips and their subsequent fracture.

- Erosion rate is controlled by lip formation rather than lip fracture, since
the latter occurs easily in a lip already containing a high level of frozen-in

stress.

27



- Lip formation is controlled by the localisation of plastic deformation.

- This localisation is controlled by the strain hardening behaviour of the
metal. If doy/ds, (strain hardening capacity; o, is flow stress, &, is plastic
true strain) is positive plastic deformation spreads uniformly over a large
volume; if doy/dg, is zero or negative strain is localised. Sundararajan
maintains that the most likely behaviour is strain hardening at low strains,
but strain softening at high strains; there is therefore a (calculable) critical

strain, &, beyond which lip formation occurs.

- This strain hardening behaviour is explained by assuming that material
properties are functions of temperature, such that the local heating induced
by particle impact causes a transition from strain. hardening to strain
softening as local temperature rises. Qualitatively, this seems reasonable,
but no justification is given for the particular relation assumed (linear

reduction of flow stress with temperature).

In general terms, this model explains experimental findings quite well. In particular,
it explains why the erosion resistance of pure metals is related to their annealed
hardness, but strength increases in such metals due to cold work or heat treatment are

ineffective in reducing erosion.

Both Levy [40] and Sundararajan [32] note that temperature may be important
because of its effects on the material properties of the target material. This is likely to
be more of an issue under gas-phase erosion than in liquids, in which local heating
may be more readily dissipated. An interesting example of temperature dependent
behaviour is given as an unexplained observation by Misra and Finnie [43], who
studied 3-body abrasion on aluminium. At ambient temperature the workpiece
suffered a mixture of cutting and deformation wear. When the entire apparatus was
heated to a temperature of 290 C (0.6 x absolute melting point of aluminium), the

wear mode changed to the formation of platelets with subsequent lip removal.
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Similarly, Hearley er a/ [44] studying the erosion of HVOF nickel aluminide
claddings by silica sand (nominal diameter, 120-150 um) in air, found platelet
formation (“overlapping lamellae”) under conditions of high intensity impact (v = 25
— 71 m.s™) under which local temperatures might have become significantly raised

(though this was not measured).

Brittle materials.

For ‘brittle’ fracture, a distinction is drawn between genuine brittle fracture by hard,
angular particles, which results in crack patterns similar to those shown in Figure 2.8,
and the ‘Hertzian’ crack pattern, shown in Figure 2.9. However, in either case,

equations of the general form:
Vu o< d ;” v (27)

are obtained, where d), is the radius (m) of the impacting particle, and v is its velocity
(m.s™). Models for material removal by cracks suggest that the values of m and »n
should be related to the Weibull constants of the material, and that fracture toughness
is a more important parameter than hardness. Qualitatively, this is borne out, but

quantitative agreement with theory is poor.

For composite materials, e.g. cemented carbides, behaviour is complicated, and
depends on the relative sizes of impacting particles and composite components. For
very small erodent particles, wear can occur by preferential erosion of the binder
phase, leading to carbide grains falling out; for intermediate sized particles, overall
wear occurs, usually by ‘ductile’ mechanisms: for large particles, brittle fracture of

the carbide grains may be important.
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Figure 2.8: Crack pattern in a brittle material due to point indentation.
Load increased from a)-c), then decreased from d)-f).
From: L. M. Hutchings, “Tribology: Friction and Wear of Materials”
Arnold (1992).
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Figure 2.9: Geometry of Herzian stress crack.

From: LM. Hutchings, “Tribology: Friction and Wear of Materials”
Arnold (1992).
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2.2 STATIC CORROSION

2.2.1 Introduction

Corrosion is the destruction or deterioration of a material by reaction with its

environment [45].

It is not intended to review corrosion problems and investigational methods as a
whole. Good general books on corrosion exist [45,46,47]. Specific corrosion topics,
relevant to this thesis, will be reviewed briefly, concentrating on static corrosion
issues in this section and specific issues related to flowing media in the next one.
Electrochemical methods relevant to characterising this scenario will be reviewed in

Section 2.4.
2.2.2 Mass transfer and charge transfer

Corrosion reactions are electrochemical in nature, and take place at solid/solution
interfaces. For corrosion to occur, corrosive reagents must be transported to the
interface, reaction occur and product species be transported away from the reaction
zone. Any of these processes may be rate limiting, and it is by no means always the
case that the actual charge transfer step of the corrosion process is rate limiting. In
fact, in corrosion of bare metals, it is more often than not the case that diffusion of
oxygen to the reaction site is the critical consideration. This may be complicated by
the presence of insoluble corrosion products, if they occur, or the presence of surface

films, deliberately introduced or otherwise, any of which may impede diffusion.

2.2.3 Passivation, depassivation and repassivation

Most structural metals are so reactive in air that they are always covered with an
invisible ultra-thin film of oxide. In some cases (e.g. aluminium, stainless steel) this

is inert and impermeable to electrolytes, and is therefore protective toward the metal.
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Such a protective film is called a passivation layer. Not all oxide layers are
passivating — that of iron is not under ordinary circumstances, and iron is said to be
non-passivating. These terms are not absolute, and there is a sizeable industry
devoted to mitigating the effects of those influences that tend to interfere with the
natural passivation of some metals, and to promoting the improved passivation of
those metals that do not passivate naturally; inhibition lies outside the scope of this

review and will not be considered further,

Most passivation films are weakened by the presence of chloride ion (from seawater,
or elsewhere) in the solution. This is true of the oxide film on aluminium, and the
chromium oxide film on ordinary stainless steels. Film resistance can be improved by
suitable additions to the system — e.g. zirconium for aluminium and molybdenum for
stainless steel. The mechanism by which this works is not well understood, but there

is a balance between depassivating and repassivating influences.

When passivation films break down, this may occur as localised corrosion, in the
form of pits or cracks. There are two important characteristics of this phenomenon.
First, because the corrosion is local, the depth of the corrosion feature (pit or crack)
may be relatively large and, hence, damaging. Secondly, it should be understood that
localised corrosion is a behaviour intermediate between having a fully active surface
and a fully passive one — a consequence of this is that the conditions required to
support localised corrosion in any given case may be difficult to predict. However,
two situations in which pitting commonly occurs [48] are at the transition between
general corrosion and full passivation (‘active state pit’) and the transition between
the passive and transpassive states (‘polishing state pit’). Pits, once formed may be

stable, 1.e. continue growing, or unstable, i.e. they may ‘die’.
Erosion may have the effect of disrupting passive films. The literature does not make

completely clear whether passive film failure in this way is equivalent to pitting

failure or not. Nor is it clear whether an erosion defect can become a corrosion pit,
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though this seems likely, nor whether, once formed, such ‘erosion pits’ go directly

into a growth phase.
2.2.4 Coatings and their effects on Corrosion

Figure 2.10 shows an outline of some of the basic corrosion behaviours that can occur

in the presence of coatings.

Figure 2.10a shows bare metal. The important point here is that the anodic reaction
(in a corrosion context, metal dissolution — shown here as iron dissolving from steel)
and the cathodic reaction (shown here, as is most commonly the case, as oxygen
reduction — note the necessary co-presence of water and metal cations) occur in
separate places. This is characteristic of corrosion processes; the interaction of

anionic and cationic sites, electrically in series, determines behaviour.

The fundamental difference between different types of coating in corrosion terms lies
in whether the coating is a dielectric (organics, most ceramics) or a conductor
(metals, a few ceramics). A dielectric coating may be either an organic coating, an
applied ceramic coating or a self-grown passivation layer. Typically this lies
uniformly over the surface, covering both anodic and cathodic areas and is itself
electrochemically inactive. Typically, also, such coatings contain flaws. The
behaviours of different dielectric types differ because the nature of the flaws differs.
Organic coatings typically have some porosity and are also permeable to oxygen and
water. This is always true, though the extent of permeability may vary widely
between coatings. Failure is typically by coating disbondment (‘blistering’), mainly
because cathodic reduction of oxygen leads to the formation of hydroxyl ions and
very high pH under the coating. Ceramic coatings are brittle and will contain cracks,
especially if the solid has been subject to forming after coating. Some of these cracks
will expose anodic and some cathodic areas, as shown in Figure 2.10b. Failure
occurs as pitting at exposed anodic sites. The overall effect is that the coating acts as

a mask, reducing corrosion activity roughly by the ratio of exposed areas to total area.
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Figure 2.10: Coatings and Corrosion.
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Dielectric coatings are not the subject of this Thesis and will not be considered

further.

Conductive coatings interact with the substrate electrochemically at any location
where both coating and substrate are exposed to the corrosive electrolyte. This is
called galvanic corrosion and will always occur when suitable conditions are present.
Practical aspects in a marine context have been discussed in detail by Francis [49]. It
is very likely to occur in metal clad pipework carrying aerated seawater, because

practical claddings always have some level of flaws in the coating.

In Figure 2.10c the coating (shown here as zinc) is more active in this electrolyte than
is the steel substrate. It therefore tends to dissolve preferentially, protecting the
substrate. This can be very effective and is robust toward damage, since holes in the
coating are automatically protected, unless they become too large. Herein lies the
principal problem with this sort of coating — if the coating is lost over an area,
protection is lost. The coating may be lost because of excess electrochemical activity

(and therefore it helps to use coatings which are not too electroactive), or removed by

€rosion.

In Figure 2.10d the coating (shown here as nickel) is less active than the steel
substrate. Unrestricted oxygen reduction can take place on the nickel surface, driving
a rapid reaction on the steel. This large cathode/small anode scenario can lead to very
rapid deep pitting and potential component failure. In this case the coating acts
purely as a mechanical barrier and must not contain flaws. Metallic coatings tend to
be relatively ductile, which is helpful as regards maintaining coating integrity during

component forming, but may be less helpful when low angle erosion is an issue.

In all the above examples, it has been assumed that the products of corrosion are
soluble in the electrolyte. If this is not the case, further complications may arise. In
particular the pores in coatings may become clogged with corrosion product.

Alternatively, alkalinity at the cathode can result in deposition of low solubility solids
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(‘calcareous scaling” in seawater). These processes can greatly slow down or even
stop otherwise facile corrosion reactions. So, even though a corrosion film on a bare
metal surface might be swept away under erosion-corrosion conditions, leading to
rapid mass loss, the same surface with a suitable coating might survive, because
corrosion product blocks the pores in the coating and the coating protects the

corrosion product from erosion.

2.2.5 Cathodic Protection

Cathodic protection, i.e. polarisation in a cathodic direction relative to a stable
reference electrode, is often used to protect metal structures in engineering practice,
particularly in a marine context. This same technique has been widely used in
erosion-corrosion studies, with the unsupported assertion that this practice suppresses
corrosion mass loss entirely, and can therefore be used to obtain a ‘pure’ erosion

baseline,

A paper of general importance in this context is that of Naerheim and Kendig [50],
who investigated the effects of wear (in a pin-on-disc apparatus) in a model system
(nickel in sodium perchlorate) that allowed a wide range of polarisation, but suffered
little corrosion in the absence of wear. Unsurprisingly, anodic polarisation promoted
wear, but the important finding in this context was that, under some circumstances,
cathodic polarisation could also promote wear. This was attributed to reduction of
self-formed surface oxides exposing new and softer underlying metal to wear; at large
cathodic polarisations, hydrogen embrittlement may also be a factor. The claim that
cathodic polarisation completely suppresses corrosion, so a cathodically protected
sample in a corrosive medium may be assumed to suffer erosion only is evidently not

safe, in the absence of supporting evidence, e¢.g. from weight loss measurements.
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2.3 CORROSION UNDER FLOW CONDITIONS

2.3.1 Introduction

When corrosion occurs in flowing media, certain extra effects can occur. For the

purposes of this Thesis:

Flow Corrosion is corrosion occurring in a flowing electrolyte with no solids

present.

Erosion-corrosion refers to mass loss occurring in solid-in-liquid dispersions
(slurries), whether this occurs primarily by erosion, by corrosion or by some

interaction between the two.

Synergy (to some authors ‘synergism’) is the extra material loss resulting from the
interaction of erosion and corrosion processes. This definition is adapted from [S1].
It is sufficient for a qualitative discussion — more will be said about prior literature
discussion of a more detailed definition in Section 2.3.5, and about the
implementation of this concept in the current work in Section 6.3.2 (mass loss
definition) and Section 6.3.3 (electrochemical definition). Synergy may be positive

or negative,
2.3.2 Mass transfer to a free surface

Where mass transport of reagents to, or of products from the reaction site is limiting,
then the presence of hydrodynamic boundary layers will be of importance. As a
generality, the more rapid the flow is past the corroding surface, the more mass
transport will be enhanced. This will be particularly the case if flow is so rapid, or
the system geometry or solid surface roughness is such as to render the flow

turbulent, as this leads to substantial boundary layer thinning.
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For laminar flow, the behaviour of boundary layers is discussed extensively in
textbooks on fluid mechanics, e.g. [52]. Correlations are generally expressed in terms

of dimensionless groups.

For example, Rao and Trass [53] and Dawson and Trass [54] have investigated jet

impingement on a flat plate, as illustrated in Figure 2.11.
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Figure 2.11: Nomenclature for jet impingement.

X marks the ‘stagnation point’.

The latter, more general, paper found that, for Schmidt Numbers > 100:
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Where 7, is the radius on the plate from in stagnation point (m)
d; 1s the jet diameter (m)
h; is the stand-off distance (m)
D is the diffusion coefficient of the fluid (m®.s™)
v is fluid velocity at nozzle (m.s™)

vis kinematic viscosity (m*.s™

In principle, these equations should allow the calculation of the mass transport of
reactive species across boundary layers, but in practice even Dawson and Trass were
unable to obtain better than moderate agreement with experimental results, especially

in the stagnation zone. They attributed this to the effects of flow corrosion in this

Application of this type of approach to jet impingement flow corrosion has also been

made by Dawson et a/ [55], with particular reference to the use of inhibitors. These
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authors attempted to correlate calculated flow parameters with electrochemical
(impedance) measurements made with a segmented electrode, with moderate success.
The important aspect of this work lies in the recognition that the working electrode is
spatially inhomogeneous. Further development of this approach, including the use of
electrochemical noise measurements, which does not seem to have been attempted,

would be highly desirable.

Correlation of flow corrosion in various geometries is sometimes expressed in terms
of ‘wall shear stress’. For example, Efird ef o/ [56] studied the flow corrosion of mild
steel in pipes, under jet impingement and on rotating cylinders, in sodium

chloride/carbonate solutions. They found that:

I _=ar! (2.10)
where /., is the corrosion rate (mm/year).

7, 1s the wall shear stress (Pa).

a,b are constants, not fully characterised by experiment.

The wall shear stress is a hydrodynamic parameter; it is the isothermal pressure loss
in turbulent fluid flow within an incremental length due to fluid friction resulting
from contact with a solid wall. It is not a force on the wall; it is a force within the

flowing fluid at the wall. It is defined at the wall by:

. @.11)

where vis kinematic viscosity (m?.s™).
v is fluid velocity (m.s™).

v is normal distance from the wall (m).

This may be evaluated for appropriate geometries. In particular, Efird found for an
impinging jet:
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where: Re; = is the jet Reynolds Number.

14
r;, d; v are defined as before.

pis the fluid density (kg.m™).

7, 1s not well defined near the stagnation point (because the flow vector changes very
rapidly with radial distance), nor is it useful at large radii (because turbulence decays
very rapidly in this zone). However, there is an annular zone of high turbulence for

which this correlation should be useful.

This theory should support a geometry independent description of flow corrosion.
However, Efird er al’s own experimental data (corrosion penetration data, supported
electrochemically (EIS)) do not really give confidence in this. While the power law
dependence of corrosion on wall shear stress is found for each of the geometries
studied separately, the fit constants differed in ways not predictable from this theory.
The EIS data suggested that the systems studied are not well characterised

electrochemically.

Further developments of these approaches may be useful but are not attempted in this

Thesis.
2.3.3 Effects of flow on corrosion

Fontana [45] shows that there are two distinct effects that can occur in solids-free
flow. These are based on the premise, normally fulfilled, that metal corrosion rates

are controlled by the diffusion of oxygen to the cathode.

For actively dissolving metals in which the reduction process is under diffusion

control, e.g. oxygen reduction, corrosion rate increases continuously with flow
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velocity up to a limit imposed by concentration polarisation. Beyond this limit,

corrosion remains constant. These metals are safest at low flow velocities.

For metals which passivate, a completely different behaviour is observed. In this
case, corrosion increases with flow up to a limit, then declines precipitously. For
these metals, notably stainless steels, within the potential range in which they are

passive, safe usage depends on keeping flow velocities above a certain limit.

Legat [57] has established that the direct effect of electrolyte movement on
Electrochemical Noise data (to be discussed more fully later) is small, but large

changes may occur if the corrosion mechanism changes, as is often the case.

2.3.4 Erosion-corrosion
More complicated effects can occur when solids are entrained in the liquid flow.

This was apparently first recognised by Zelders [58], who studied metal wastage in a
coal washing plant. Zelders was unable to alter either the materials in the system or
its geometry. Nevertheless, he correctly deduced that in the absence of solids, the
important factors were oxygen concentration in the mine water, water conductivity,
flow rates, turbulence and the porosity/adhesion characteristics of surface oxide
layers. Flow corrosion of carbon steel could be as much as 20 times greater than
static corrosion under otherwise similar conditions. In the presence of coal slurries
(about 5% w/v) mass losses were increased considerably further. While attributing
most of this to direct erosion and (particularly) corrosion losses, Zelders recognised
that his data could not be modelled without a further quantity, which would
subsequently be termed ‘synergy’. In practice, some of Zelders’ corrosion loss under
these circumstances was undoubtedly erosion-enhanced, so the various contributions

to his mass loss are not cleanly separated.
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This is a particular (very common) case where erosion removes surface oxide layers.
Other mechanisms exist that can result in ‘synergy’ effects. Wood [59] has listed

possible causes of such ‘synergy’:

- Erosion of protective films of corrosion product, notably oxides (passivation

layers). Erosion produces fresh reactive surfaces.

- Local acidification in erosion scars, promoting pitting corrosion.

- Surface roughness promotes turbulence, increasing oxygen and ion transport

to the surface. Greater oxygen access may result in either positive or negative

synergy, depending on whether oxidised corrosion products are soluble or not.

- Lowering the fatigue strength of the metal by corrosion.

- Removal of work hardened surfaces by corrosion.

- Grain loosening by selective grain boundary dissolution.

- Increased density of stress raisers due to micropitting.

- Shot peening effects may lead to negative synergy.
Generally, while it is well recognised that synergistic effects do occur, detailed
mechanisms are not well understood in particular cases, and rational design of
materials to resist combined erosion and corrosion is in its infancy.
The balance between erosion and corrosion, and the damage resulting, depend on the
energy and frequency of impacts. Figure 2.12, from Heitz [60], illustrates some of
the effects that may occur. At very low energies, passivation layers may be sufficient

to protect the underlying metal (Fig 2.12a). At somewhat higher energies (Fig 2.12b),
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passivation layer disruption and healing may occur, or selective damage to
heterogeneous materials (e.g. dissolution of the binder phase in composites). At the
highest energies (Fig 2.12¢), erosion dominates, surface layers are entirely removed

and corrosion is typical of the unprotected metal.
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Figure 2.12: Effects of erosion-corrosion on materials with surface layers.

From: E. Heitz, Corrosion 47(2) (1991), 135-145

Another study, by Batchelor and Stachowiak [61], of the wear rates of mild steel, zinc
and magnesium under two- and three-body abrasion conditions in sulphuric acid,
again where removal of oxide films is important, showed large differences in
‘synergy’, measured by mass loss. These authors concluded that ‘synergy’ effects
were only significant when the static corrosion rate exceeded half the dry abrasion
rate, but that ‘synergy’ magnitudes could not be predicted from pure corrosion and

dry abrasion data alone.

Matsumura et @/ [62], using an unusual type of jet apparatus (see Section 2.5.1),
compared the erosion-corrosion of 304 stainless steel in sulphuric and hydrochloric
acids, i.e. under conditions which would stabilise or destabilise the passive film.

They were only able to interpret their data by assuming that chloride ion adsorption
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plays an important part in the process. This acts, at least in part via differences in
coefficient of friction, which they were able to measure, resulting from this

adsorption.

Modelling of erosion-corrosion of passive surfaces has been attempted by Novak and
Macenauer [63]. They used an erosion-depassivation/repassivation model, based on a
matrix of target points, with the (implicit) assumption that most of the surface is
passive most of the time, i.e. a very low impact rate. Under these (not very relevant)
conditions they asserted that, given a passive layer damage rate (obtained by
microscopical examination after pure erosion experiments) and data from
potentiostatic measurements under pure erosion conditions, they could estimate ‘the
corrosion part of erosion-corrosion’. Their comment on the low impact rates assumed

was that higher impact rates should not be allowed!

A quite different synergy mechanism was invoked by Li et o/ [64] in a study of the
erosion-corrosion of aluminium. Mass loss behaviours in 0.5 M NaCl, 0.5 M acetic
acid and 0.1 M Na,CO; were compared. In non-corrosive media the basic
mechanism of mass loss was the ductile fracture of flakes formed at the surface. In
corrosive slurries, although the “pure’ corrosion component was very small, mass loss

was greatly enhanced by flake cracking due combined stress and corrosion.

In general, the degradation of aluminium is expected to depend on flow velocity,
qualitatively as shown in Figure 2.13. In water, very small mass losses occur, slowly
increasing with flow velocity. In brine, mass losses are larger, but may be (more
than) balanced by mass gains from precipitation of corrosion products; in general, the
latter dominate at low velocities, but mass losses dominate at higher flow rates.
When sand is present, insolubles are swept away; mass losses are always positive and

increase rapidly with flow rate (approximately o v if erosion dominates).
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Figure 2.13: Schematic of expected variation of mass loss with velocity.

Aluminium target, various erodents.

‘Erosion-corrosion maps’ have been constructed, e.g. by Stack [65], setting out the
conditions under which erosion predominates, corrosion predominates or synergistic
effects are most important. These have not, in general, been applied to sea water
systems, or to any great extent to coatings, and are not considered further here.
However, the point made above concerning mass loss under cathodic protection
conditions being sometimes greater than that attributable solely to erosion is further
illustrated in this paper in the case of alumina erosion of steel in sodium

carbonate/bicarbonate.

Detailed studies of the erosion-corrosion of stainless steel in sodium chloride have
been carried out by Burstein and Sasaki [20]. Using a 2-electrode set-up under
potential control (see Section 2.5.2), analysis of electrochemical current noise at very
high data rates (up to 5 x 10° 5™, apparently without anti-aliasing) resolved different

types of transient for particle impact and for metastable pitting. It was shown that
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metastable pitting occurred under flow conditions, but became much more frequent
when erodent particles were injected. This was attributed to mechanical disruption of
the passive film providing access to potential nucleation sites for pits, e.g. sulphide
inclusions. The noise features for metastable pitting and for impact features were
found to be distinguishably different. A further paper by these authors [66]
demonstrated the existence of a threshold impact energy required to cause passive

film disruption.

2.3.5 Synergy

As noted above, synergy (to some authors ‘synergism’) is the extra material loss
resulting from the interaction of erosion and corrosion processes. Attempts to define
synergy more closely and quantify it have led to a variety of different detailed
treatments.

According to Wood [59]:

My = Mg + Mc + Ms (2.13)
Where: My is the total mass loss (kg).
My, is the mass loss due to erosion only (kg).
M is the mass loss due to corrosion only (kg).

M is the mass loss due to ‘synergy’ (kg).

This is a natural definition, provided that the ‘erosion’, ‘corrosion’ and ‘erosion-
corrosion’ measurements are all made under comparable conditions. Note that the
definition is entirely gravimetric, and does not involve assumptions about
electrochemistry. However, note also that M is determined as the difference between
typically much larger quantities, and is therefore likely to be difficult to determine

precisely. Finally, difficulties arise when solid corrosion products are present.

A more complicated expression has sometimes been used [67,68,69]:
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My =My + M + (Mg + AMg) (2.14)

Where: AMy is described as the ‘synergistic effect’ and is ‘the
effect of the corrosion on the erosion rate’ (kg).
AM 1s described as the ‘additive effect” and is ‘the

effect of the erosion on the corrosion rate’ (kg).

This is essentially the same as the expression used in ASTM Standard G119 - 93
[51].

Apart from the assumptions made by Wood, some others are introduced. Apart from
the purely philosophical point that it is not entirely clear that an interaction between
erosion and corrosion can always be split in the manner suggested, there are
electrochemical issues. It is claimed that the pure erosion term, Mg, can be measured
by carrying out slurry testing under cathodic protection conditions, but see the paper
of Naerheim and Kendig [50], referred to earlier (Section 2.2.5). ASTM recommends
an imposed potential of —1.0 V vs SCE, but this is likely to produce hydrogen effects.
Equally, it is claimed that M and (M + AMc) can be estimated from polarisation
curves, making use of Faradaic equivalence, without and with solid erodent in the

flow. This involves further assumptions:

- That there are no side reactions, i.e. that the Faradaic efficiency is 100%.

- That the electrochemistry is wholly under charge transfer control.

- That there are no parasitic resistances (iR drop) in the system.

- That polarisation does not change the surface irreversibly.

- That potentiodynamic polarisation, a relatively slow process, is

appropriate in a dynamic erosion-corrosion context.

This is a long list of assumptions, which should be established case-by-case — not

often done! For the purposes of this Thesis, a gravimetric approach will be preferred,
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to be discussed further in Section 6.3.2. Some further remarks will also be made in

Section 6.3.3 regarding electrochemical aspects of synergy.

2.3.6 Ripple formation

Under flow corrosion or erosion-corrosion conditions a surface having a rippled
topography is sometimes formed. This is extensively discussed by Karimi and

Schmidt [70]. They concluded that:

Ripple formation can be reproduced experimentally.

- Ripple formation can occur in all types of material, ductile or brittle.

- Ripples arise as a result of an interaction between erosion induced
microroughness and turbulent eddies in fluid flow.

- Ripples can arise in the absence of solids by means of cavitation processes

alone.
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2.4 ELECTROCHEMICAL METHODS

2.4.1 Introduction

General books on Corrosion [44,45,46] give outline information on electrochemical
methods relevant to corrosion studies. More specialised information can be found in
[71], which includes guidance on cell design and on choice of electrodes. Choice of
reference electrodes is addressed specifically by Ives and Janz [72]. There are a large
number of electrochemical techniques available, and it is not proposed to review them
all. Three particular techniques that may be of value in characterising erosion-
corrosion in coated systems will be considered here, Potentiodynamic Polarisation,
Electrochemical Impedance Spectroscopy and the main technique used in this work
and considered in more detail, Electrochemical Noise. Their relative advantages and

limitations are considered in the context of the present work.

2.4.2 Theory

When a metal is immersed in an aqueous solution, there is a tendency for metal atoms
to dissolve in the solution as aquo-ions. There is also an opposing tendency for such
aquo-ions to discharge as atoms on the existing solid. If the rates of these processes
are unequal, a charge separation builds up at the metal/solution interface, the so-
called electrical double layer. This results in an electric field perpendicular to the
surface, which acts so as to lead to equalisation of dissolution and discharge rates,
setting up a dynamic equilibrium. The potential at which this equilibrium is reached
is called the rest or equilibrium potential. It depends on many factors, including the

nature of the metal and solution species, e.g. pH, complexants, etc.

If a cell is constructed in which the metal of interest is made the working electrode,
together with suitable counter and reference electrodes, the rest potential of the test
metal may be measured relative to the reference (suitably, Ag/AgCl in brine

solutions). If the potential of the system is then displaced from equilibrium, a current
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will flow through the system. The potential difference from equilibrium, 7, is called

the overpotential:
N = Ep-Lresi (2.15)
where £, 1s the polarised potential and £, is the rest potential.

Using electrochemist’s conventions, if the overpotential is positive, an anodic
(positive) current flows and oxidation reactions occur at the metal surface. Similarly,
if the overpotential is negative, cathodic (negative) currents flow, metal plating may
occur, or, more relevantly for present purposes, reduction of oxygen or hydrogen

ions.
A plot of the current response to variations in overpotential is called a polarisation

curve. Under ideal conditions such curves have characteristic shapes, from which

useful data may be obtained. At the rest potential, no net current flows:
Lanodic = ~Leathodic = 1o (216)
1yis called the exchange current density, and is an important parameter of the system.

Away from the rest potential, it can be shown [46] that (for thermodynamically

reversible reactions, entirely under charge transfer control):

F - F
=1, exp(w} exp(_ﬁqzzﬁ_z 21
RyT RT,

Here: [1s the current density (A.m™) at overpotential 7 (V).
Iy is the current density (A.m™) at 77=0.

oy and ac are constants known as anodic and cathodic transfer coefficients.
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18 the number of electrons transferred in the charge transfer process.
I is Faraday’s constant.
Ry is the Gas constant.

Tk 1s the absolute temperature.
This is the Butler-Volmer equation, the fundamental equation of electrode kinetics.
It consists of two terms, representing the anodic and cathodic current densities. Far

away from the rest potential, one term or the other becomes very small and can be

neglected. Under such conditions, two simpler and more useful relations result:

a,n, Fn ..
Log. I =Log I, +—42 L at positive 2.18
&0 E10lo 2303R,T, p n ( )
acn,'n .
Log,,(—1) = Log, ], —————— atnegative 7 (2.19)

2.303R,T

These are called the Tafel equations, after Tafel, who originally discovered them

empirically.

a4 and ac are often approximately equal, with a value of 0.5, so that at 25°C:
n
Logy, | 1 1= Log,yly 27| (2.20)

120

i.e. the slopes of the Tafel lines should be close to 120/n,, mV/decade of current.
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2.4.3 Potentiodynamic Polarisation

Procedure.

If a piece of metal — a ‘working electrode’ (WE) - is immersed in an electrolyte, and
connected to another electrode — a ‘counter electrode’ (CE) - and, via a potentiostat,
to a stable potential reference — a ‘reference electrode’ (RE) - the behaviour of the
working electrode can be controlled. The counter and reference electrodes need to
have particular properties for effective operation; these are detailed in [71], but
essentially the CE needs to have a low impedance and pass current freely, while the
RE needs to have a very high impedance and pass no more current than is required for

potential estimation.

Such a 3-electrode cell may be used to generate a polarisation curve, as defined
above. To do this, the potential of the working electrode is allowed to settle to its rest
value (minimum net current) at open circuit (the open circuit potential — OCP). The
potentiostat is then switched in and the potential slowly swept away from OCP, while
the current is measured. A slow sweep (typically at 1 mV.s™) is necessary so that the
data represent quasi-static conditions. Both cathodic and anodic sweeps are carried
out (usually cathodic first, as this generally causes less damage to the working
electrode). Making use of the Tafel relationships, above, log(]/]) is then plotted
against the potential, relative to the reference electrode, to obtain the polarisation
curve. Figure 2.14 shows idealised polarisation curves for two metals (it must be
emphasised that real polarisation curves are never as tidy as this). In practice, the two
metals would be tested separately in the electrolyte of interest. For a single metal
measured alone, two useful pieces of data result. Firstly, the ‘rest potential’ is that at
which the deep minimum in the plot occurs. Comparison between rest potentials
shows unequivocally which metal of the two will protect the other in a galvanic
couple— in this case, metal 1 protects metal 2. Secondly, if tangents are fitted to the
straight line portions of the curves (not explicitly shown), these tangents should

intersect at a point at the rest potential, and define a current density for the metal. This
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‘exchange current density’ (/p) is a measure of how active the metal surface is in this

particular electrolyte — here anodic and cathodic currents balance under no external

polarisation.
>
£
> Metal 2
Ecor —>
Erest | corr
Metal 1
lo

Log]l] / log (A.m?)

Figure 2.14: Schematic of form of Polarisation Curves.

If two metals are present, in contact, in the electrolyte together then each will
‘polarise’ the other. The potentials shift until they meet at a ‘corrosion potential’
(Ecorrin Figure 2.14, such that the anodic current from one metal (metal 1 in this case)
exactly balances the cathodic current on the other metal (metal 2). Care needs to be
taken in carrying out this current matching operation to ensure that any mismatch in
areas is allowed for. At E.,,, a specific current density, /.., exists on the anode. This
defines, by Faradaic equivalence, the rate at which metal will be lost from the anode
(in the absence of side reactions and such other effects as erosion). If it is further
assumed, as is often (probably too often) done, that corrosion occurs uniformly, this
can be further converted into a penetration rate. This procedure is widely used to

characterise galvanic corrosion.
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Limitations

- Mass Transfer. The simple theory above assumes that this is not important.
The practical effect, if mass transfer limitation is present, is to ‘bend over’ the
ends of the Tafel lines away from the rest potential. This can easily be so severe
that no Tafel lines are available at all, particularly in stagnant, viscous solutions
of low ionic strength; fortunately, the electrolyte concerned in this study (3.5%

NaCl) is likely not to be troublesome in this regard.

- Thermodynamic reversibility. This is assumed, and is reasonable for a metal
dissolving into an electrolyte containing its own ions. However, it is not valid
where reactions creating (or consuming) gases or solids are involved. Oxygen
reduction is not a thermodynamically reversible process, nor is solid oxide
(passivation layer) formation. Where such processes exist, the corresponding

polarisation curves may be strongly curved, and no simple theory will suffice.

- Non-repeatability. Allied to the previous point is the fact that this method is
very intrusive. Large polarisations are commonly used — 250mV or more — and
these will alter the surface irreversibly. For example, if the polarisation process
induces pitting, repeat sweeps may be very different from the original one —
indeed, this may be used as a means of assessing pit stability [73]. The
consequence of this non-repeatability is that, not only can this experiment not be
repeated on the same sample, but neither can any other surface sensitive
experiment (such as an erosion trial). It is possible that if the effects of erosion
were to effectively make new surface at a rate so fast that the measurement was
always at a quasi-equilibrium, this limitation would be avoided, but no

discussion of this has been found.

- Non-locality. The experiment averages results over quite a large sample area,
and is incapable of distinguishing between general and localised corrosion.

Where the latter is present, serious errors of interpretation may be made.
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- Sweep rate. When slow processes are present, sweeping potential at
conventional rates will give misleading results, since the assumption of quasi-
equilibrium assumed at each measurement point will be violated. For this
reason, the sharpness of the “V’ shape of the calculated curves in Figure 2.14 is

rarely encountered in practice.

- Stationarity. Polarisation curves typically take an appreciable fraction of an
hour to carry out. If rapid processes are present, the curves will be distorted,
since features present at the start of the experiment, e.g. passivation layers, may

have altered during the measurement.
2.4.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical test methods, in general (with one exception, see Section 2.6, below),
either impose a potential on an electrochemical system and observe the current
response, or impress a current and observe the resulting potentials. Measurement of
polarisation curves, as seen above, involves applying large potentials across the cell,
which change the system under study, and is necessarily slow, because establishment
of quasi-equilibrium conditions at each cell potential should be attempted (even if it is
not always achieved). Electrochemical Impedance Spectroscopy (EIS), formerly
known also as AC Impedance, Immittance Spectroscopy and by other names, was
originally developed to provide means of investigating rapid processes, not otherwise
accessible. More recently, it has found favour in investigating complex processes,
such as corrosion (particularly under organic coatings), because of its ability to
resolve processes occurring on different time scales. It also provides an unequivocal
means of measuring the cell solution resistance, a quantity not otherwise easily
accessible.

AC techniques have a long history, but relatively little progress was possible until the
development of the modern electronics and computing techniques necessary to handle

the large amounts of data involved, in real time. The pre-history of the subject will
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not be reviewed here. A good recent treatment of EIS is to be found in a NACE

publication by Cottis and Turgoose [74].

The experiment is carried out by applying a small amplitude sinusoidal AC potential
of known frequency, and measuring the current response at that frequency. A range
of frequencies is used, within the span 10MHz-10uHz. Modern instrumentation
automatically generates the required AC potential input, analyses the resulting AC
current output (rejecting both DC current and any noise there may be, of whatever
origin), sweeps frequency over a pre-set range and records the results for subsequent
analysis. Because small amplitudes are used, the sample is only a little disturbed (but
not ‘not disturbed’, as asserted in some older literature), and, because high

frequencies may be used, fast processes may be characterised.
Impedance, Z, is the AC equivalent of resistance:

E=17 (2.21)
Z 1s a complex quantity, having a phase as well as a magnitude.

Z=a+ b (2.22)

| Z|=a® +b* = \lf—l‘ (2.23)

tan@ = b (2.24)

Q

Real and imaginary parts of impedance are recorded as a function of frequency, and

equivalent circuit models used to model the electrical behaviour.
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It is important to realise that this modelling process is incapable of leading to a
unique explanation of system behaviour in all but the simplest cases, owing to
fundamental mathematical ambiguities [75]. Fortunately, by using other information
about the system, it is often possible to associate particular AC features with
particular aspects of behaviour. Ultimately, probably the best way of using EIS in a
particular context will be to regard it as a means of parameterising the system

response to a given input.

There are a number of different ways of representing impedance data. The most
common ones are the so-called Nyquist and Bode plots. In Nyquist plots, the
(negative) imaginary part of the impedance is plotted vs the real part, as a function of
frequency. In Bode plots, the (log) magnitude of the impedance and its phase angle
are plotted separately vs (log) frequency. It 1s usually easier to analyse data from
their Nyquist representation, but the Bode plot, particularly in its phase angle form, is
more sensitive to the presence of small features. There has in the past been
considerable, rather sterile, discussion of which form is ‘better’; nowadays, with
modern computing power, it is straightforward to produce either or both for
presentational purposes, but better to do the data analysis with one of the specialist
programmes commercially available, e.g. the EQUIVCRT program [75] from the

University of Twente.

Figure 2.15 shows sample Nyquist and Bode plots, to illustrate their form [76]. The
system here is bare carbon steel corroding in an unidentified waste stream, and is as
simple as real systems get. The Nyquist plot shows a single semi-circle, more or less
centred on the real axis, but slightly displaced from the origin. The Bode plot shows
a single step in the magnitude plot with a slope close to -1, and a single peak in the
phase angle plot. There is some distinctly poor quality data at both ends of the
frequency spectrum, which may hide the edges of further features. Ignoring these, the
data has a form that may be modelled using a very simple equivalent circuit, as shown
in Figure 2.15. The offset of the semi-circle from the origin corresponds to the

uncompensated solution resistance - this is the best way of measuring this quantity.
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The semi-circle itself can be shown to represent the AC behaviour of a parallel RC
circuit [71,77]. This, in turn, can be shown to be the equivalent circuit representation
of an idealised (thermodynamically reversible) charge transfer reaction. Within the
parallel RC component, the resistance, R, represents the charge transfer resistance,
inversely proportional to the reaction rate and to area, while the capacitance, Cy
represents the double layer capacitance, proportional to the electroactive area over

which the reaction occurs.
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Figure 2.15. Sample Nyquist and Bode plots. Carbon steel in unidentified waste.
From: D.C. Silverman, “Rapid Corrosion Screening in poorly defined systems by
Electrochemical Impedance Technique”, Corrosion, 46(7), 589-598
Added: Schematic Nyquist plot and equivalent circuit, to match this data.

More complicated systems have more complicated spectra. EIS may be used to
characterise a very wide range of situations, but in this work has been used mainly to

characterise the cell resistance.
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2.4.5 Electrochemical Noise Analysis (ENA)

Introduction

In general, electrochemical experiments either apply a potential difference to a cell
and measure the resulting current flows, or impress a current across the cell and
measure the resulting potentials. Either way, the test sample is to some extent
disturbed by the experiment, and to that extent results obtained will be distorted.
However, electrodes are not passive electrical components. They generate potential
and current fluctuations spontaneously, and these can be measured. These

fluctuations are described as Electrochemical Noise.

It is usually held that such phenomena were first systematically investigated by
Iverson [78] (but see Section 2.6.4, reference [150]), who investigated potential
fluctuations between a platinum electrode and working electrodes of platinum,
aluminium, magnesium, iron, mild steel and zinc. He recorded fluctuations
characteristic of the corroding metal (> 100 uV at 1-2 Hz for aluminium and
magnesium, ~ 50 uV, at ~ 0.5 Hz for iron, steel and zinc and none for the non-
corroding platinum). He concluded that these derived from minute changes in the
charge on the corroding electrode caused by momentary imbalances between the
anodic and cathodic reactions; these should be quantitatively relatable to the

corrosion rate.

Other early workers to investigate these phenomena were Barker [79], Fleischmann
and Oldfield [80], Tyagai [81], and Blanc et al [82], who between them went a long
way toward characterising the theoretical nature of these fluctuations as the results of

various stochastic processes occurring on an electrode surface.

At a more practical level, early papers of importance include Williams er a/ [83],
concerning pitting phenomena, and Bertocci [84] and Uruchurtu and Dawson [85],

concerning aluminium dissolution.
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Particular publications that have been of importance have been patents by Hladky
[86], concerning practical measurement of Electrochemical Noise, and by Eden er a/
[87], concerning analysis of ENA data, particularly the concept of Noise Resistance.
While, in view of the prior art noted above (which is not an exhaustive list), the
strength of these patents must be questionable, they have had the practical effect of

inhibiting development of commercial Electrochemical Noise measurement

equipment.

A good recent coverage of the subject is to be found in a NACE publication by Cottis

and Turgoose [74].
Experimental considerations
Two experimental configurations are commonly used [88], shown in Figure 2.15:

- Use of two ‘identical’ electrodes connected via a zero resistance ammeter
(ZRA), with the electrochemical potential measured relative to a third
‘identical’ electrode - favoured by field users - or to a reversible reference
electrode (RE) — favoured by laboratory workers. Measurement is always

at OCP, i.e. the current minimum of the polarisation curve.

- Use of a working electrode (WE), connected via a potentiostat to a counter
electrode (CE - ideally non-noisy), with the electrochemical potential of
the WE fixed relative to a RE. This configuration measures current noise
only. Measurement may be made at OCP or at any other set potential

desired, e.g. under cathodic protection conditions.
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ZRA | P/STAT

WE

CE WE

WE

2 Identical Working Electrodes. Single Potentiostatted Working electrode.

(V and I noise, common OCP) (I noise only, any potential)
Figure 2.16: ENA cell layouts.

The first approach has traditionally been favoured by electrochemical noise
researchers, because, if the various electrodes really are identical, analysis of the
noise data is greatly simplified. However, this assumption is rarely, if ever, justified,

because:

- It is impossible to prepare identical electrodes; even in the simplest cases
this is an approximation and for coated systems it is impossible even to get

close, particularly because of differences in coating porosity.

- Even in the case that near identical electrodes can be prepared, they
generally do not remain identical for very long. Consider the case of two
‘identical’ stainless steel electrodes in brine [89]. If an active pit appears
on one electrode, it is found that its corrosion potential drops dramatically
(by several hundred millivolts). In effect one electrode becomes anodic

and the other cathodic; this behaviour tends to be self reinforcing.
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- Additionally, in some cases, e.g. the present one, it is not possible to
arrange to have a symmetrical cell; intrinsically, there is a flow of fluid

from the CE (and RE, if present) to the WE.

Where two non-identical electrodes are present, Pistorius [90] has shown that the
noise output is dominated by the electrode of lower impedance (larger area). This
favours the use of large working electrodes and small counter electrodes. Pistorius
states without discussion that his findings do not apply to situations where high

impedance is the result of the presence of an organic coating.

For the present work, it is considered necessary to use the second electrode
configuration, with a WE connected, via a potentiostat, to a CE and RE. This
configuration has previously been used to study erosion-corrosion by Oltra et al [36].
More recently, Burstein and Sasaki [20,66] have also studied erosion-corrosion under

potential control using a 2-electrode system.

The potentiostat is required for the following reason [88]. Since the WE and CE are
not identical in this configuration, there will be a galvanic potential between them
and, in the absence of a large impedance in the system (such as would be provided by,
e.g. an intact insulating coating) a significant couple current will flow. Unless a
potentiostat is employed to hold the WE at its open circuit potential (OCP), the WE
will be polarised to a significant and, in general, unknown extent away from its OCP.
This will result in the current noise amplitude (on top of the galvanic current) being
different from that expected at the OCP — in general, ignoring complications due to
such phenomena as passivation layers, polarisation in the anodic direction would be
expected to lead to higher levels of current noise and cathodic polarisation to lower
levels. For this project, a potentiostatted WE is essential. The inclusion of a
potentiostat also allows investigation of system behaviour under externally impressed
cathodic protection conditions, should this be desired, though in this case, careful

consideration of the separation of deterministic processes due to the impressed
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galvanic potential from stochastic processes would be necessary; Bertocci [84] has

used cross-correlation calculations to achieve this.

Nevertheless, a difficulty arises. When the metallic coating being used breaks down,
the OCP of the WE will change, but the actual potentiostat-controlled potential will
not. There is no way of avoiding this, without introducing polarisation by the CE.
The best that can be done is to hold the potential for as short a time as is consistent
with obtaining a useable noise trace. For present purposes, this consideration
probably does not matter, so long as a characteristic electrochemical signature can be
associated with coating breakdown. This, however is, likely to inhibit theoretical

understanding.

System considerations

Sampling rate. The bulk of published literature on the application of
electrochemical noise to corrosion studies has reported measurements limited to a
sampling rate of 2 s, This frequency seems to have been first used by Hladky and
Dawson [91] in 1981, using self-built equipment based on available components.
This apparently arbitrary frequency, driven as much by equipment availability as
anything else, has become an accepted standard, typically accompanied by vague
unsupported remarks to the effect that there is no activity of interest at higher

frequencies.

However, EIS data on plain metal surfaces usually contain charge transfer loops
peaking at frequencies of the order of 100 Hz, suggesting that this frequency range
should be investigated. Moreover, there is a small amount of published work

suggesting that there is indeed noise activity at frequencies higher than 2 s™':
- W.P. Iverson 1968 [78].
Equipment: High impedance voltmeter, with a home-made chopper

stabilised circuit. Found: Transients on Al, Mg at 2 s or higher.
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- R.Oltra et al 1986 [37].
Equipment: Home-made ultra low noise potentiostat with extensive
filtering, applied to an erosion-corrosion scenario, on steel.
Found: Evidence for electrochemical activity at two frequencies.
Activity at ~ 3 Hz attributed to pitting. Activity at ~ 30 KHz attributed
to depassivation/repassivation resulting from particle impact. Need to

measure to 10° s to get all of this.

- A Neville et al 1995 [92].
Equipment: Oscilloscope

Found: Oscillations at millisecond timescales, on steel.

- P.C. Pistorius 1997 [90,93]
Equipment: ‘Digital recorder’, sampling at 50 secs™ or 10° secs™.
Found: Diffuse peak in psd plot at ~ 40 Hz, on steel. Data well

recorded if sampled at 10° secs™.

- A. Burkert et al 1998 [94]
Equipment: Datalogger, bandwidth limited to 0.1-40 5™,
Found: psd plots suggest that useful data range would extend to at least

100 Hz. On aluminium coated steel.

- G.T Burstein and K. Sasaki (2000) [20,66]
Equipment: Potentiostatted 2-electrode recording of electrochemical
noise at 5 x 10° ™.
Found: Distinguishably different current transients from impacts and

metastable pitting. On 304L stainless steel wire electrode.

Danielson [95] has modelled both the potentiostatted single WE and the two WE
configurations. His calculations suggest that, for steel in 3.5% NaCl, measurements at

>10° 5™ will be unreliable because part of the cell current will be shorted within the
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cell by the double layer capacitance of the WE. This sampling frequency should not
be taken too literally, since the actual numbers will depend on the details of the
experimental materials involved. Also, a static cell was considered, and as noted
above (Section 2.3.3), Legat [57] has shown that changes in mechanism can result in
changes in FElectrochemical Noise data. Nevertheless, there is an unexplained

discrepancy between this calculation and the results of Oltra [37], noted above.

Between them, these papers suggest that noise measurements should initially be made
at the highest frequencies that can conveniently be achieved. If no noise is observed
at high frequencies, the sampling frequency should be reduced as far as possible,
consistent with anti-aliasing requirements (see below) to minimise data logging
requirements. The low frequency limit is, in practice, determined by stationarity

considerations (see below) and the size of the data file that can be accumulated.

Anti-aliasing. It is explained in books on digital signal processing [e.g. 93] that an
effect of digital sampling is to introduce artefacts into the recorded signal (“aliasing’,
i.e. power belonging at higher frequencies), unless suitable filtering is used. In
general, if this filtering is carried out correctly and the sampling frequency is £, then
the maximum frequency at which reliable data may be obtained is, in principle, fi/2
(the Nyquist frequency). It is essential that this filtering 1s applied before analog-to-
digital conversion, since aliasing cannot be removed once it has been introduced.
This f/2 criterion is applicable to an ideal system; for real systems with imperfect

filters, reliable data will not be obtained above (0.2-0.4) x f; depending on filter type.

This is discussed in detail in the context of Electrochemical Noise by Bastos er af
[94], who used synthetic signals of known characteristics to define the effects of
various kinds of filters. For systems which produce “white noise’, i.e. flat psd plots,
system power is overestimated in unfiltered systems to an extent which is a function
of the sampling rate, but may typically be x 4. Furthermore the time record is also
affected, so that time record statistics, such as standard deviation, skewness and

kurtosis, will also be incorrect; this may be less than obvious from inspection of the
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recorded data. For systems showing ‘pink noise’, i.e. sloped psd plots, both the slope
and the power levels may be incorrect. If mains frequency (and harmonic) effects are
not filtered out, complicated low frequency ‘beat’ artefacts may be introduced if
mains frequency is not an exact multiple of the sampling rate. The slope of the filter
characteristic is of prime importance in determining filter efficiency; Chebychev
filters are recommended. By contrast, the low-slope data averaging filters commonly

implemented in DVMs do not prevent aliasing effectively.

Detrending. Similarly, data often show long-term drift, which is no part of the
required signal. This is best removed by mathematical detrending on the recorded
data [94], e.g. using MATLAB. (High pass analogue filters with long time constants
have been used in the past, but lead to experimental problems owing to their long

recovery times).

Resolution. The electronics should have sufficient resolution to cope with the
dynamic range of the data, to avoid quantisation error. In practice, all available
equipment has 16-bit resolution or near. Procedures for estimating effects of

quantisation error are given in [99].

Background Noise. It is essential to minimise and characterise the background noise
in the system (not just in the electronics, which are not normally limiting).
Procedures for estimating background noise are given in [99]. Steps to do this

include:

- Use of a Faraday cage to exclude through-space electric fields.
Consideration should be given to whether magnetic fields are likely to be

problem.

- Exclusion of light from light sensitive electrodes, e.g. Ag/AgCI REs.
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- Filtering the mains input to the system to exclude starting transients from
other equipment (notably lighting) in the building. Measurement equipment

should also filter 50 Hz and its harmonics from the data signal.

Data Analysis — Stationary data. A variety of methods have been used to analyse
noise data. Most of these have been conveniently summarised by Searson and

Dawson [100].

If both the mean current and its standard deviation are invariant over time, the signal
is said to be stationary [101]. Most analytical methods assume this. Most real data
only approximates it. The most straightforward mode of analysis is to compute a
mean current (which should ideally be invariant, but is often not, in which case de-
trending is required — see above), and then to compute standard statistical parameters
about this detrended mean — standard deviation or variance (‘power’ in signal
processing language), skewness and kurtosis. Calculation of these quantities, whose
variability over time is required, involves careful consideration of the length of data
sets. The lowest frequency that can be estimated is defined by the length of the data
set, so that if low frequencies are important, long data sets are needed, but this
precludes following rapidly changing (non-stationary) situations. Factors influencing
lengths of data sets are discussed in standard textbooks on digital signal processing,

e.g [96].

Probability density functions (pdf) describe information about the data in the
amplitude domain and describe the probability that the data will assume a value

within a defined range at any instant of time. For zero mean:

NX
pdf === (2.25)

where N, is the number of points which fall within the range (x # W/2)

N is the total number of points (within the window)
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W is the bandwidth centred at x.

The pdfis usually used just to check that the noise spectrum is genuinely random and
not deterministic — its shape should be roughly Gaussian. However, in a real
experiment more than one source of random noise will exist. In particular, there will
be instrument noise as well as electrochemical noise in the signal. In a well designed
experiment the large amplitude noise will be all electrochemical, but the small
amplitude noise will include a component of instrument noise. In a complex
corrosion situation, involving more than one anode (or more than one current path),
the pdf may provide a route to separating various simultaneous processes, or
processes occurring at different times within the experimental period; this is

unexplored.

The autocorrelation function of a stochastic process describes the general dependence
of values of the data at any instant with previous values, i.e. the ‘memory’ of the

system. The autocorrelation function of a system with zero mean can be estimated

from:

N-r
A== S5, (2.26)
71=1

forx,;=12,.. N

lag r=10,1,2,....m, where m is the maximum lag number

This value can be positive or negative, so a normalised autocorrelation function, 4y, is

often used:
4 =20 2.27)
o 40) |
1 N
where A(0)= }sz’f —x? (2.28)
n=i
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A widely used function for noise analysis is the power spectral density (psd). This is,
in general, the Fourier transform of the autocorrelation function. There are several
algorithms for estimating the psd, and there has been extensive discussion concerning
the most appropriate one to use [e.g. 98,99]. Most common is the Fast Fourier
Transform, usually estimated by the Cooley-Tukey FFT algorithm. So long as
aliasing is avoided, this gives a reliable result, but can require long acquisition times
for ensemble averaging to reduce otherwise large errors, especially at the high
frequency end of the spectrum. If ensembles are arrived at by taking sections of a
very long stationary data set, then a ‘windowing’ process is necessary to make the
ends of the individual sections ‘match up’ — a variety of windowing functions are
available [96], but their behaviour varies very little; a Hanning function (a half-cycle
cosine function) is commonly used. An alternative means of estimating the psd is the
Maximum Entropy Method (MEM), derived from information theory. This yields a
smooth spectrum, with relatively short acquisition times, but at the cost that an
‘order’ parameter, Mg, has to be introduced; the value to be given to this is
unknown. It is claimed [98] that, since corrosion electrochemical noise is random,
small values of My, may be used, since they produce a smooth spectrum from
computer generated white noise — but this is to assume the answer one wishes to
obtain. Schauer et al [102] review a variety of algorithms for deciding Mz, called
by them the optimum filter length, objectively, but it is rather doubtful whether any of
these methods really justify the considerable computational effort involved. If this
approach is to be used, they recommend the criterion autoregressive transfer function
(CAT). Probably the safest approach is to use the MEM, if at all, only for direct
comparison of similar samples to identify trends, where the same values of My, can

be used for each, and only relative values are required; for quantitative work the FFT

should be used.

If, by whatever means, a believable psd function can be obtained, several parameters

can be extracted, illustrated in Figure 2.17.
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Figure 2.17: Schematic of power spectral density plot.
From: T. Schauer et al, Electrochimica Acta, 43 (1998) 2423-2433

Attempts are made to correlate P(f,) (or P(f,n)) and P(f;;) with polarisation resistance,
but the results of such claims, ( e.g. [103]), are, at best, disputable. Of more interest
is the slope of the middle part of the curve, from which mechanistic information may
be obtained [100,104,105,106]. There is an important distinction here between
potential noise and current noise, most clearly explained by Legat and Dolecek [105].
For potential noise, general corrosion yields nearly flat psd plots, whereas passivation
and pitting both yield steeply sloped plots. Conversely, for current noise (whose
magnitude is held to correlate with mass loss better than potential noise) general
corrosion yields flat or nearly flat psd plots (“white noise”), as does passivation,
whereas localisation leads to steep plots — the greater the localisation the steeper the
plot. There has been much discussion of these findings and other authors, working
mainly with stainless steel, have disputed these conclusions; they do not agree

amongst themselves — a possible reason for this will be suggested in Section 5.4.5.
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However, if consideration is limited to current noise on aluminium, a reasonably

consistent picture emerges (see Section 2.6.4).

Data Analysis — Non-stationary data. All of the above methods require that the
signal is stationary in the sense indicated at the beginning of this Section. If it is not,
then more complex analysis methods are required, known as Joint Time-Frequency
Analysis (JTFA). These are reviewed in a book by Chen and Qian [107]. Some of
the methods in this book are used in the Gamry potentiostat software employed in this

work.

A particular form of JTFA, the ‘wavelet transform” has been used to a minor extent
[108-116] to describe Electrochemical Noise data, mostly descriptively. Its relevance
is not yet clear. The mathematics of the wavelet transform is presented at length in a
book by Mallat [117], and its practical operation in a more user-friendly form in the
MATLAB Wavelet Toolbox Manual [118]. The wavelet transform, and particularly
the Discrete Wavelet Transform (for which MATLAB provides a graphical user
interface), allow a means to isolate data features, characterised by their occurrence on
a particular timescale, from other processes that may be present on other timescales.
The Discrete Wavelet Transform can be shown to be equivalent to a filter bank;
design of such a filter bank is discussed in detail in a book by Strang and Nguyen
[119]. It is important that this technique separates on the basis of time scale, and is
therefore complementary to Fourier Transform techniques, which separate on a

frequency basis.

Aballe et a/ [108,109,113,115] have developed a particular data representation, called
by them (incorrectly) an ‘energy distribution plot’, also used by Dong et a/ [114]
(who, more correctly, call it a ‘power distribution fraction’), which illustrates the
dependence of Electrochemical Noise power on transient timescale. These authors
have concentrated on the signal processing aspects of the technique, with relatively

little chemical interpretation. However, Aballe et a/ [115] have used this to study the
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inhibition of corrosion of Al/Mg AAS5083 alloy by CeCls, and this sort of study could
clearly be developed further.

The operation of this technique will be discussed further in Section 6.3.4.

A particular problem that arises with the use of wavelets is that the wavelet transform
is a class of techniques, and mathematicians have developed several dozen different
versions of it, mainly for image compression applications. These applications have
particular requirements, which it is not at all clear are shared by electrochemical data.
There is no accepted way of deciding which wavelet to use for an arbitrary
application. A very recent development by Huang ef a/ [120] may resolve this
difficulty in future. This is a technique, based on calculating instantaneous
frequencies, which calculates an appropriate scaling function for a particular data set
from the data themselves. It is not yet implemented in MATLAB, though this is

expected in future.

Data Analysis — General Comments. It is important to recognise that parameters
derived by any of these methods, e.g. slopes from psd plots, are in themselves no
more than convenient ways of describing the data. They may then be correlated
empirically with different corrosion conditions. They say nothing about underlying
processes. The latter may be modelled to demonstrate that a particular proposed
process would result in an electrochemical signal of particular form, which may be
consistent with observed data (or not). Even if consistency is demonstrated, it is not
possible by these means alone to show that a model is uniquely consistent with the
data. Furthermore, information about individual localised events can only be
obtained in cases where single non-overlapping transients can be obtained. When, as
often occurs, transients occur so frequently that they overlap, then only general
information about corrosion processes will be obtainable, e.g. concerning the degree

of localisation.
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From a corrosion perspective, clear parametisation of electrochemical data, and
empirical correlation of estimated parameters with particular observed corrosion
modes are probably as much as can be expected, except in particular, very favourable
cases. Even at this quite modest level, there are so many experimental and data
processing constraints that have to be satisfied that comparisons with work carried out
in different laboratories should only be done with extreme caution. For example, a
round robin experiment [121] carried out on standardised corrosion experiments
resulted in quite large discrepancies between ENA results obtained by different

laboratories. These were traced to differences in data acquisition and data handling,
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2.5 EQUIPMENT

2.5.1 Equipment for Erosion testing.

Historically, equipment for erosion testing was designed to simulate a particular
problem scenario, and provided results difficult or impossible to use in any other
context. For results to be useful in a wider context, the impact conditions need to be
well defined. These include particle velocity, flux and impact angle. Figure 2.18,
taken from Hutchings [5], illustrates four equipment designs which have been used to

achieve this.

(@

@

Figure 2.18: Schematic illustrations of erosion testing test arrangements.

From: .M. Hutchings, Tribology: Friction and Wear of Engineering Materials.
Arrangement a), the jet-impingement apparatus, may be used with gas or liquid as the

carrier fluid. It generally has the best defined geometry of all the arrangements, but

even here, as noted in Section 2.1.5, the flow field is quite complicated. Solid feed
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arrangements are usually made in such a way that solid is used only once, thus

avoiding complications due to the erodent itself becoming worn.

Arrangement b), the recirculating loop arrangement, is useful for testing pipes and
pipe fittings. The solid may pass through the pump, as shown, or may be separated

from the fluid and reinjected.

Arrangement c), the centrifugal accelerator, and d), the whirling arm arrangement are
also sometimes used, but the impact conditions are difficult to define, and these
arrangements are less preferred. Another variant of this, described as the ‘sample
rotation method’, with samples embedded in a wheel rotated in the slurry, has been
used by Prasad et al [122]. Slurry-pot testers, with a geometry similar to d), have
been quite widely used to compare materials. Madsen [123] has used such a device to
measure erosion-corrosion synergism, polarisation curves being obtained within the
slurry pot (though it is questionable how valid these curves were, since sweep rate

and stationarity issues were not addressed — see Section 2.4.3).
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Figure 2.19: Slurry erosion test rig.
From: Zu et al, Wear 140 (1990), 331-344
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Zu et al [124] have designed a slurry erosion test rig, which incorporates features of

arrangements a) and b), above. Figure 2.19 illustrates this.

A recirculating system has been constructed to feed a nozzle, the jet from which
impacts on the test sample. In this case the pump circulates water. Just upstream of
the jet-forming nozzle is an ejector, used to entrain a sand slurry. The concentration
of sand in the jet is controlled by altering the ejector dimensions (inlet and outlet
diameters and inlet jet position relative to the sand intake). Downstream from the
sample, sand is filtered out before it reaches the pump. This arrangement allows

control of all the important erosion variables, and relatively simple operation.

Puget [125] has built a metal-free version of this rig, suitable for erosion-corrosion

and electrochemical measurements — see further below.

A very strange variant of this type of equipment has been used by Matsumura et al
[62], in which an ejector is used to suck a sand slurry over a target. It is hard to see

the advantage of this arrangement, in which the flow field is poorly defined.

A recent trend in erosion testing has been to design equipment to study very dilute
slurries or single impacts. One example is the equipment used by Burstein and Sasaki
in their electrochemical noise work, noted previously [20]. In this, particles from a
very dilute slurry maintained in suspension in a separate vessel were transferred by

dropper to an injection port in a conventional ejector.

A more radical design is the ‘Coriolis tester’, originally designed by Tuzson [126]
and developed by Xie et af [127] and by Clark er of [128). 1t is illustrated
schematically in Figure 2.20. In this, a very dilute slurry is supplied to the centre of a
disc, rapidly spinning on an horizontal axis (up to 7500 rpm), and is allowed to
escape to the edge by means of shallow channels in the disc surface. The target(s) to

be eroded are inserted into the disc, flush with the channel bottoms. This allows well
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