Corrosion Science 49 (2007) 1737–1754
www.elsevier.com/locate/corsci

Erosion–corrosion of 2205 duplex stainless steel
in ﬂowing seawater containing sand particles
E.A.M. Hussain 1, M.J. Robinson

*

School of Applied Science, Cranﬁeld University, Bedford MK43 OAL, UK
Received 27 July 2005; accepted 21 August 2006
Available online 29 November 2006

Abstract
2205 duplex stainless steel (UNS S31803) was tested in ﬂowing artiﬁcial seawater containing sand
particles using a jet impingement apparatus. Erosion–corrosion was measured under a range of
hydrodynamic conditions by recording the increase in anodic current density that occurred when
the passive ﬁlm was damaged by particle impacts. The current density increase was shown to be linearly related to the mean kinetic energy of the sand particles. When the stainless steel was held at
anodic potentials the surface oxide ﬁlm developed optical interference colours and these colours were
used to identify the ﬁlm thickness. The highest rate of erosion–corrosion occurred in the stagnation
region, immediately beneath the jet, where the particles impacted the surface at angles close to 90.
The results are discussed in terms of the rates of particle impacts and their eﬀects on the processes of
ﬁlm damage and repassivation.
 2006 Elsevier Ltd. All rights reserved.
Keywords: A. Stainless steel; B. Erosion; C. Passive ﬁlm

1. Introduction
This paper describes the results of an investigation into erosion–corrosion of 2205
duplex stainless steel (UNS S31803) caused by sand particles entrained in ﬂowing seawater.
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Duplex grades of stainless steel generally display good corrosion resistance in seawater and
the passive ﬁlm remains stable over a wide range of potential, temperature and chemical
conditions. Within this stable range, disruption of the ﬁlm by an erosion process results
in spontaneous repassivation of the surface with the ﬂow of a small corrosion current.
The combination of these damage and repair events is described as erosion–corrosion
and in many instances the two processes together result in a greater rate of metal loss than
the sum of the two processes occurring individually [1,2].
In the present study the experimental conditions chosen were suﬃcient to damage the
passive ﬁlm without causing signiﬁcant removal of material from the substrate. Some
mechanical deformation of the stainless steel did occur but the sand particles had relatively
low kinetic energies and the rate of pure erosion of the metal was small. These conditions
were ideal for observing subtle changes in the oxide ﬁlm thickness caused by diﬀerent
hydrodynamic conditions beneath the water jet and for measuring the current densities
produced when the ﬁlms were disrupted.
The ﬁlm thickness was inﬂuenced both by the rate that the oxide was removed by the
ﬂow or particle impacts and by the rate that the surface repassivated. This resulted in ﬁlms
with a range of optical interference colours and in this study the interference colours were
used as a quantitative measure of the ﬁlm thickness. Coloured ﬁlms on duplex stainless
steels in ﬂowing seawater conditions have been reported by other researchers studying
erosion–corrosion, particularly when the metal was held at an anodic applied potential
[3]. Coloured oxide ﬁlms with a spinel structure are also produced on stainless steel in
hot chromic and sulphuric acids [4].
2. Methods
2.1. Material
The tests were performed on duplex stainless steel 2205 (UNS31803) with the composition shown in Table 1. The microstructure consisted of approximately equal proportions
of austenite and ferrite with the grains elongated in the rolling direction.
2.2. 2205 Electrodes
Electrochemical polarisation experiments were performed on test specimens consisting
of three concentric cylindrical electrodes machined from the transverse section of the bar
to expose the end grain. The central electrode was in the form of a rod 5 mm in diameter
and the other two were cylinders with internal diameters of 13 mm and 23 mm, each with a
2 mm wall thickness. An electrical connection was attached to each electrode and they
were then arranged equidistantly about the centre and mounted in epoxy resin as shown
in Fig. 1. Contraction of the resin during curing can lead to disbondment at the steel/resin

Table 1
Composition of duplex stainless steel 2205
C

Si

Mn

Cr

Ni

Mo

P

S

N

0.02

0.49

1.5

21.9

5.4

3.1

0.025

0.003

0.18

E.A.M. Hussain, M.J. Robinson / Corrosion Science 49 (2007) 1737–1754

1739

23
13

2

5

electrodes

mounting resin

electrical connections

Fig. 1. Arrangement of the concentric cylindrical 2205 electrodes used in the jet impingement apparatus. The
dimensions are in millimeters.

interface but the problem of crevice corrosion was controlled by pre-coating the electrodes
with a ﬁlm of resin and leaving it to harden to improve adhesion before assembling them
with further resin in the mould. The working surface was ground and polished down to
1 lm with diamond paste and then degreased and ultrasonically cleaned in isopropanol
and air dried.
In other experiments to investigate the optical properties of the oxide ﬁlm, a single
cylinder of 2205, 27 mm in diameter, was mounted in epoxy resin and prepared as above
for testing in the jet impingement apparatus.
2.3. Closed loop jet impingement apparatus
The ﬂow loop contained approximately 3 l of sterile artiﬁcial seawater (Tropic Marin),
which was circulated by an impeller driven pump to give velocities up to 8.5 m s1 at a
5 mm nozzle. The working electrode was positioned directly beneath the jet in a 1.5 l
capacity glass cell that also contained a platinum counter electrode and standard calomel
reference electrode. The seawater temperature was controlled at 24 C using an electrical
heater and thermostat together with a water-cooled heat exchanger. In some of the experiments sand was introduced to the ﬂow. The sand had been sieved for 5 min on a mechanical shaker and only particles in the size range 250–300 lm (55% of the original sample by
mass) were used in the experiments. The particles were described as being sub-angular to
sub-rounded in shape, with low sphericity (Fig. 2) and little change in their appearance
was observed at the end of the experiments. Checks of the quantity of sand in suspension
were carried out for each nozzle velocity by diverting the ﬂow and collecting a sample of
seawater from which the sand was ﬁltered, dried and weighed.
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Fig. 2. Scanning electron micrograph showing the appearance of a typical sand particle before the experiment.

2.4. Hydrodynamic conditions
Typical ﬂow characteristics due to jet impingement on a ﬂat plate [5] are shown in Fig. 3
and these conditions are assumed to apply to those on the surface of the electrodes used in
this study. A stagnation zone formed directly under the nozzle (Region A). The ﬂow then

Fig. 3. Hydrodynamic characteristics of a jet impinging on a ﬂat plate [5].
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changed from axial to radial to produce a wall jet and remained laminar as it accelerated
to its maximum velocity at r/r0 = 2 (where r0 is the radius of the nozzle). At this point a
transition occurred from laminar to turbulent ﬂow and between r/r0 = 2 and r/r0 = 4 there
was a region of high turbulence (Region B). At larger radial distances more ﬂuid became
entrained in the ﬂow, the thickness of the wall jet increased and its turbulence decayed
rapidly (Region C).
The inner electrode (Electrode 1) was located within the stagnation zone, the second
(Electrode 2) was positioned in the high turbulence region (r/r0 = 3) and the third (Electrode 3) was in the low turbulence region (r/r0 = 5). This concentric electrode arrangement
allowed the corrosion electrochemistry to be measured independently in the three deﬁned
hydrodynamic regimes while maintaining constant operating conditions in the jet impingement loop.
The shear stress, sw, within the wall jet at the electrode surface can be calculated from
the following formula [5]:
sw ¼ 0:179qU 0 Re0:182 ðr=r0 Þ

2

ð1Þ

where q is the density of the ﬂuid, U0 , r and r0 are deﬁned in Fig. 3, Re is the Reynolds
number at the nozzle and
Re ¼ ð2r0 U 0 =mÞ

ð2Þ

m is the kinematic viscosity.
For the conditions used in these experiments, and a ﬂow velocity of 8.5 m s1 at the
nozzle, the shear stress in the high turbulence region (r/r0 = 3) was 25 N m2.
3. Film thickness measurement
3.1. Background
The thickness of the oxide ﬁlm that developed from the reaction between the duplex
stainless steel and the ﬂowing seawater was assessed from its optical interference colour.
Interference occurs between light reﬂected from the surface of the oxide ﬁlm and light
returning after reﬂection at the oxide/metal interface provided that their paths diﬀer by an
odd number of half wavelengths [6]. Owing to the high refractive index of the oxide, the
light inside the ﬁlm is almost normal to the surface for a wide range of angles of incidence.
Hence, it can be shown that [7]
Path difference ¼ 2tl ¼ ð2n  1Þk=2

ð3Þ

where n is the order of the interference; 1, 2, 3, etc., t the thickness of the oxide ﬁlm, k the
wavelength most strongly absorbed in the incident light and l the refractive index of the
oxide at this wavelength.
The maximum interference takes place when t = k/4l in the ﬁrst absorption band (ﬁrst
order), when t = 3k/4l in the second and when t = 5k/4l in the third. The value of n is
limited only by the absorption and scattering of light in the ﬁlm.
As the oxide ﬁlm thickens the shorter wavelengths of light at the violet end of the visible
spectrum are absorbed ﬁrst. When viewed in white light, the removal of this wavelength
gives the ﬁlm the complementary yellow colour. Thickening of the ﬁlm results in absorption of longer wavelengths, moving progressively towards the red end of the spectrum, and
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Table 2
Complementary colours displayed by destructive interference
Wavelength (nm)

Colour absorbed

Complementary colour observed

Refractive index, l

417.5
457.5
485
495
530
570
577.5
589
700

Violet
Blue
Blue–green
Green–blue
Green
Yellow–green
Yellow
Orange
Red

Yellow–green
Yellow
Orange
Red
Purple
Violet
Blue
Blue–green
Green–blue

2.43
2.25
2.15
2.12
2.02
1.93
1.89
1.90
1.73

its appearance changes through a sequence of complementary colours shown in Table 2.
Second and higher order bands of colours follow in a characteristic sequence, known as
Newton’s series. The exact colours displayed can vary depending on the metal substrate
on which the ﬁlm is growing [6].
3.2. Phase change
When light is reﬂected at an interface between media of diﬀerent optical density a phase
change can occur [6], which would be equivalent to an additional ﬁlm thickness C.
In consequence, the maximum interference would then occur at ﬁlm thicknesses of
k/4lC, 3k/4lC, 5k/4l  C, etc. However, for a transparent oxide ﬁlm on a metal substrate it is usual to assume that no phase change takes place and that C = 0.
3.3. Measurement technique
On removal of the stainless steel sample from the ﬂow rig, the surface was photographed and the sequence of colours was compared with that in a Michel–Levy chart
[8] to assist in identifying the order of the interference. The path diﬀerence of each colour
was determined at a range of radial distances, enabling the ﬁlm thicknesses to be calculated using Eq. (3). The values of refractive index were corrected for wavelength using
Cauchy’s formula [9] in Eq. (4) and are shown in Table 2:
l ¼ 1:35 þ 18:8  104 =k2

ð4Þ

4. Electrochemical measurements
The inﬂuence of the seawater hydrodynamics and sand particle erosion on the passivity
of 2205 was measured by performing potentiodynamic polarisation scans on each of the
three working electrodes in turn. The potential was scanned from 600 to 1300 mV(SCE)
at a rate of 10 mV/min using a Sycopel Scientiﬁc computer controlled Autostat 251.
The resulting polarisation behaviour was used to identify the potential range over
which the passive ﬁlm was stable. Potentials were then selected at which localised corrosion of one or both of the microstructural phases was expected to occur, and cylindrical
samples were tested in ﬂowing seawater at this potential for times up to 30 h.
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5. Results
5.1. Potentiodynamic scans
The general characteristics of the polarisation scans for 2205 in ﬂowing seawater are
shown in Fig. 4. These results were obtained on the outermost electrode (Electrode 3),
located in the low turbulence region. In this position the polarisation behaviour was inﬂuenced little by ﬂow rate or addition of sand particles and the curves were superimposed on
each other. Small current ﬂuctuations occurred in the passive range as a result of depassivation and repassivation events on the surface associated with the particle impacts.
An important feature of the polarisation behaviour of the duplex stainless steel was the
existence of two discrete pitting potentials. The steel was passive at the open circuit potential and remained so up to 400 mV(SCE). Above this potential pitting occurred in the
ferrite phase, while the austenite remained passive until a potential close to 900 mV(SCE)
was reached where pitting occurred in both phases. Metallographic examination conﬁrmed that in the range 400–900 mV(SCE) pitting was in the ferrite alone [10]. Symniotis
also showed diﬀerences in the stability of the passive ﬁlms on the two phases in 2205. A
double active peak occurred in some circumstances with attack of the ferrite taking place
at the more active potentials while austentite was corroded preferentially at a more noble
potential range [11].
The largest inﬂuence of ﬂow and sand erosion on the polarisation behaviour was
recorded on the central electrode (Electrode 1), positioned in the stagnation region directly
beneath the nozzle. Fig. 5 shows the results for a velocity of 8.5 m s1 in ﬂowing seawater
alone and with the addition of 0.33, 0.67 and 1 g l1 of sand. Each of the polarisation
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Fig. 4. Potentiodynamic polarisation scans for 2205 measured on Electrode 3 in low turbulence ﬂowing seawater
alone and in seawater containing 0.33, 0.67 and 1.0 g l1 of sand.
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Fig. 5. Potentiodynamic polarisation scans in the stagnation region (Electrode 1) recorded in seawater containing
0, 0.33, 0.67 and 1.0 g l1 of sand at a velocity of 8.5 m s1.

scans had the same general features as in the low turbulence region on Electrode 3, shown
in Fig. 4, and exhibited a passive range and separate pitting potentials for the ferrite and
austenite phases.
Without sand, the current density in the passive range was essentially the same on
Electrodes 1, 2 and 3. However, the addition of sand caused a systematic increase in the
current densities recorded on Electrode 1. This was most pronounced in the passive range,
where 1 g l1 of sand caused an order of magnitude increase, but smaller changes also took
place in the ferrite pitting range. The increase in passive current density with the addition
of sand displaced the intersection of the anodic and cathodic polarisation curves and
resulted in a lowering of the open circuit potential.

5.2. Interference colours
5.2.1. Eﬀect of applied potential
Pronounced interference colours were visible on the electrode surfaces after exposure to
ﬂowing seawater for six or more hours at anodic applied potentials and similar eﬀects have
been reported in other studies [3,12,13]. These colours were used to investigate the eﬀect of
the diﬀerent hydrodynamic conditions beneath the jet and the erosion–corrosion caused by
the sand particles.
The potentials chosen for these tests were 400, 700 and 900 mV(SCE) to coincide with
the ferrite pitting potential, the ferrite pitting/austenite passive range and the austenite pitting potential, respectively. The resulting interference colours diﬀered at each potential but
all displayed essentially three zones, which corresponded to the stagnation, high turbulence and low turbulence regions. Fig. 6(a)–(c) shows typical examples of the colours produced in ﬂowing seawater with a nozzle velocity of 8.5 m s1 and diﬀerent applied
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Fig. 6. Optical interference patterns on 2205 exposed to ﬂowing artiﬁcial seawater at a velocity of 8.5 m s1.
Sample (a) 6 h at 400 mV(SCE); (b) 6 h at 700 mV(SCE); (c) 18 h at 900 mV(SCE). Diagram (d) shows the
positions of the three concentric electrodes used in the potentiodynamic polarisation measurements and the
stagnation zone (A), high turbulence region (B) and low turbulence region (C).

potentials. The positions of the stagnation, high turbulence and low turbulence regions are
indicated in Fig. 6(d), together with the corresponding positions of the three electrodes
used in the electrochemical studies.
The ﬁlm thicknesses were then analysed from their interference colours using Eq. (3)
and the refractive indices given in Table 2. The sequence of adjacent colours identiﬁed
them as being in the second and third orders. The results in Fig. 7 show that the thickness
was similar in the stagnation and low turbulence regions but considerably thinner in the
high turbulence region. This is thought to be due to the higher shear stress in that position.
A similar trend was found at a nozzle velocity of 7.9 m s1, as shown in Fig. 8. This
behaviour is consistent with other observations on ductile materials that the greatest erosion from an impinging ﬂuid occurs not immediately beneath the jet but in the higher
velocity ﬂow at a greater radial distance [14].
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Fig. 7. Oxide ﬁlm thicknesses in the stagnation, high turbulence and low turbulence regions for 2205 at potentials
of 400, 700 and 900 mV(SCE) in seawater ﬂowing at a velocity of 8.5 m s1.
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Fig. 8. Oxide thicknesses in the stagnation, high turbulence and low turbulence regions at potentials of 400, 700
and 900 mV(SCE) in seawater ﬂowing at a velocity of 7.9 m s1.

5.2.2. Eﬀect of sand erosion
In this series of experiments an oxide ﬁlm was ﬁrst developed on the electrode surface in
ﬂowing seawater by holding it at a potential of either 400, 700 or 900 mV(SCE) for 6 h.
The specimen was removed from the ﬂow loop and the ﬁlm photographed for its thickness
to be analysed, as described above. It was then returned to the loop and tested at the same
potential in ﬂowing seawater with the addition of 1 g l1 of sand.
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The eﬀect of adding sand was to erode the oxide ﬁlm, most notably within the stagnation region beneath the nozzle. The ﬁlm thicknesses after exposure to nozzle velocities of
8.5 and 7.9 m s1 are shown in Figs. 9 and 10, respectively. The original ﬁlm was thinnest
in the high turbulence region (Figs. 7 and 8) and the sand particles appeared to have had
little additional eﬀect due the low angle of the impacts on the surface. Similarly, no appreciable ﬁlm thinning was recorded in the low turbulence region. Short exposure times of
10–60 min removed the oxide ﬁlm in the stagnation region alone (Fig. 10), whereas longer
exposure (6–18 h) progressively removed the oxide over wider areas of the surface (Fig. 9).
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Fig. 9. Oxide ﬁlm thicknesses at potentials of 400, 700 and 900 mV(SCE) in seawater containing 1 g l1 of sand
ﬂowing at 8.5 m s1 for a minimum of 6 h.
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Fig. 10. Oxide ﬁlm thicknesses at potentials of 400, 700 and 900 mV(SCE) in seawater containing 1 g l1 of sand
ﬂowing at 7.9 m s1 for 1 h.
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Fig. 11. Optical interference patterns on 2205 after 6 h exposure to ﬂowing artiﬁcial seawater at 7.2 m s1 and
potential of 400 mV(SCE). Sample (a) no sand addition; (b) 1 g l1 sand for 10 min; (c) 1 g l1 sand for 60 min.

Examples of the appearance of the ﬁlms after sand erosion are shown in Figs. 11 and
12. As the stagnation region was located directly beneath the nozzle it was assumed that
the oxide in the centre of this region was eroded by particles impacting the surface at an
angle of 90degr. Similarly, in the electrochemical studies, Electrode 1 was small in size
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Fig. 12. Optical interference patterns on 2205 after 6 h exposure to ﬂowing artiﬁcial seawater at 7.9 m s1 and
potential of 900 mV(SCE). Sample (a) no sand addition; (b) 1 g l1 sand for 10 min; (c) 1 g l1 sand for 60 min.

(r/r0 = 1) and designed to lie well within the stagnation region, so again an impact angle
close to 90degr was expected. This may be a simpliﬁcation as the conditions in the jet were
highly turbulent (Re = 43,000) and some movement of sand particles in directions perpendicular to the general ﬂow would have occurred. The extent to which particles were
deﬂected from their original path as the ﬂow accelerated from the stagnation region across
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the surface in a radial direction would be dependant on the particle momentum and the
viscosity of the ﬂuid [15]. The deﬂection immediately beneath the nozzle is known to have
been small as the diameter of the eroded oxide ﬁlm after short exposure times was close to
the diameter of the nozzle (Figs. 11(b) and 12(c)).
During sand erosion the ﬁlm in the stagnation region was a ﬁrst order grey–blue colour
for all exposure times. This ﬁlm colour corresponded to a thickness of approximately
33 lm, which suggests that the ﬁlm was immediately reforming after being removed by
the sand impacts.
6. Discussion
6.1. Modelling the eﬀects of particle impacts
6.1.1. Assumptions
The polarisation scans in Fig. 5 showed a qualitative relationship between the quantity
of sand entrained in ﬂowing seawater and the passive current density of the stainless steel.
This behaviour was investigated further to see if the increase in current could be predicted
quantitatively from the number of particle impacts. It was assumed that the increase in
passive current density in seawater containing sand particles was due solely to disruption
and repair of the oxide ﬁlm on the electrode surface. If any metal fragments were removed
from the substrate by pure erosion then ﬁlm formation would have occurred on their surfaces while they were suspended in the seawater and without contributing to the measured
current density.
6.1.2. Rates of particle impacts
First, samples of water/sand were collected from the loop at each ﬂow rate in order to
determine the quantity of sand that was suspended in the ﬂow and to allow for any that
had settled out. From these measurements the rates of particle impacts were calculated.
For the addition of 1 g l1 of sand, the rates were 2400 and 1400 impacts/second on Electrode 1 at nozzle velocities of 8.5 and 7.9 m s1, respectively. It follows that the corresponding average times between particle impacts over the electrode surface were 0.42
and 0.71 ms.
6.1.3. Particle kinetic energy
It was proposed that the current density increase would be directly related to the total
kinetic energy of the impacting sand particles. The total kinetic energy of particles impacting the surface in one second, KE, is given by
KE ¼ ðNmav V 2 Þ=2

ð5Þ

where N is the number of impacts per second, mav is the average mass of a sand particle
and V is the particle velocity, which was taken to be the free-stream velocity of the ﬂow
and any squeeze-ﬁlm retardation eﬀects [16] on the particle near the electrode surface were
neglected [15].
6.1.4. Eﬀect of particle kinetic energy on passive current density
Fig. 13 shows the passive current density in the stagnation region (Electrode 1) plotted
against the total kinetic energy per second of the impacting particles for two diﬀerent ﬂow
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Fig. 13. Eﬀect of the kinetic energy of impacting sand particles on the passive current density in ﬂowing seawater
at a potential of 0 mV(SCE).

velocities. The straight line graphs support the assumed relationship between the passive
current and the impact energy. Similar results were obtained in an earlier study on Type
304 austenitic stainless steel [17], as shown in Fig. 14.
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Fig. 14. Eﬀect of the number and total kinetic energy of particle impacts on passive current density for Type 304
stainless steel in ﬂowing seawater [17].
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6.1.5. Mean interval between impacts
In order to relate the passive current densities to the ﬁlm thickness measurements
it was necessary to consider the time interval between particle impacts at each point
on the surface. The number of impacts per second, n, on a single point [10,17] is
given by
n ¼ Naimp =As

ð6Þ

where aimp is the mean impact area and As is the area of the stagnation region
(Electrode 1).
For 1 g l1 sand and a nozzle velocity of 8.5 m s1, the passive current density at
0 mV(SCE) was 7.5 lA cm2 (Fig. 5). The mean impact crater was measured by scanning
electron microscopy to be 11.8 lm in diameter (Fig. 15), giving a mean impact area of
1.1 · 106 cm2. It follows that for N = 2400, as given above, the mean number of impacts
on each point of the surface, n, was 0.013 per second. Therefore, the mean interval between
these impacts would have been in the order of 75 s. This time is thought to be more than
suﬃcient for the ﬁlm to reform at the point of impact and for some thickening to occur
[18,19].
6.1.6. Mean charge passed per impact
As a point of interest, the charge passed for each particle impact may be estimated from
the data given in the example above. A current density of 7.5 lA cm2 measured in the
stagnation region, represents an increase in total current of 1.3 lA over the area of Electrode 1. Clearly, in one second a total charge of 1.3 lC would pass in reforming the passive

Fig. 15. Scanning electron micrograph showing impact craters in the stagnation zone after 60 min sand erosion.
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ﬁlm, as a result of 2400 impacts. Therefore, the mean charge passed per impact may be
estimated as 5.4 · 1010 C.
6.1.7. Evidence for the presence of a surface ﬁlm
The fact that a discernable ﬁrst order grey–blue colour was present directly beneath the
nozzle indicates that the ﬁlm was reforming rapidly between particle impacts and that ﬁlm
removal and repair were occurring simultaneously, as competing processes. In ﬂowing seawater, without sand additions, the passive current density was close to 0.8 lA cm2
(Fig. 5) and the additional current measured when sand was added represented that
required to repair the ﬁlm. However, the colour of the ﬁlm (33 lm thickness) shows that
there was insuﬃcient time between particle impacts for the ﬁlm to grow to the same steady
state thickness that developed in ﬂowing seawater alone.
The charge passed when a passive ﬁlm is mechanically damaged on iron and stainless
steel has been investigated by other researchers [18,19] using a scratching stylus technique.
Disruption of the ﬁlm in a single damage event caused a large initial current, which gradually decayed as the surface repassivated. In contrast, in the present study in which the ﬁlm
was disrupted by multiple particle impacts, the current remained relatively constant with
each impact contributing to the total charge. In discussing the inﬂuence of multiple
impacts, two cases should be considered. First, when n is very small the passivation
current would decay completely before the ﬁlm is again disrupted by another impact.
Second, when n is very large further impacts could occur at a suﬃciently high rate that
the surface would remain active. A limiting situation would then be reached such that
additional impacts would not cause a further increase in the current density. Clearly,
the results in the present investigation are closer to the ﬁrst case. The observation that
current density increased linearly with the number of particle impacts and the presence
of a discernable interference colour on the surface beneath the nozzle both indicate that
a ﬁlm was present.

7. Conclusions
(1) The erosion–corrosion of 2205 (UNS S31803) duplex stainless by sand particles suspended in ﬂowing seawater was shown to be controlled by both the hydrodynamic
conditions and the particle kinetic energies.
(2) The highest erosion–corrosion rate occurred in the stagnation region, immediately
beneath the jet, where sand particles impacted the surface at an angle close to 90.
At greater radial distances the ﬂow became highly turbulent but the erosion–corrosion rate was reduced due to the lower angle of particle impacts.
(3) Impact damage to the oxide ﬁlm resulted in an increase in the anodic current density
due to repassivation of the surface. A linear relationship existed between current
density and the mean kinetic energy of the sand particles.
(4) The oxide ﬁlm that formed in ﬂowing seawater at applied anodic potentials thickened to produce optical interference colours. The colours were a useful measure of
the eﬀects of the hydrodynamic conditions and the damage caused by sand erosion.
(5) At low rates of particle impacts the surface repassivated between successive impacts
and produced a visible interference colour but there was insuﬃcient time for signiﬁcant ﬁlm thickening to occur.
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