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Abstract

The cathodic polarisation behaviour of CA 104 nickel aluminium bronze (NAB) has been examined in fully
characterised seawaters (filtered and artificial) using the rotating disc electrode (RDE) and the rotating cylinder
electrode (RCE). Linear sweep voltammetry and a potential step, current transient technique were used to examine
the charge transfer and mass transfer controlled cathodic response as a function of both laminar and turbulent fluid
flow. For freshly polished surfaces, the rate of irreversible charge transfer controlled oxygen reduction is controlled
by the exchange of a single electron and hydrogen evolution is only significant at potentials more negative than
approximately )1.0 V vs. the saturated calomel electrode (SCE).

1. Introduction

The NAB alloys have a long history of acceptable
resistance to marine cavitation and flow-enhanced
corrosion [1, 2]. NAB materials have been extensively
used for ship propeller material and marine heat
exchanger/condenser systems [3, 4]. The alloys are also
used in the manufacture of values, tube plates, strainer
bodies and pump castings, shafts and impellers [2, 4–9].
The materials can suffer surface damage, however,
under conditions of extreme flow velocity or fluid
disturbance. The common commercial alloys, which
both contain about 10% aluminium, 5% nickel and 5%
iron, are BS 2874 CA 104 (for wrought alloys) and BS
1400 (for cast alloys). The composition of the alloy used
in this work (CA 104) is given in Table 1.
Unlike materials such as unalloyed copper and the

copper–nickels, the NAB have received very little
attention to their interfacial and electrochemical behav-
iour in aqueous chloride media. In the case of copper,
oxygen reduction and the chloride ion facilitated disso-
lution dominate the cathodic and anodic reactions,
respectively [10]. In the only kinetic study of NAB
corrosion in aqueous chloride environments, Schussler
and Exner [11, 12] examined the behaviour of cast NAB
in synthetic seawaters using only a single fluid velocity.
Linear Tafel kinetics with cathodic slope of

)0.140 V decade)1 were observed for freshly polished
surfaces and the number of electrons exchanged in the
cathodic reaction was assumed to be 1.
The elucidation of the mass transfer effects influencing

NAB behaviour in seawater is extremely important if
the previously unexamined electrochemical corrosion
mechanism is to be determined. Quantitative analysis of
both the charge and mass transfer controlled compo-
nents of the cathodic and anodic polarisation charac-
teristics within single phase, laminar and turbulent fluid
flow is possible through the use of the established RDE
[13–16] and RCE [17–19] geometries. It has been
proposed repeatedly that Reynolds number (Re) can
be used in conjunction with the principle of equality of
mass transfer coefficient (km) [20, 21] in the translation
of laboratory work to well defined geometries in the field
via dimensionless numbers [13, 22–26].
Taking the RDE as an example, km can be described

as a function of limiting current density (jL) diffusion
coefficient (D) and thickness of the Nernst diffusion
boundary layer (dN) close to the electrode surface [13]:

km ¼ jL
zFcb

¼ D
dN

¼ 0:62D0:667m�0:167x0:5 ð1Þ

z, F and cb are the stoichiometric number of electrons
exchanged in the mass transfer limited reaction, the
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Faraday constant and the bulk or interfacial concentra-
tion of the electroactive species. The kinematic viscosity
of the fluid and the electrode angular velocity are
represented by m and x, respectively. The Levich
equation for the smooth RDE in laminar flow (Equation
2) [13] enables a description of a fully mass transfer
controlled, current density response as a function of
electrode angular velocity:

jðRDEÞ ¼ 0:62zFD0:66m�0:166cbx0:50 ð2Þ

An equivalent expression for a smooth RCE in turbu-
lent flow can also be produced from components of
Equation 1 and dimensionless analysis:

jðRCEÞ ¼ 0:085zFD0:644r�0:30m�0:344cbx0:70 ð3Þ

2. Experimental procedure

2.1. Working electrodes

Wrought NAB material was supplied by Stone Manga-
nese Ltd. (UK) in rod form to meet BS 2874: 1986: CA
104 (see Table 1). Both the RDE and RCE were
designed for use with a Pine Instruments Company,
model AFMSRX analytical rotator fitted with the
MSRX Arbor–ACMDI1906C rotator arm (1/4 UNF
connecting thread). The dimensions of the active section
of the RDE were diameter 0.401 cm and area 0.126 cm2.
The active section of the RCE consisted of diameter
1.998 cm, length 1.602 cm and area 10.06 cm2. High-
density polyethylene rod was used as inert insulating
sheathing.
The working electrode surfaces were mechanically

polished (manually) on micro-polishing cloth and de-
greased in ethanol prior to each polarisation and
corrosion potential measurement. Mechanical polishing
of pre-conditioned electrodes (0.3 lm finish) consisted
of a double, 3-min polish with a 0.3 lm a-alumina/
distilled water slurry.

2.2. Electrolytes

Natural seawater was collected from a short-term
holding tank at the University of Portsmouth Institute
of Marine Sciences (Langstone Harbour, Hampshire,
UK). The seawater was subsequently vacuum-filtered
down to a 0.2 lm pore size membrane to remove
suspended solids, microorganisms and the majority of
biological spores. The electrolytic conductivity (j) of the
filtered seawater was adjusted to 50.8 ± 0.1 mS cm)1 at
25 ± 0.2 �C using a Metler-Toledo MPC 227 conduc-
tivity/pH meter. This value of j was taken from a long-
term study of Langstone Harbour seawater (corrected to
25 �C) [27]. The filtered and conductivity-adjusted
seawater (pH 8.05 ± 0.15) was stored in the absence
of light at 3 �C. Conductivity adjustment of the filtered
seawater ensured that all physical parameters and
chemical composition of the seawater remained constant
throughout the period of the investigation [28, 29].
Artificial seawater to BS 3900:Part F4:1968 (supplied

by BDH) was used as a standard solution for compar-
ison with the filtered seawater. The mean experimental
and literature values of the physicochemical quantities
of both seawaters, including chloride ion concentration,
salinity and dissolved O2, are given in Tables 2, 3 and 4.
Directly measured values of bicarbonate alkalinity

and chloride ion concentration were estimated via

Table 1. Alloy percentage elemental composition (wt/wt) conforming to BS 2874: 1986: CA 104 (suppliers analysis)

Cu Fe Si Mn Pb Al Ni Mg Zn

Bal. 4.43 0.05 0.14 0.02 9.31 4.65 0.01 max. 0.11

Table 2. Total chloride concentration and bicarbonate alkalinity

Source Bicarbonate alkalinity/

mol dm)3
[Cl)]/mol dm)3

Filtered – Directly

measured

0.0027 ± 0.0010 0.550 ± 0.013

Artificial – Directly

measured

0.0024 ± 0.0004 0.500 ± 0.013

Literature (seawater

at 35% and 25 �C)
0.0024 0.558–0.559

Literature (via BS

3900:Part F4:1968)

0.0024 0.543

Table 3. Physical parameters of the electrolytes at 25 ± 0.2 �C (literature values for the filtered seawater were calculated assuming conductivity,

j = 50.8 mS cm)1)

Source pH j/mS cm)1 S/% (g kg)1) Relative density m (· 102)/cm2 s)1

Filtered – Directly measured 8.0 ± 0.2 50.8 ± 0.2 33.4 ± 0.2(a)(c)

34.4 ± 0.9(b)
1.03 ± 0.01 1.07 ± 0.01

Artificial – Directly measured 7.9 ± 0.1 46.2 ± 1.3 29.8 ± 0.2(a)(c)

31.5 ± 0.8(b)
1.03 ± 0.01 1.07 ± 0.01

Filtered – Literature 7.9 ± 0.5 – – 1.03 ± 0.01 0.93 ± 0.01

Artificial – Literature – – – – –

Salinity was measured using a Profi-Line LF 197, a WTW Measurement Systems Inc. saliniometer(a) via conductivity [28] measurements(b) and

potentiometric titration [30] against AgNO3
(c).
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potentiometric titration [30]. Mean literature values of
these parameters along with pH are taken from a
general review of tabulated data [2, 29, 31, 32].
Literature concentrations are converted from g kg)1

through a standard seawater density at 25 �C of
1.0234 g cm)3 [29]. Kinematic viscosity was determined
with a B-type Ostwald/U-tube viscometer and dis-
solved O2 concentrations were estimated with a Jenway
3420 dissolved oxygen meter. Literature values of O2

concentration were also calculated using both the
Weiss relationship and the Truesdale et al. relationship
[29, 33] assuming that when j¼50.8 mS cm)1 the
salinity (S)¼33.4 ± 0.1%. The literature values of
relative density and kinematic viscosity were calculated
from tabulated data [28].

2.3. General procedure

All electrochemical measurements were made at
25 ± 0.2 �C with an Eco hemie Autolab potentiostat
(PGSTAT20 computer controlled) using the General
Purpose, Electrochemical Software (GPES) version 4.5.
The electrochemical cell incorporated a thermostatically
controlled, glass water jacket, a platinum gauze counter
electrode and a Radiometer Analytical A/S, REF 401,
SCE used in conjunction with either a RDE or RCE
adapted Luggin-Haber capillary. The RCE radius/cell
wall radius gap ratio of 0.33 was predicted to inhibit the
formation of Taylor–Couette flow [34, 35].
The electrolyte was aerated for 10 min prior to the

commencement of measurements. When necessary, de-
oxygenation was achieved by purging with 4.0 spot
(99.99%) nitrogen (supplied by British Oxygen Com-
pany) for 10 min followed by a constant nitrogen
blanket above the electrolyte to prevent air ingress.
The range of Reynolds numbers for each geometry was
ReRDE¼79 to 3700 (corresponding to 200–9500 rpm or

29–995 rad s)1) and ReRCE¼1900 to 76860 (100–
4000 rpm or 10–419 rad s)1).

3. Results and discussion

Cathodic linear sweep voltammetry (LSV) at both
electrode types and seawaters (Figure 1) revealed a
reduction process dominated by a single wave for
oxygen reduction:

O2 þ 2H2Oþ 4e� ! 4OH� ð4Þ

No significant production or build up of hydrogen
peroxide was observed. The somewhat irreversible initial
potential region of charge transfer controlled O2 reduc-
tion lead to values of limiting current density, which
showed definite dependency on electrode angular veloc-
ity. For ReRDE 79–3700, the range of jL values was )0.4
to )2.5 mA cm)2. For ReRCE 1900–76900 the equiva-
lent currents were )0.2 to )0.9 mA cm)2. The nature of
the laminar flow regime at the RDE, where the fluid is
drawn onto the electrode surface in a direction normal
to the electrode [13], produces significantly smaller
values of dN For example, at Re¼2000, dRDE

N ¼9 lm
and dRCE

N ¼125 lm. This produces correspondingly high-
er rates of mass transfer coefficient relative to the RCE
for equivalent Reynolds numbers (see Equation 6).
Diffusion coefficients for oxygen ðDO2

Þ at 25 ±
0.2 �C (Table 5) were calculated from experimental

Table 4. Values of dissolved oxygen concentration at 25 ± 0.2 �C

Source Concentration

ppm mol dm)3 (· 104)

Filtered – Directly measured 6.90 ± 0.30 2.16 ± 0.01

Artificial – Directly measured 7.00 ± 0.30 2.19 ± 0.01

Literature (for j = 50.8 ± 0.1

mS cm)1)

6.80(a) 6.66(b) 2.13(a) 2.08(b)

Literature values calculated using the Weiss(a) [29] or the Truesda-

le(b) et al. [33] relationships

Fig 1. Linear sweep voltammetry describing oxygen reduction at NAB

as a function of electrode angular velocity. (a) RDE-artificial seawater,

(b) RDE-filtered seawater, and (c) RCE-filtered seawater. ReRDE¼79–

3740 (21–995 rad s)1); ReRCE¼1930–26,900 (10–146 rad s)1). Broken

lines indicate currents measured in de-oxygenated electrolytes.

Table 5. Linear regression and diffusion coefficient data taken from Levich slopes for pure oxygen reduction at the NAB-RDE. LSV (linear

sweep voltammetry) and PSCT (potential step current transient) indicate method of limiting current measurement

Electrolyte Measurement technique Slope (·106)/A rad)0.5 s0.5 DO2
(·105)/cm2 s)1 Y intercept (·106)/A Correlation coefficient

Filtered LSV )8.950 ± 0.068 1.65 ± 0.05 1.270 ± 0.070 )0.99993
Seawater PSCT )9.020 ± 0.0380 1.67 ± 0.05 )1.670 ± 0.060 )0.99992
Artificial LSV )9.610 ± 0.800 1.79 ± 0.05 )1.470 ± 0.010 )0.99972
Seawater PSCT )9.760 ± 0.440 1.78 ± 0.05 )1.180 ± 0.060 )0.99996
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RDE Levich slopes (jL vs. x0.5) using Equation 2. The
overall, mean experimental value of
(1.7 ± 0.1) · 10)5 cm2 s)1 compares well with a seawa-
ter and dilute aqueous NaCl literature reviewed mean
(corrected to 25 �C) of (1.9 ± 0.2) · 10)5 cm2 s)1 [25].
Mass transfer coefficients for oxygen were also

calculated from jL values using Equation 1. A typical
set of plots calculated from RDE-LSV data are shown in
Figure 2 where calculated values of km ranged from
0.004 to 0.029 cm s)1. The regression data showed
excellent linearity throughout and passed directly
through the origin indicating full mass transfer control
over O2 reduction as described by Equation 2.
The cathodic polarisation behaviour of the metals in

the mixed charge and mass transfer controlled current
region (approximately )0.800 to )0.525 V vs. SCE) was
investigated using a potential step, current transient
technique with hydrodynamic (rotation rate) steps.
Typical trends in E and x used to study O2 reduction

in the potential region of mixed controlled cathodic
current are represented, schematically, in Figure 3. An
initial potential was applied and x was varied in
increments (the time scale of which was adjusted to
ensure a steady state current response). The rotation
rate was then lowered to the original level and,
simultaneously; the potential was stepped to a more
negative value. The sequence was repeated over the
whole range of required overpotentials.
The Koutecky–Levich approach [36] to the analysis of

mixed charge and mass transfer controlled data can be
used to accurately extract a current response which is
independent of species transport within the electrolyte
phase. For the RDE:

1

j
¼ 1

zFkcb
þ 1

0:62zFcbm�0:167
� 1

x0:5
ð5Þ

where, k is the potential dependent rate constant for the
reaction of interest. A typical series of Koutecky–Levich
plots are given in Figure 4 for pure O2 reduction in the
artificial seawater. Slopes for both the RDE and the
RCE and the filtered and the artificial electrolytes were
plotted at equal increments in polarisation of )20 or
)25 mV throughout the region of mixed controlled
current response. The linear plots show a clear depen-
dence of the current on fluid velocity and the gradients
of the slopes are constant with increasing cathodic
polarisation. The latter feature indicates an irreversible
half-cell reaction [37].
Tafel slopes (bC) for pure charge transfer controlled

O2 reduction were extracted from the intercepts of the
Koutecky–Levich plots on the vertical axis (Figure 5).
The linear regression data for the slopes are given in
Table 6. Cathodic Tafel slopes can be described by:

bC ¼ � aCzF
2:3RT

ð6Þ

where, aC, R and T are the cathodic charge transfer coef-
ficient, the molar gas constant and absolute temperature,

Fig. 2. Plots describing the dependence of the mass transfer coefficient

for oxygen as a function of the square root of RDE angular velocity.

Lines indicate theoretical current calculated using Equation 2.

Fig. 3. Schematic applied potential and electrode angular velocity vs.

time stimulus response transients, describing the conditions of the

multiple overpotential, potential step, current transient procedure.

Fig. 4. Koutecky–Levich plots for pure O2 reduction at the NAB-

RDE in the artificial seawater.
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respectively. Taking aC to equal 0.5, slopes of )0.124 ±
0.003 (RDE-filtered seawater), )0.119 ± 0.005 (RDE-
artificial seawater) and )0.149 ± 0.006 V decade)1

(RCE-filtered) broadly indicate a limiting step deter-
mined by a single electron exchange. This is in agreement
with King, et al. [38] for O2 reduction at pure copper in
1.0 mol dm)3 NaCl (23 ± 2 �C) Literature values of the
Tafel slope for O2 reduction at copper vary, depending
on the surface condition, electrolyte type, temperature
and O2 concentration and can range from )0.100 [39]
and )0.150 V decade)1 [38,40] to approximately
)0.300 V decade)1 [41].
The potential dependent, cathodic rate constant (kC)

for pure O2 reduction was calculated as a function of
overpotential (Figure 6) using the relationship given in
Equation 7. The order of reaction with respect to O2 was
taken as 1 [38] and a single electron exchange was
assumed.

kC ¼ j
zF ½O2�

ð7Þ

Resulting values of kC ranged from 0.002 cm s)1 to
0.600 cm s)1 over an overpotential range of approxi-
mately )1.7 to )2.1 V. The rate of O2 reduction at NAB
appeared to show little variation with changes in
electrode geometry or electrolyte. As predicted from
Equation 8, where Ee is the reaction equilibrium

potential and k0 is the potential independent electro-
chemical rate constant, kC increased exponentially as a
function of applied potential.

kC ¼ ko exp
�azF
RT ðE�EeÞ ¼ ko expBðE�EeÞ ð8Þ

Experimental constants relating to Equation 8 are
compared in Table 7, where differences in the values
of ko and B between the RDE and RCE geometries are
evident but relatively insignificant. This was also the
case even at the values of polarisation experienced at the
stabilised corrosion potential (@ )0.295 to )0.330 V vs.
SCE).
Overall, the cathodic polarisation behaviour of CA

104 NAB is broadly analogous to that of freshly
polished copper in seawater and other aqueous dilute
chloride media [10]. Irreversible oxygen reduction is the
primary electrochemical reaction close to the corrosion
potential and hydrogen evolution is only significant at
very large negative values of polarisation from the
corrosion potential (@ )0.7 to )0.8 V).
As expected, difference in the charge transfer behav-

iour of oxygen reduction is minimal between each of the
RDE and RCE flow geometries. Thus, this work has
demonstrated the applicability of using of both laminar
and turbulent fluid regimes to extract charge transfer
controlled data from a mixed mass and charge transfer
influenced current response.

4. Conclusions

1. The cathodic response of NAB in filtered and artificial
seawaters has been examined under conditions of
controlled laminar and turbulent flow in a highly
quantitative manner using both linear sweep voltam-
metry and a potential step technique.

2. The polarisation behaviour of freshly polished BS CA
104 NAB in dilute chloride media closely emulates
that of pure, unalloyed copper where irreversible

Fig. 5. Comparison of Koutecky–Levich equation derived, Tafel

slopes for pure O2 reduction at rotating NAB electrodes.

Table 6. Linear regression data describing the Tafel slopes for pure

oxygen reduction at the NAB-RDE and RCE (see Figure 5)

Source Tafel Slope/

V decade)1

(V/[log{A cm)2}])

Y intercept

(Log[A cm)2])

Correlation

coefficient

RDE – Filtered

seawater

)0.124 ± 0.003 )7.964 ± 0.243 )0.99524

RDE – Artificial

seawater

)0.119 ± 0.005 )7.962 ± 0.243 )0.99524

RCE – Filtered

seawater

)0.149 ± 0.006 )7.166 ± 0.046 )0.99987

Fig. 6. Potential dependent rate constant for pure O2 reduction at

NAB as a function of (E ) Ee). Where Ee¼+1.31 V vs. SCE under the

experimental conditions of this work.
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reduction of oxygen dominates the cathodic process
at applied potentials more positive than approxi-
mately )1.0 V vs. SCE.

3. Potential dependent, rate constants for oxygen
reduction in both the filtered and artificial seawaters
ranged from 0.002 to 0.600 cm s)1 over a negative
polarisation range of approximately )0.1 to )0.7 V.

4. An overall mean diffusion coefficient for oxygen in
both electrolytes was determined as (1.7 ± 0.1) ·
10)5 cm2 s)1.
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