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Abstract

A comparative study of the corrosion resistance of a bare Cu—10 Ni alloy and a Cu—10 Ni alloy protected by
sodium-diethyl-dithiocarbamate (NaEt,dtc) has been undertaken. The experimental conditions varied from qui-
escent natural seawater to seawater subjected to jet impingement of different fluid velocities. The mechanism of
inhibitor action has been suggested that includes the formation of a surface chelate compound between the dis-
solving metal ion and the (Et,dtc)™ ligand, as well as formation of a 3-D ternary surface complex. The surface layer
that incorporates both the inhibitor and the cuprous oxide, represented by the structure:

Cu—Ni/Cu,0/Cu(Il) organic complex/seawater

has shown an excellent protective performance with efficiency >90% under stagnant and fluid impingement

conditions.

1. Introduction

Cu—Ni alloys, also known as cupronickels, have been
used for over 60 years in saline environments, e.g. as
construction materials for seawater piping, heat
exchangers and condensers in ships, desalination plants,
power plants, as protective layers on oil platforms and
ship hulls etc. This extensive use has triggered numerous
investigations of these alloys with the aim of improving
their performance under various conditions [1-5]. Many
applications of cupronickels involve flow of the corro-
sive fluid and these alloys are known to suffer acceler-
ated corrosion when exposed to flowing electrolyte [6]. It
is therefore of a particular interest to perform labora-
tory measurements under a hydrodynamic regime that
effectively simulates service conditions [7, 8]. Generally,
action of a corrosion inhibitor can be related to its
molecular spatial structure and molecular electronic
structure as well as to its hydrophobicity, solubility,
dispersibility and ability to form metal chelates [9, 10].

Some complexing agents have proved to be beneficial
to the corrosion stability of cupronickels [11-13]. In
particular, sodium-diethyl-dithiocarbamate (NaEt,dtc),
known to be highly versatile chelating agent, has been

investigated on pure Cu [12] and Cu—10 Ni alloy [13] and
has shown excellent performance in quiescent saline
solutions.

The objective of this work was to perform a
comparative study of the corrosion resistance of a
bare Cu—10 Ni alloy and one protected by sodium-
diethyl-dithiocarbamate, in quiescent natural seawater
and under the influence of seawater jet impingement of
various fluid velocities. The purpose was to identify
sodium-diethyl-dithiocarbamate as a candidate inhibi-
tor of Cu—10 Ni alloy in flowing saline systems with the
perspective of further long-term investigations that
would more realistically simulate conditions in an
industrial environment. In our previous publications
the passivity and susceptibility of Cu-Ni alloy con-
taining (10, 20, 30 and 40% Ni) as well as of pure
metal components to localized, pitting, and corrosion
have been extensively studied [14-16]. Inhibition of the
anodic dissolution of Cu and Cu-10 Ni alloy ina 1 m
sodium acetate solution pH 5.8 in the presence of
different concentrations of benzotriazole was studied
using spectroelectrochemical methods. The excellent
inhibition efficiency of benzotriazole was due to the
formation of a surface film of a dielectric nature [17].
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2. Experimental details

Cu-10 Ni alloy was prepared from pure Cu and Ni
constituents (99.99%). The metals were homogenized
for 4 h at 350 °C, rolled and then annealed for 1 h at
650 °C. Samples were machined in the form of cylinders,
15 mm in diameter and 2 mm thick. Analytical grade
(NaEt,dtc) was obtained from Sigma. Electrolyte was
filtered natural seawater pH 7.9. For electrochemical
measurements in natural seawater the pretreatment of
each specimen consisted of gradual polishing, starting
with fine grained emery papers and alumina powder
down to 0.05 um grain size. Polishing was followed by
rinsing, degreasing in isopropyl alcohol vapor and in
ethanol in the ultrasonic bath. The specimens were then
dried in a stream of nitrogen, before immersion in
(NaEt,dtc) solution. During the prolonged contact with
an electrolyte solution at the open circuit potential and
at ¢(NaEt,dtc)=26.6x10"* mol dm™ a protective film
was formed on the Cu—10 Ni specimen surface [13].
After 24 h immersion at 25 °C the electrodes were air
dried prior to exposure to an environment.
Electrochemical corrosion measurements were carried
out at 25 °C using a modified PAR corrosion cell
(Figure 1) where a combination of circulating pump and
jet nozzle (diam.=1 mm) was set up to simulate jet
impingement attack [8]. The separation distance be-
tween the tip of the nozzle and the working electrode
was fixed at 3 mm. Polarization measurements were
performed on all specimens after 30 min of exposure to
the environment. A saturated calomel electrode served
as a reference electrode and two graphite rods served as
counter electrodes. The electrochemical behavior was
studied by combined potentiodynamic and quasi poten-
tiostatic methods. In the first case the potential was
scanned at a rate of 1 mV s~ from the corrosion
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Fig. 1. The electrochemical reactor utilized in the experimental
method.

potential, E... into the cathodic and anodic potential
region (E= £250 mV E,,). Small amplitude voltam-
metry (linear polarization) was obtained by imposing a
small amplitude (E= £15 mV E_,,) potential excita-
tion at the corrosion potential. The voltage sweep rate
was 0.3mV s™!. The experiments were conducted
repeatedly under the same conditions and reproducibil-

ity of results was very good.

3. Results

Figures 2 and 3 show polarization curves as Tafel plots
of non-protected and protected alloy samples, respec-
tively, in stagnant natural seawater and under the
influence of the seawater jet impingement. Anodic and
cathodic current densities are significantly higher in the
fluid flow system with respect to those in the stagnant
system for non-protected Cu—Ni electrodes. Typical
small amplitude voltammograms (linear polarization
method) recorded in a narrow potential range in the
vicinity of the corrosion potential are shown in
Figures 4 and 5. At a scan rate of 0.3 mV s~ straight
lines with constant slopes were obtained.

Corrosion kinetic parameters and the corrosion rate
for Cu—10 Ni electrodes were deduced from polarization
curves using Tafel and polarization resistance methods.
It was shown by Wagner and Trand and by Mansfeld
and Oldham [18] that for a polarization curve of the
form

2.3(E—Ecorr)

J = Jeorr |:€ ba

(1)

the corrosion current, j..., is proportional to the slope of
the polarization curve at the corrosion potential, E..,
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Fig. 2. Polarization curves of the Cu—10 Ni non-protected electrode
in stagnant natural seawater (®) and under the influence of the sea-
water jet impingement with the fluid velocity 8.3 m s™' (M). Scan rate
was 1 mV s\,
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Fig. 3. Polarization curves of the Cu—10 Ni protected electrode in
stagnant natural seawater (®) and under the influence of the seawa-
ter jet impingement with the fluid velocity 8.3 m s™' (m). Scan rate

was 1 mV s\,
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where E-E,..=1 is the overpotential, R, is the polar-
ization resistance and A is the geometric electrode area.

Corrosion potential, corrosion rate, anodic and
cathodic Tafel slopes (b, and b.) obtained for Cu—Ni
electrodes in natural seawater as a function of fluid
velocities (the flow velocities) are shown in Table 1. The
corrosion parameters for protected Cu—Ni electrodes are
listed in Table 2. The data obtained in stagnant natural
seawater are included in Tables 1 and 2 for comparison
with the measured corrosion parameters under hydro-
dinamic conditions (simulated impingement conditions).

The corrosion current density, j.or (Tafel method)
and the reciprocal value of the polarization resistance
R, ! were used as a measure of the corrosion rate. On the
unprotected electrode surface, j.or is by an order of
magnitude higher in the system with fluid flow than in
the stagnant system (Table 1). The corrosion rate on the
protected Cu—Ni electrode surface is two orders of
magnitude lower than the corrosion rate of the unpro-
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Fig. 4. Small amplitude voltammogram (linear polarization plot) of
the Cu-10 Ni non-protected electrode in stagnant natural seawater
(0) and under the influence of the seawater jet impingement with the
fluid velocity to 8.3 m s~! (0). Scan rate was 0.3 mV s~
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Fig. 5. Small amplitude voltammogram-lined polarisation plot ob-
tained in polarization curves of the Cu-10 Ni non-protected elec-
trode in stagnant natural seawater (O) and under the influence of the

seawater jet impingement with the fluid velocity 8.3 m s~' (O). Scan

rate was 0.3 mV s\,

tected electrode in the range of fluid velocity studied
(Table 2).

The high values of the cathodic Tafel slope, b. for
both electrode surfaces (b.~170 mV and b.~200 mV) is
believed to be caused by the presence of a corrosion
product layer at the surface. Its protection against
corrosion attack under simulated impingement condi-
tions is markedly improved after Cu—Ni treatment in a
(Na,Et,dtc) solution.

The presence of the film on the Cu—10 Ni electrode
surface and the fluid velocity does not significantly
influence the anodic Tafel slope, b, (Tables 1 and 2).
The values of b, are of about 60 mV dec™! and
indicating a two-clectron transfer anodic reaction.

4. Discussion

On the non-protected electrode surface, the corrosion
rate is two orders of magnitude higher than on the
protected electrode surface in the system with fluid
flow. A comparative plot of polarization -curves
obtained on the non-protected and protected Cu-10
Ni electrodes for the fluid velocity 8.3 m s™' is shown
in Figure 6. The inhibitor efficiency calculated from
corrosion currents and polarization potentials is shown
in Table 3. The protected film influences the corrosion
process at the electrode/electrolyte interface. Therefore,
the steady-state corrosion potential, E..., is shifted
about 30 mV to more positive potentials in comparison
with the unprotected electrode as shown in Figure 6.
Copper—Nickel alloys containing up to 40% of Ni have
good corrosion resistance mainly due to the formation
of the protective barrier layer of Cu,O which is a
p-type semiconductor [16]. In chloride solutions, it has
been reported that above this oxide layer, there is an
atacamite Cu,(OH);Cl film [1-3, 14, 15]. Generally, the
presence of chelating ligands in electrolyte solution
leads to modification of the outer part of the surface
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Table 1. Corrosion parameters of the Cu—10 Ni non-protected electrode deduced from polarization measurements in natural seawater for

various fluid velocities at the tip of the nozzle

Fluid Corrosion Corrosion Anodic Tafel Cathodic Tafel Polarization
velocity/m s~ potential/mV current/A cm ™2 slope/mV dec™ slope/mV dec™ resistance/k Q cm?
0 —248.86 4.69 x 107° 73.49 —-170.43 1.83

2.7 —248.02 2.20 x 1073 56.08 —195.13 1.31

6.4 -248.21 248 x 1073 56.20 —-175.20 0.91

8.3 —249.81 3.13 x 1073 55.55 -172.67 0.68

Table 2. Corrosion parameters of the Cu—10 Ni protected electrode deduced from polarization measurements in natural seawater for various

fluid velocities at the tip of the nozzle

Fluid Corrosion Corrosion Anodic Tafel Cathodic Tafel Polarization
velocity/s™! potential/mV current/A cm ™2 slope/mV dec™! slope/mV dec™! resistance/k Qcm?
0 —-186.57 9.39 x 107° 61.18 —131.60 37.75

2.7 —-195.23 223 x 1077 65.22 —-193.31 22.77

6.4 —195.71 229 x 1077 66.70 —199.71 13.10

8.3 -203.73 2.61x 1077 65.92 -228.84 11.59

layer via a complexation process [19]. The high
inhibition efficiency of the corrosion attack observed
in both stagnant and flow systems suggest that an
insoluble film is formed at the electrode surface during
the prolonged exposure of the Cu—10 Ni surface to a
(NaEt,dtc) solution. The finding that the (Etydtc)”
ligand is a very efficient inhibitor in both stagnant and
flows systems may be attributed to the strong com-
plexing power for Cu®’ ions at the reactive oxide
surface and formation of an insoluble film at the
electrode-solution interface.

The DETTC™ ligand is known to form chelates with
virtually all transition elements [20]. Investigation of the
molecular properties of dialkyl-dithiocarbamates and
their chelates with metal ions has been, due to their
growing applications in analytical chemistry, industry,
biology and medicine, an important goal of many
researchers [20-24].

log (j/Acm?)
A

-300 -200 -100 0

E/mV

-500 -400

Fig. 6. Comparative plot of polarization curves obtained on the
non-protected Cu—10 Ni electrode (W) and on the protected Cu—10
Ni electrode (0) under the influence of the seawater jet impingement
with the fluid velocity 8.3 m s™'. Scan rate was 1 mV s

In some instances, the formation of metal-ligand
complexes can promote metal dissolution, keeping metal
ions in the dissolved phase and rendering them highly
mobile [25, 26]. However, adsorption of the complexed
metal, forming a ternary complex may occur under
specific conditions. The resulting ternary complex can be
exceedingly stable and possess properties very different
from those of the individual component species. These
differences can have significant implications in a number
of natural and engineering processes [25-30]. In partic-
ular, surface chelates have been known to play a
significant role in corrosion inhibition [12, 31-34]. For
example, tannin stimulates iron dissolution in a neutral
borate buffer solution due to its ability to form chelate
bonds with Fe(Il) ions by autocatalytic process. How-
ever, the TanFe(II) complex easily converts by dissolved
oxygen into TanFe(Ill) complex, which contributes to
iron passivation by forming an insoluble chelating
complex [35].

Upon exposure of the Cu-10 Ni surface to a
(NaEt,dtc) solution, a surface insoluble film starts to
develop within minutes, causing a specific reddish-
brown surface coloration that is distinctively different
form those formed in inhibitor free solution. AES results
confirm the concomitant existence of Cu,O and the
inhibitor in the surface film [36]. For the proposed
inhibition mechanism, chelate ring formation is neces-
sary, which is corroborated by the above observation as

Table 3. Inhibitor efficiency in stagnant natural seawater and for var-
ious fluid velocities at the tip of the nozzle

Fluid velocity/m s~ Inhibitor Inhibitor
efficiency from efficiency from
corrosion polarization
currents/% resistance/%

0 95.15 79.99

2.7 94.21 89.87

6.4 93.22 90.78

8.3 95.50 91.69




well as by the results of Singh et al. [12, 34] showing that
dithiocarbamates and their Cu(Il) complexes exert
almost identical inhibitor efficiency. Recently, Ochoa
et al. [32] have found that chelate formation at the
oxide-hydroxide layer improves its protective properties
under electrolyte flow conditions.

The chemical structure of diethyl-dithiocarbamate
absorbed onto cuprous oxide may involve 1:1 and 1:2
metal:ligand ratios i.e. mono- and bis-bidentate com-
plexes (CuRdtc) and lipophilic neutral Cu(R,dtc),) and
possibly 2:1 metal:ligand ratios (binuclear complex)
[20-24]. Five-membered ring chelates are favored in
coordination for steric and entropic reasons. The “bite”
(S-S) distance in the carbamate ligand of 2.98 A may be
compatible with surface Cu—Cu distances in Cu,O of
3.01 A [37], suggesting that diethyl-dithiocarbamate
may also form a binuclear precursor surface.

5. Conclusions

It is well-known that the corrosion resistance of Cu—Ni
alloys in aqueous solutions, without the presence of
complexing additives or corrosion activators, such as
ClI” ions, depends mainly on the formation of a
protective Cu,O barrier layer. In the presence of CI™
ions an outer more soluble layer of Cu(OH);Cl is
established on the top of Cu,O inner layer.

Our investigations clearly show that the leaching of
Cu’" at the solid/liquid interface can be inhibited with
the addition of the (Et,dtc)” chelating species, which
form a stable, insoluble complex at the electrode surface.
The protective surface layer formed upon exposure of
the Cu—10 Ni alloy to the Na,Et,dtc solution incorpo-
rates both Cu,O and organic complex: Cu—Ni/Cu,0O/
Cu(IT) organic complex/scawater.

A systematic study carried out in this work to
investigate the effect of hydrodynamic conditions on
the corrosion resistance of the Cu—10 Ni alloy in natural
seawater has shown an excellent protective performance
of the 3-D surface layer under stagnant and fluid
impingement conditions. The investigated compound is
a good candidate corrosion inhibitor for Cu—Ni marine
alloys under various hydrodynamic conditions with
excellent inhibiting efficiency (>90%).
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