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Mass Transfer in the Electro-Dissolution
of 90% Copper-10% Nickel Alloy
in a Solution of Lithium Bromide

Martinez-Meza E., Uruchurtu Chavarin J. and Genesca Llongueras J.
Universidad Nacional Autonoma de México
Meéxico

1. Introduction

Copper is considered to be among the most important structural elements, just below iron
and aluminum. Usually, the properties of this metal improve when combined with other
elements (Kear et al., 2004b); the 90% Cu-10% Ni alloy has excellent physical, chemical and
mechanical properties that allow it to adapt to different operating conditions (Kutz, 2002;
Othmer, 2004). This metal is relatively inexpensive, as a structural element it is aesthetically
attractive. It shows good thermal conductivity and a lower electrical resistivity than that
observed both in the 70% Cu-30% Ni alloy and in steel; these characteristics make the 90%
Cu-10% Ni alloy an efficient and competitive structural element in heat transfer processes
(Copper-Nickel Alloys in Marine Environment).

In the last few decades, while trying to establish the dissolution mechanism in the presence
of chlorides (CI'), this alloy has been the subject of numerous studies (Lee & Nobe, 1984;
Crundwell, 1991; Milosev & Metikos, 1997; Kear et al., 2004b), usually at low concentrations
and operating conditions close to those in the environment. However, its behavior in the
presence of other agents such as bromides (Br"), has received little attention (Itzhak &
Greenberg, 1999; Munoz-Portero et al., 2005), especially under operating conditions similar
to those found in a heat pump that uses the H,O-LiBr pair as a working fluid, which is very
attractive because of its thermodynamic properties, however, it is very aggressive to the
structural elements of the equipment (Mufoz-Portero et al., 2006).

1.2 Dissolution mechanism

The kinetics of dissolution of the 90% Cu-10% Ni alloy, in the presence of halides, shows
marked similarities to the reaction mechanism of copper (Lee & Nobe, 1984; Crundwell,
1991; Kear et al., 2004a, 2004b).

In the Tafel region, in the vicinity of corrosion potential, three dissolution mechanisms have
been proposed. Some researchers (Taylor 1971; Wagner et al., 1998; Kear et al., 2000, cited in
Kear et al, 2004a) propose a two step mechanism; the first step consists in an
electrochemical reaction, in which the cuprous ion (Cu*) is produced due to the anodic
dissolution of metallic copper (Cu). Then, in a chemical process, this species is combined
with two chloride ions (Cl-) to form the cuprous chloride complex ion (CuCly). However,
due to thermodynamic matters, this is the least viable of the proposed mechanisms.
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506 Mass Transfer - Advanced Aspects

In studies carried out by (Walton & Brook, 1977, cited in Dhar et al., 1985) the same
mechanism is proposed, concluding that the dissolution of the alloy takes place due to the
degradation of a single component: copper. Meanwhile, (Beccaria & Crousier, 1989) speak of
a simultaneous dissolution of both components, observing that copper is redeposited in the
alloy.

The mechanism proposed by (Lee & Nobe, 1984; Crundwell, 1991; Deslouis et al., 1988a,
1988b) mentions that the alloy is dissolved through a process that takes place in two stages.
It begins with the formation of cuprous chloride (CuCl) through an electrochemical reaction
between Cu and the Cl™ ion. Later, in a chemical reaction between CuCl and the CI™ ion, the
CuCly ion is formed. This reaction, according to (Kear et al., 2004b, 2007) is partly controlled
by a mass transfer process.

Direct dissolution between Cu and two CI” ions through an electrochemical process to
produce the CuCly™ ion, has been adopted by other researchers (Kato et al., 1980a; Dhar et
al., 1985; Muiioz-Portero et al., 2004; Kear et al., 2004b, 2007).

2. Results

2.1 Polarization curves

In the absence of oxygen, copper behaves according to the diagrams shown in (Figure 1(a)).
In these circumstances, the metal reaches the Ecorr at -437.4 mVag/agcr at 25 °C; 28 mV, in
more oxidizing conditions, it is reached at 55 °C.

Anodic polarization develops a slope of 75 mV/decade. This segment at 25 °C shows the
turning point at -206.74 mVag/aga and generates a current of 3 mA/cm2. As temperature
increases, the active segment of the curve increases, developing at 55 °C a current of 9.5
mA/cm? to a potential of -219.1 mVag/agcl. The behavior of the curves after the inflection
point is similar, however, the range widens, having the most unfavorable conditions at the
upper temperature level with a current of 171.64 mA/cm? in the noblest part.

The range in the cathodic fraction opens in a significant way showing on the whole level, the
establishment of limit currents. This current reaches a maximum value at the upper
temperature level, developing at -870.18 mVag/agc1 a current of 0.195 mA /cm?.

In the absence of oxygen, the 90% Cu-10% Ni alloy behaves as shown in the graphs (Figure
1(b)). In such circumstances, the development of a corrosive process controlled by activation
can be observed across the anodic fraction only at 25°C. The curve in these circumstances
reaches a slope of approximately 63 mV/decade. At -361 mVg/agc1 a slope change occurs,
narrowing the activation process.

As temperature increases there is a turning point indicating an active-passive transition. At
35 °C, this change takes place at -347.51 mVag/agcl, generating a icit of 36 A /cm?; then, the
current drops to -298 mVag/agci. When the slope increases again after this point, the curve
displays a value of 72 mV/decade.

At the upper temperature level, the passive region is manifested in a wider range. "The
passive primary potential" is established at -415.1mVag/agc, generating a iuit of
3418 pA/cm?; it is observed a reduction in the current until an inflexiéon point at
-307.1 mVag/agcl. In such circumstances, a current of 8.5 pA/cm? is generated. From this
point on, the current increases again. In this segment it develops a slope of approximately
50 mV/decade until a new inflexién point at -109.28 mVag/agc, from this point on the
current is stabilized in a value of 107.34 mA /cm2,
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The system’s Ecorr is set in a 72 mV range, reaching at -458 mVag/agc1 the most oxidizing
conditions at 35 °C. The cathodic part of the curve at the analyzed temperature level
shows the development of limit currents, reaching its maximum value at 55°C at
-752.25 rnVAg/qu.

)
[=}
[=}
|

Potential (imV Ag/ AgCl)
s
T

-600 -
-800
-1000 —

IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII

1x10° 1x10” 1x10" 1x10"
Current Density (mA/cmZ)
(@)
200 — ,
i v
0 ] i

Potential mV Ag/ AgCl)
S
S
|

-600 —
-800 — \u ——25°C
_ Ry ----35°C
-1000 b —55°C
T IIII| T IIII| T IIII| T IIII| T IIII| T IIII| T IIII| T IIII| T IIII| T IIII|
1x10° 1x10™ 1x107 1x10° 1x10°

Current Density (mA/cmz)

(b)

Fig. 1. Polarization diagrams the absence of oxygen and static conditions in 53% LiBr
solution: (a) Copper, (b) 90% Cu-10% Ni
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2.2 Impedance
Impedance spectroscopy is an appropriate technique to determine the electrical behavior of

an electrochemical system, in which the system’s general behavior is determined by a
number of tightly coupled processes, each proceeding at a different speed (J. R. Macdonald).
The diagrams in (Figure 2) show the behavior in the impedance spectrum of the 90%
copper-10% nickel alloy in the 50% solution of LiBr, in the absence of oxygen, under static

conditions at 25 °C.
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Fig. 2. Impedance spectrum of the 90% Copper-10% Ni-50% LiBr system, (a) Bode diagrams
(b) diagrams in the complex plane

www.intechopen.com



Mass Transfer in the Electro-Dissolution of
90% Copper-10% Nickel Alloy in a Solution of Lithium Bromide 509

According to the Bode diagram, the system behaves similarly in the three periods of exposure
up to a frequency of approximately 400 Hz. As this factor decreases, a mass transport
phenomenon is manifested. This behavior is best seen in the complex plane, (Figure 2(b)).
When the exposure period exceeds two hours, the development of a pure diffusion process
is observed, which, due to its magnitude, dominates the metal dissolution process.
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Fig. 3. Impedance spectrum for the 90% Copper-10% Nickel-50% LiBr system. Dynamic
conditions at 25°C, at different rotation velocities, (a) Bode diagrams, (b) diagrams in the
complex plane
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The system behavior under dynamic conditions in the absence of oxygen is shown in the
diagrams (Figure 3). In these circumstances the system behaves differently in the three
rotation levels and only at 972 rpm, the development of a pure diffusion process can be
observed, (Figure 3 (b)). As the rotation speed increases, the effect caused by this
phenomenon decreases significantly. The behavior of the cell in the analyzed temperature
range is synthesized in the values reported in Table 1. These parameters form the equivalent
circuit (Figure 4), which acceptably describes the system behavior.

Temp. Time E.on R, Ca R Z, Z; |Z| 0 W =max)
(°C) () rpm (MVgac) (@) (uFfem?) (Q-em?) (Q-em?) (Q-em’) (Q-em®) (°)  (Hz)
25 0.3 -373.1 2.8 14.6 861 3,761 4,412 3,014 50 12.67

2 0 -434.9 2.67 13.9 854 33,392 34,002 18,026 31.65 13.4
4 -472.1 2.3 14.29 1,014 15,717 16,450 9984 3899 10.98
- 680 -363.6 3.745 18.39 201 7,238 7,382 4,767 41 43
- 972 -458.3 3.18 25.2 71 29868 29,918 13,787 25.85 89
- 1,264 -280.4 3.329 21.23 45 848.8 881 430 62.87 166.6
45 0.3 -387.3 3.2 15.8 255 5,993 6,176 4,090 42.86 39.5
2 0 -420.9 3.35 19.4 230 21,059 21,222 11,626 32.61 35.6
4 -435.7 3.37 20.7 234 22,825 22,991 12,167 31.16 329
- 476 -402.9 3.15 18.2 147 17,305 17,409 10,060 34.89 59.5
- 680 -355.8 2.86 23 198 1,225 1,372 957 49.48 35
- 884 -344.5 2.91 21.4 170 972 1,099 772 50.24 43.8
60 0.3 -381.9 2 28.45 123.6 5,200 5,288 3,382 40.35 45.3
2 0 -469.2 2.043 39.66 494 .4 62,940 63,291 16,130 12.47 8.12
4 -495.5 2.084 46.96 529.4 28,355 28,732 10,400 19.28 6.4
- 380 -361 2.72 49.8 79 4,053 4,109 2,541 38.46 40.5
- 543 -501.7 2.48 55.2 142 9,567 9,668 4,966  30.08 20.3

- 706 -534.5 2563  61.89 223.5 5,367 5,527 3,151 3525 115

Table 1. Equivalent Circuit Parameters for System 90% Copper-10%Nickel-50% LiBr. Under
Static and Dynamic Conditions
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Fig. 4. Randles equivalent circuit, which describes the response of a system with a charge
transfer process in one step coupled to a diffusion process at the interface

2.3 Electrochemical noise
The presence of noise processes in an electrochemical system is characterized by fluctuations
in current and potential generated at random on the interface. This signal is a rich source of
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information of a corrosive process; however, the signal as such masks phenomena occurring
outside the charge transfer process (Hassibi et al., 2004).

The diagrams (Figure 5) show the behavior of the noise signal in current and potential in the
time domain of copper-nickel alloy in the LiBr solution at different periods of exposure
under static conditions at 25 °C.
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Fig. 5. Record in the time domain of noise signal in (a) current and (b) 90% Cu-10% Ni-50%
LiBr system potential in static conditions at 25°C
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The current and potential values in the time domain were obtained simultaneously. In the
initial moments, in the test done at the 0.3 h, the current showed a very stable behavior.
However, 250 s after the test started the current abruptly decreased about 5 logarithmic
units until it reached a value of 5 x 105 pA. From that moment on, the development of
transitional currents of a relative magnitude and frequency in the signal could be observed.
However, it didn"t show a defined behavior pattern which suggests that this is the typical
behavior of a pitting corrosion process. This phenomenon can be observed for a period of
700 s. Subsequently, the current increases again near the end of the registry, reaching a
maximum value of 9.5 pA, and then decreases slightly. The current’s behavior in the registry
after two hours of exposure shows a more stable behavior over time, however, the
development of a high frequency and low amplitude metastable process can also be
observed, which reveals the origin of the signal, as this is caused by a more severe pitting
corrosion process.
The current signal in the last period of exposure, after 4 hours, shows a fairly stable behavior
over time, and due to the processes developed in the interface, the current generated in the
system is lower compared to the previous test. Besides, judging by the shape of the graph,
the development of a uniform corrosion process can be predicted.
As for the potential, the signal at 0.3 h of exposure showed the following behavior. In the
first 250 s the potential moves in an active direction approximately 14 mV, and then
suddenly shifts towards a noble direction 30 mV, remaining virtually unchanged during the
next 700 s. Later, near the end of the test, the signal registered again a major shift toward an
active direction. After two hours of exposure, the signal record is irregular, suggesting that
its origin is a random pitting corrosion process; the signal is developed in a more active
region, also showing a very small dc trend. As for the last test, in these conditions the signal
seems to be fairly stable in all directions moving further into an active region.
In flow conditions, the records for both current and potential noise generated by the system
at 45°C in the absence of oxygen are shown in the diagrams (Figure 6). In contrast to the
behavior shown by the system at a lower temperature level, the current generated in the cell
at 45°C decreases significantly as the electrode velocity increases. At a velocity of 680 and
884 rpm the current signal reaches during the initial moments a stationary state, maintaining
this condition during the development of the test. Under these conditions the signal gives
the impression of having been filtered, however, it is the original signal.
The behavior of the potential noise signal can be considered normal because as the electrode
velocity increases, the signal shifts to a nobler region. Despite the fact that the potential
noise signal at 884 rpm seems a bit irregular during its registry, it shows a trend of only 3
mV. At 476 rpm the trend in the signal was 35 mV, and during the record of this period, the
signal did not reach the stationary state.
Table 2 shows the resistance value for each experimental condition determined by different
electrochemical techniques used for that purpose. Also, a comparison of the values obtained
by filtering the signal is shown in it. The difference is significant and is almost constant
throughout the experimental range. This was the main reason for deciding to work with the
original signal from the current and potential records over time.
1. Resistance in noise measured before and after removing the dc component of the signal,
2. Resistance in noise measured after removing the dc component with the average
removal method, MAR (Tan et al., 1996).
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Fig. 6. Record in the time domain of noise signal (a) current and (b) potential, 90% Cu-10%
Ni-50% LiBr system potential under flow conditions at 45°C

For this reason it is assumed that the signal is due solely to charge transfer processes. When
the velocity is increased, due to the generation of transitory currents of high frequency and
relative amplitude, the development of a pitting corrosion process could be considered.
However, this phenomenon is not reflected in the potential noise signal, either because there
is no such process or because the current generated in these conditions is very small.
Statistically, the average current value at 884 rpm is 4.47 x 108 pA. At 476 rpm the
oscillatory phenomenon in the current is not seen, on the contrary, a fairly stable signal is

shown, with a tendency of just 1 pA.
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Temperature Time Velocity Rng, LPR Z; Rn,,,
(°O) (h) (@pm) (Qcm’) (Q-cm’) (Qcm’) (Q-cm?)

25 0.3 - 4,283 7,366 4,412 1,853

2 - 37,244 24,977 34,002 4,759

4 - 32,637 113,789 16,450 5,068

- 680 13,905 9,375 7,382 90,859
- 972 20,527 18,092 29,918 40,556

- 1,264 6,613 649 881 11,315
45 0.3 - 3,273 7,704 6,176 1,412

2 - 25,205 18,413 21,222 1,553

4 - 28,247 30,306 22,991 1,549

- 476 24,527 17974 17,409 26,683
- 680 2,699,167 3,377 1,372 491,550
- 884 3,219,963 2,383 1,099 303,667

60 0.3 - 8,810 8,352 5,288 1,063
2 - 50,941 40,317 63,291 1,489
4 - 146,872 61,506 28,732 35,449

- 380 5,408 1,800 4,109 803
- 543 20,942 14,130 9,668 3,905
- 706 22,938 12,565 5,527 6,650

Table 2. Resistance determined using different electrochemical techniques Static and
dynamic conditions for the 90% Cu-10% Ni-50% Lithium Bromide System

The corrosion rate icrr of the system is obtained using the Tafel slopes and polarization
resistance Rp, along with the Stern-Geary relationship, equation 1, (Stern & Geary, 1957;
Mansfeld F., 1973a, 1973b)

icorr :—Baﬁc in
23(Ba +Bc)Rp Rp

Where B, and . are the anodic and cathodic Tafel slopes, respectively.

Q)

Temp. Time Velocity Ecorr R, LPR Z; i (B=0.026)
(°0) (h) (rpm)  (MVgagc) (Q'CmZ) (Q'sz) (Q'sz) (nA/ sz) ®n) (HA/ sz) wrr) (LA/ sz) )
25 0.3 - -373.1 4,283 7,366 4,412 6.07 3.528 5.893
2 - -434.9 37,244 24,977 34,002 0.698 1.04 0.765
4 - -472.1 32,637 113,789 16,450 0.796 0.228 1.58
- 680 -363.6 13,905 9,375 7,382 1.869 2.77 3.522
- 972 -458.3 20,527 18,092 29,918 1.266 1.44 0.869
- 1,264 -280.4 6,613 649 881 3.931 40 29.5

Table 3. Corrosion Rate in Static and Dynamic Conditions of the 90% Cu -10% Ni Alloy in a
50% Lithium Bromide solution at 25°C
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2.4 Kinetic parameters

According to the values reported in Table 1 and the proposed equivalent circuit (Figure 4),
the dissolution of the alloy is under mixed kinetic control, by activation and diffusion.
However, the mass transport resistance under all experimental conditions is higher than
that observed for charge transfer. On the other hand, as both elements are in series, the one
representing the mass transport process shows more resistance to current flow. Therefore,
the diffusion phenomenon should be the process that controls the dissolution of the alloy.
For the dissolution process to be maintained, the reacting species must match on the
interface in an electrochemical process. Transport to the electrode surface is given by a
combination of two phenomena. First, by a convective process from the bulk of the solution
to the outside of the film. Subsequently, the reagent must diffuse through this layer to reach
the electrode surface (Brossard & Raynaud, 1985).

According to the values in Table 1, mass transfer controls the kinetics of the system;
however, it didn’t always follow the Levich relation. The oxygen diffusion coefficient was
determined for those conditions that apply to this relation according to the following
equation (Bard & Faulkner, 1980; Barsoukov & Macdonald, 2005).

RT >
D, = )
o 2 2

: [anF VZC%}

Where:

o, Warburg coefficient, Q s'/2; R, gas constant, 8.314 ] mol! K-; F, Faraday constant,
96,485.309 C mol?; T, temperature, K; C02 , Oxygen concentration, mol cm3; DOz , Diffusion
coefficient, cm2 s-1; n, number of electrons transferred in reaction

The film thickness 6 under static conditions was determined according to the following
equation (Bard & Faulkner, 1980).

nF ?02 Co, 3)
1y

Where:

i, cathodic limit current density, A cm?; ng , Oxygen concentration within the solution,

mol cm-3

Under flow conditions, the thickness was determined by the following equation

1 -1 1
5=LﬂDéwéy4 4)

Where:

w, angular velocity, radians s-; y, kinematic viscosity, cm?2 s-1

The exchange current density i, and the rate constant k, were determined according to the
following equations

. RT
i, = (5)
nFR

Where:
R, Resistance to charge transfer, Q-cm?2
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~ RT
n2 F2 Rct CCuBr

6)

Where:

Ccupr Solution concentration, mol cm-3

The results in Table 4 show the diffusion coefficient and the thickness of the film only on
those system conditions where the Levich relation was followed.

Temperature Time Velocity Eor igx 10° D 0, X107 Ko x 10° )

(O (h)  (pm) (MV,guea) (Afem®) (cm’s) (cmys)  (um)
25 0.3 - -373.1 2.98 - 3.5
2 - -434.9 1.2 0.149 0.5 1.14
4 - -472.1 1 0.123 0.4 1.89
- 680 -363.6 12.79 - 15
- 972 -458.3 14.5 0.218 6.8 10.9
- 1,264 -280.4 57.17 - 67.3
45 0.3 - -387.3 10.75 - 12.6
2 - -420.9 4.8 1.53 2.2 3.44
4 - -435.7 4.7 0.675 2.2 2.33
- 476 -402.9 18.65 65.8 21.9 98.1
- 680 -355.8 13.84 - 16.3
- 884 -344.5 16.13 - 18.9
60 0.3 - -381.9 23.22 611.2 27.3  1,284.20
2 - -469.2 2.32 - 1
4 - -495.5 217 - 1
- 380 -361 36.34 - 42.7
- 543 -501.7 8.1 1.83 3.8 26.9
- 706 -534.5 5.14 - 24

Table 4. Kinetic Parameters for System 90% Copper-10% Nikel-50% Lithium Bromide Under
Static and Dynamic Conditions

3. Discussion

According to the Pourbaix diagram for the Cu-Br - H>O system at 25°C (Mufioz-Portero et
al., 2004), the only products of metal corrosion in the Tafel region and acidic conditions are:
cuprous bromide, CuBr, and the complex ion CuBr>-. These species are formed according to
the following reactions:

Cu+Br > CuBr+1e” (7)
With an equilibrium potential at 25°C defined by the following equation
1
E =0.031+0.0591log {—_} ;V
( ) Br (

Cu/CuBr SHE) ®)
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The complex ion formation requires the participation of two units of bromide ion producing
tha same amount of charge

Cu+2Br —>CuBr§ +1le” )

With an equilibrium potential at 25°C defined by the following equation

(CuBrﬁ ) . V( (10)

() |
Anodic polarization of the cell in the Tafel region develops slopes in a range of 60 to 75
mV/decade, Figure 1. (Lee & Nobe, 1984) determine the slope in a chloride solution at
approximately 60 mV/decade. This fact implies that the dissolution of the electrode is
accomplished by activation. However, these researchers argue that the electro-dissolution of
metal is controlled by a mass transport process. The value of this parameter (Pérez-Herranz
et al., 2001) is in a range of 70 to 80 mV /decade, for a velocity range of 265 < Re <3,120. This
range is close to slopes of 60 mV/decade, typical of a metal dissolution process controlled
by diffusion of products from the metal surface to the bulk of the solution. The active
dissolution region observed at potentials nobler than Ecorr, the author goes on, is consistent
with the formation and dissemination of the complex ion, and when this phenomenon
increases, it alters the anodic Tafel slopes. (Kear et al., 2004b) provides a summary of several
research papers on chlorides determining the anodic slope at different operating conditions.
The electrochemical reaction rate is limited by environmental factors, both physical and
chemical, so that the reaction is polarized or delayed due to these factors. Activation
polarization refers to an electrochemical process controlled by the slowest step in a reaction
sequence on the interface. Polarization can be defined as the displacement of the electrode
potential due to a net current flow and its magnitude is overpotential n, which is a
polarization measure with respect to the equilibrium potential of the electrode (Fontana &
Greene, 1978)

The relationship between reaction rate and n due to activation polarization is

) =0.195+0.0591log

E(Cu / CuBri SHE)

fla =+Pa log - (11)
lo
Above is the Tafel equation, where B is frecuently known as the Tafel slope or constant and
I, has been defined before

_ 2303 RT (12)
anF

Ba

a is the transfer coefficient, the constants R, T, F and n were defined before.

The Tafel law (Bockris et al., 2000) shows the exponential relationship between reaction rate
and the n. This approach can be seen clearly in the dissolution of copper and in the 90/10
alloy, Fig. 1. (Lee & Nobe, 1984, Fig 2, 4-5) claim that the anodic behavior in this region is an
"apparent” Tafel behavior, since it doesn’t represent an activation controlled process. This
idea is shared by other researchers, however, (Kato & Pickering, 1984; Pérez-Herranz et al.,
2001) despite stating that for a slope of 60 mV/decade the anodic process is controlled by
diffusion, determine the icorr by the Tafel extrapolation method (Fontana & Greene, 1978;
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Flitt & Schweinsberg, 2005), which is well known and often poorly implemented.
Researchers often forget that the metal needs to corrode evenly, and in the corrosion
potential the anodic and/or cathodic reactions must be under complete control by
activation. Furthermore, in order to estimate the icorr correctly, the linear portion identified
in the curves should extend at least a decade on the current’s logarithmic scale. The icorr is
calculated by (Deslouis et al., 1988a) assuming a pure activation mechanism for both
fractions, which is contrary to their approach.

As the potential shifts in noble direction the curve develops a gradual change of slope. At
about -200 mV ag/agcy, this change takes place virtually under the same conditions (Cooper &
Bartlett, 1958; Brossard, 1984a, 1984b; Wood et al., 1990; Munoz-Portero et al., 2005) thus
indicating that the dissolution mechanism is changing. The end of the apparent Tafel region
is associated with the formation of CuBr (Brossard, 1984b; Valero-Goémez et al., 2006). A
similar pattern was seen in the work of (Pérez-Herranz et al., 2001) at a Re = 263. This
behavior was attributed by (Aben & Tromans, 1995 cited in Pérez-Herranz et al., 2001) to the
CuBr formation, and the stationary current observed at nobler potentials was attributed to
the presence of a CuBr passive film. This behavior was also observed (Lal & Thirsk, 1953,
quoted in Kear et al., 2004a; Deslouis et al., 1988a) in a solution of Cl-, however, when [Cl-] >
2 mol/1 , the development of critical current density is not observed due to a faster
dissolution of the CuCl layer, which is why they take on a film-free surface.

However, Deslouis attributes this behavior to the fact that the reaction equilibrium,
equation 13, changes, favoring the formation of the complex ion.

The relationship between species CuBr, Br- and CuBry helps define some significant
differences in the approach given to this system’s dissolution process. The equilibrium
between these species is defined through the following reaction

CuBr + Br” =CuBr, (13)

At 25°C equilibrium is defined according to the following equation
log (CuBré) =log (Br') -2.778 (14)

In the active state, reactions, equations 7 and 9, properly describe the behavior of the system,
since both proceed on the same energy level, having the same equilibrium potential, which
suggests that they are thermodynamically equivalent. This is contrary to the dissolution
mechanism proposed by (Kato et al., 1980a; Brossard, 1984a, 1984b; Dhar et al., 1985;
Mufioz-Portero et al., 2004; Kear et al., 2004b, 2007).

Table 5 shows the equilibrium potential for equation 8 in function of the Br- ion activity and
temperature (Appendixes A-C). Values in parentheses show the equilibrium potential for
equation 10.

According to the information in Table 5, the Ecy/cus:, consistently moves an average of 98
mV in an active direction due to the [Br'] and 17 mV due to the effect of temperature. The
analysis would seem trivial and out of context if not for the fact that this behavior and the
linear relation of the potential and the logarithm of current density, E vs log i, equation 11,
with a slope close to 60 mV /decade were taken as a basis for claiming that the dissolution
rate of copper in a solution of CI” in a potential close to Ecorr, goes on under the influence of a
combined process of diffusion and activation. The first to demonstrate such behavior were
(Lal & Thirst, 1953, quoted in Kear et al., 2004a, Fig. 4), in these circumstances (Crundwell,
1991) falls into contradiction.
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Ecuycu
Temperature (MV sg/agc1)
°O) 40% 50% 53% 60%
25 -355.6 -400.1 -415.6 -453.9
(-355.7)  (-400.9) (-415.9) (-454.22)

35 -358.8 -418.8 -457.2
45 -363.1 -408.2 -423.1 -461.4
55 -368.7 -428.4 -466.5
60 -373.1 -418 -432.7 -470.7

Table 5. Copper-X% Lithium Bromide System, Equilibrium Potentials

If the system proceeds according to equation 7, as the potential moves in a positive direction
to the inflection point, the CuBr formation will increase significantly. The CuCl formation on
the electrode surface is observed at 1 = 16 mV and the covered area increases as the
potential becomes nobler (Brossard, 1984a, 1984b). On the other hand (Bjorndahl & Nobe,
1984 and Dhar et al., 1985, cited in Deslouis et al., 1988a), they take on an oxide-free surface.
In the electrochemical process, the atoms on the surface react with the Br-ion of the solution by
generating a charge unit and the CuBr compound, which is poorly soluble, kys = 6.27 x 107,
(Weast, 1984), which is why it precipitates and adheres to the electrode surface. In a second
step, through a chemical process, the substance continues to react with the Br- ion in the
solution, dissolving at a constant rate, equation 13, even after polarization is interrupted
(Crundwell, 1991). The dissolution rate of the precipitate is constant until dissolution is
complete (Brossard & Raynaud, 1985), finally producing the complex species, which is soluble
and diffuses into the bulk of the solution. (Lal & Thirsk, 1953 cited in Kear et al., 2004a) found
that the formation of CuCly is consistent with increases in the potential for a given [Cl-].

The anodic behavior of the system can be described in a fairly acceptable way with the
combination of equations 7 and 13. Thus, the dissolution mechanism takes place due to a
simultaneous process in two stages. The mathematical model that best describes the
dissolution of this metal corresponds to this mechanism (Deslouis et al., 1988a). A common
mechanism may explain the process in acidic and neutral environments (Deslouis et al.,
1993), however, this assertion is not possible due to thermodynamic matters.

Typically, the corrosion potential of the cell was established in the stability region of water.
In a nobler region compared to the hydrogen electrode, but well below the oxygen electrode
potential, which ultimately controls the cathodic portion of the system. Under flow
conditions, this behavior can be seen more clearly as shown in (Pérez-Herranz et al., 2001,
Fig. 2). By increasing the flow rate, the current value in the cathodic fraction increases
significantly; however, the response of the anodic branch is more discreet to these changes.
A similar behavior suggests that the partial anodic fraction is more affected than the
cathodic fraction by mass transfer (Deslouis et al., 1988a). According to Pérez-Herranz, the
limit current observed in the cathodic fraction is attributed to hydrogen evolution. During
the dissolution process, protons (H*) diffuse to the metal surface, so if the dissolution rate is
controlled by this current, the diffusion of protons could be seen as the step that determines
the metal’s rate of dissolution. The displacement of E..rr in a noble direction as velocity
increases could be attributed to the control of the cathodic reaction due to the detachment of
clusters of hydrogen molecules from the metal surface, which improves as velocity increases
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(Brown et al., 1992, cited in Pérez-Herranz et al., 2001; Montanés et al., 2006). According to
(Munoz-Portero et al., 2005), pH causes the current to increase and the potential to shift to a
nobler zone, restricting the passive zone. The electro-dissolution of copper is essentially
independent from pH (Brossard, 1984a).

3.1 90% Copper-10% Nickel-X% Lithium Bromide System

As an average, in the range 40% < [Br-] < 60% and 25°C < T < 60°C, the alloy Ecorr moves,
compared to the copper Ecorr, 57 mV in a negative direction. This is due only the presence of
nickel and is crucial to establish a significant difference in the behavior of both materials.
(Kato et al., 1980a) report that the alloy Ecorr is 10 mV nobler.

The nickel in the LiBr solution, under the conditions of this investigation, dissolves
according to the Ni-HxO-Br system (Mufioz-Portero et al., 2007) as follows:

NiH 5 +2Br” — NiBrz(s) +05H 425" (15)

With an equilibrium potential at 25°C according to the following equation

E = - 0.04543 + 0.02365 log -0.011827 pH (16)

1
o)’
Generally, under the conditions in which the alloy Ec is established, copper is found in a
condition of immunity (Tables 1 and 5).

For example, in the 40% LiBr solution at 25°C, the alloy Ecorr-393.22 mV g/ agc1 is found 37.62
mV in a more active region compared to the copper equilibrium potential Ecugr/cu, -355.6
mVag/agcl, and is polarized compared to the nickel equilibrium potential ENiH05 /NiBrys
with an 1, of 78.2 mV, (Martinez-Meza E, 2011). ‘
(Brossard, 1984a) observed a surface free of corrosion products at more active potentials
than Ecu/cuc.

Under these conditions, in the Ec vicinity, the anodic fraction of the system is due to nickel
dissolution, according to the above reaction, equation 15. This could be the reason why (Lee
& Nobe, 1984) observed a selective nickel electro-dissolution.

The composition of the reaction products depends heavily on the potential. At more active
potentials nickel dissolution is favored; therefore the reaction products contain higher nickel
concentrations than the alloy (Milosev & Metikos, 1997). (Cahan & Haynes, 1969, cited in
Lee & Nobe, 1984) conclude that the overall reaction is controlled by nickel dissolution.
However, as explained below this behavior is not possible in the alloy, otherwise it
wouldn’t passivate. (Kato & Pickering, 1984) claim that the selective dissolution of copper
doesn’t take place when significant concentrations of nickel are found in the layers of
corrosion products. (Dhar et al., 1985) state that the role of nickel in the corrosion process is
not evident. In this sense (Crundwell, 1991) obtained contradictory results.

When the system is anodically polarized due to the kinetics of copper in the 53% solution
and to a temperature of 25°C with the presence of oxygen, for example, i, = 7.3 x 10-¢ A cm?2,
this metal dissolves more rapidly than nickel, i, =0.523 x 10-¢ A cm-2. Thus, this element has
a main role in the dissolution of the alloy (Martinez-Meza E, 2011). As the potential
increases, the selective electro-dissolution of nickel gradually decreases and the electro-
dissolution of copper increases (Lee & Nobe, 1984). For this reason the polarization
diagrams of both copper and the 90/10 alloy are similar. The polarization and Ecor

)/
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characteristics of the 90/10 alloy show a marked similarity to those of copper (Crundwell,
1991; Kear et al., 2004b). (Kear 2001 cited in Kear et al., 2004b) found in dynamic conditions
200 < rpm < 9.500 that the morphology of the anodic fraction of the alloy was similar to that
determined independently for copper. On the other hand (Milosev & Metikos, 1997) support
the similarity of the two systems using cyclic voltammetry. However, an Ecor; in more active
areas and a smaller i, in the 90/10 alloy show significant differences between these materials.
When the CuNi-90/10 polarization exceeds copper Ecu/cup:, the alloy corrodes due to the
dissolution of both elements according to equation 7, 13 and 15. The alloy in the 53%
solution at 35 and 55°C (Figure 1 (b)) shows an active-passive behavior. This behavior is
observed in the work of (Kato et al., 1980a; Lee & Nobe, 1984) and (Walton & Brook, 1977
cited in Lee & Nobe, 1984), unfortunately, this behavior was not understood.

According to Lee, the dissolution of the CuCl film is the dominant process in this region,
and is under mass transfer control, the diffusion of the complex ion to the bulk of the
solution.

This behavior according to the Pourbaix diagrams for the Cu-H>O-Br and Ni-H,O-Br
systems, (Mufoz-Portero et al., 2004, 2007) is not explained by the presence of an oxidized
compound which could passivate the electrode. This behavior is due to a very aggressive
copper dissolution, causing the electrode surface to be enriched in nickel.

By increasing the concentration of nickel, the 90/10 ratio is modified in such a way that the
alloy passivates due to the characteristics of nickel. Under these conditions, it is likely that a
Cu/Ni relation between 1.9 and 2.2 will be established. When the relation is established on
the upper level the probable concentration of nickel on the electrode surface is 31.25% by
weight. There is a critical composition of nickel in the alloy (Mansfeld & Uhlig, 1970) over
which the polarization curves exhibit a passive current density similar to that shown by
nickel, and under which passive current density disappears, causing the alloy to behave like
copper.

According to the theory of electronic configuration, metals with orbital vacancies in "d", also
known as transition metals are known to favor the chemisorption of oxygen. Therefore,
passivity in the alloy is only observed when the vacancies in these orbitals are present.
When such vacancies have been occupied by electrons of the alloy components, the
necessary chemisorption of oxygen required to cause passivation does not occur.

This behavior is typical of an adsorption process as the one observed in stainless steel. For
this reason it is not uncommon to assume that under these circumstances, a passivation
process occurs, similar to that observed in these materials.

The standard Flade potential Er for nickel is 0.2 Vspe (Uhlig & Revie, 1985); therefore, the
Flade potential, passivation potential, for the alloy in the 53% LiBr solution is given in
correspondence to the equation.

Ep=02-0059 pH; V (17)

SHE)
Under these conditions the system presents a passivation potential of -301.85 mVag/agct. In
the charts this potential is observed at -298 and -307.1 mV ag/agc1 for the system at 35 and
55°C, (Figure 1(b)).

For this reason, it can be said that under these conditions the alloy passivates due to an
oxygen chemisorption process, and not because of the formation of a CuBr film, which is
why the complex species does not spread in this region. However, due to the instability of
the film and the Br- ion concentration, the film dissolves quickly.
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The 90% Cu-10% Ni-50% LiBr system during the first period, 0.3 h, invariably reaching the
Ecorr, Table 1, in nobler conditions respect to Ecy/cus:, Table 5. In the impedance spectrum at
25°C, a resistance of 3.01 kQ-cm? is developed. As the exposure time goes by, the value of
this parameter increases, reaching its maximum value after two hours, at 25 and 60°C. The
cell at 45°C, in the last two periods, develops a similar value close to 12 kQ-cm2.

The cell reaches the Ecr in nobler conditions due to increased oxygen presence in the
solution. In these circumstances a segment of the cathodic fraction, close to Ecorr develops a
Tafelian behavior (Figure 7) before reaching a limit current status, and for this reason, the
diffusion phenomenon shows less presence.

At 60°C the contribution of this factor is 5.2 kQ-cm2. As time of exposure goes by, Eco: is
reached at more reducing conditions. Apparently this behavior is generated by the system
itself, either because of a lower oxygen concentration in the interface due to the same
process of dissolution, or by an enrichment of nickel on the electrode surface due to copper
dissolution.

Under these conditions, oxygen diffusion turns relevant, becoming the step that controls the
dissolution rate. At 25°C, the ip goes from 13.58 pA/cm? in the first period to 1.9 pA/cm?
after 4 hours. At 60°C, iL goes from 5.74 pA/cm? at 0.3 h to 2.6 pA/cm? in the last period
(Figure 7(a)). After two hours of exposure, the system at 60°C develops the highest mass
transport resistance, 62.9 kQ-cm?, Table 1.

The film causes a substantial decrease in the oxygen reduction rate. This reaction near Ecor
potentials is more affected by corrosion products than the anodic reaction. In the Tafel
region, the formation of the layer significantly affects the cathodic fraction, only mildly
affecting the anodic fraction, which indicates a cathodically controlled corrosive process
(Hack & Pickering, 1991). Thus, oxygen reduction can be regarded as the most important
reaction to determinate the general corrosion rate in the presence of a protective film (Kato
et al., 1980Db).

(Kear et al., 2004a) present a list of equations developed by different researchers, which
describe copper dissolution in a chloride solution in the apparent Tafel region. Almost all of
them regard the process as reversible and dependent on a combined charge transfer and
mass transport process. The diffusion of CuCl,” complex ion from the electrode surface to
the bulk of the solution, takes control in mass transport.

As mentioned before, during the first period of exposure 0.3 h, the cell E., invariably
moves towards a noble direction respect to Ecy/cus:, reflecting an anodic polarization at 25°C
of 27.58 mV. This behavior indicates that the system is not in equilibrium. (Deslouis et al.,
1988b, 1993) consider the electro-dissolution to be in pseudo-equilibrium, in such a way that
can not be considered reversible. The establishment of a reversible state applies for a half-
cell reaction, but is not appropriate to describe a corrosive system.

In dynamic conditions, especially at 45°C, the effect of velocity on the system is clearly
shown, because as it increases the E.or moves towards a noble direction and the ip is
increased (Figure 7(b)). This effect of velocity is typical of a diffusion-controlled cathodic
process (Fontana & Greene, 1978).

(Kear et al., 2004a) mention that in the three copper dissolution mechanisms in a chloride
solution proposed to date, it is generally assumed that the anodic reactions are reversible,
and it is universally accepted that they are all under a mixed kinetic control near the
corrosion potential.

According to Figure 5, in static conditions a few seconds are needed to appreciate the
formation of corrosion products on metal surface. 40 seconds of oxidation are sufficient to
form a layer of corrosion products that fully cover the electrode (Brossard & Raynaud, 1985).
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In this regard, the system's response depends on the operating conditions thereof, as the
diffusive barrier morphology varies according to temperature as shown the images (Figure 8)
(Brossard & Raynaud, 1985).
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Fig. 7. Cathodic polarization of the 90 % Cu-10% Ni-50% LiBr system, (a) in static conditions
at 60°C (b) in dynamic conditions at 45°C
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(b)

Fig. 8. Images taken with scanning electronic microscope, showing the electrode surface
after the tests made in static conditions in the absence of oxygen (a) 25°C and (b) 60°C

The morphology of the film formed at 25°C is characteristic of a uniform corrosion process,
noting in the first period of exposure an important amount of particles adhered to the
electrode surface. The film formed at 60°C (Figure 8(b)) shows a rather compact morphology,
very different from the response of the system at 25°C.

This difference can be seen in the response of the system, Tables 1 and 4. Despite the
morphological differences in the diffusive barriers, the film shows good protective capacity.
(Munioz-Portero et al., 2006) indicate that the morphology of the corrosion products depend
on the Br- concentration in the solution. According to their results, the diffusive barrier
developed in the conditions of this project should show an amorphous and gelatinous
morphology associated with a mixture of CuBr y CuBr;-3Cu(OH)..

The records of current and potential noise, show other system characteristics. At 25°C,
during the first period, a greater presence of an oxidizing agent in the interface causes an
increase in copper dissolution which accelerates the production of CuBr. This substance
accumulates on the electrode surface promoting the formation of a protective coating that
inhibits the activity at the interface, due to its permeable nature, a pitting corrosion process
takes place (Figure 5).

Under flow conditions at 45°C, as the solution velocity increases, the mass transport by
diffusion contributes less to the dissolution process, Table 1. At higher velocities, the Ecorr
develops at nobler conditions due to increased oxygen presence in the interface. The system
behavior under these conditions clearly reflects the importance of oxygen and the diffusion
phenomenon of this element in the dissolution process of the alloy.

Given the conditions that occur at higher levels of velocity, greater involvement of an
activation process of the cathodic fraction would be expected. A Tafelian behavior does not
occur in these conditions. On the other hand, the behavior at higher levels is very similar
giving the impression of having reached the same level at the stationary state.

According to the records of the noise signal in current and potential (Figure 6), at 680 and
884 rpm the potential noise signal reaches the stationary state almost from the start of the
test, showing no trend in both levels. Despite the difference in potential, * 12 mV, the
current noise signal at both levels is practically the same. This suggests that under these
conditions the system is in a passive state. As mentioned above, the increase in the electrode
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velocity suggests a greater dissolution of copper, leading to greater nickel presence on the
electrode surface.

The system Econ, Table 1, under these conditions is very close to the Flade potential,
equation 17, with a difference of 37.4 mV at 680 rpm and only 25.6 mV at 884 rpm, which is
why it is not unreasonable to suppose that under these conditions a passive process by
chemisorption is developed.

4. Appendices

4.1 Appendix A
Calculation of Gibbs free energy

Calculation of heat capacity C; (Heng & Johnston, 1952; Dean, 1989) in function of absolute
temperature for pure substances CuBr.

Cp =49.898+0.0169 T - 1.769 x 10 T2 (A1)
The method for determination the heat capacity Cp of ionic species, Br™ is that proposed by

(Criss & Cobble, 1964; Taylor, 1978) for T< 200°C, values of absolute entropy and the value
of the parameters: a =-0.37 and b = 0.0055 (Roberge, 2000).

Cp =[ (#1862 + b S )(T, -29816) | /in(T,/298.16) (A2)

Calculation of Gibbs free energy in the temperature range

(o] (o] (o] o (o] T
Gl = Gy + (Cp— Sy (T2 = 298.16)— Cp T, In [29816) (A3)

Calculation of equilibrium potential E° for the reaction of copper dissolution

Cu + Br < CuBr + 1e (A4)
- AG°

0 = M A5

Emy = — 57 (V(SHE)) (AS)

Calculation of the potential of equation A4

. 1

Where Br- is the activity of bromide ion

4.2 Appendix B
Physicochemical properties of the LiBr-HO pair (Torres Merino, 1997)
Calculation of the LiBr solution density based on the density of water, d “Alefeld equation

PH,0(T,,) 3 X ) 2
Plxaty) = — gt exp(0.012X,;) + exp((0.842 + 16414 x 10° T, ) F(; (B1)

Where:
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PH,0 (T, ), water density at the solution temperature, kg m3; P(Xy, Tuy)” solution density,
kg m-3; X1, (mass% LiBr)

Domain range: 40% < Xso1 < 75%; 0°C < Tso1 <190 °C

Calculation of dynamic viscosity p d’Alefeld equation

U = exp[A1 + ?—2 + A; - In Tsol} (B2)
sol

Where:

A1 = -494.122 + 16.3967 Xso1 - 0.14511 (Xso1)Z A2 = 28606.4 - 934.568 Xso1 + 8.52755 (Xso1)%

As =70.3848 - 2.35014 Xso1 + 0.0207809 (Xso1)% p = dynamic viscosity, cp; Tso = Temperature

solution, K; Xso1 = mass %, LiBr

Domain: 45% < Xso1 £65% ; 30°C < Tgo1 < 210°C

4.3 Appendix C

Calculation of the activity of LiBr-HO solution.

The model for calculating the activity of strong electrolytes in aqueous solution is proposed
by (Meissner et al., 1972; Meissner & Tester, 1972). The calculation of the activity coefficient
for a strong electrolyte solution at 25°C is as follows

ro=[1+B(1+011)- B[ (1)
With:
B = 0.75-0.065 q (C2)
logI™ = (-5107 V1) /(1 + C Vi) (C3)
C =1+ 0055qexp (0.0237) (C4)

where I'° is the reduced activity coefficient of the pure solution at 25°C, q is the Meissner
parameter (q = 7.27 for LiBr) I is the ionic strength of electrolyte

zmi Zi2
I = T = My, (CY)

Z is the number of charges on the cation or anion (Z = 1 for LiBr)
The average ionic activity coefficient for LiBr-H>O solution

z, 7. o
o= (o) =1 (Ce)
Finally, the activity of the LiBr solution is given by the expression
m;y .
A(LiBr) = —HL:(?T Y+ (C€7)

Where me is the standard solution molality (1 mol LiBr/kg H>O)
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The calculation of the Kusik-Meissner parameter (Kusik & Meissner, 1978) for temperature t
in °C is given by the following equation

qi = (a q(25) + b*)(t-25) + q(25) (CS)

Where:
a =-0.005 and b* = 0.0085

5. Conclusions

Both the 90% Cu-10% Ni alloy and copper are dissolved, in the Tafel region, by a
mechanism consisting of two steps that occur simultaneously. However, the kinetics of
copper dissolution results in significant changes in the dissolution process of the alloy.
Corrosion potential in more active regions and smaller corrosion rates due to the presence of
nickel in the alloy, generate significant differences between these metals.

Due to the fact that the 90% Cu-10% Ni-X% LiBr system always polarized in comparison to
the nickel equilibrium potential, and only sometimes compared to the copper equilibrium
potential, the anodic reaction can not be considered reversible, and according to the
dissolution mechanism, is under activation control.

According to the proposed equivalent circuit, the dissolution process of the alloy is in fact
under a mixed kinetic control, by activation and diffusion. However, the mass transport
resistance under all experimental conditions is higher than that observed for charge transfer.
On the other hand, as both elements are part of a series, the one representing the mass
transport process is the one that shows a greater resistance to current flow. Thus, the
diffusion phenomenon must be the process that controls the dissolution of the alloy.

For the dissolution process to be maintained, the reacting species must match at the interface
in an electrochemical process. In this sense the complex ion is generated at the interface of
the film (equation 13) and spreads to the bulk of the solution. Therefore, oxygen is
responsible for the diffusion phenomenon, and does not always follow the Levich relationship.
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