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ABSTRACT 
 
 Alloy 22 (N06022) is a nickel based alloy containing alloying elements such as 
chromium, molybdenum and tungsten. It is highly corrosion resistant both under reducing and 
under oxidizing conditions.  Electrochemical studies such as electrochemical impedance 
spectosopy (EIS) were performed to determine the corrosion behavior of Alloy 22 in 1M NaCl 
solutions at various pH values from acidic to neutral at 90ºC .  Tests were also carried out in 
NaCl solutions containing oxalic acid or acetic acid.  It is shown that the corrosion rate of Alloy 
22 was higher in a solution containing oxalic acid than in a solution of the same pH acidified 
with HCl.  Acetic acid was not corrosive to Alloy 22.  The corrosivity of oxalic acid was 
attributed to its capacity to form stable complex species with metallic cations from Alloy 22. 
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INTRODUCTION 

Alloy 22 (N06022) contains by weight approximately 22% chromium (Cr), 13% 
molybdenum (Mo), 3% tungsten (W) and approximately 3% iron (Fe).  Alloy 22 was 
commercially designed to resist the most aggressive industrial applications, offering a lo 
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general corrosion rate both under oxidizing and reducing conditions.1  Under oxidizing and 
acidic conditions Cr exerts its beneficial effect in the alloy.  Under reducing conditions the most 
beneficial alloying elements are Mo and W, which offer a low current for hydrogen discharge. 
2,3  Moreover, due to its balanced content in Cr, Mo and W, Alloy 22 is used extensively in hot 
chloride containing environments where austenitic stainless steels may fail by pitting corrosion 
and stress corrosion cracking (SCC).1,2,3

Alloy 22 is the material selected for the fabrication of the outer shell of the nuclear waste 
containers for the Yucca Mountain site.4,5  Several papers have been published recently 
describing the general and localized corrosion behavior of Alloy 22 regarding its application for 
the nuclear waste containers.6, ,7 8  It is also known that the addition of nitrate and other 
oxyanions to a chloride-containing environment, decreases the susceptibility of Alloy 22 to 
localized attack.9,10  It has been recently reported that fluoride ions may also act as an inhibitor 
to crevice corrosion of in Alloy 22.11  Little is known on the corrosion behavior of Alloy 22 in 
organic acids.12  It was shown that the corrosion rate of Alloy 22 increases as the 
concentration of oxalic acid increased from 0.01 M to 1 M.  For a concentration of oxalic acid 
of 0.1 M, the corrosion rate increased as the temperature increased from 30°C to 90°C.  Oxalic 
acid did not promote localized corrosion such as crevice corrosion in Alloy 22. 12

The objective of the current study was to use electrochemical methods and parameters 
to systematically assess the corrosion behavior of Alloy 22 (N06022) in oxalic and acetic acids 
solutions as compared to the behavior in sodium chloride solutions of the same pH. 

Oxalic acid or ethanedioic (HOOCCOOH or H2O4C2) is an organic acid widely used in 
the pharmaceutical industry as an intermediate or as a component. Oxalic acid is also used as 
bleaching agent in the textile industry, as a precipitation agent in the production of rare earths, 
as a rust remover, in water treatment, etc.  Oxalic acid is one of the most aggressive alkane 
acids.  Oxalic acid is slightly oxidizing with dissociation constants pKa1 = 1.25 and pKa2 = 3.81 
(Table 1). 13  Table 1 also shows the complexing properties of oxalic acid when reacting with 
metal cations (Equation 1):14

  (1) nMLLnM ⇔+

Where M are metal ions (e.g. Cr, Ni) L is the ligand (e.g. oxalic acid) and MLn is the metal 
complex. 

Acetic acid or ethanoic (CH3COOH or H4O2C2) is fabricated industrially by reaction of 
carbon monoxide and methanol.  The primary use of acetic acid in the industry is to make 
acetate esters including cellulose acetate (used in films and clothing fabrics) and polyvynil 
acetate (latex paints and glue).  Another important use of acetic acid is in the production of 
aspirin (acetylsalicylic acid).  Acetic acid is classified as a weak acid, because it does not 
completely dissociate into its component ions when dissolved in aqueous solutions.  At a 
concentration of 0.1 M, only about 1% of the molecules are ionized.  The dissociation constant 
for acetic acid is pKa1 = 4.76; that is, for the same acid concentration in water, acetic acid will 
give a higher value of pH than oxalic acid (Table 1).  Table 1 also shows the complexing 
properties of acetic acid with metal cations. Complexes of oxalic acid seem orders of 
magnitude more stable than the complexes of acetic acid with the same cations. 

Fungi and bacteria can decompose organic matter to produce organic 
acids.15, , , , ,16 17 18 19 20  Some of these organic acids include: oxalic, acetic, propionic, formic, citric, 
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butyric, etc.  In general acetic acid accounted for 60-80% of all the acids produced when 
bacteria decomposes starch.18,20  The concentration of acetic acid as a product could be 15.3 
g/L (0.25 M).  The fungus Aspergillus Niger can produce oxalic acid.15,16  Laboratory studies 
have shown that A. niger and Penicillium can produce small amounts of oxalic acid, in the 
order of 0.00018 M (or 18 ppm).  It must also be considered that this acid production must 
represent a high concentration condition, since the microorganisms were provided with 
nutrients (such as glucose).  On the other hand, it is difficult to assess the concentration of the 
organic acid in a local spot, for example below biofilms.  That is, it is not simple to predict with 
certainty what could be the concentration of oxalic acid in contact with a buried metallic 
container due to microbial activity.  It is expected to be low (below 0.0001 M), first because the 
supply of organic matter is limited and second because oxalic acid reacts with some earth 
cations to form insoluble oxalate salts.  For example, the solubility of calcium oxalate at 13°C is 
0.00067 g/100 cc of water and at 95°C is 0.0014 g/100 cc of water.   These two amounts 
translate into 6.7 ppm (or 0.000074 M) and 14 ppm (or 0.00015 M). 

EXPERIMENTAL PROCEDURE 

Specimens of Alloy 22 were prepared from wrought mill annealed plate stock (MA 
specimens).  The chemical composition of the alloy in weight percent was 59.20% Ni, 20.62% 
Cr, 13.91% Mo, 2.68% W, 2.80% Fe, 0.01% Co, 0.14% Mn, 0.002% C, and 0.0001% S.  
Parallelepiped specimens measuring 12 mm x 12 mm x 15 mm were mounted with a 
polytetrafluoroethylene (PTFE) compression gasket (ASTM G 5)21.  A torque was applied to 
the gasket to ensure a leak-proof assembly.  The occluded area from the PTFE gasket was 
0.75 cm2 and the exposed area of the specimen was 10.5 cm2.  The specimens had a finished 
grinding of abrasive paper number 600 and were degreased in acetone and washed in distilled 
water 1 hour prior to testing. 

Electrochemical measurements were conducted in a three-electrode, borosilicate glass 
cell.  A water-cooled condenser combined with a water trap was used to avoid evaporation and 
the ingress of air.  Solution temperature was controlled by immersing the cell in a 
thermostatized water bath.  The cell was equipped with both an air cooled Luggin and a 
saturated calomel reference electrode (SCE) which has a potential of 0.242 V more positive 
than the standard hydrogen electrode (SHE).  A large area platinum wire was used as counter 
electrode.  The electrochemical tests were carried out in 1M NaCl solutions, at different pH 
values between 1 and 6, with and without the addition of acetic or oxalic acids.  Small amounts 
of HCl were added in order to adjust solution pH of pure NaCl solutions.  The test temperature 
was 90.0 ± 0.1ºC.  Solutions were prepared with analytical grade chemicals and 18.2 MΩ 
resistivity water.  Solution pH was determined at room temperature using a calibrated (GLP-
conform protocol of calibration) pH meter together with a pH electrode with temperature sensor 
(measuring pH range = 0 to 14, operating temperature range = -5ºC to 80ºC, gel reference 
electrolyte, internal buffer pH = 7.0 ± 0.25, fiber diaphragm, cylindrical glass membrane 
resistance = 300 MΩ at 25ºC) calibrated using two buffer solutions of pH 7.00 and 1.01.  
Solutions for the cyclic potentiodynamic polarization curves were deaerated with nitrogen.  
Solutions for EIS measurements were naturally aerated, that is, air was not bubbled through 
the solution. 

The cyclic potentiodynamic polarization technique (CPP) (ASTM G 61) was used to 
determine the electrochemical characteristics of Alloy 22 in these media.  The specimen was 
attached to the connecting rod via a PTFE gasket which provided an artificial metal/non metal 
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crevice.  Before immersing the testing specimens, the solutions were purged with nitrogen for 
an hour and this was maintained throughout the tests.  No effect on the measured currents 
during polarization was observed due to solution stirring during bubbling.  The potential scan 
was started 150 mV below the initial corrosion potential.  The scan rate used was 0.167 mV/s, 
and the scan direction was reversed when the current reached 1-10 mA/cm2.  At the 
conclusion of the test, the specimens were examined microscopically for signs of corrosion. 

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out at the 
corrosion potential in natural aerated solutions (without nitrogen bubbling).  A 5 mV amplitude 
sinusoidal potential signal was superimposed to the corrosion potential.  The frequency scan 
was started at 10 kHz and ended at 1 mHz.  In order to model the impedance results with 
electrical analogs, a simplified R//CPE series equivalent circuit (Figure 1) was fitted to the 
experimental results using the complex nonlinear least squares (CNLS) method.  From the 
obtained fitting parameters the low frequency or polarization resistance ( ) was used to 
calculate the corrosion rate using equation (2) assuming a linear relationship between  and 
the corrosion rate (CR) as it is usually done

PR
1−

PR
22,23: 

 ( )
PR

1EWBKyrmmCR
ρ

=  (2) 

where EW is the equivalent weight (23.28, assuming congruent dissolution of the major 
alloying elements as Ni2+, Cr3+, Mo3+, Fe3+, and W4+), K is the faradic conversion factor (3,270 
mm g A-1 cm-1 yr-1), ρ is the density (8.69 g/cm3)(ASTM G102), Rp is the low frequency 
resistance in ohm.cm2 and B is the Stern and Geary constant24 expressed in Volts.  The latter 
can be calculated using Tafel slopes attributed to the anodic and the cathodic processes 
occurring at Ecorr.  Macdonald et al  found a constant passivation current density independent of 
the potential for Alloy 22 in NaCl brine at 80ºC, this indicate that the Stern and Geary constant 
would be dominated by the cathodic Tafel slope βc ( 303.2B cβ= ), but in a previous paper25 
they measured the anodic (different from ∞) and cathodic Tafel slopes using potentiodynamic 
polarization curves, obtaining B values between 24 and 46 mV for solution pH values varying 
from 1.0 to 8.1.  In the present work the B constant used in calculating the corrosion rate was 
assumed to be 26 mV (the all purpose middle value, expected for both theoretically calculated 
and experimentally observed values, as proposed by Mansfeld26) independently of the solution 
composition and pH, and it is not intended to represent the real value of the B constant but a 
mean value used to compare the influence of environmental variables (such as pH) on the 
corrosion performance of Alloy 22. 

RESULTS AND DISCUSSION 

Cyclic Potentiodynamic Polarization (CPP) 

Figure 2 shows typical CPP curves obtained for Alloy 22 in deaerated 1M NaCl 
solutions at different pH values from pH 1 to pH 6.  An anodic peak could be observed at the 
potentials near to the corrosion potential.  The higher the acidity of the solution the more 
pronounced the anodic peak.  Passivity currents increased slightly with decreasing pH 
between pH 6 and 1.  Transpassivity potential values decreased with increasing pH, being 
approximately 0.80 Vsce for pH 1 and 0.25 Vsce for pH 6.  Reverse scans of the polarization 
curves did not generally show significant hysteresis. Examination of the tested specimens 
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showed that they were generally free from crevice corrosion under the PTFE compression 
gasket. 

Figure 3 shows the CPP curves obtained for Alloy 22 in deaerated 1M NaCl with the 
addition of different concentrations of acetic acid.  All the curves showed similar behavior.  
Only small differences could be detected in their corrosion potentials, passive current densities 
and transpassive potentials.  While the pH for all the solutions was in the range of 
approximately 3 to 4, the acetic acid concentration changed from 0.1 M down to a nil 
concentration (pH 3 due to the addition of small amounts of HCl) from one solution to another.  
This means that the acetic acid concentration has no effect on the electrochemical parameters 
other than that produced by the change in pH. 

Figure 4 show the CPP curves obtained for Alloy 22 in deaerated 1M NaCl with the 
addition of different concentrations of oxalic acid.  It can be observed that passive currents 
increased significantly when the pH was decreased from approximately 4 to 1.  The variation in 
current was significantly higher than that produced for the same pHs in the absence of oxalic 
acid, indicating that the oxalic acid has an aggressive behavior in the passive region apart from 
that produced due to the decrease in pH.  Figure 4 shows a comparison of the CPP curves for 
solutions with and without the addition of oxalic acid at pH 2.0.  It can be clearly seen that the 
main effect of the addition of oxalic acid was to increase the passive current density, while the 
transpassive behavior was not significantly modified. 

Figure 6 shows the variation of the transpassivity potentials E20 (the potential at which 
anodic current equals 20 µA/cm2 in the forward potential scan27;28).  It can be seen that E20 
was a function of solution pH and was independent of the solution composition.  A large scatter 
of E20 values was observed only for 1M NaCl at pH 4.  Due to the low buffer capacity of this 
solution its pH changed throughout the test.  The linear least squares fit applied to the E20 
values as a function of the solution pH, excluding those for 1M NaCl at pH 4, gave the 
following relationship: 

 E20 (VSCE) = 0.869 –0.071 pH    with    R2 = 0.937 (3) 

The slope of the E20 vs pH curve rendered 71mV per pH unit.  All nickel oxides 
(including Ni(OH)2) would present a similar behavior (72 mV per pH unit at 90ºC) according to 
thermodynamic data.29  Chromium dissolution to chromates or dichromates would present 
higher pH dependences.

Corrosion Rate (CR) 

Figures 7, 8 and 9 show, as examples, EIS diagrams obtained for Alloy 22 in aerated 
solutions 1M NaCl at pH 2, 1M NaCl + 0.01M oxalic acid, and 1M NaCl + 0.1M oxalic acid 
respectively, after 1h and 24h of immersion at 90ºC in aerated solutions.  In the same 
diagrams the result of the CNLS fittings of the R//CPE equivalent circuit (Figure 1) is showed 
as solid lines.  It can be seen that fairly good fittings were obtained despite the simplicity of the 
equivalent circuit used.  Deviations between model and experimental results were more 
significant at low frequencies.  These deviations may be attributed to both current drifts (each 
diagram took more than 2h to be completed and the low frequency points made used of most 
of this time) and oversimplification of the equivalent circuit used to model the experimental 
diagrams. 
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For all the systems tested in this work the Bode diagrams obtained after 1h of 
immersion showed two well separated time constants (observed as two maxima in the phase 
curve).  The high frequency time constants, at the more cathodic potentials (not in the full 
passive range) were interpreted previously30 as associated to the cathodic reactions and to the 
oxidation of Ni at potentials closer to the reversible potential where the oxide layer is assumed 
to be thinner.  After 24-h of immersion the diagrams could generally be fitted considering only 
one R//CPE time constant (except for solutions of the lowest pH values, i.e. that containing 
0.1M oxalic acid, Figure 9).  In all the cases the low frequency resistance (RP) was considered 
to be related to the corrosion rate as was is shown in Equation (2).  In the Nyquist diagrams of 
Figures 7 to 9 only the low frequency time constants are evident and the differences on RP 
between 1h and 24h of immersion are prominent. 

Figure 10 shows the corrosion rates calculated for all the solutions tested in this work as 
a function of the time of immersion at the open circuit potential up to 24h.  It can be seen that, 
as a general rule, corrosion rates decreased significantly with time except for the solutions 
containing oxalic acid and for 1M NaCl solution pH 1.  In these cases the decrease in corrosion 
rate was smaller and for 0.1M oxalic acid it even increased after 24h of immersion.  Corrosion 
rate reduction with time of immersion in NaCl solutions at pH 6 is attributed to both film 
thickening and film improvement due to annihilation of defects. 

Figure 11 shows the evolution with time of the corrosion potential in aerated solution: 
1M NaCl solutions and in 1M NaCl + oxalic acid.  It can be seen that the corrosion potential 
increased with time for the highest pH values, moving from potentials in the active anodic peak 
zone to potentials in the full passive range according to the values obtained from the CPP 
curves (Figures 2 and 4).  The corrosion potential of all the solutions containing acetic acid (not 
shown) behaved this way.  On the other hand, for the lowest pH value the corrosion potential 
increased slightly for pure NaCl solutions (pH 1) and remained almost constant for 1M NaCl + 
0.1M oxalic acid (pH 1.3) indicating, that the system remained in the active zone.  
Consequently, for the 0.1M oxalic acid solution, the Bode diagrams after 24h of immersion 
presented two time constants (Figure 9). 

Figure 12 shows the corrosion rate measured by means of the EIS technique after 24 
hours of immersion in natural aerated solutions.  It can be seen that corrosion rates of oxalic 
acid containing solutions were higher than those corresponding to NaCl solutions at the same 
pH.  This fact implies that oxalic acid had an additional effect, aside from the pH effect, on the 
corrosion rate of Alloy 22.  This effect remained active independently of the potential zone in 
which Ecorr was located (active zone for 0.1M solution and passive zone for lower 
concentrations).  Acetic acid containing solutions produced no increase in corrosion rates 
compared with NaCl solutions of the same pH (Figure 12).  The difference between oxalic and 
acetic acids is their complexing strength as was shown in Table 1.  Oxalic acid produced 
higher metallic dissolution due to his strong metallic complexing character and its influence 
could be clearly detected for concentrations higher than 0.001M in 1M NaCl solutions.  On the 
contrary, this strong metallic complexing character seemed not to enhance transpassive 
dissolution, as was shown in Figure 4. 

Further research is needed to elucidate the effect of organic acids on the transpassive 
dissolution and also on crevice corrosion susceptibility of Alloy 22 when mixed with chloride 
ions. 
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CONCLUSIONS 

1. Corrosion rates of Alloy 22 after 24h of immersion in 1M NaCl solutions with the addition 
of oxalic acid in concentrations ranging from 0.1M to 0.001M were higher than those 
obtained for pure 1M NaCl solutions at the same pH, while the addition of the same 
concentrations of acetic acid produced no corrosion rate increase.  This fact was 
attributed to the higher metallic complexing strength of oxalic compared to acetic. 

2. Higher passive current densities were found during cyclic potendtiodynamic polarization 
of Alloy 22 in solutions containing oxalic acid compared to 1M NaCl solutions at the same 
pH values. 

3. The transpassivity potential (E20) was dependent on solution pH: E20 (VSCE) = 0.869 –
0.071 pH, but showed no variation with the organic acid concentration or nature if 
compared to 1M NaCl solutions at the same pH values. 
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TABLE 1 
DISSOCIATION AND METAL COMPLEX EQUILIBRIUM (FORMATION) CONSTANTS FOR 
ACETIC AND OXALIC ACIDS AT 25ºC.  M: METAL CATION.  L: ORGANIC LIGAND.  MLn: 
METAL COMPLEX.  FIGURES BETWEEN BRACKETS INDICATE THE IONIC FORCE OF 
THE SOLUTION. 

 

 Acetic Acid Oxalic Acid  
DISSOCIATION CONSTANTS 

log K1 - 4.756 - 1.25 
log K2 --- - 3.81 

METAL COMPLEX EQUILIBRIUM CONSTANTS 

log(ML/M.L) 1.25 (0.3) 
1.80 (0) 3.85 (0.1) 

Cr2+

log(ML2/M.L2) 2.15 (0.3) 
2.92 (0) 6.81 (0.1) 

log(ML/M.L) 4.63 (0.3) NA 
log(ML2/M.L2) 7.08 (0.3) NA Cr3+

log(ML3/M.L3) 9.6 (0.3) NA 

Ni2+ log(ML/M.L) 

0.74 (0.5) 
0.83-0.1 

(1.0) 
1.43 (0) 

5.16 (0) 

 

 

 

 

 

FIGURE 1: Equivalent circuit fitted to the experimental EIS diagrams using the CLNS 
method.  R: Resistance.  CPE: Constant Phase Element.  Subscript 1: High 
frequency parameter.  Subscript P: low frequency parameter.  RΩ: solution 
resistance.  RP: polarization or low frequency resistance. 
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FIGURE 2: CPP curves for Alloy 22 in deaerated 1M NaCl solutions at 90ºC.  Solid lines: 
direct scan.  Dotted lines: reverse scan. 
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FIGURE 3: CPP curves for Alloy 22 in deaerated 1M NaCl solutions with the addition of 
acetic acid at 90ºC.  Solid lines: direct scan.  Dotted lines: reverse scan. 
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FIGURE 4: CPP curves for Alloy 22 in deaerated 1M NaCl solutions with the addition of 

oxalic acid at 90ºC.  Solid lines: direct scan.  Dotted lines: reverse scan. 
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FIGURE 5: CPP curves for Alloy 22 in deaerated 1M NaCl and 1M NaCl + 0.01M oxalic acid 

at 90ºC .  Solid lines: direct scan.  Dotted lines: reverse scan. 
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FIGURE 6: Variation of transpassivity potencial E20 with solution pH for Alloy 22 in deaerated 

1M NaCl solutions with the addition of acetic or oxalic acid at 90ºC.  Solid line: 
linear fit excluding 1M NaCl points at pH 4. 

 
 
 
 
 

0.0 0.3 0.5 0.8
0.0

-0.2

-0.4

-0.6

10m

1m

0.1 Hz

10m

 1mHz

24h

10-3 10-2 10-1 100 101 102 103 104
1

10

100

1k

10k

100k

1M

10M

0

-20

-40

-60

-80
24h

1h

frequency, Hz

1h

1M NaCl  pH 2 
Ecorr 1h = -0.157 VSCE

Ecorr 24h=  0.021 VSCE

Im
ag

in
ar

y 
Pa

rt
, M

Ω
.c

m
2

Real Part, MΩ.cm2

24h

M
od

ul
us

, Ω
.c

m
2

1h
 P

ha
se

, d
eg

re
es

 
FIGURE 7: EIS diagrams obtained for Alloy 22 in aerated 1M NaCl pH 2 at the open circuit 

potential after 1h (Ecorr1h= -0.157 VSCE) and 24h (Ecorr24h= -0.021 VSCE) of 
immersion at 90ºC. Left: Nyquist diagrams.  Right: Bode diagrams.  Symbols: 
experimental results.  .Lines: theoretical CNLS fitting using equivalent circuit of 
Figure 1. 
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FIGURE 8: EIS diagrams obtained for Alloy 22 in aerated 1M NaCl + 0.01M oxalic acid pH 
2.0 at the open circuit potential after 1h (Ecorr1h= -0.203 VSCE) and 24h (Ecorr24h= -
0.096 VSCE) of immersion at 90ºC. Left: Nyquist diagrams.  Right: Bode diagrams.  
Symbols: experimental results.  .Lines: theoretical CNLS fitting using equivalent 
circuit of Figure 1. 
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FIGURE 9: EIS diagrams obtained for Alloy 22 in aerated 1M NaCl + 0.1M oxalic acid pH 1.3 

at the open circuit potential after 1h (Ecorr1h= -0.193 VSCE) and 24h (Ecorr24h= -
0.160 VSCE) of immersion at 90ºC. Left: Nyquist diagrams.  Right: Bode diagrams.  
Symbols: experimental results.  .Lines: theoretical CNLS fitting using equivalent 
circuit of Figure 1. 
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FIGURE 10: Variation of the Corrosion Rate at Ecorr with time for Alloy 22 in naturally aerated 
1M NaCl solutions with the addition of acetic or oxalic acid at 90ºC. 
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FIGURE 11: Variation of the Corrosion Potential with time for Alloy 22 in naturally aerated 1M 

NaCl solutions and in 1M NaCl with the addition of oxalic acid at 90ºC.  The 
break of the curves at correspond to EIS measurements after 1h of immersion. 
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FIGURE 12: Variation of the Corrosion Rate measured after 24h at Ecorr with solution pH for 
Alloy 22 in naturally aerated 1M NaCl solutions with the addition of acetic or 
oxalic acid at 90ºC. 
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