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ABSTRACT 

The study of Alloy 22 was undertaken in several selected nitrate/chloride 
(N03-/Cl-) electrolytes with chloride concentrations [Cl-] of 1 .O, 3.5 and 
6.0 molal with [N03-]/[Cl-] ratios of 0.05, 0.15 and 0.5 at temperatures up 
to 1 OOOC. The repassivation potentials increased with increase in 
[N03-]/[Cl-] ratio and decreased with increase in temperature. The 
absolute [Cl-] was found to have less of an effect on the repassivation 
potential compared with temperature and the [NO3-]/[C1-]. Regression 
analyses were carried out to describe the relationship between the 
repassivation potential, temperature, [Cl-] and [NO3'] for the conditions 
tested. 

INTRODUCTION 

Alloy 22 (N06022) is a nickel (Ni)- alloy that contains 22% chromium (Cr), 13% 
molybdenum (Mo), 3% tungsten (W) and about 3% iron (Fe) (Table 1). Alloy 22 
possesses outstanding corrosion resistance characteristics and maintains its passivity in 
most industrial environments. Alloy 22 exhibits remarkably low general corrosion rates, 
as well as exceptional resistance to localized corrosion, including environmentally 
assisted cracking [l-71. As a result, it has become an alloy of choice for numerous 
industrial applications including underground waste disposal systems. 

Nitrate is a known inhibitor of pitting and crevice corrosion as well as stress corrosion 
cracking in stainless steels and Ni-alloys [8-281. On occasion NO3- has been found to be 
better than SO:- and Cr0:- in inhibiting localized corrosion in stainless steels [ 16-1 91. 
N03- has also been found to be more effective in the more highly alloyed steels 
suggesting synergy between NO3- and elements like Mo in inhibition [20]. It would be 
expected that such synergistic effect might also occur with highly alloyed Ni-alloys too. 

An interesting observation made by numerous authors about NO3- inhibition is the 
existence of a high passivation potential [S, 26-28]. It has also been suggested that there 
is a system dependent critical passivation potential below which inhibition of localized 
corrosion by NO3- will not take place [26]. Others have defined this critical potential as 
the potential above which the sample remains steadily passive or transpassive [8, 24, 26, 
271. This threshold passivating potential decreases as the amount of NO3- in solution 
increases [24,26]. 

While there is general agreement about the efficacy of NO3- in inhibiting localized 
corrosion in SS and Ni-alloys, there is no such consensus with regard to the mechanism 
of action of NO3-. A good number of the early and a few more recent mechanisms were 



based on the theory of competitive adsorption [9, 10, 16, 18, 201. In these mechanisms, 
NO3- simply adsorbed to weak sites on the oxide film to prevent the incorporation of 
aggressive ions like C1- at these sites, thus averting or delaying dissolution and promoting 
oxide film growth. However, the small aimounts of NO3- required to produce significant 
changes in pitting or crevice potentials, especially when compared with other oxyanions 
whose efficacy might be more favored by competitive adsorption (e.g. SO:-), suggests 
that other chemical processes might be involved in the inhibition mechanism of NO3-. 

The electro-reduction of NO3- to NH4+ (possibly through a N02- intermediate) has also 
been suggested as a possible inhibition mechanism for NO3- [23,26,29-311. Two of such 
reduction reactions are described in Equations 1 and 2 as follows: 

NO3-+ 1 OH+ + 8e- -' 3H20 + NH4' P I  
N03-+ Fe2+ + 2H' + NO< + Fe3'+ H20 

These mechanisms involve the consumption of H' (and production of water) with 
resulting nucleation or formation of a stable passivity by a redox reaction (possibly in 
conjunction with Fe2+) within the precipitated salt film at the bottom of a pit or crevice 
[23, 26, 29-32]. However, the reduction of NO3- takes place at potentials much lower 
than the passivation (threshold) potential where inhibition occurs in many cases. This 
suggests that the question as to why high critical passivation potentials are required in 
NO3- inhibition may still remain an open one. 

Another suggested mechanism involves the reduction of NO3- to atomic nitrogen [23, 
28, 30, 311. The N that is formed may tlhen proceed to adsorb to a de-passivated metal 
surface (or to weak points on the oxide film) to promote oxide film formation [31]. Thus, 
N may act as an anodic site blocker in the very early stages of pit development [31]. It 
has also been suggested that the elemental N might be able to undergo reduction to 
ammonium (Nl&+) ions in a reaction analogous to Equation 1 as follows [28,33]: 

N + 4H' + 3e- - NH4' [31 

This reaction also involves the consumption of acid, which consequently increases 
local pH. Indeed, numerous workers have detected N&+ in solution after growth of 
corrosion pits and cracks on SS alloyed with N [28,33-351. However, others have found 
no evidence of Nb', NO;, or any rleduction product of NO3' in pits or crevices on 
stainless steels when NO3- was used as an inhibitor, nor on N-containing stainless steel 
~7 ,361) .  

One of the goals of this study was to determine the effect of NO3- on the crevice 
repassivation potential of Alloy 22. To achieve this, carefully designed statistical test 
matrixes covering the selected range of C1- and NO3- compositions as well as 
temperatures were employed in carrying out the experiments. Specimens for these 
experiments were in the form of multiple crevice assemblies (MCA). Tests in this 
investigation included open circuit potential monitoring, polarization resistance and 
cyclic polarization experiments. 



EXPERIMENTAL PROCEDURE 

Multiple Crevice Assembly (MCA) specimens (Figure 1) were fabricated from welded 
3.175 cm (1.25 inches) thick Alloy 22 (N06022) plates. The welds were made by means 
of Gas Tungsten Arc Welding (GTAW). The double-U shaped welds were completed in 
about 8-10 passes (Figure 2). The weld metal in the welded specimens was taken from 
the outermost portion (surface) of the welds. Since the welds had a double-U 
configuration, this meant that the volume of weld metal on the sample was not the same 
throughout the -2 mm thickness of the samples. Nonetheless, the amount of weld metal 
on the samples covered an area on the working surface that was at least 1 cm wide and 
extended across the entire face (perpendicular to the stem of the specimen) 'of the 
specimen on which the crevice formers were assembled. The chemical composition of 
the 3.175 cm plate as documented by the supplier appears in Table 1. The composition is 
consistent with ASTM-B 575 (for plateshheets) standard [37, 381. The composition of 
the filler metal was taken before it was used in the welding process. 

The MCA design was optimized for crevice corrosion studies so that most of the 
working surface was covered by the ceramic crevice former. The working surfaces of the 
MCA specimens were finished with 600-grit silicon carbide (Sic) paper. The edge of the 
specimens (surface 90 degrees in angle to the working surface) was also finished with 
600-grit Sic paper after first grinding with 100 and then 240-grit Sic paper to remove all 
damaged portions of the sample caused by the electro discharge machine (EDM) during 
the fabrication process. All the grinding was carried out wet. After grinding, the 
specimens were degreased first with hexane, then with acetone and followed by 
methanol. The rest of the MCA consisted of titanium (Ti) grade 2 nuts, bolts and 
washers, as well as ceramic crevice formers with multiple ridges (also referred to as 
teeth). The bolts were polytetrafluoroethylene (PTFE) wrapped to prevent these 
hardware components from coming into electrical contact with the specimen. Each 
crevice former had a total of 12 ridges (or teeth) on it, creating 12 different potential 
crevice sites on each face of the specimen, and a total of 24 potential sites in each 
assembly (Figure 1). The assembly was tightened to a torque of 70 in-lb. PTFE tape 
inserts were placed between the ceramic crevice former and the MCA specimen prior to 
tightening. This was done to fill in the micro voids created by the micro-rough surfaces 
of the specimen and the ceramic crevice former, and to increase the reproducibility of the 
tight crevices in all specimens. The total surface area of the MCA specimen immersed in 
the electrolyte was 7.43 cm2. This surface area included the area under the 24 ridges of 
the crevice formers, which had a combined surface area of 1.6 cm2. In current density 
estimations, the surface area of 7.43 cm2 was used for calculations. 

A three-electrode glass cell with a capacity of 1000 cm3 was used for experimentation. 
The volume of electrolyte in the cell was -900 cm3. A saturated silver/silver chloride 
(SSC) (Ag/AgCl) electrode was the reference electrode (RE). The RE was maintained 
near room temperature by mounting it onto the end of a water-cooled Luggin probe. The 
temperature of the water pumped through the cooling jacket of the Luggin probe was 
between 5 and 12 "C. Thermal liquid junction calculations showed that potential 
variation caused by this phenomenon was in the order of a few mV (-10 mV maximum). 
Also, according to Macdonald et al., a high KC1 concentration in the reference electrode 
tends to suppress thermal liquid junction potentials across the boundary between the high 
and low temperature solutions [39]. Liquid junction potential variations were therefore 



ignored in further analyses. The counter electrode was made of a 40 cm2 platinum (Pt) 
foil. The temperature of the electrolyte was maintained with an oil-filled heating bath. 
The specimen was immersed into the cell immediately after the grinding process with the 
electrolyte at the desired test temperature. Electrolyte temperature readings were taken 
before and after the experiment with a thermocouple. Electrochemical measurements 
were carried out with a potentiostat. The corrosion (open circuit) potential (E,,,) was 
monitored for 24 hours, which allowed E,,, to settle considerably. This was followed by 
polarization resistance measurements, and then by cyclic potentiodynamic polarization 
measurements immediately afterwards. Scans at O.l667mVs-' (600 mVh-') between -20 
and 1-20 mV relative to the E,,,. were carried out for polarization resistance 
measurements. Corrosion rates were calculated from the values derived fiom these 
polarization resistance measurements. Cyclic polarization was started approximately 100 
mV below E,,,, and continued until the current density from the specimen reached a 
maximum of up to 5 mAcm-2, or up to 0.6 V (SSC) before reversal of the scan unless 
otherwise stated. The sweep rate in the forward and reverse directions was 0.1667 mVs-'. 

A carefully designed statistical test matrix was employed in carrying out these 
investigations. The electrolytes used included 1.0, 3.5 and 6.0 molal (m) NaC1, with 
KNO3 addition to give [N03-]/[Cl-] ratios of 0.05, 0.15 and 0.5. These gave a 
combination of 9 different electrolytes as shown in Table 2. All the electrolytes had a pH 
of between 5 and 5.50 at room temperature. The experiments were carried out at 60, 80 
and 100 "C. Two runs were performed at each experimental condition, resulting in a total 
compliment of 54 tests which were carried out in a predetermined random order to 
eliminate any extraneous errors that might be introduced by the experimental set up or 
other external factors. All electrolytes were deaerated with nitrogen gas (NZ). N2 was 
bubbled through the electrolytes for at least one hour before and throughout the 
experiments at a rate of -100 cc per minute. All electrolytes were prepared using 
certified American Chemical Society (ACS) reagent grade chemicals. 

. 

EXPERIME:NTAL RESULTS 

The Corrosion Potential (E&) 
The corrosion potential (E,,,) of Alloy 22 decreased with time at all temperatures in 

all the nine (9) electrolytes tested over the 24-hour monitoring period. Figure 3 shows 
representative curves of Alloy 22 with 1, 3.5 and 6.0 m with NO3- additions equivalent to 
a 0.05 [NO3-]/[C1-] ratio. No comments Cim be made about the long-term trajectory of the 
E,,, in these environments fiom 24-h~m. values. However, E,,, of Alloy 22 has been 
known to increase over time during long-term corrosion potential monitoring in other 
environments. Figure 4 shows the corrosion potential of Alloy 22 after 24 hours of 
immersion in the 27 environments (9 eliectrolyte at 3 temperatures) tested. The data 
points in Figure 4 represent individual values. Two data points are presented for each 
condition. Figure 4 suggests that neither I[Cl-], [NO3-]/[Cl-] ratio nor temperature affected 
E,,, of Alloy 22 in the range investigated. E,,, was always between -0.30 and -0.55 V 
(SSC) in all the conditions tested. Although these electrolytes are deaerated, the 
environment in Yucca Mountain is ex.pected to be at ambient conditions. 24-hour E,,, 
values are typically lower in deaerated e1e:ctrolytes compared with aerated electrolytes, or 
electrolytes at ambient conditions [5]. 



The Passive Corrosion Rate (CR) 
Corrosion rates were calculated from polarization resistance values obtained from 

short scans (-20 to +20 mV) relative to E,,, according to the ASTM G 59 method [40]. 
Upon completion of the scans, linear fits were carried out between the potentials of -10 
and +10 mV relative to E,,,. A value of ztO.12 V/decade was assumed for the Tafel 
constants Pa and P, for the anodic and cathodic curves respectively. Thus, the values 
obtained from the calculations (Equation 4) are approximations of the corrosion rates. 

CR = k&EW [41 
P 

Where CR is the corrosion rate in microns er year, k is a unit conversion factor to 
microns per year (3.27 x lo6 pm g A-' cm-' yr- ), i,,, is the corrosion current density; EW 
is the equivalent weight of Alloy 22 (23.38) assuming an equivalent dissolution of major 
alloying elements as Ni2+, Cr3+, Mo6+, Fe2+ and w6'; and p is the density of Alloy 22 
(8.69 g . ~ m ' ~ )  [41]. These corrosion rates represent metal dissolution under passive 
conditions-at potentials close to open circuit conditions. 

P 

In Figure 5, each data point for CR represents average values from 3 runs carried out 
in succession after a 24-hour exposure without renewing or resurfacing the specimen 
after each measuremeat. There are 2 data points for every condition. Figures 5a-5c show 
that neither [Cl-] nor [N03-]/[Cl-] ratio affects the passive corrosion rate of Alloy 22. 
This is consistent with the observation that these factors also had no effect on E,,,. 
However, Figure 5 shows that the passive corrosion rate of Alloy 22 increases with 
temperature after a 24-hour exposure. The highest corrosion rate values observed were at 
100°C in electrolytes 1 and 9 (0.96 and 0.85pn.yr-' respectively). These electrolytes 
have compositions of 1 .O m C1- + 0.05 m N03-, and 6.0 m C1' + 3.0 m NO3- respectively, 
and support the observation that temperature rather than electrolyte composition was the 
dominant factor that determined the corrosion rate in the conditions tested. The corrosion 
rate was always below 1.0 pm.yr-' in all the tested conditions. Since passive corrosion 
rates tend to fall with time, these 24-hour passive corrosion rates would be higher than 
rates measured after longer periods (months to years) of exposure at open circuit 
conditions. 

Crevice Repassivation Potential ( E d  
Acm-2 on the 

reverse scan of the polarization curve. In addition, for an Erl value to be included in the 
analyses, there must be an observable hysteresis loop in the polarization curve. Figures 
6a, 6b and 6c show representative polarization curves for Alloy 22 in 1 m NaCl with 
KN03 additions 0.05, 0.15 and 0.5 m respectively, representing NO3- to C1- ratio of 0.05, 
0.15 and 0.5 respectively. Under the analyses criteria, Figure 6c (E,1 = 0.504 VSSC) was 
not included in any of the analyses for the repassivation potential because of the absence 
of a hysteresis loop. None of the specimens behaving as shown in Figure 6c showed any 
signs of crevice corrosion under an optical microscope examination. 

Er1 was the potential that coincided with a current density of 1 x 

The shapes of the polarization curves of Alloy 22 were similar when the [NO3-]/[Cl'] 
ratio of solute in the electrolyte was the same. Consequently, Figures 6a, 6b and 6c are 
also representative of the polarization curves of Alloy 22 taken in the solutions 
containing 3.5 and 6.0 m C1- at the same [NO3-]/[C1-] ratio. Thus, the [N03-]/[Cl-] ratio 
rather than [Cl-] was the more dominant effect on the behavior of Alloy 22. It can be 
seen from Figure 6 that the size of the hysteresis loop decreased as the [N03-]/[Cl-] ratio 



increased, and hence as the amount ofN03- increased. Generally, it was observed that 
the degree .of damage on- a specimen decreased as the size of the hysteresis loop 
decreased. This is reasonable since the size of the hysteresis loop tends to be 
proportional to the amount of char,ge passed, and hence to the amount of metal 
dissolution which occurred. 

Figure 6d shows an SEM image of the creviced area on Alloy 22 in 1 m NaCl + 0.05 m 
KN03 at 60°C (Figure 6a). It shows that crevice corrosion initiated and propagated 
underneath the crevice former, suggesting that the crevice former was still required as a 
barrier to diffusion throughout the propagation of this crevice. This behavior of crevice 
propagation was representative of all the conditions tested in this study, that is, generally, 
crevice propagation started as individual pits, and propagation was limited to underneath 
the crevice former. This is quite different from observations made in 5 M CaC12 where 
propagation proceeded to outside the crevice former once the initiation and early 
propagation stages were over [42]. 

----Figure-7-shows the repassivation-po tential as a function of [NO3l]/[C1-] ratio at all [Cl-] 
and temperatures tested. Figure 7 show,s that the repasivation potential increased with 
increasing [NO3-]/[Cl-] ratio (and hence: with [NO3']) and as temperature decreased. 
Figure 8 shows the repassivation potential as a function of [Cl-] at all three [N03-]/[Cl-] 
ratios and temperatures tested. Figure 8 shows that the repassivation potential has a weak 
dependence (if any) on [Cl-] and a strong (dependence on the [NO3-]/[C1-] ratio. However, 
other workers have found that in pure or nearly pure C1- solutions the repassivation 
potential has a strong dependence on [C17 [43,44]. 

A regression analysis of the repassivation potentid data was carried out in order to 
describe the observed behavior of Alloy 22 in these environments. Analyses showed that 
there was no multi co-linearity between the independent variables (temperature, [Cl-] and 
[N03']/[Cl-] ratios) in the analyses, imjplying there was no co-dependence of these 
variables. The distribution of the stantlardized residuals was close to normal. The lines 
of fit described the data reasonably well. This is illustrated in Figures 9. Figure 9 shows 
the lines of fit from the regression analyses in relation to actual data points in a graph of 
the repassivation potential as a function of [N03-]/[Cl-] ratio at 1.0, 3.5 and 6.0 m C1- at 
100°C. As seen fi-om Figure 9, the relpassivation potential is predicted to rise with 
increase in [NO37 and with decrease in [Cl-1, although the effect of [Cl-] tends to be less 
significant. 

DI[SCUSSION 

The poi] employed in this work span a range from relatively low to high 
concentrations. The ten-fold difference in upper and lower bounds of N03- affords the 
opportunity of observing the effect of N03- at vastly different levels. C1- still remained 
the predominant anion in the electrolytes. For this reason, it is expected that the 
mechanisms of crevice initiation and indeled repassivation will be significantly altered by 
the presence of NO3- at least at the lower c.oncentrations. 

The amount of NO3- used did not signilficantly affect the corrosion potential or passive 
corrosion rate of Alloy 22 (Figures 4 and 5). Similar corrosion potentials correlated to 



similar values for the passive corrosion rate, although the latter exhibited a slight 
temperature dependence. This is reasonable since dissolution rates are expected to 
increase with increasing temperature (at least in the short-term). The fact that NO3- had 
no significant effect on the passive corrosion rate suggests that the mechanisms of 
inhibition of NO3' on Alloy 22 might not be primarily associated with the improvement 
of the passive oxide film in the systems studied (at least over 24hrs). It is possible that 
improvements may perhaps result over longer exposure times. A significant reduction in 
the passive corrosion rate of Alloy 22, probably accompanied by an increase in the 
corrosion potential would have signified otherwise. This might suggest that mechanism 
solely based on the adsorption of NO3- or atomic N (from reduction of Nos-) to weak 
sites on the oxide film to promote more robust oxide film growth at these points may be 
unlikely in this study. This observation is consistent with the finding which showed that 
NO3- did not effect the rate of pit nucleation on SS 304 and 3 16 in solutions containing 
0.1 M HC1 + 0.01 M NaN03 [45]. Generally, a reduction in the number and rate of 
nucleation usually accompanies improvements in the integrity of the oxide film, or occur 
whenXii3nhibitor sti-ongly -affects the-ability of aggRssive ions to penetrate the oxide 
film. A mechanism involving the reduction of crevice acidity through the production of 
NH4' by electro-reduction of NO3' (Equations 1 and 2) cannot be ruled out and is 
probable. I 

Earlier work [l, 461 showed that the repassivation potential is a more reproducible 
parameter compared with the crevice breakdown potential (Ecrit). Some of the reasons for 
this include the fact that compared with the crevice breakdown potential, the 
repassivation potential is less affected by sweep rate, and is not dependent on the amount 
of charge passed, and hence on the amount of dissolution associated with crevice 
corrosion that has occurred. Consequently, the repassivation potential is a reliable 
parameter for the study of the effect of NO3' on the localized corrosion in Alloy 22. 

Figure 6d (SEM image) suggests that the mechanism of crevice initiation involves the 
formation of pits, which then coalesce into trenches under the creviced area. The 
reduction in the size of the hysteresis loop and the accompanying reduction of the amount 
of dissolution between crevice initiation and crevice repassivation as [NO3-] increases 
shows that NO3- inhibited crevice corrosion in Alloy 22. This is consistent with the 
increase in the repassivation potential as the [NO3-]/[Cl-] ratio increases, and hence as 
[NO3-] increases. Given that the amount of charge passed (i.e., the amount of dissolution 
that occurs) tends not to affect the repassivation potential of Alloy 22 significantly [l], 
the increases observed in the repassivation potential of Alloy 22 are undoubtedly 
associated with the ability of NO3- to more quickly bring about the cessation of 
dissolution within the crevice upon the reversal of potential. 

The absence of a significant effect of [Cl-] alone on the repassivation potential (Figure 
8) in the range investigated (1-6 m) is likely due to the fact that it is the [Cl-] in the 
crevice, and the accompanying reaction within the crevice that dominate and control the 
repassivation process, rather than the [Cl-] in the bulk solution. The C1- in the crevice is 
saturated, and it is unlikely that the bulk solution [Cl-] with the range investigated will 
affect that in the crevice. Therefore, once a crevice is self-sustaining, it is not expected 
that the concentration of the bulk electrolyte will play a significant role in the 
repassivation process. However, the dependence of E,1 on [N03-]/[Cl-] ratio indicates the 
competing effect of Cl- and NO3- in the crevices, with C1- inducing dissolution and NO3- 



inhibiting dissolution. As suggested above, this data is consistent with reduction of 
crevice acidity by electro-reduction of IVO3-. 

1. The repassivation potential (Er() of Alloy 22 increased with [N03-]/[Cl-] ratio 
between 60 and 100°C in the eleckolytes tested. 

2. The [NO3-]/[C1-] ratio and temperature had a more dominant effect on E,1 
compared with [Cl-] which had little or no effect on E,1. 

3. The [NO3-]/[C1-] ratio had no significant effect on E,,, and CR between 60 and 
1 OOOC. However, CR showed a temperature dependence between 60 and 1 00°C 
in the electrolytes tested. 
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Table 1. Chemical composition of Alloy 22 (UNS No. N06022) given in weight percent. 
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Figure 4. 24-hour corrosion potentials as a Figure 5. Passive corrosion rates of Alloy 
function of vOi]/[Cl-]  ratio for 1.0, 3.5, and 22 after a 24-hour immersion in the 
6.0 m C1- at 60(4a), 80(4b) and 1OO0C(4c). electrolytes used (Table 2) as a function of 

[NOi]/[CI-] ratio for 1.0 (5a), 3.5 (5b), and 
6.0 m C1- (5c) at 60, 80 and 100°C. 
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Figure 8. The repassivation potential as a function of [Cl-] at [NO,]/[CI-] ratio of 0.05, 0.15 and 
0.50, and temperatures of 60, 80 and 100 'C. The legend shows the [NO,]/[Cl-] ratio and the 
temperature for the respective symbols. 
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Figure 9. The repassivation potential as a function of [NOi]/[CI-] ratio at 100 'C. The curves 
describe the repassivation behavior at T=l OO'C. Experimental data points at T=lOO°C are 
included (for [Cl-] = 1.0,3.5 and 6.0 molal; [N03-]/[Cl-] = ratio of 0.05, 0.15 and 0.5). 
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