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ABSTRACT 

Alloy 22 specimens were tested in high temperature (100 to 160°C), high concentration chloride 
and nitrate environments. Results of this study indicate that increasing nitrate to chloride ratio to 0.5 in 
these electrolytes increases resistance to localized breakdown and enhances repassivation. In these 
extreme environments, localized corrosion occurred by pitting even though specimens were tested using 
artificial crevice formers. Open circuit (E,,,), breakdown and repassivation potentials all increase, and 
pitting morphology changes as nitrate to chloride ratio increases from 0.05 and 0.15 to 0.5. Results also 
indicate that increasing the temperature from 100 to 160°C increases E,,, values, while breakdown 
potentials and repassivation potentials peak at 130°C for the 0.5 nitrate to chloride ratio electrolytes. 
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INTRODUCTION 

' Alloy 22 is a nickel-based alloy that is highly corrosion resistant. It falls into the general 
category of nickel-chromium-molybdenum alloys known for their high corrosion resistance. Like other 
alloys in this family, Alloy 22 exhibits both low general corrosion rates and high resistance to localized 
corrosion in a wide range of  environment^.'-^ 

Alloy 22 is the corrosion barrier material for the waste packages intended for the underground 
disposal of radioactive waste at Yucca Mountain. One of the most probable exposure mechanisms of 
the waste packages to aqueous solutions will be through the process of deliquescence. Deliquescence is 
the process by which a crystalline solid absorbs moisture and subsequently dissolves. As the waste 
packages cool and the relative humidity rises, the likelihood of deliquescence occurring on the package 
surface increases. The initial solutions that form through this process are predicted to exist at high 
temperatures (probably above 100°C) and contain high salt  concentration^.^' lo  

Solutions containing high amounts of chloride and nitrate have been identified as one type of 
deliquescence solution that can forrn,in the repository.10 Nitrate has been shown to have an inhibitive 
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effect on the localized corrosion behavior of Alloy 22 in chloride solutions at lower concentrations and 
temperatures than those used in this study.2$ 3' 79 I '  Dunn and Brossia found that for welded Alloy 22 
specimens tested in 0.5 M NaCl solutions at 95OC, there was no crevice corrosion initiated in 
potentiodynamic tests for nitrate to chloride ratios of 0.2 or greater but crevice corrosion did occur at 
ratios of 0.1 and below.3 Evans et. al. found that in potentiodynamic testing of Alloy 22 in 5 M calcium 
chloride (CaC12) solutions, the onset of localized corrosion could be shifted from 7S°C to 105OC by 
adding 0.5 M calcium nitrate (~a(N03)2).~ AS the ratio of nitrate to chloride is increased, an increase in 
both breakdown potentials and repassivation potentials occurs, and the difference between these 
potentials and open circuit values increases. 2, 3, 7, 11 In this study the effect of nitrate on localized 
corrosion of welded Alloy 22 specimens at extremes of chloride concentration and temperature in CaCI2 
+ Ca(N03)2 solutions was examined. 

EXPERIMENTAL 

Alloy 22 specimens were prepared from welded plate specimens. The welds were made by means of 
Gas Tungsten Arc Welding (GTAW). These specimens (Figure 1) were set up in a multiple crevice 
assembly (MCA) based on crevice formers described by the American Society for Testing and Materials 
(ASTM) in ASTM G 48.12 In addition to the Alloy 22 specimen, the MCA set-ups consisted of ceramic 
crevice formers and titanium grade 2 bolts, nuts and washers. A layer of polytetrafluoroethylene (PTFE) 
tape was inserted between the crevice formers and the specimens in order to fill any microvoids and 
create reproducibly tight crevices. The surface of the titanium bolt was insulated from the specimen 
using polyolefin shrink fit tubing. Crevice formers were tightened to a torque of 70 in-lbs. 

The working surfaces on the MCA specimens were polished to a 600-grit finish using Sic  paper. 
The areas perpendicular to the surface, on which the crevice former rested (edge of specimen) were 
sequentially polished using 100,240 and 600 grit papers in order to remove any damage done by electric 
discharge machining (EDM) during fabrication of the specimens by the supplier. After polishing, the 
specimens were sequentially degreased using hexane, acetone and methanol. After degreasing the 
specimens were assembled. 

Electrochemical testing was conducted using a three-electrode setup with a saturated silver/silver 
chloride (SSC) reference electrode and a platinum counter electrode measuring roughly 40 cm2 in 
surface area. The reference electrode was cooled using a cooling jacket with flowing water maintained 
at 5 to 12OC, in order to keep the reference electrode temperature near 25OC. A water-cooled condenser 
was also used to minimize evaporative concentrating of solutions. Solutions were deaerated using 
nitrogen gas flowing at a rate of 50 to 100 cc per minute. Nitrogen escaping from the condenser outlet 
was bubbled through a water trap in order to avoid any backflow of oxygen from the air. 

For each specimen tested, three different electrochemical tests were conducted in succession without 
renewing the specimen surface. First, open circuit potential (E,,,) was monitored for twenty-four (24) 
hours followed by a series of polarization resistance tests from which passive dorrosion rates were 
calculated (these will not be discussed). Finally a cyclic potentiodynamic polarization (CP) test was 
performed. The CP scans started at approximatel 100 mV below the 24hr corrosion potential (E,,,) Y and continued until a current density of 5 mAcm- or a maximum voltage reading of up to 1 V (SSC) 
was reached before the scan was reversed. The scan rate used for the forward and reverse sweeps was 
0.1667 m ~ s - ' .  

Nine different solutions under eleven different conditions were used for testing. These are tabulated 



in Table 1. Three different CaC12 compositions were chosen. For each CaC12 composition, Ca(N03)2 
was added in order to generate a nitrate to chloride ratio (NO3-:Cl- ratio) of 0.05, 0.15, or 0.5. It was 
necessary to use three different CaC12 concentrations, in order to cover the desired temperature range of 
100 to 160°C. The 160°C solutions are solid at 100°C, and the 100 and 130°C solutions boil at 160°C. 
The 12 molal CaC12 + 6 molal Ca(N03)2 solution was used at three different test temperatures to 
investigate the effect of temperature on the measured parameters. Calcium chloride dihydrate and 
calcium nitrate tetrahydrate used to prepare the electrolytes met reagent grade purity requirements set by 
the American Chemical Society (ACS). 

Cyclic polarization data was analyzed for breakdown potential (EzO) and for repassivation potential 
(E,,). EZ0 is the potential where current density first reaches 20 p ~ c r n - ~  on the forward anodic scan of 
the polarization curve. It is a measure of resistance to initiation of localized corrosion. ErI is the 
potential where a decaying current density reaches 1 p ~ c r n - ~  on the reverse scan of the polarization 
curve, that is, below the chosen potential, the current density consistently remains below a current 
density of 1 p ~ c r n - ~  in the anodic portion of the reverse scan. The repassivation potential Erl is a 
measure of how easily a specimen repassivates once localized corrosion has initiated, and represents the 
potential below which self sustaining localized corrosion is not expected to occur. 

RESULTS 

Figure 2 shows 24 hour E,,, values plotted against temperature (bottom x-axis) and CaCI2 
concentration (top x-axis) for the different NO3-:Cl- ratios. The lines shown in the plots are interpolation 
lines used as aids to show trends in the data. They have no other physical meaning. It can be seen that 
the 0.5 NO3-:CI- ratio solutions show more noble Eco, values compared with 0.05 and 0.15 ratio 
solutions at constant temperature and chloride concentration ([CI]) in the 130 and 160°C electrolytes 
(moving vertically). For the 100°C electrolytes, this trend is not apparent due to large scatter in the E,,, 
values for the 0.15 NO3-:CI- ratio electrolyte. The E,,, values also show a tendency to increase with 
electrolyte concentration ([CI-] and m03']) and temperature . Increasing temperatures correspond to 
increasing CI' and NO3' (solute) concentrations. Note that the CaCI2 concentrations shown in Figure 2 
(and subsequent figures) are not plotted to scale, but are used to delineate the data points with their 
corresponding CaC12 concentrations. 

Figures 3 and 4 show examples of polarization curves taken in these extreme environments. 
Figure 3 is a polarization curve for a specimen tested in 10 molal CaC12 + 5 molal Ca(N03)2 at 100°C. 
The curve exhibits a large intermediate peak on the forward scan that reaches a maximum near 0.4 V. 
EZ0 is reached at 0.208 V on the forward scan. A further increase in potential results in the stepwise 
drop of the current density of the specimen until repassivation occurs at about 750 mV. A hrther 
increase in the potential results in another increase in current, this time due to either transpassive 
dissolution or oxygen evolution. This was confirmed by visual inspection of the specimen, and by the 
fact that a reversal of the potential at 1 V does not result in a hysteresis loop, which would have been 
indicative of localized breakdown. This is similar to the behavior observed for Alloy 22 in 5 M CaCI2 at 
between 60 and 75 O C . ' ~  The curve also shows some unconventional behavior on its reverse scan. The 
current density immediately begins to drop when the current scan is reversed at 1 V. The current density 
drops below 1 pAcrn-' at 0.691 V. This trend continues until the reverse scan changes to cathodic 
behavior for a very small potential range (0.525 to 0.490 V), implying the reduction of an oxidized 
specie (probably oxidized during the forward scan). At roughly 0.490 V, the current density once again 
switches back to anodic behavior and the current density increases to values above 1 pAcrn-' and 
reaches a peak of 60 pAcrn-' near 0.25 V before decreasing below 1 p ~ c r n - ~  once again at 0.078 V, this 



time permanently. For a polarization curve showing reactivation behavior like this, the Erl value is the 
second potential value (lowest value) where current density drops below 1 y ~ c m - 2 ,  in this case 0.078 V. 

Figure 4 shows three polarization curves taken for the three different NO3-:Cl- ratios for 12 molal 
CaCI2 at 130°C. The polarization curves for the 0.05 and 0.15 N03':Cl- ratio solutions both exhibit 
passive behavior spanning 200 mV or less and show significant hysteresis behavior on the reverse scan. 
They both reach their reverse current density criterion of 5 m ~ c m - ~  before reaching the reverse potential 
criteria of 1 V. The scan for the 0.5 N03':Cl- ratio solution, however, exhibits a larger passive range and 
shows a relatively smaller hysteresis loop. It does not reach the reverse current density before reaching 
1 V. This series of curves exhibits a trend of increasing breakdown and repassivation potentials with 
increasing NO3-:C1- ratio. 

Figure 5 shows EZ0 versus temperature at various CaC12 concentration. EZ0 increases as the NO3- 
:Clm ratio increases at a given temperature and [Cl-I.. The data shows there is a large increase in E20 at 
the higher temperatures (130 and 160°C) and highest 0.5 N03':Cl- ratio compared with the lower 0.05 
and 0.15 ratios. In the lowest temperature, lowest concentration electrolytes (100°C and 10 molal 
CaC12), there is still a positive effect on the breakdown potentials (increase) from increasing NO3-:Clm 
ratios, but it is not as dramatic as the increase in the 130 and 160°C electrolytes. EZ0 values also 
generally show an increase when moving to higher temperatures and concentrations ([Cll and [NO3-]) 
for constant NO3-:C1- ratio except when moving from 130 to 160°C for 0.5 NO3-:C1- ratio electrolytes. 
The increase is especially dramatic when moving from 100 to 130°C in the 0.5 NO3-:CI- ratio 
electrolytes. 

Figure 6 shows Erl versus temperature at various CaC12 concentrations. The data shows similar 
trends to EZ0 data (Figure 5). Higher NO3-:C1- ratios, at a constant temperature and [Cl-1, result in higher 
Erl values for Alloy 22 . For a given NO3-:Cl- ratio, Erl increases as [Cl-] and [NO4 increase . More 
dramatic increases in ErI take place in the presence of solutions with a 0.5 NO3-:Cl- ratio, and is 
consistent with observations made in Figure 5 for E20 values. 

In general, the trends seen with both E20 and Erl are similar to those seen for E,,, values. They 
all show the tendency to move toward more noble values as NO3-:Cle ratio is increased and also as 
solutions at a constant NO3-:Cl- ratio become more concentrated and are tested at higher temperatures. 
The effect of [Cl-] (or absolute concentration) and temperature does not appear to be as strong as the 
effect of N03-:C1- ratio or absolute [NO3-] (Figures 2, 5 and 6). 

To help determine the separate effects of temperature and solute concentration on the E20, Erl and 
E,,, of Alloy 22 in these extremely concentrated electrolytes; another series of experiments was 
conducted. For these experiments a constant electrolyte concentration of 12 molal CaC12 + 6 molal 
Ca(N03)2 was used while the testing temperature was varied between 100 and 150°C. Figure 7 
compares the cyclic polarization behavior of specimens tested in the 12 molal CaC12 + 6 molal Ca(N03)2 
electrolytes at 100, 130 and 150 "C. The curves at 100 and 130°C curves exhibit intermediate peaks on 
the forward scan not present in the 150°C curve. The presence of two anodiclcathodic transitions 
during the reverse scan of the 100°C curve mentioned previously (Figure 3) can also be seen in Figure 7. 
Figure 8 shows 24-hour E,,,, E20 and Erl of Alloy 22 as a function of temperature in 12 molal CaC12 + 6 
molal Ca(N03)2. 24-hour E,,, values show a consistent increase as a function of temperature. Both the 
EzO and Erl values of Alloy 22 in this electrolyte show an increase between 100 and 130°C and then a 
decrease in values between 130 and 150°C. Thus, maximum resistance to localized corrosion in this 
electrolyte is shown at 130°C for Alloy 22. This is a parabolic relationship rather than a linear one. 



Observations of all specimens tested in this study showed that localized corrosion occurred on all 
but one specimen. This specimen was tested in 0.5 N03-:CI- ratio solution at 160°C. The localized 
corrosion mechanism for all specimens was pitting. Crevice corrosion was not observed, in spite of the 
fact that specimens were multiple crevice assemblies (MCA). Figure 9 shows an example of the pitting 
seen on a specimen tested in 12 molal CaC12 + 0.6 molal Ca(N03)2 at 130°C. Most of the pitting on this 
specimen is on the outer portion of the specimen and takes on a light gray appearance in the image. 
Pitting showed no evidence of preferential initiation at crevice formers on this or any other samples. 
Total pitted area became smaller and pit aspect ratio (width to depth) became larger (pitting became 
shallower) as N03-:CI- ratio increased. The total pitted area on all specimens tested in 0.5 NO3-:Cl- ratio 
electrolytes was small relative to other specimens. Among the 0.5 NO3-:CI- ratio specimens, those tested 
at 100°C showed the most pitting. 

Pitted zones took on a different appearance in weld versus base zones of the specimen. Figure 
10 shows a dark field light microscopy image of pitting at a weldlbase metal interface. Most of the 
surface shown in this image is pitted with pitted areas showing up as light gray or gray in color. In the 
weld zone, pitting preferentially occurred on the dendrites. The dendrites tend to be deleted in Mo, and 
the interdendrites are usually enriched in Mo). . In the base metal zone, pitting occurred randomly, 
without a preferred area of attack. Pitting did not appear to show a preference toward attack of weld or 
base'metal for these cyclically polarized specimens. Dark field is used in Figure 10 to show the features 
inside the pitted areas, because pits show up as featureless dark areas in bright field images. 

DISCUSSION 

Results of the current study indicate that in high temperature, high concentration CaCI2 + 
Ca(N03)2 bearing electrolytes the N03-:C1- ratio has a strong influence on E,,,, breakdown potentials, 
E20, and repassivation potentials, Erl. These results are consistent with those of other researchers who 
studied the behavior of Alloy 22 at, lower temperatures, in lower chloride concentration. beariig 
environments. ' ' ' These results therefore imply that the inhibiting ability of nitrate on localized 
corrosion is maintained at extremes of chloride colicentration and temperature provided that critical 
ratios of N03-:C1- are maintained. 

24 hour E,,, values are higher for 0.5 NO3-:Clm ratio solutions than for 0.05 or 0.15 NO3-:CIm ratio 
solutions tested at 130 and 160°C (Figure 2). Figure 8 shows that the major contributor to the increase 
in corrosion potential seen in Figure 2 is temperature. The E,,, values shown in Figure 8.roughly 
correspond to the values for the 0.5 NOs-:CI- ratio curve from Figure 2. This implies that kinetic effects 
are important in determining the corrosion potential of Alloy 22 in these electrolytes. Reaction kinetics 
generally increase with temperature. Nonetheless, E,,,, as well as E20 data indicates that in these 
electrolytes, nitrate helps to maintain a more effective passivation layer on the Alloy 22 surface in these 
environments. 

Breakdown potentials also increase significantly as the NO3-:CI- ratios increase from 0.05 to 0.5 
at test temperatures of 130 and 160°C (Figure 5). This increase is even larger in magnitude than it is for 
the E,,, values and is consistent with the increase in the passive region of Alloy 22 as observed in 
Figure 4. These results suggest that the higher corrosion potentials registered on Alloy 22 in the 0.5 
N03-:CI- ratio electrolytes translate to more resistant oxide films, and thus higher breakdown and 
repassivation potentials (Figures 2, 5 and 6). Breakdown and repassivation potentials indicate that 
nitrate effectively raises breakdown and repassivation to higher potentials, and implies that localized 
corrosion is more difficult to initiate and repassivation is enhanced as nitrate concentration increases in 



solution. This is particularly evident at higher temperatures and higher [Cll. E20 and Erl values are 
much higher for the 0.5 NO3-:C1- ratio electrolytes under the 130 and 160°C testing condition shown in 
Figures 5 and 6. In fact the very small pitted areas (a few square mm or less) and the small hysteresis 
loop for the 0.5 NO,-:Cl- ratio specimens tested at 130°C and above suggest that transpassive dissolution 
or oxygen evolution currents were the dominant processes at high potentials and partially explains. the 
high E20 values for these electrolytes (Figures 5 and 8). 

The relationship between E20 and temperature is unusual (Figure 8). The increase of E20 as 
temperature is increased suggests that temperature increases the breakdown potential of Alloy 22 instead 
of reducing it as is usually observed in experiments of this nature. The same argument can be made for 
Erl values, however, there is some scatter in the 130°C and 150°C Erl values that makes this conclusion 
less substantiated. A couple of possibilities exist as to why E20 first increased with temperature before 
decreasing upon further increase in temperature. It is possible that increases in temperature allowed 
thicker, more resistant oxide film to form at temperatures within the test duration time due to higher 
kinetic energy (ionic mobility) in the system at these high temperatures. This film could counteract the 
higher dissolution rates that are often associated with higher temperature electrolytes. The ability to 
grow thickkr (rather than thinner) oxide films with .increase in temperature might be explained by 
increase in activity of ions in the electrolyte with increase in temperature. The consistency of the 
electrolyte used is viscous at 100°C. It solidifies between 80 and 90°C. So it is not unreasonable to 
expect that the activity of the ions in the electrolyte will increase as temperature is increased. However, 
after a certain temperature, any improvement due to increased activity diminishes, and further 
temperature increases result in a, reduction of E20. Thus, while further increases in temperature above 
130°C (in this case) may not lead to thinner or less robust oxide films (as E,,, increases with 
temperature, Figure 8), the increased mobility of C1- ions in solution and their ability to cause reductions 
in E20 start to exceed the ability of any improvement in the oxide film to mitigate localized breakdown. 
However, the effect of temperature on the breakdown potentials of Alloy 22 may be due to more than 
just a simple case of thickening the oxide film at the higher temperatures. The presence of the large 
anodic peak at 100°C in Figure 3 could result from a change in the composition andlor structure of the 
passive film (also applies to Figure 7). Such changes may also be facilitated by a change in the activity 
of the ions in solution. It is possible that one component of the film is being dissolved and replaced by 
another. The fact that this peak occurs at a potential that is higher than what is seen for a simple active 
to passive transition lends support to this possibility. This peak is still present on the 130°C curve, but it 
,is not as prominent. The l5O0C curve does not display any peak, which suggests that the passive film is 
not going through the significant changes that are potentially occurring at the lower temperatures or 
proceeds through this transition at a rate faster than can be registered on the polarization curves. It can 
be observed that the passive current density of Alloy 22 increases with increase in temperature (Figure 
7). ' 

CONCLUSIONS 

The ability of nitrate to inhibit localized corrosion of welded Alloy 22 specimens is maintained in 
high concentration, high temperature CaC12 + Ca(N03)2 electrolytes. 

Welded Alloy 22 specimens tested in NO3-:Cl- ratios of 0.5 show higher resistance to localized 
corrosion than specimens tested at ratios of 0.15 and 0.05. Breakdown and repassivation values as well 
as E,,, increase when NO3-:C1- ratio is increased to 0.5 from 0.05 or 0.15. 

Increasing the NO3-:Cl- ratio to 0.5 from 0.05 or 0.15 in these electrolytes widens the range of 
passive behavior. 

In 0.5 NO3-:Clm ratio solutions with constant electrolyte concentrations, E,,, values increase with 



increasing temperature, while E20 and E,, values peak at 130°C. 
Pit morphology changes as nitrate to chloride ratio increases. At low ratios pits tend to be deeper 

than at high ratios. 
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TABLE 1 - THE TEST ELECTROLYTES 

CaC12 
Concentration 

10 molal 
12 molal 
12 molal 
18 molal 

Ca(N03)2 Concentrations 

0.5 molal, 1.5 molal, 5 molal 
0.6 molal, 1.8 molal, 6 molal 

6 molal 
0.9 molal, 2.7 molal, 9 molal 

Temperature 

1 00°C 
130°C 

100, 150°C 
160°C 
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FIGURE 3 - Cyclic polarization curve for specimen tested in 10 molal CaC12 + 5 molal Ca(N03)2 at 
10o0c. 

-0.05 NO3-:CI- ratio 
- 

, - 0.15 N0;:CI' ratio If 
0.5 NO3-:CI- ratio Fb - 

7 4 

FIGURE 4 - Comparison of polarization curves for 0.05, 0.15 and 0.5 N03-:Cl- ratios containing 12 
molal CaC12 at 130°C. 



- 0.05 N03':CI- ratio 

* 0.1 5 N03':CI' ratio 

*- 0.5 ~01:cl-katio 

a 0 3 
0 ~ t 1 ~ ~ ~ 1 1 1 1 t 1 1 L 1 1 1 1 L 1 1 1 4 1 1 1 1 1 1 1 1 1 1 1 1 1 L L ~  

0 

90 100 110 120 130 140 150 160 170 
Temperature (OC) 

FIGURE 5 - EZ0 values versus temperature (bottom x-axis) and CaC12 concentration (top x-axis) for 
0.05,O. 15 and 0.5 NO3':Cl- ratios. 

* 0.15 NO3-:CI- ratio 

h . \ 0 

10 m CaCI2 12 m CaCI2 18 m CaCI2 

90 100 110 120 130 140 150 160 170 
Temperature (OC) 

1000 

FIGURE 6 - E,I values versus temperature (bottom x-axis) and CaC12 concentration (top x-axis) for 
0.05,O. 15 and 0.5 NO3-:Cl- ratios. 

I " " I " " l " " I " " I " " I ~  1 I I l l  I I I 

: * 0.05 NO3-:Cf ratio *- 0.5 NO3-:CI- ratio 



FIGURE 7 - Comparison of polarization curves for 12 molal CaC12 + 6 molal Ca(N03)2 at 100, 130 and 
150°C. 
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:it crtvicc ibmcrs. Magnilication = 8X. 

I~ICil  [RI: 10 - 11.!1 I, : I L . I L !  I I I T * I : : L  1 9 1  ~ ~ C L . I I I I C ~ I  ( !' !chicil 1 1 )  I !  1 111 t ;I(  . I 7  I .? 111 ( : l{\(  i> I?  at IOWC. The 
rtppcr lcft ol'nhc irnagc currc.;ponds t(1 ~velcl rnctnl nnrl 111c lowcr right to hnse rnctal. I ;ray and light gray 
:ireas arc pits. Mapntlication = IOOX. 


