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an accumulated charge of 0.02 C corresponding to the propagation of stable crevice corrosion. 

This indicates that crevice corrosion propagates laterally for alloy 22 spreading to new areas, 

while for 625, crevice corrosion leads to a large depth of penetration at a limited number of sites. 

Thus propagation is more severe for 625. 

Comparison of surface metrology studies with electrochemical studies reveals that the 

properties associated with metastable pitting in crevices are similar for both alloys in terms of 

peak heights, values for peak integrated charge, and I/r ratios, as well as in the extent of surface 

damage caused by the coalescence of metastable pit sites (i.e., the extent of damage after a 

charge accumulation of 0.005 C). However, metastable event rates are higher for 625 than for 

alloy 22. Alloy 625, with higher metastable event rates and a less severe critical crevice solution 

as compared to alloy 22 should stabilize at lower potential-temperature conditions compared to 

alloy 22.2 Moreover, the impact of a given number of metastable pits should be more severe as 

seen in Figure 5. 

CONCLUSIONS 

1. There is an inverse relationship between the cumulative number of metastable events and 

crevice stabilization potentials determined potentiodynamically . 

2. Metastable corrosion event rates are higher for 625 than for alloy 22 at the same temperature 

and applied potential. In addition, increasing applied potential and temperature has the effect 

of increasing metastable event rates for both alloys. However, applied potential and 

temperature do not have strong effects on properties of individual metastable pits such as 

peak integrated charge and I/r ratio. 

3. The role of metastable pitting in crevice stabilization is not certain but appears most 

consistent with generation of more hydrolysable cations at a focused location in a crevice that 
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augments supply of hydrolysable cations via passive dissolution. From this perspective, the 

greater number of events on alloy 625 at each temperature contributes to understanding the 

overall greater crevice susceptibility of this alloy compared to alloy 22. Individual metastable 

events do not appear to supply sufficient ohmic voltage drop to stabilize crevice attack. Nor 

do they individually appear to form and maintain critical crevice solutions in the absence of 

more global acidification within the crevice. Given these findings, it is also possible to 

rationalize why similarity of the properties of individual events on alloys 625 and 22 is not 

important to the stabilization process. 

4. Surface metrology studies show that the depth of crevice corrosion attack is greater for 625 

than for alloy 22. 

5. Through surface metrology studies and assuming that each metastable event forms a small 

hemispherical pit, it can be concluded that crevice corrosion begins through the coalescence 

of metastable pit sites at a critical distance within the crevice. The justification for this 

distance can be rationalized and the narrow band formed is quite evident. 
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TABLES 

Table 1. 
comparison, consider that stainless steels typically have 2 wt.% Mn and 0.02 wt.% S. 

Measured chemical composition (weight percent) of alloys 625 and 22. For 

Table 2. Heat treatments specifications and measured mechanical properties for alloys 625 and 
22. 

Heat Treatment 

Micrograin Size 
Number 
Hardness 

Tensile Strength ( h i )  
Yield Strength (0.2% 

offset) (hi) 
Elongation in 2 in 

(YO) 

625 22 
Mill Annealed at Solution Annealed at 

Minimum of 87 l°C Minimum of 1 121'C 

8.0-9.0 5.0-6.0 

96.5 91.5 
135.8 118.3 

74.7 60.4 

46.2 58.0 
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Table 3. Calculated values for pitting resistance equivalency numbers (PREN), modified pitting 
resistance equivalency numbers (PRE’), and chromium equivalencies for alloys 625 and 22. 

I I 625 I 22 I 
PREN 50.38 64.60 

~ 

PRE’ 50.38 73.91 
Cr Equivalency 49.75 62.16 
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ROLE OF METASTABLE PITTING IN CREVICES ON CREVICE STABILIZATION 
IN ALLOYS 625 AND 22 

B.A. Kehler and J.R. Scully 
Center for Electrochemical Science and Engineering 
Department of Materials Science and Engineering 

University of Virginia 
Charlottesville, VA 22904 

ABSTRACT 

The metastable pitting behavior inside crevices of alloys 625 and 22 was examined to 

obtain insight into differences in crevice corrosion susceptibility between alloys 625 and 22. 

Metastable corrosion event rates recorded as current-time transients were found to increase with 

increasing applied potential and temperature for both alloys. However, the increase was more 

significant for 625 as compared to alloy 22 and the cumulative number of events was greater. A 

strong correlation was obtained between the increase in event rates and decrease in crevice 

stabilization potential with temperature. Metastable peak heights, values for peak integrated 

charge, and curredpit depth (Ih) ratios were not strongly affected by these driving forces. The 

alloying content in alloy 22, traced to increased molybdenum (Mo) and tungsten (W), was 
L. 

rationalized to decrease the metastable event rate and hence, the cumulative number of events 

after a given time. However, metastable peak heights, values for peak integrated charge, and I/r 

ratios, as well as metastable peak shapes associated with individual events, were not strongly 

affected by alloy type in the narrow range of Mo contents explored here. Observed differences 

in resistance to crevice corrosion stabilization are rationalized to depend on differences in the 

cumulative number of metastable events occurring sufficiently close in space and time to 

contribute to the development of a critical crevice chemistry at specific depths in a crevice. The 

properties of individual events did not have a significant effect. Stable crevice corrosion 

eventually occurred at the sites where a row of metastable pits formed at a critical distance from 
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the crevice mouth. 

depassivation. 

KEY WORDS: crevice corrosion, metastable pitting, 625, alloy 22 

INTRODUCTION 

Stable Crevice Corrosion Properties of Alloys 625 and 22 

This row of pit sites focused acidification, which contributed to local 

Alloy 22 with a pitting resistance equivalency number (PREN)"' of 65 is markedly more 

resistant to crevice corrosion than 625 with a PREN of 50.' Previous studies have shown that 

electrolyte ratio (Le., the ratio of chloride anions to total oxyanions) and temperature have a 

strong effect on calculated survival probabilities and crevice generation rates for both alloys 625 

and 22.' In addition, multiple regression analysis showed that the crevice stabilization potential, 

E,,,,, is a stronger function of temperature and electrolyte composition for alloy 22 than for 625. 

As temperatures are lowered from 95'C, E,,, values increase more rapidly for alloy 22 than for 

625, in some instances approaching or exceeding transpassive potentials.2 In addition, critical 

crevice temperature studies in 6% ferric chloride (FeC13) showed that crevice corrosion initiated 

at lower temperatures for 625 than for alloy 2L3 Hence, crevice corrosion susceptibility in 625 

is far greater than in alloy 22, but the exact reasons for such susceptibility are unknown. 

Transition to Stable Crevice Corrosion 

Laycock, et al., suggest four possible models for the stabilization of crevice cor r~s ion .~  

The passive dissolution model is based on a mechanism suggested by Oldfield and Sutton in 

which the formation of a critical environment leads to the local breakdown of the passive film 

and thus, general corrosion in that area." In the sulfide entrapment model, dissolution of evenly 

spaced inclusions concurrent with passive dissolution leads to the breakdown of the passive 

film.77 The IR drop model is based on a mechanism suggested by Pickering where the IR drop 

( I )  PREN = wt.%Cr + 3.3wt%Mo +16wt.%N. 
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in the restricted geometry is sufficient to alter the interfacial potential within the crevice from the 

passive region into the active region, thereby, initiating crevice cor ros i~n .~ ' '~  Finally, in the 

metastable pitting model of Stockert and Boehni, pitting is stabilized due to the geometrical 

restrictions of the crevice in which ohmic potential drop and restricted mass transfer maintain the 

active state caused by a metastable pit.13 

Metallurgical Considerations 

Numerous studies have examined the effect of alloying additions on the pitting properties 

of stainless Sedriks has suggested that structural heterogeneities that influence pitting 

may also influence crevice corrosion. For example, manganese sulfide (MnS) inclusions and 

chromium depleted zones around precipitated carbides have been found to be initiation sites for 

metastable pitting that may transition to stable pits. These sites may also act as initiation sites for 

crevice corrosion.' 

- 

The materials of this study, alloys 625 and 22, have single-phase face-centered cubic 

(FCC) atomic structures similar to austenitic stainless steels." Standard heat treatments of these 

alloys(2) lead to the desired single-phase atomic structure despite differences in cooling rates. 

However, second phases including carbides and intermetallics can be formed under certain 

thermal conditions. Long term aging at intermediate temperatures (approximately 60OoC) leads 

to the precipitation of carbides as well as a p phase that nucleates from the carbides at the grain 

boundaries.20 

In addition, alloying additions such as Mo and W used to enhance corrosion resistance 

and strength can form carbides and intermetallics. For 625, carbides can be found in the form 

MC or M& where M is Ni, Nb, or Mo. The intermetallic Ni3Nb can also form. The p phase 

(') Alloy 625 was tested in a mill-annealed condition (furnace cooled) and alloy 22 was tested in a solution-annealed 
condition (water quenched). 
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consisting of Ni, Mo, Cr, W, and Fe can form in alloy 22. Precipitation of the 0 and P phases 

However, Mo and W are more soluble at can also occur in these high nickel alloys. 

temperatures above 1 OOO°C than at lower temperatures.’’ Therefore, the solution heat treatment 

and water quenching (or furnace cooling) ensures retention of these elements within the single- 

phase FCC structure. In fact, studies of aging and phase stability studies on alloy 22 show that 

formation of P or G phases is unlikely at 2OO0C for over 10,000 years.23 Therefore, the 

metallurgical culprit responsible for pitting and crevice corrosion of alloys 625 and 22 are less 

clear than in the case of MnS inclusions in stainless steels. 

1, 21, 22 

Justijkation for Investigating the Role of Pitting in Crevice Corrosion 

Metastable pitting behavior inside crevices was studied for a variety of reasons. First, the 

potential long-term application of these alloys for high level nuclear waste containment at Yucca 

If the metastable event rate is Mountain requires that the metastable event rate be known. 

sufficiently high and does not decay with time, the container could conceivably be breached due 

to coalescence of metastable sites despite the fact that stabilization has not occurred. In addition, 

it has been suggested by Laycock, et al., that stabilization will occur in time if the metastable 

20,24,25 

pitting rate does not decay to zero with time due to the role of the restricted geometry of the 

crevice in maintaining an aggressive ~hemistry.~ Hence, any potential where long term 

metastable pitting occurs may be a potential where crevice stabilization can occur given severe 

enough mass transport conditions. Metastable events may contribute to crevice stabilization 

through their influence on chemistry change by means other than passive dissolution. In the 

context of Galvele’s chemistry change proposal for ~tabilization’~, studies have shown that there 

exists a critical value of i*r or I/r, where i is pit current density, I is pit current, and r is pit depth, 

In the that is required to maintain a depassivating chemistry and therefore, stabilize pits. 15, 26, 27 
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context of crevice corrosion, r must include the crevice depth as an additional geometric 

restriction to mass transport. Metastable events may also contribute to crevice stabilization by 

Metastable providing IR drop in the context of ohmic models of crevice stabilization. 

events can also be correlated with the probability of stable crevice corrosion based on a 

probabilistic model developed by Shibata.30 This stochastically based model, which involves the 

determination of birth, death, and stable growth rate expressions, has been applied in metastable 

pitting studies to predict damage ev~ lu t ion . '~~  31 Thus, the mechanism of crevice corrosion can 

be better understood by studying the stages of the process, Le., initiation, growth, and 

repas~ivation.'~ Here, we focus on the initiation stage involving metastable events. 

9-12, 28, 29 

Many researchers have examined metastable localized corrosion propehies, specifically 

through and aluminum alloys the metastable pitting properties of stainless steels 

potentiostatic holds in the passive region. Metastable events have been observed at potentials 

well below potentiodynamically determined pitting  potential^'^' 32, as well as below repassivation 

 potential^.'^' 27, 35 Also, an exponential decay in the number of metastable events with time, at 

fixed potential and temperature, has been observed and has been attributed to the elimination of 

possible sites for pitting events. 26, 33 In addition, Stockert and Boehni examined the influence of 

metastable pitting on the formation of stable crevices. Their studies showed that stable crevice 

corrosion could be initiated only after the occurrence of a certain number of metastable pitting 

events, which contributes to the formation of a depassivating ~hemistry. '~ 

26, 21, 34 14,26, 32, 33 

Studies involving an examination of metastable pit sites inside crevices are significant 

because alloys 625 and 22 without crevices resist stable pitting in many environments. 

Therefore, measurements of metastable pit event rate, peak height, peak integrated charge, and 

I/r ratios, as well as examination of the growth and repassivation, could lead to a better 
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understanding as to why the crevice corrosion resistance of alloy 22 is better than 625 from the 

standpoint of crevice initiation and what alloy design considerations improve crevice corrosion 

resistance. In this study, the effects of temperature and applied potential on metastable pit sites 

within crevices are examined in order to investigate the role of metastable pitting in crevice 

corrosion stabilization, and to examine the connection between crevice corrosion stabilization 

and metastable corrosion properties. 

Objectives 

The main objectives of this study are to compare and contrast the metastable pitting 

behavior inside crevices of alloys 625 and 22 and to determine the extent to which these 

properties are linked to and provide mechanistic information on the greater overall crevice 

corrosion resistance of alloy 22 relative to 625. Potentiostatic studies were performed to 

determine the effects of temperature and applied potential on metastable pitting inside crevices 

of alloys 625 and 22 given the distinct differences in crevice corrosion behavior of these two 

alloys. Current versus time behavior characterized in terms of event rate, peak integrated charge, 

and peak shape was examined. Analyzed data include Ilr ratios, repassivation rates, and 

cumulative number of events. In addition to analysis of current-time records, surface metrology 

studies were performed to compare the nature, location, and extent of metastable surface damage 

with the corresponding electrochemical current versus time behavior. 

EXPERIMENTAL PROCEDURES 

Materials 

Metastable pitting behavior inside crevices of alloys 625 and 22 was investigated through 

analysis of current-time records using specimens with an as-received surface finish of between 2 

and 4 pm (average roughness) arranged in a crevice assembly. Prior to testing, the specimens, 
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which had been stored in laboratory air for six months or more, were degreased in acetone, 

rinsed in deionized water, and dried at 100°C for three minutes in accordance with ASTM-G1 .36 

The face of the sample was placed inside a crevice assembly consisting of ceramic multiple 

crevice formers with 12 plateaus each of area 0.06 cm2 lined with polytetrafluoroethylene 

(PTFE) tape. The torque applied was 7.92 N-m (70 in-lb). The total wetted area of each 

specimen was approximately 8.5 cm2 including both the sample face and stem, but the only 

crevice was formed by the crevice former on the face of the sample. 

Surface metrology studies were performed using alloys 625 and 22 in a polished 

condition to better facilitate detection of geometrically small corrosion events such as metastable 

pits. Polished samples were wet polished through 600 grit S i c  paper and successively polished 

to a 1 pm diamond finish in stages of 6 pm, 3 pm, and 1 pm diamond slurry, and stored in 

laboratory air for at least 8 hours before testing. Prior to testing, the samples were degreased in 

acetone, rinsed in deionized water, and dried at room temperature. The alloy compositions and 

specifications are shown in Table 137 and Table 2, respectively. Shown in Table 3 are 

characteristic values for chromium equivalen~ies ,~~ pitting resistance equivalency numbers,' and 

modified pitting resistance equivalency numbers,39 which are indicative of the relative corrosion 

resistance of these alloys.(3) 

Electrochemical Testing Methods 

Previous studies have characterized the potential ranges of passivity for alloys 625 and 22 

in different environments through examination of potentiodynamically determined potentials for 

crevice stabilization, repassivation, and free corrosion? In order to examine the metastable 

pitting behavior inside crevices of these alloys potentiostatic holds were performed at a data 

(3) P E N  = wt.%Cr + 3.3wt%Mo +16wt.%N; PRE' = wt%Cr +3.3wt.%(Mo + W) + 30wt.OhN; Cr Equivalency = 
wt.%Cr i- I.6wt.%Mo + 4.3wt.%Nb + 7wt.%W. 



acquisition rate of 20 Hz. This data acquisition rate was considered sufficient to capture the 

shape of the transient corrosion events. Potentials were chosen in the passive region above open 

circuit but well below those associated with stabilization in order to avoid the transition to 

stability at short times. Potentiostatic holds were performed for 10 hours (or until stabilization of 

crevice corrosion occurred) at temperatures ranging from 60" to 95°C in a pH 2.75 (1O:l) 

electrolyte, where (1O:l) indicates the ratio of chloride anions (5 M lithium chloride) to total 

oxyanions (0.26 M sodium sulfate and 0.24 M sodium nitrate). The pH was adjusted to 2.75 

with hydrochloric acid (HCI) to a final concentration of 0.2 mM HC1.(4)38 This electrolyte was 

chosen over a higher pH environment in order to give a large potential range between the applied 

potentials and thermodynamic potentials associated with chromium and molybdenum 

transpassivity. The applied potentials in millivolts versus Ag/AgCl (25°C) were -25 and +5. All 

experiments were performed using the same potentiostat (Princeton Applied Research Model 

273) and the same reference electrode in order to eliminate variations in measurements caused by 

slight equipment differences. Noise was minimized by performing all experiments in a Faraday 

cage and isolating the cell from the heat source by circulating heated water through a coil placed 

directly in the cell. In addition, an internal 590 Hz low pass filter was employed to eliminate 

high frequency noise and the internal measurement rate of the potentiostat was set at 240 Hz to 

help cancel 60 Hz power line interference.[ #134; #151] The ground lead from the electrometer 

was used to establish ground with the Faraday cage, thereby eliminating noise due to ground 

loop interference.[ #134] The test setup is shown in Figure 1. 

Metastable corrosion event rates, peak heights, values for peak integrated charge, and I/r 

ratios were determined from current-time records using PeakFkdC analysis software.42 

PeakFindC defines a metastable corrosion event based on a user input of threshold current, 

(4) For electrolytes with high chloride concentrations, the activity coefficient of is greater than one. 
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which establishes the difference between metastable events and background noise. Outputs of 

PeakFindC include metastable peak height, width, and integrated charge with a corresponding 

time stamp. Peak widths are determined at a current equivalent to 10% of the corresponding 

peak height. Values for peak integrated charge are calculated assuming that the events are 

triangular in shape, yielding a rough approximation of the charge passed during each event. It 

should be noted that PeakFindC assumes a baseline current level of zero. Therefore, in order to 

analyze the current-time records produced as a result of this study where the baseline current was 

not zero, the first 10,000 seconds of the current-time records were fit to a power law function. 

This yielded a good approximation of the initial decay of the current to the baseline current level 

(i.e., the passive current). This function was then subtracted from the original data file yielding a 

current-time record with a baseline current level of approximately zero. 

The appropriate current threshold for counting of metastable events was determined by 

collecting current versus time records for 625 in both an aggressive chloride electrolyte and a 

benign phosphate electrolyte. Specifically, potentiostatic holds of +5 mVAdAgcl were performed 

in a pH 2.75 phosphate buffer at 95OC on uncreviced samples of 625 and compared to the results 

for creviced specimens of 625 polarized to +5 mVAdAgc1 in the pH 2.75 (1O:l) electrolyte at 

95OC. The signal collected in the chloride electrolyte includes true metastable events and 

background noise, while the signal collected in the benign phosphate electrolyte includes only 

background noise. Therefore, the appropriate current threshold for counting metastable events 

was determined through comparison of these two signals. The current-time records were 

examined using current thresholds ranging from 1 nA to 100 nA in 1 nA increments to determine 

the total number of events detected at each threshold. Figure 2 shows the current versus time 

records for the phosphate and chloride electrolytes, as well as results of the current threshold 
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examination. If the selected current threshold is too low, the total number of events for each 

condition will be similar because erroneous event counting from the background noise is 

included in determination of metastable events. However, at a particular current threshold, the 

number of events counted for the chloride electrolyte exceeds those for the phosphate electrolyte, 

as the number of events detected that are actually just background noise begins to decrease. This 

is shown by the solid vertical line in Figure 2b. For the purpose of this study, the threshold 

current for counting metastable events was defined as the current at which the total number of 

events in the benign phosphate electrolyte was less than 10% of the total number of events in the 

chloride electrolyte and is indicated by the dotted vertical line in Figure 2b. This leads to the 

determination of true metastable events without a significant influence from background noise 

and artifact events. A current threshold of 56 nA was selected based on this procedure for all 

analyses in this study. However, this does not imply that metastable events below this threshold 

do not exist.14 Smaller electrodes and smaller crevice areas would be required to acquire this 

data. Pit volume was calculated from integrated anodic charge assuming a E.W. = . Pit radius 

was determined using a hemispherical assumption to enable determination of I/r ratio.5 

r 

Selected metastable events were also examined to gain an understanding of growth and 

repassivation kinetics. The influence of peak shape on the electrochemical processes of growth 

and repassivation was investigated by examining the peaks of greatest height, determined using 

PeakFindC, at each condition tested (i.e., each temperature and potential combination) for both 

alloys. These selected events were characterized largely on the basis of event lifetimes. In 

addition, repassivation kinetics were analyzed through examination of metastable events of 

similar peak heights using modified current-time records with an approximate baseline current of 

zero. It was assumed that current versus time behavior during the repassivation stage follows a 
It is recognized that the critical dimension for achievement of a critical crevice chemistry is likely crevice depth or 

pit radius and crevice depth. However, the crevice depth associated with each event was unknown (see discussion) 
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power law such that I = For the purpose of repassivation analysis, several assumptions 

were made and are illustrated in Figure 3. First, the initiation of a metastable event corresponds 

to time zero in the lifetime of the event.44 Second, the passive current is defined as the current at 

time zero. Third, the event is considered complete when the current returns to or drops below 

the level of the passive current. Applying these assumptions discussed above, power law fits of 

the repassivation stage were performed after subtraction of the passive current from each data 

point in the repassivation stage such that the modified passive current was zero yielding m- 

values characteristic of the repassivation kinetics. 

Surface Metrology 

Confocal laser scanning microscopy (CLSM) was used to correlate metastable signals 

from potentiostatic holds with surface features and to examine the evolution of crevice corrosion. 

Polished samples were tested potentiostatically at +5 mVAg/AgCI at 95°C in the pH 2.75 (1o:l) 

electrolyte for accumulated anodic charges of 0.005 C, 0.01 C, and 0.02 C.6 These quantities 

correspond to metastable corrosion (Le., stabilization has not yet occurred), just after 

stabilization, and stabilization followed by a short period of propagation of crevice corrosion, 

respectively, and are indicated in Figure 4 as arrows 1, 2, and 3, respectively. Additional studies 

were conducted on samples held potentiostatically at +400 mVAg/AgCI for an accumulated anodic 

charge of 4 C to further characterize the propagation stage. Samples were characterized by 

reflected light intensity maps and 3-D depth profiles converted to gray scale after each time 

interval in order to determine the extent of damage after accumulation of controlled consistent 

quantities of anodic charge and to investigate the transition to stability in terms of location and 

extent of surface damage. 

(6) These quantities were chosen through examination of the current-time records from potentiostatic hold 
experiments and were adopted as consistent, though somewhat arbitrary, criteria for metastable corrosion, just after 
stabilization, and stabilization followed by a short period of propagation. 
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RESULTS 

Correlation between Metastable Pitting in Crevices and Crevice Stabilization 

In this study, the effects of temperature and applied potential on metastable pitting 

behavior inside crevices were explored in pH 2.75 (1 0: 1) electrolyte where (10: 1) indicates the 

ratio of chloride anions to total oxyanions. In this electrolyte at 95°C the average crevice 

stabilization potentials were 236 mVAg/AgCI and 357 mVAg/AgCI for alloys 625 and 22, 

respectively. The average repassivation potentials were -101 mVAg/AgCI and 158 mVAdAgCl for 

alloys 625 and 22, re~pectively.(~)* 

There is a correlation between the cumulative number of metastable events formed at a 

fixed potential and temperature and, thus, the crevice stabilization parameter, E,,,, at the same 

temperature. Figure 5 shows that the cumulative number of events recorded at +5 mVAdAgCl (a) 

and -25 mVAg/AgCI (b) increased with increasing temperature corresponding to a decrease in E,,,, 

with increasing temperature. Figure 5 also shows that for each temperature, there are a greater 

number of events for 625 than for alloy 22. This correlates with lower E,,, values at each 

temperature for 625 as compared to alloy 22. Therefore, temperature has an effect on both 

metastable pit rates and stable crevice corrosion potentials. 

Electrochemical Characterization of Metastable Pitting Events in Crevices 

Figure 6 and Figure 7 show the effect of temperature on the cumulative number of 

metastable pitting events in crevices@) for alloys 625 and 22 with corresponding metastable event 

rates at applied potentials of +5 mVAg/AgCI and -25 mVAg/AgCI, respectively. These potentials are 

more negative than potentiodynamically determined stabilization potentials and more positive 

(7) E,, and E,,,,, values were calculated using formulas developed through multiple regression analysis from 
previous potentiodynamic studies using at least 5 replicate specimens for each condition tested. These formulas 
related potential (E,,, or E,,,,) as a function of temperature. and electrolyte ratio. 
@) Metastable pitting events were only seen in creviced alloy 22 and 625 samples. These events were consistent 
with metastable pitting events seen in stainless steels. Hereafter, the term “metastable event” is used to describe 
metastable pitting events within crevices. 
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than potentiodynamically determined repassivation potentials for 625. Through these figures, it 

can be seen that the number of events detected decays with time for both alloys. A large number 

of metastable events are detected in the first 5,000 seconds of each current-time record. The 

number of new metastable events decreases with time, leading to a decrease in the metastable 

event rate. In addition, the figures illustrate that the number of metastable events detected and 

the event rate tend to increase with increasing temperature. Figure 6 and Figure 7 also show that 

metastable event rates increase with temperature and that metastable event rates are slightly 

higher for 625 than for alloy 22. It should be noted that crevice corrosion stabilization occurred 

at 95OC at times ranging from 9,000 to 25,000 seconds even after a marked decrease in the 

number of new events with time indicating that the cumulative number of events was more likely 

to play a role in crevice stabilization rather than a single trigger event. Applied potential also has 

an effect on the cumulative number of events and the event rate. An applied potential of +5 

mVAg/AgCI usually leads to an increased metastable event rate as compared to -25 mVAg/AgCI. 

Metastable pitting events in crevices were also characterized through analysis of 

metastable peak heights, values for peak integrated charge, and Ipeak/r ratios. Figure 8 presents 

cumulative probabilities (CPs) for distributions of metastable peak heights for alloys 625 and 22 

at applied potentials of +5 and -25 mVAg/AgCI. The distributions range from approximately 2x10-* 

A (1% CP) to 7 ~ 1 0 - ~  A (99% CP) and are similar for the two alloys. Figure 9 presents CPs for 

distributions of values for peak integrated charge for alloys 625 and 22. The peak integrated 

charge distributions for alloys 625 and 22 are overlapping in each case and do not exhibit a 

discernible potential dependence for 6 E  = 30 mV (i.e., between -25Ag/AgCI and +5 mVAg/AgCl). 

Values for peak integrated charge recorded range from approximately 6xlO-'' C (1% CP) to 

2 ~ 1 0 - ~  C (99% CP), corresponding to metastable pit radii of roughly 0.21 pm to 3.1 pm, 
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assuming a hemispherical pit geometry and negligible cathodic reactions in pits, which is likely. 

Figure 10 presents CPs for distributions of Ipeak/r ratios for alloys 625 and 22. The distributions 

range from approximately 4 ~ 1 0 - ~  A/cm (1% CP) to 2 ~ 1 0 - ~  A/cm (99% CP) and are also similar 

for the two alloys. 

The data indicate (Figure 8 through Figure 10) that there is minimal difference between 

alloys 625 and 22 in metastable peak heights, values for peak integrated charge, and I/r ratios for 

a large population of events. However, there may be a difference in the shape of these 

metastable events, which could yield information regarding growth and repassivation kinetics. 

The influence of peak shape on the electrochemical processes of growth and repassivation was 

investigated by examining selected metastable events at each condition tested (Le., each 

temperature and potential combination) for both alloys. 

Metastable event shapes were initially examined through analysis of the metastable 

events of greatest peak height for alloys 625 and 22 at temperatures of 60°, SOo, and 95OC 

polarized to +5 mVA&+&l and -25 mVAdAgc1, respectively. Both alloys exhibit cases where there 

is an abrupt increase in current followed by either an abrupt decrease or a slow decay, as well as 

cases where there is a gradual increase in current followed by a gradual decrease. “Non-damage 

events” occur with lifetimes less than one second or with immediate repassivation indicating 

minimal propagation. In addition, events occur over larger time periods where there is 

propagation after the initial increase in current and possibly the immediate initiation of another 

metastable event. These, so-called “damage events”, have been seen el~ewhere.4~ 

Metastable event shapes were examined further through analysis of repassivation rates 

for non-damage events of peak currents ranging from 0.10 to 0.16 PA. Hdwever, no significant 

difference between the repassivation kinetics of alloys 625 and 22 was detected. 
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Characterization of Surface Metrology 

The progression of crevice corrosion was examined through confocal laser scanning 

microscopy (CLSM) of surfaces corresponding to the detection of metastable events only, the 

initiation of stable crevice corrosion, and the propagation of stable crevice corrosion. 

CLSM images of polished 625 and alloy 22 surfaces are shown in Figure 11 as a 

comparison to surfaces associated with a finite accumulated anodic charge. Note that each 

polished surface contains several micron sized dimples, possibly due to embedded particle pull- 

out. 

Figure 12 and Figure 13 show 2-D CLSM images of 625 and alloy 22 surfaces, 

respectively, after a charge accumulation of 0.005 C. The figures reveal the occurrence of 

independent micron-scale damage or pits of dimensions consistent with the charge associated 

with metastable events. These sites are found inside crevices and are not observed on surfaces 

outside crevices which is consistent with electrochemistry on uncreviced specimens. Assuming 

hemispherical geometry, values for peak integrated charge are associated with pit sizes of 

approximately 0.21 pm (1% CP) to 3.1 ym (99% CP)(9). These pits coalesce leading to a narrow 

band of attack within the crevice region. According to the current-time record (Figure 4), this 

narrow band of attack is not associated with stable crevice corrosion. Also, note that micron 

scale indications seen away from this band of attack, either within the crevice region or on the 

bold surface, can most likely be associated with surface defects caused by polishing as seen in 

Figure 11 because the area density of similar defects is the same. 

Figure 14a presents a 2-D CLSM image of 625 after an accumulated anodic charge of 

0.01 C revealing two regions of attack. The region closest to the outer edge of the crevice region 

(9) Values quoted are from the analysis of current-time records using specimens with an as-received surface finish of 
between 2 and 4 pm (average roughness). 



16 

corresponds to etch attack and is likely associated with intergranular corrosion (IGC) as the 

geometry of attack corresponds roughly to the average grain size of 625 (approximately 22 

pm).46 A slight roughening effect is seen for the region of etch attack as compared to the bold 

surface. The second region of attack lies farther into the crevice region beyond the area of etch 

attack and is characterized by a pronounced depth of attack. In addition, a 2-D CLSM image of 

alloy 22 shown in Figure 14b after an accumulated anodic charge of 0.01 C also revealed 

evidence of etch attack and possibly IGC. The average grain size of alloy 22 is approximately 45 

pm corresponding to the geometry of attack.46 However, there is no region of deep attack for 

alloy 22. 

The crevice corroded surface for 625 after a short period of propagation of stable crevice 

corrosion is shown in Figure 15. This corresponds to an accumulated anodic charge of 0.02 C. 

The figure illustrates a pronounced depth of attack under the crevice former but near the crevice 

mouth that did not become deeper at greater depths into the crevice region. This may correspond 

to the mechanism of cathodic focusing where the crevice is unable to corrode deeper.28 

Therefore, the results suggest that the region of etch attack (corresponding to the initial region of 

metastable attack) seen in Figure 14a has progressed to a region of deep attack. Again, this deep 

attack is never seen for alloy 22. After propagation with further charge accumulation, 

examination of the alloy 22 surface (not shown) reveals further damage due to etch attack, but no 

pronounced depth of attack at any site in the multiple crevice assembly. 

0 

This deep attack seen in alloy 625 at 0.01 C and 0.02 C of accumulated anodic charge is 

also seen after propagation of stable crevice corrosion. Figure 16 presents 3-D CLSM images of 

alloys 625 and 22 after an accumulated anodic charge of 4 C. The images reveal deeper attack 

for alloy 625 (120 pm) than for alloy 22 (45 pm). 
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DISCUSSION 

Mechanism for Crevice Stabilization 

Experimental results show that metastable event rates and hence, the cumulative number 

of events within a crevice, are greater for 625 than for alloy 22. In addition, the effect of 

temperature on metastable event rate is clarified through Figure 6 and Figure 7 where it is seen 

that metastable event rates increase to a greater extent with increasing temperature for 625 

compared to alloy 22. Applied potential was also found to affect metastable event rates as the 

higher applied potential led to higher metastable event rates in most cases. Williams, et al., 

examined metastable pitting and its effect on the transition to stability for 304L and 316L 

stainless ~tee1s.I~ It was concluded that the probability of stable pitting (i.e., the formation of a 

propagating pit) is related to the probability of metastable pit initiation. Therefore, the 

probability of stable pitting should approach zero as the metastable event rate approaches zero. 

This was also observed by Scully, et al., in studies of metastable pitting of 316L stainless steel 

and high purity aluminum.26 The rationale was that the number of metastable events decreased 

with time such that the metastable event rate approached a very low level beyond a time, t, where 

t is the time at which there are no available corrosion sites left.26, 33 In the present study, crevice 

stabilization occurred at 95°C despite the fact that detected metastable event rates approached 

zero.'") The observation that stabilization occurs despite the fact that metastable event rates 

approach very low levels (and possibly zero) suggests that local chemistry change due to focused 

metastable pitting dominates the transition to stabilization of crevice corrosion rather than the 

crucial amount of ohmic potential drop brought about by an individual metastable event. 

(lo) Metastable event rates only include events at a current threshold of 56 nA. Because of this threshold level, small 
nucleation events were not included in metastable event rate calculations leading to the observation that large event 
rates decay with time in all cases. 
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A more detailed analysis supports this point. IR voltage drop is necessary when an 

active/passive transition occurs such as in the case of alloys 625 or 22 in a strong reducing acid. 

Let us consider quantitatively the IR voltage drop from both passive dissolution and metastable 

pitting. Figure 17 shows anodic polarization curves for uncreviced 625 and alloy 22 specimens 

in HCI solutions of increasing molarity. Increasing HCI molarity leads to a greater Ipeak for 625 

compared to alloy 22. Thus, stabilization of crevice corrosion in alloy 22 requires a more 

aggressive crevice environment in addition to IR drop. In other words, the IR contribution from 

a metastable pit alone is not sufficient to lead to stabilization through the IR* model without 

significant local chemistry change. In addition, the plots show that IR* for 625 is approximately 

150 mV for an applied potential of 4-5 mVAg/AgCI when ipass is A/cm2 (1 M HCI). 

Consider ohmic potential drop due to passive current density alone. At a distance x into 

the crevice ohmic potential drop is given by Equation 147: 

Equation 1 

where i(x) is the current density flowing into the crevice electrolyte, w is the crevice gap (lo-' 

cm) , p(x) is the solution resistivity (estimated by Shaw, et al., to be 7.5 R cm for alloy 625)48, 

and L is the total crevice depth. It is assumed that p(x) changes negligibly in the concentrated 

electrolyte of the crevice solution given the opposing influences of increased concentration and 

decreased ionic mobility in non-dilute solutions with c~ncentrat ion.~~ Thus, assuming passive 

current density, ipass, is the only contribution to ohmic drop and iPas is constant within the crevice 

region, Vn is given by Equation 247: 

P X  1 
V, = - {ipass(L - x) dx = ipass( Lx - x2)  

W O  W 
Equation 2 
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The representation of the crevice geometry shown in Figure 18 reveals three 

contributions to ohmic potential drop over the distances d, Xcrlt, and 2r where L d + Grit + 2r. 

The distance d is the distance between the remotely located reference electrode and the edge of 

the crevice former. For a well supported electrolyte, ohmic drop over the distance d is 

negligible. The distance xcrlt is the distance into the crevice region at which metastable pitting 

occurs. The distance 2r is the diameter of the metastable pit formed and will be considered later. 

Thus, ohmic drop at the crevice depth, Xcrlt, due to passive current density alone occurs over a 

distance Xcrit (Le., x = L = %fit) and is given by Equation 3: 

v - - - I  P .  (;xcn:) 
- w pass 

Equation 3 

Now consider the contribution of a small metastable pit to ohmic potential drop. The equation 

for VQ now takes into account the additional current due to the metastable pit (Ipeak) and is given 

by Equation 4: 

P V, =- 
W 

Equation 4 

where Asllce = 0.25 (2r) cm2 (the rectangular slice of the crevice within which the metastable pit 

occurs; Figure 12 and Figure 13) and L Grit + 2r. The equation assumes that the contribution 

from iPas over Aslice is negligible compared to that of the metastable pit current. Figure 19 shows 

the effect of ipass on VQ considering contributions from iPas only and ipass plus the formation of 

metastable pits at a depth Grit corresponding to cumulative probabilities (CPs) of 99%, 50%, and 

1 % for experimentally measured metastable peak heights and values for peak integrated charge. 

Assuming the CP curves follow a Gaussian distribution, metastable events corresponding to CPs 

of. 99% and 1% are considered rare events, while those corresponding to a CP of 50% are the 

most likely. Thus, calculations corresponding to CPs of 99% and 1% yield the range of possible 
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values'for VQ, while calculations corresponding to a CP of 50% yields the most likely value of 

VQ. Figure 19 reveals that the formation of a metastable pit at a depth L increases VQ by 

approximately 7 mV for a large metastable pit (99% CP) and approximately 1 pV for a small 

metastable pit (1% CP). An intermediate metastable pit (50% CP) increases VQ by 

approximately 33 pV. Thus, the contribution of the most likely single metastable pit to ohmic 

potential drop is negligible for all values of passive current density. 

VQ is controlled by the contribution from passive current density at a value of ipass that is 

dependent on metastable pit size.[huh?] For example, Figure 19 shows that VQ increases 

significantly at passive current densities above A/cm2 for large metastable pits (99% CP), 

whereas Va is controlled by ipass over all values of ipass for small metastable pits (1% CP). Recall 

that IR* for 625 is approximately 150 mV for an applied potential of +5 ~ V A ~ / A ~ C I  when iPms is 

A/cm2 ( 1  M HCI). Thus, the formation of a metastable pit at a depth L in this situation 

would not create the required ohmic potential drop required for crevice stabilization in an 

aggressive 1 M HCl crevice environment. Ohmic potential drop is dominated by the 

contribution from passive current density and stabilization would not occur without a large 

increase in passive current density. Thus, the role of a single event in satisfying the IR>IR* 

criterion could be questioned. It seems more likely that metastable events contribute to local 

acidification by metal ion hydrolysis, which causes an increase in the local passive current (Ipass). 

In studies of high Cr-Mo alloys, Lillard, et al., observed that a severe environment was required 

to create the necessary local increase in Ipass and thus enable initiation of crevice corrosion 

through the IR* mechanism.38 

It is also likely that crevice stabilization is not caused by a single event meeting the i*r 

criterion in the context of Galvele's model for pit stabili~ation'~ as the event with the largest I/r 
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ratio did not occur immediately before stabilization in a systematic manner. Recognizing that the 

crevice depth must be considered in any estimation of critical I/r ratio, either the Galvele 

criterion [ref] must be rewritten to account for a crevice depth of x, or the solution concentration 

within the crevice at the mouth of the metastable pit needs to be considered. Assuming the 

former case, the simple Galvele criterion, neglecting passive dissolution over the length L, and 

neglecting transport by migration, becomes: 

I (1 + z )  = nFDC, 
2m 

[Equation 51 

Where, C, is the concentration at the pit bottom which must be maintained above the critical 

concentration, typically taken as near the saturation concentration in order for crevice attack to 

stablize. Unfortunately, X is unknown but two scenarios may be envisioned. If x-r then I/r needs 

to be about the same as in the case of pitting without a crevice all other things being equal. If 

x>>r, then the I/r ratio required for pit stabilization might drop below Amp/cm Indeed, it is 

seen that the I/r criterion of is transiently 

obtained in some of the metastable pit events for alloys 625 and 22 at temperatures less than 

95°C (Figure xx). However, the Ncrn criterion was not maintained over long times given 

the strong repassivation tendencies of these alloys. Moreover, the 1 0-2 A/cm criterion may not be 

severe enough given the harsh critical crevice chemistry required.38 Thus, it appears that 

individual metastable pits do not individually and in absence of global crevice chemistry changes 

stabilize crevice propagation. Stabilization did not occur in cases where I/r approached Ncrn 

indicating that the properties of individual events do not lead to crevice stabilization from 

perspective of local acidification and attainment of a critical crevice solution. 

Ncrn, observed for pitting of stainless 

Instead, it is rationalized each event may contribute to a local chemistry change necessary 

to attain the severity of the critical crevice solution.50 This does require that pit events occur 
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close together in time and space. The latter is observed in Figures 12 and 13. Local acidification 

still continues as the result of increased passive dissolution rate as well as focused metastable 

pitting. This can be demonstrated assuming coalescence of metastable pit sites along the 

perimeter of the crevice at a depth, Xcrit, from the crevice mouth and a metastable event rate that 

is inversely proportional to time (Figure 6 and Figure 7), anodic charge accumulation (neglecting 

transport away from the pit site) increases with time according to Figure 20. Thus, the 

contribution to accumulated anodic charge (and thus metal cation hydrolysis) due to metastable 

pitting is much larger than charge accumulated due to passive dissolution current densities of 10- 

However, with increasing accumulated charge due to metastable pit and A/cm2. 

coalescence, local acidification occurs due to instantaneous hydrolysis reactions, leading to a 

passive current density that is an increasing function of time3' (i.e., an increasing function of the 

cumulative number of metastable pits). Therefore, local acidification is primarily brought about 

by the formation of metastable pits in crevices when the passive current density is initially low. 

Local acidification then can be rationalized to continue due to an increased passive current 

density. In summary, the role of metastable pitting in crevices is most consistent with focused 

generation of hydroyzable cations to augment supply of hydrolysable ions by passive dissolution. 

Influence of Alloying and Microstructure on Crevice and Pitting Corrosion Initiation Sites 

The metastable pitting properties of stainless steels and Ni-Cr-Mo alloys have been 

examined to determine the influence of alloying additions on event rates, values for peak 

integrated charge, I/r ratios, and peak shapes. Kobayashi, et al., examined the effects of Cr and 

Mo additions on small pit nucleation events in Fe-Cr alloys where the detection limit of the 

current was 2 pA.14 Their results indicated that pit nucleation event rates decrease with 
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increasing Cr and to a lesser extent, Mo content. However, the researchers concluded that this 

relationship may be affected by the current detection limit and that nucleation events may exist 

below this detection limit. In addition, peak heights and peak widths were found to decrease 

with increasing Cr and Mo content. Moreover, examination of the peak shapes revealed that 

growth times decrease with increasing Cr and to a lesser extent, Mo content. However, there 

was no effect of alloying additions of Cr and Mo on repassivation times. Therefore, the results 

suggest that Cr and Mo additions lead to an earlier start of repassivation but do not affect 

repassivation kinetics. The alloys considered in this study, 625 and 22, have equivalent Cr 

concentrations (approximately 2 1.6 wt.%) but slightly different Mo concentrations. The Mo 

concentrations for alloys 625 and 22 are 9.0 and 12.9 wt.%, respectively. However, recall from 

Table 3 that Cr equivalencies for alloys 625 and 22 are approximately 50 and 62, respectively. 

Examination of cumulative probability plots for peak heights (Figure S), values for peak 

integrated charge (Figure 9), and I/r ratios (Figure 10) show that the distributions of these 

parameters do not differ significantly between the two alloys. This is consistent with the results 

of Kobayashi, et al., where only a small difference is seen among alloys with similar Cr 

concentrations but varying Mo  concentration^.'^ 

Williams, et al., examined the effect of alloyed Mo on metastable pitting for 316L and 

304L stainless steels. l 5  Their results showed that metastable pits in stainless steels containing 

Mo must grow to larger depths than those in stainless steels without Mo in order for the critical 

pit solution, which is more severe than for stainless steels without Mo, to be maintained. This 

argument is based on Galvele's i*r or I/r criterion for maintenance of a stable pit s~ lu t ion . '~  

Ezuber and Newman also examined the influence of Mo on the metastable pitting behavior of 

304 and 3 16 stainless steels showing that increasing Mo has the effect of shifting the distribution 
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of metastable pit current densities to lower values at the same potential.I6 In separate studies, 

Stewart and Williams5' and Baroux" examined the influence of manganese sulfide (MnS) 

inclusions on pit initiation. Stewart and Williams showed that S-rich inclusions act as pit 

initiation sites and that the transition to stability is a function of the size of these inclusions not 

the bulk S content of the alloy. Baroux examined the influence of manganese sulfide (MnS) 

inclusions on pit initiation as a function of chromium content. The results showed that MnS 

inclusions in stainless steels act as preferential sites for pit initiation. However, increasing Cr 

content causes the formation of (Mn, Cr) sulfides, thereby leading to an increased resistance to 

pit initiation. These mechanisms are unlikely for alloys 625 and 22 as the heat treatments of 

these alloys prevents the formation of inclusions that would act as susceptible pit initiation 

sites.21' 22 Hence, the most likely difference in metastable pit event rates is traceable to Mo and 

W. 

Relationship between Metastable Pit Sites and Stable Crevice Corrosion 

The relationship between surface morphology and electrochemical signal was examined 

through serial removals of crevice corrosion samples at anodic charges corresponding to 

occurrence of metastable pitting events in crevices only, the initiation of stable crevice corrosion, 

and the propagation of stable crevice corrosion (Figure 4). 

Assuming that each event forms a hemispherical pit site within the crevice region, surface 

metrology studies at an accumulated anodic charge of 0.005 Cy corresponding to metastable 

pitting events in crevices, reveal that initial crevice corrosion damage may evolve through the 

coalescence of a band metastable pit sites formed at a critical depth, brit. Figure 12 and Figure 

13 reveal that the structure of surface damage is a narrow band of shallow penetration depth 

along the outer edge of the crevice region. This is seen for both alloys. The narrow band can be 
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justified given the need for both high potential and an aggressive chemistry to cause the 

formation of metastable events on Ni-Cr-Mo alloys. At positions deeper into the crevice, where 

IR drop is more significant leading to lower potentials, metastable events may not occur, despite 

the possibility of a more aggressive chemistry according to chemistry change models for crevice 

corrosion ~tabilization.~, l7 However, the chemistry may not be more severe if cathodic focusing 

occurs.** Either situation may lead to the crevice geometry seen in Figure 12 and Figure 13. 

Thus, the band could be rationalized as a trade off between the location of highest potential and 

most severe chemistry. In addition, the narrow band indicates that crevice corrosion is controlled 

by chemistry change, which causes an increase in Ipass, thus causing an increase in the ohmic 

potential drop. If a single event satisfied the IR>IR* criterion, it would be expected that crevice 

corrosion would propagate radially from the metastable pit site and not in the narrow band as 

observed for alloys 625 and 22. 

Just after the initiation of stable crevice corrosion (Figure 14), the morphology of the 

crevice site is characterized by a large depth of penetration near the crevice mouth and shallow 

attack at distances farther into the crevice region. This is typical of the morphology of a crevice 

corroded region and is consistent with ohmic models as well as chemistry change models that 

consider cathodic focusing.", 28 In addition, a region of etch attack can be seen, on the outer 

edge of the crevice region before the metastable pit band, which corresponds to grain boundary 

attack suggesting acidification of the environment. The average grain size of 625 is 22 pm, 

while the average grain size of 22 is 45 pm.46 These sizes are on the order of the grain sizes 

shown in the etch-attacked region indicating that the assumption of intergranular attack is valid. 

In addition, comparison of alloys 625 and 22 indicates that for similar charge 

accumulation, the depth of penetration is smaller for alloy 22 than for 625. This is also seen after 
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