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3  EFFECTS OF SULFUR SEGREGATION ON ALLOY 22 PASSIVE 
FILM STABILITY 

 
As mentioned in Chapter 1, a degradation process that might occur on Alloy 22 in the potential 
repository setting is anodic sulfur segregation on the alloy surface as it slowly corrodes due to 
the anodic dissolution process of Alloy 22.  Under anodic sulfur segregation, sulfur may build up 
on the alloy surface, which could lead to the breakdown of the passive film.  This process was 
identified at the International Workshop on Long-Term Extrapolation of Passive Behavior 
(U.S. Nuclear Waste Technical Review Board, 2001) and in the U.S. Nuclear Regulatory 
Commission (NRC) Integrated Issue Resolution Status Report (NRC, 2005) as a potential factor 
that may affect the long-term persistence of the passive film formed on Alloy 22 waste package 
outer containers.  
 
A preliminary review on this subject (Jung, et al., 2007) indicated that sulfur in Alloy 22 
(maximum 0.02 wt% of sulfur) could accumulate on the metal surface as a result of the anodic 
dissolution process.  This may induce film breakdown, leading to localized corrosion in the form 
of pitting, and/or it might enhance the general corrosion rate due to a less protective passive 
film.  The performance of Alloy 22 as a corrosion-resistant material can be measured as a 
function of the repassivation capability of Alloy 22 in case of film breakdown.  Jung, et al. (2007) 
conducted calculations to determine the induction time in the presence of enough sulfur on the 
surface to hypothetically cause breakdown of the passive film.  These calculations assumed that 
all sulfur present in the bulk alloy accumulates at the metal–film interface during the passive 
dissolution and that the passive film breaks down above a critical sulfur concentration of 
40 nanogram/cm2 [1.4 × 10−11 lb/in2].  The results of these calculations suggested that the 
induction time for film breakdown is long {e.g., 127 years for 0.001 percent of atomic sulfur at 
25 °C [77 °F] with a reference passive current density of 10−8 A/cm2 [9.3 × 10−6 A/ft2]}.  
 
To evaluate the corrosion resistance of Alloy 22 in the presence of anodic sulfur segregation, 
accelerated corrosion testing was conducted.  The scratch repassivation technique was used to 
measure the repassivation capability of Alloy 22.  This technique could be applied in conjunction 
with either a high sulfur concentration in the alloy or reduced sulfur species [e.g., sulfide (HS−) 
or thiosulfate (S2O3

2−)] dissolved in solution.  This technique was intended to simulate 
hypothetical film breakdown due to anodic sulfur segregation and then evaluate the resistance 
of Alloy 22 to localized corrosion (i.e., pitting) or active dissolution.  According to previous 
studies (Marcus, et al., 1984a,b; Oudar and Marcus, 1979), the effect of sulfur on the corrosion 
resistance of the metals with passive films (e.g., nickel and nickel-iron alloys) were almost 
identical whether sulfur is present in the alloy or sulfur species are adsorbed on the metal 
surface from the solution.  Adding 10−5

 to 10−3
 M Na2S to the sulfuric acid solution precluded the 

formation of the passive film on nickel (Oudar and Marcus, 1979) and Ni-25 at% iron alloys 
(Marcus, et al., 1984a).  Therefore, once sulfur is present at the metal–solution interface, it 
would have the same effects on the passivation of the alloy irrespective of its origin.  In addition, 
studies by Crolet, et al. (1976) on the effects of H2S on stainless steel corrosion revealed the 
equivalence of the effects of sulfur whether it was created by adding H2S to the solution or it 
was initially present as sulfide inclusions.  Therefore, the use of sulfur species dissolved in the 
solution is a reasonable way to evaluate sulfur effects on the passive film.  
 
In this study, two different experimental approaches were used to evaluate sulfur effects:   
(i) a scratch repassivation technique and (ii) an electrochemically accelerated dissolution 
process.  The scratch repassivation test evaluated the repassivation capability of Alloy 22 in 
case the passive film was ruptured due to anodic sulfur segregation.  The passive film formed 
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on the metal surface was mechanically removed by scratching the metal surface with a diamond 
tip, and the resultant repassivation rates of Alloy 22 were measured.  Tests were conducted in 
chloride-containing solutions (pH of 6.7 to 7) with and without sulfur addition in the form of HS− 
at temperatures of 22 and 60 °C [72 and 140 °F].  Note that corrosion test cell used for the 
scratch test was able to operate only up to the maximum temperature of 60 °C [140°F].  A major 
advantage for using the scratch repassivation technique is to eliminate the initiation time for 
localized corrosion or active dissolution of Alloy 22 if it was to occur. 
 
The other technique used in this study was an electrochemically accelerated dissolution 
process.  The anodic dissolution of Alloy 22 was accelerated electrochemically at a constant 
potential in an aggressive environment (i.e., strong acidic solution at high temperature).  Tests 
were conducted in 0.5 M HCl solution at 95 °C [203 °F].  After the test completion, samples 
were subjected to surface analyses using Auger electron spectroscopy.  This accelerated 
corrosion test was intended to study whether sulfur in Alloy 22 might accumulate on the surface 
of the alloy by measuring sulfur content on the corroded surface.  To avoid an external source of 
sulfur, hydrochloric acid solution was used as a test solution without addition of sulfur species. 
 
This chapter presents the results of (i) scratch repassivation and accelerated corrosion tests 
results, (ii) evaluation of the thermodynamic stability of the metal sulfides at 150 °C [302 °F], 
and (iii) assessment of the effects of sulfur segregation on the long-term passivity of Alloy 22 in 
the potential repository environment. 
 
3.1  Repassivation Behavior of Alloy 22 
 
A scratch repassivation test was designed to measure repassivation kinetics of Alloy 22 when 
the surface passive film was mechanically removed by scratching.  The current versus time 
transient was monitored during the repassivation process, and the resultant current changes 
were compared at different sulfur concentrations (i.e., 0.01 and 0.1 M Na2S) in 0.5 M NaCl and 
simulated concentrated water. 
 
For the scratch repassivation tests, sulfur concentrations of 0.01 and 0.1 M using sodium sulfide 
(i.e., Na2S) were selected based on literature data.  Regarding the thermodynamic stability of 
sulfur adsorbed onto metal surfaces, Marcus and Protopopoff (1993) have constructed the 
potential-pH stability diagram for two-dimensional layers of adsorbed sulfur on the nickel and 
chromium systems.  According to their results, there is a larger stability domain for adsorbed 
sulfur with 100 percent sulfur coverage on the metal surface when the free sulfur activity is 
10−4 M at 20 °C [71.6 °F].  The experimental results for pure nickel showed that the addition of 
Na2S concentrations of 10−4 to 1.35 × 10−3 M resulted in complete depassivation in 0.05 M 
H2SO4 at 20 °C [68 °F] (Marcus and Oudar, 1995).  Similar test results were observed on analog 
material Alloy 600.  Alloy 600 also showed a significant increase of dissolution rate 
{~1.5 × 10−3 A/cm2 [1.39 A/ft2]} in neutral 7,500 ppm LiOH solution containing 100 ppm H2S at 
25 °C [77 °F] (Combrade, et al., 1990).  Thus the sulfur concentrations of 0.01 and 0.1 M used 
in the present testing should be considered high enough to interact with the metal surface and 
to distinguish the changes of electrochemical responses depending on the sulfur concentration. 
 
3.1.1  Repassivation Process and Kinetics of Passive Metals 
 
Once the passive film is removed mechanically, the damaged area on the metal surface is more 
susceptible to localized corrosion attacks such as pitting and/or active dissolution in 
chloride-containing solutions.  Depending on the bare metal surface conditions 
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(e.g., composition and defects) and environment (e.g., solution chemistry, temperature), pitting 
could initiate and propagate.  In most passive metals, pitting could occur due to the changes in 
the solution chemistry associated with a drop in electrochemical potential.  The localized metal 
hydrolysis reactions may lead to a decrease in pH and high chloride concentration in the pit.  
These changes can also produce electrochemical conditions within the pit conducive to the 
reduction of sulfate (SO4

2−) or thiosulfates (HS2O3
−, S2O3

2−) to a more reduced oxidation state 
[e.g., atomic sulfur (S0) or sulfides (H2Saq or HS−)] in sulfur-containing solutions.  It is well 
established that the presence of sulfur species (e.g., thiosulfates or sulfides) in the 
chloride-containing solutions impairs the localized corrosion resistance of metals and leads to 
more severe pitting.  While the chloride species alone causes localized breakdown of the 
passive film, the breakdown occurs more easily in the combined presence of chloride and 
reduced sulfur species.  The sulfur species in the environment, together with chloride, compete 
with hydroxyl (OH−) ions for adsorption on the metal surface at film breakdown sites.   
 
Depending on several factors (e.g., bare metal surface conditions, environment), the quality of 
the repassivated films on the damaged bare metal surface may be different.  If these factors are 
favorable to support a protective film, the bare metal surface will repassivate quickly without 
further pitting.  If these factors are unfavorable to form the protective film (i.e., less protective 
film), the repassivation will be slow and pitting will continue without passivation.  
 
A bare metal surface is highly reactive with hydroxyl ion (OH−) or water.  For most passive 
metals, the oxide film begins to form almost immediately after scratching the metal surface.  
Once a metal surface is scratched, a sharp increase in current can be measured from the 
sample.  This is defined as the activation (metal dissolution) current.  The current reaches a 
maximum and then decreases.  The current after the maximum is defined as the 
repassivation current.   
 
The anodic current measured during repassivation is presumed to be produced by two anodic 
processes:  the metal dissolution reaction and the repassivation of oxide film.  According to 
Burstein and Marshall (1983), the anodic currents associated with metal dissolution for 
Type 304L SS in chloride solutions are negligibly small except if metal dissolution is dominated 
by pitting.  Thus, it is assumed that the anodic charge flowing from a newly generated metal 
surface scratch is exclusively due to passive film formation with no significant 
dissolution occurring.   
 
The thickening of the passive film on a bare surface is associated with a decrease in current 
density with time, i(t) according to a power law 
 

nctti −=)(  (3-1) 
 
where 
 
c and n — constants with given values for given metal/environments 
 
A high n value represents a high repassivation rate.  This equation is generally valid for the 
passivation of metals under potentiostatic control.  A value of n = 1 was obtained for 
Type 304L SS in chloride solutions if the superimposed dissolution rate of the passive film was 
negligibly low (Kircheim, 1987).  If the dissolution rate of the passive film is not negligible, then, 
n < 1 (e.g., for iron in acid solution, n = 0.7) (Kirchheim, 1987).   
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The charge transfer measured from the metal can be directly related to the scratched surface 
area.  By neglecting the current associated with metal dissolution, the amount of charge needed 
to form a passive film of a certain thickness can be estimated by using Faraday’s law 
 

w
film M

zFAq δρ=  (3-2) 

where 
 
qfilm — film charge (Coulomb/cm2) 
δ — film thickness (cm) 
ρ — film density (g/cm3) 
MW — film molecular weight (g/mol) 
z — number of electrons per cation 
F — Faraday constant (96,485 Coulomb/mol) 
A — scratched surface area (cm2) 
 
The repassivating charge is the area underneath the curve of the transient current response 
[i(t) versus t] after the maximum as it returns to the steady-state passive current. 
 
3.1.2  Experimental Details 
 
3.1.2.1  Materials 
 
The working electrodes for the tests were cylindrical Alloy 22 samples machined from a thick 
plate.  The sizes of the samples had a diameter of 12.075 mm [0.48 in] and a height of 
10.16 mm [0.4 in].  The samples were grounded to a 600 grit finish, cleaned with ethanol, and 
dried.  The chemical composition of mill-annealed Alloy 22 (HT 2277–3–3266) is shown in 
Table 3-1.  
 
3.1.2.2  Test Solutions 
 
Two different types of test solutions (0.5 M NaCl and simulated concentrated water; see 
Table 3-2) containing 0, 0.01, or 0.1 M Na2S were prepared from analytical-grade chemicals and 
deionized water.  The initial pH of 0.5 M NaCl solutions without sulfur addition was 
approximately 6.7, while the initial pH of 0.5 M NaCl solutions with sulfur addition was 
approximately 10.  The 0.5 M NaCl solutions containing 0.01 and 0.1 M Na2S were adjusted to 
an initial pH of 7 with dilute HCl solution.  The test solution was either deaerated by purging with 
purified N2 gas (99.999 percent) for 30 minutes before and during the test or aerated by opening 
to air.  The test was conducted at the solution temperatures of 22 and 60 °C [71.6 and 140 °F].   
 

Table 3-1.  Chemical Composition of Mill-Annealed Alloy 22 (in Weight Percent) 
Ni* Cr* Mo* W* Fe* Co* Si* Mn* V* P* S* C* 

Bal† 22.15 12.90 2.81 3.82 1.37 0.01 0.30 0.15 0.012 0.002 0.004 
*Ni—nitrogen; Cr—chromium; Mo—molybdenum; W—tungsten; Fe—iron; Co—cobalt; Si—silicon; 
Mn—manganese; V—vanadium; P—phosphorous; S—sulfur; C—carbon 
†Bal—balance 
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3.1.2.3  Test Procedures 
 
A cell was devised to measure the repassivation current of the Alloy 22 working electrode 
samples after a surface scratch.  The Alloy 22 was allowed to reach a pseudo-steady-state 
passive current, which usually required roughly 300 seconds.  The scratch was made by 
impinging a diamond tip loaded on a stainless steel rod into a rotating working electrode surface 
for 1 second.  At least two scratches were made on one sample at two different locations along 
the sample surface by shifting the sample vertically at each test.  The rapid reaction of a newly 
generated bare surface was observed as a current change.  During the tests, the samples were 
rotated with a speed of 60 rpm. The average sizes of the scratched surface were 24 ± 3 μm 
[0.95 ± 0.12 mils] wide, 20 ± 4 μm [0.79 ± 0.16 mils] deep, and 3.79 cm [1.49 in] long (i.e., the 
circular length of the working electrode), giving an average scratched area of 1.75 × 10−2 cm2 
[2.71 × 10−3 in2].  The potentials were measured against a saturated calomel reference 
electrode.  A platinum mesh was used as a counter electrode.   
 
3.1.3  Repassivation Behavior of Alloy 22 at Room Temperature 

{22 °C [72 °F]} 
 
3.1.3.1 Effects of Applied Potential and Sulfur Addition on Repassivation Behavior  
 
Figures 3-1, 3-2, and 3-3 show the current versus time transient curves for Alloy 22 when two 
successive scratches were made on the surface of the rotating working electrode at applied 
potentials of −0.1, 0.0, 0.2, and 0.5 VSCE in deaerated 0.5 M NaCl solutions without and with a 
0.01 and 0.1 M Na2S addition, respectively, at 22 °C [71.6 °F].  The values of the peak currents 
are listed in Table 3-3.  In Table 3-3, the peak current densities were corrected to disregard the 
current’s contribution from the surrounding oxide film by subtracting the current density before 
scratching from the measured current density.  For all the tested samples, once a passive film 
was mechanically disrupted by scratching, the anodic current increased abruptly to the peak 
current and thereafter decreased as repassivation occurred.  
 
Effects of Applied Potential 
 
Without sulfur addition, the peak current increased proportionally as the anodic potential 
increased from −0.1 to 0.5 VSCE as shown in Figure 3-1.  The increase of peak current with 
increasing anodic potential was also observed for several iron-based alloys such as Fe-18.5Cr 
in 0.1 M H2SO4 (Brookes, et al., 1990), Fe-18.8Cr and Fe-18.6Cr-2.5Mo in 4 M HCl (Newman, 
1985), and Type 304 SS in 1 M KOH (Burstein and Marshall, 1983).  According to the model for 
repassivation kinetics of passive metals Gilbert, et al. (1996) proposed the peak current 
increases as the reformed film thickness increases when film growth is the dominant process 
during repassivation.  Therefore, the film thickness is expected to increase as the applied 
potential increases from −0.1 to 0.5 VSCE in the present tests.  Using Eq. (3-2), the thickness of 
the passive film that reformed during repassivation was estimated.  Considering chromium oxide 
(Cr2O3) and nickel oxide (NiO) are the main oxides, it was assumed that the film was composed 

Table 3-2. Chemical Composition of Simulated Concentrated Water in This Study 
Ion K+ Na+ Mg2+ Ca2+ F- Cl− NO3

− SO4
2− HCO3

− 
mg/L 3,400 40,900 < 1 < 1 1,400 6,700 6,400 16,700 70,000 
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Figure 3-1.  Potentiostatic Polarization Curves (a) and Corrected Current Versus Time 
Transient Curves (b) at Various Potentials in Deaerated 0.5 M NaCl Solution Without 

Sulfur at 22 °C [71.6 °F] 
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Figure 3-2.  Potentiostatic Polarization Curves (a) and Corrected Current Versus Time 

Transient Curves (b) at Various Potentials in Deaerated 0.5 M NaCl Solution With 0.01 M 
Na2S at 22 °C [71.6 °F] 



 
 

3-8

-2.0E-05

2.0E-05

6.0E-05

1.0E-04

1.4E-04

1.8E-04

2.2E-04

0 100 200 300 400 500 600 700 800 900
Time, t (sec)

C
ur

re
nt

 d
en

si
ty

, i
 (A

/c
m

2 )

0.5 V

0.2 V

-0.1 V

 
(a) 

0.0E+00

4.0E-05

8.0E-05

1.2E-04

1.6E-04

2.0E-04

2.4E-04

0 1 2 3 4 5

Time, t (sec)

C
ur

re
nt

 d
en

si
ty

, i
 (A

/c
m

2 )

0.5 V 0.5 V

0.2 V 0.2 V

 
(b) 

Figure 3-3.  Potentiostatic Polarization Curves (a) and Corrected Current 
Versus Time Transient Curves (b) at Various Potentials in Deaerated 

0.5 M NaCl Solution With 0.1 M Na2S at 22 °C [71.6 °F] 
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Table 3-3. Peak Current Density Measured at −0.1, 0.0, 0.2, and 0.5 VSCE in Deaerated 0.5 M NaCl 
Solution Containing 0, 0.01, and 0.1 M Na2S at 22 °C [72 °F] 

Corrected ipeak (A/cm2) 

Without Sulfur 0.01 M Na2S 0.1 M Na2S 

Potential 
(VSCE) Peak #1 Peak #2 Peak #1 Peak #2 Peak #1 Peak #2 

Average 
Ratio  

0.01 M 
Sulfur 
Versus 
Without 
Sulfur) 

Average 
Ratio 

(0.1 M 
Sulfur 
Versus 
Without 
Sulfur) 

−0.1 5.32 × 10−5 5.78  × 10−5 4.89  × 10−5 5.78  × 10−5 −1.73  × 10−5 — 0.96 — 

0.0 6.77 × 10−5 7.45  × 10−5 6.60  × 10−5 7.89  × 10−5 — — 1.02 — 
0.2 1.08 × 10−4 1.22  × 10−4 1.29  × 10−4 1.00  × 10−4 4.13  × 10−5 4.44  × 10−5 1.00 0.37 
0.5 1.69 × 10−4 1.91  × 10−4 2.11  × 10−4 1.52  × 10−4 6.45  × 10−5 7.97  × 10−5 1.01 0.40 

 
[of 50 percent Cr2O3 and 50 percent NiO by volume.  The bare surface area was 
1.75 × 10−2 cm2 [2.71 × 10−3 in2]; the calculated thickness of the passive film ranged from 1.8 nm 
[7.1 ×10−5 mils] at −0.1 VSCE to 2.7 nm [1.1 ×10−4 mils] at 0.5 VSCE.  In the calculation, 
parameter values for Cr2O3 are z = 3, Mw = 151.9 g/mol, and ρ = 5.21 g/cm3 and for NiO are 
Z = 2, Mw = 74.7 g/mol, and ρ = 6.67 g/cm3 (Lide, 1992).  Lloyd, et al. (2003) observed 
similar ranges of passive film thickness formed on Alloy 22 when polarized in 1 M NaCl with 
0.1 M H2SO4 at 85 °C [185 °F].   
 
Using x-ray photoelectron spectroscopy and ion-time secondary ion mass spectrometer, 
Lloyd, et al. (2003) estimated the film thicknesses were 2 nm [7.9 × 10−5 mils] at 200 mVSCE and 
2.8 nm [1.1 × 10−4 mils] at 700 mVSCE.  The film thickness increased with increasing anodic 
potential in the passive potential region.  From the present data current versus time transient 
curves, the n values were determined from the slopes of the log i(t) versus log t plots after 
1 second scratching according to Eq. (3-1).  At 0.5 VSCE, n equaled 2, whereas at −0.1 VSCE, n 
was 1.8.  Compared to the stainless steel with its mean value of 1.04 in 1 M KOH (Burstein and 
Marshall, 1983), Alloy 22 produces the higher n values of 1.8 to 2, which indicates Alloy 22 
increased capacity to repassivate. 
 
Effects of Sulfur Addition 
 
As shown in Figure 3-2, the addition of 0.01 M Na2S yielded nearly identical results as the 
sulfur-free cases.  The current after scratching returned to the passive state level quickly.  The 
ratios of the peak current for the 0.01 M Na2S cases to the peak current for cases without sulfur 
were roughly one (see Table 3-3).  In addition, the n values for 0.01 M Na2S cases ranged from 
1.8 at −0.1 VSCE to 2 at 0.5 VSCE, which were the same n value ranges for the without sulfur 
cases.  The reformed film thickness for the 0.01 M Na2S case was the same as the sulfur-free 
test.  Therefore, it can be concluded that the repassivation capability of Alloy 22 does not 
deteriorate with addition of 0.01 M Na2S.  When the concentration of sulfur species increased to 
0.1 M Na2S, the peak current apparently decreased as seen in Figure 3-3.  The ratios of peak 
current with and without sulfur ranged from 0.37 to 0.40 depending on the applied potential 
(see Table 3-4).  These low ratio values suggest a decrease in the film thickness when exposed 
in the solution containing 0.1 M Na2S.  Using Eq. (3-2) and the same values of parameters used 
in cases without sulfur as the calculated thickness of the passive film, composed of 50 percent 
Cr2O3 and 50 percent NiO by volume, ranged from 1.25 nm [5.1 × 10−5 mils] at 0.2 VSCE to 
1.63 nm [6.6 × 10−5 mils] at 0.5 VSCE.  The addition of sulfur up to 0.1 M Na2S, however, did not 
prevent the repassivation process for the scratched area.  
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Table 3-4. Peak Current Density Measured at −0.1, 0.2, and 0.5 VSCE in Deaerated 0.5 M 

NaCl Solution Without and With 0.01 M Na2S at 60 °C [140 °F] 
Corrected ipeak (A/cm2) 

Without Sulfur 0.01 M Na2S 
Potential 

(VSCE) 
Peak 

#1 
Peak 

#2 
Peak 

#1 
Peak 

#2 

Average Ratio 
(0.01M Sulfur 

Versus Without 
Sulfur) 

−0.1 7.64 × 10−5 7.38  × 10−5 5.14  × 10−5 4.91  × 10−5 0.67 
0.2 1.71  × 10−4 1.48  × 10−4 6.92  × 10−5 7.34  × 10−5 0.45 
0.5 2.52  × 10−4 2.21  × 10−4 8.66  × 10−5 7.73  × 10−5 0.35 

 
3.1.3.2  Effects of Aeration on Repassivation Behavior 
 
The effect of aeration on the repassivation behavior of Alloy 22 was investigated under a 
sulfur-contaminated condition.  Figure 3-4 presents the current versus time transient curves 
polarized at 0.2 and 0.5 VSCE in aerated 0.5 M NaCl solution containing 0.01 M Na2S at 22 °C 
[71.6 °F]. The curves for the deaerated conditions are also presented for comparison in the 
same figure.   
 
In the figure, aeration did not noticeably influence the peak current and repassivation rate of 
Alloy 22.  This is most likely because the electron-generating reactions (i.e., metal dissolution 
and oxide repassivation via water hydrolysis) are not appreciably influenced by the presence of 
dissolved oxygen during the repassivation process at the scratched area.  The results of the 
aeration effects on repassivation of Alloy 22 were applicable to the simulated 
concentrated water.  
 
3.1.3.3  Repassivation in Aerated Simulated Concentrated Water 
 
The current transient versus time curves of Alloy 22 in aerated simulated concentrated water 
containing 0.01 M Na2S are presented in Figure 3-5.  In this solution, Alloy 22 repassivated 
within ~2 seconds after the scratch.  This rapid repassivation in aerated simulated concentrated 
water shares a trend with aerated 0.5 M NaCl solution in which both solutions contain 
0.01 M Na2S at 22 °C [71.6 °F].  As seen in the figure, however, the peak current decreased in 
simulated concentrated water, suggesting a decrease of film thickness.   
 
Considering high concentrations of oxyanions (i.e., nitrates, sulfate, and carbonates) in 
simulated concentrated water (see Table 3-2), an apparent decrease in film thickness could be 
due to a higher chloride concentration in simulated concentrated water (1.89 M Cl−), leading to a 
faster dissolution rate of Alloy 22.  These oxyanions have been known as effective inhibitors for 
the localized corrosion of Alloy 22 in a binary solution of 0.5 m NaCl at 95 °C [203 °F], while 
chloride has an opposite role by initiating and promoting localized corrosion (Dunn, et al., 2005). 
Even if there are some uncertainties associated with different solution pHs (i.e., pH of 7 for 
0.5 M NaCl and pH of ~10 for simulated concentrated water), a relatively high concentration 
of chloride content in simulated concentrated water might play a more significant role by 
competing possible counteracting effects of oxyanions during the repassivation process. 
Nonetheless, note that Alloy 22 repassivates within a few seconds when the passive film 
is mechanically disrupted in simulated concentrated water containing 0.01 M Na2S at 22 °C 
[71.6 °F].  
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Figure 3-4.  Potentiostatic Polarization Curves (a) and Corrected Current 
Versus Time Transient Curves (b) at 0.2 and 0.5 VSCE in Aerated 0.5 M NaCl 

Solutions Containing 0.01 M Na2S in Comparison With Deaerated Conditions 
at 22 °C [71.6 °F] 
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Figure 3-5.  Potentiostatic Polarization Curves (a) and Corrected Current 
Versus Time Transient Curves (b) at 0.2 VSCE in Aerated Simulated 

Concentrated Water Containing 0.01 M Na2S in Comparison With the 
Potentiostatic Polarization Curve in Aerated 0.5 M NaCl Solution Containing 

0.01 M Na2S at 22 °C [71.6 °F] 
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3.1.4  Repassivation Behaviour of Alloy 22 at 60 °C [140 °F] 
 
To explore the effect of solution temperature on the repassivation behaviour of Alloy 22 in 
sulfur-containing conditions, scratch repassivation tests were conducted at 60 °C [140 °F].  
The resultant responses with and without 0.01 M Na2S are presented in Figures 3-6 and 3-7, 
respectively.  The values of corrected peak currents are listed in Table 3-4.  
 
For cases with and without sulfur, Alloy 22 repassivated within a few seconds after scratching. 
However, the average ratio of peak current from a sulfur-containing solution to a solution without 
sulfur was less than one and decreased as the potential increased.  The average ratios at 60 °C 
[140 °F] are 0.67, 0.45, and 0.35 at −0.1, 0.2, and 0.5 VSCE, respectively.  The average ratio of 
one was observed at 22 °C [71.6 °F] at the same concentration of Na2S addition (i.e., 0.01 M).  
Moreover, the peak currents are slightly lower than those at 22 °C [71.6 °F].  These results may 
suggest that sulfur leads to a smaller film thickness on Alloy 22 as the temperature increases.  
The alloy was, however, still able to passivate within a few seconds, and no localized corrosion 
occurred at the scratched surface area at 60 °C [140 °F].  
 
3.2  Sulfur Concentration on the Corroded Surface of Alloy 22 
 
The previous section demonstrated that Alloy 22 repassivated in a few seconds when the 
passive film was mechanically disrupted in solutions containing sulfur species at 22 and 60 °C 
[71.6 and 140 °F].  This high repassivation capability of Alloy 22 indicates that Alloy 22 may not 
be susceptible to localized corrosion (i.e., pitting) due to anodic sulfur segregation at 
temperatures below 60 °C [140 °F].  Alloying elements such as chromium and molybdenum in 
Alloy 22 may play a significant role in eliminating any hypothetical detrimental effect of sulfur 
segregation. The beneficial role of these alloying elements on the resistance against localized 
corrosion of nickel-based alloys has been generally observed.  For example, the chromium in 
Ni-xCr-10Fe alloys (x = 8, 19, and 34 at%) counteracts the detrimental effects of sulfur by 
promoting alloy passivation (Combrade, et al., 1990), whereas the passivation is precluded by 
sulfur in Ni or Ni-Fe alloys (no chromium) under similar conditions (Costa and Marcus, 1993; 
Marcus and Grimal, 1990).  Addition of molybdenum in the alloys also counteracts the 
detrimental effects of sulfur in many passive metals.  In Ni-2~6Mo (Marcus and Moscatelli, 
1989) and Fe-17Cr-14.5Ni-2.3Mo stainless steel (Elbiache and Marcus, 1992), the preadsorbed 
monolayer of sulfur on the surface decreased sharply during the dissolution of alloys by removal 
via soluble molybdenum-sulfides formation.  Alloy 625 (Ni-21.5Cr-9Mo-4Fe) was resistant to the 
localized creviced corrosion in 1 M NaCl solution containing 0.01 M Na2S2O3 up to 80 °C 
[176 °F], whereas Alloy 600 (Ni-15.5Cr-8Fe) with no molybdenum in the alloy was attacked by 
crevice corrosion in the same solution even at 20 °C [68 °F] (Mulford and Tromans, 1988).  
Therefore, it is reasonably expected that a relatively high concentration of molybdenum in Alloy 
22 (~13 percent in weight) can effectively remove any segregated sulfur on the alloy surface, if it 
was to occur.   
 
To investigate the hypothetical presence of sulfur accumulated on the surface of Alloy 22 during 
dissolution, the corroded surface of Alloy 22 was analyzed using Auger electron spectroscopy.  
The anodic dissolution of Alloy 22 was accelerated electrochemically in an aggressive 
environment.  The accelerated anodic dissolution should allow for a concentration of sulfur 
phases on the surface (e.g., atomic sulfur, sulfur compounds) in a relatively short period of time, 
if it was to occur.  
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Figure 3-6.  Potentiostatic Polarization Curves (a) and Corrected Current 
Versus Time Transient Curves (b) at Various Potentials in Deaerated 0.5 M 

NaCl Solution Without Sulfur at 60 °C [140 °F] 
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Figure 3-7.  Potentiostatic Polarization Curves (a) and Corrected Current 
Versus Time Transient Curves (b) at Various Potentials in Deaerated 0.5 M 

NaCl Solution Containing 0.01 M Na2S at 60 °C [140 °F] 
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3.2.1  Experimental Details 
 
The same chemical composition of mill-annealed Alloy 22 samples (see Table 3-1) was 
machined into disks with a 1.4-cm [0.55-in] diameter and 0.3-cm [0.12-in] thickness.  The 
samples were ground to a 600-grit finish, cleaned with ethanol, and air dried.  For accelerating 
the corrosion process, the samples were polarized in a strong acidic solution:  0.5 M HCl 
(pH = 0.2) at 95 °C [203 °F] deaerated with argon gas.  Potentiodynamic polarization (scan rate 
of 0.2 mV/s) or potentiostatic polarization testing was employed.  The potentials were measured 
against a saturated calomel electrode, and a platinum mesh was used as a counter electrode.  
The working electrode was mounted in the Tefzel® Dupont fluorocarbon electrode holder, and 
the exposed surface area of the samples to the test solution was ~1 cm2 [~0.16 in2].  The 
saturated calomel electrode was interfaced to the test solution via a salt bridge filled with the 
test solution.  
 
Chemical composition of the corroded surface was investigated using the Auger electron 
spectroscopy measurements with a Perkin-Elmer model PHI 595.  The primary electron beam 
energy was 3 keV, and the beam diameter was ~1 μm [0.04 mils].  The basic vacuum in the 
analysis chamber was 7 × 10−9 torr.  For depth profiling, the sample was sputtered with argon 
gas at the sputter rate of 3 nm/min [1.2 × 10−4 mils/min].  All spectra were recorded in the 
differential mode dN(E)/dE.  To identify the chemical composition, the prominent auger lines 
(i.e., main peaks) of phosphorus (120 eV), sulfur (152 eV), chlorine (181 eV), molybdenum 
(186 eV), nitrogen (379 eV), oxygen (503 eV), chromium (534 eV), and nickel (848 eV) were 
used as the reference binding energy by referring to the standard Auger spectra in Davis, et al. 
(1976).  Among these elements, in particular, molybdenum has characteristic peaks at multiple 
locations including 120 and 125 (doublet), 139, 148, 161, 186 (main peak), and 221 eV. 
 
The calibrations for a sputter rate and a binding energy were made using a 100-nm-thick 
[3.9 × 10−3 mils] Ta2O5 and a copper, respectively.  When a Ta2O5 was sputtered at a rate of 
30.8 nm/min [1.2 × 10−3 mils/min], the resultant depth profile of oxygen was well matched at a 
depth of 100 nm [3.9 × 10−3 mils].  However, the calibration result for a binding energy showed a 
shift as compared to the reference values in Davis, et al. (1976).  Two major peaks for the 
calibration copper located at the low and high binding energy ends shifted 6 eV and 4 eV to 
the higher energy direction, respectively.  The peak at low energy appears at 66 eV and 
should be located at 60 eV.  The peak at high energy appears at 923 eV and should be located 
at 919 eV.  Therefore, all measured spectra were adjusted by shifting 5 eV to the low energy 
direction.  The carbon content at 272 eV was excluded from the analysis because carbon is a 
usual contaminant. 
 
3.2.2  Polarization Test Results 
 
Figure 3-8 presents the potentiodynamic polarization curve of Alloy 22 in deaerated 0.5 M HCl 
solution at 95 oC [203 °F].  Alloy 22 showed passive behavior in a wide range of potentials 
from −0.1 to 0.8 VSCE with a relatively high passive current density of 2–4 × 10−5 A/cm2  
[1.8–3.7 × 10−2 A/ft2].  Based on the potential-pH stability diagram for the sulfur-water system at 
90 °C [194 °F] (Jung, et al., 2007), the atomic sulfur is stable at 0.0 VSCE and a pH of 0.2.  Thus, 
Alloy 22 was polarized to 0.0 VSCE to enhance any hypothetical sulfur accumulation on the metal 
surface as much as possible.  
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Figure 3-8.  Potentiodynamic Polarization Curve of Alloy 22 Tested in Deaerated 
0.5 M HCl Solution (pH = 0.2) at 95 °C [203 °F] (Scan Rate = 0.2 mV/s) 

 
The potentiostatic polarization test result in deaerated 0.5 M HCl solution at 95 °C [203 °F] is 
presented in Figure 3-9.  Upon initial polarization to 0.0 VSCE, the current continuously 
decreased and reached the steady current density of 5 × 10−6 A/cm2 [4.7 × 10−3 A/ft2] after 
~5 hours.  However, the current increased abruptly after ~22 hours and maintained a high 
current density of ~2.5 × 10−3 A/cm2 [~2.32 A/ft2] with an irregular fluctuation until ~50 hours.  
 
After polarizing for ~50 hours, the corroded surface suffered from pitting as shown in 
Figure 3-10.  Many small-sized pits {less than 1 μm [25.4 mils]} with several large-sized pits 
{~10 μm [~254 mils]} were dispersed over the corroded surface.  Once the sample was 
electrochemically corroded by the acceleration process, sulfur may have accumulated because 
the of the sudden increase of anodic current.  However, it is also possible that the aggressive 
nature of the strong acidic solution together with a high solution temperature could have led to 
pitting.  The corroded surface was analyzed to determine whether sulfur had accumulated on it. 
 
3.2.3  Surface Analysis of Alloy 22 
 
The chemical composition of the corroded sample after the polarization test at 0.0 VSCE was 
investigated using Auger electron microscopy.  Figure 3-11 shows the resultant Auger spectra 
for the unsputtered and the 4.5-nm [1.77 × 10−4-mils] sputtered corroded surfaces along with the 
spectra for the uncorroded control sample.  The control sample was sputtered to the depth of 
30 nm [1.18 × 10−3 mils] to ensure the spectra were from the bulk alloy.  
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Figure 3-9.  (a) Potentiostatic Polarization Curve and (b) Magnified Curve 

Before Film Breakdown of Alloy 22 Tested in Deaerated 0.5 M HCl Solution 
(pH = 0.2) at 95 °C [203 °F] 
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Figure 3-10.  Optical Micrograph of the Corroded Surface of Alloy 22 After 
Potentiostatic Polarization Test at 0.0 VSCE for ~50 Hours in Deaerated 0.5 M HCl 

Solution (pH = 0.2) at 95 °C [203 °F] 
 
From the spectra measured on the corroded surface {i.e., an unsputtered or 4.5 nm 
[1.77 × 10−4 mils] sputtered surface}, several possible elements were identified by their main 
peaks including phosphorus (~120 eV), sulfur (~151 eV), chlorine (183 eV), molybdenum 
(186 eV), nitrogen ( ~386 eV), oxygen (503 eV), chromium (528 eV), and nickel 
(847 eV), respectively. 
 
In the case of the spectra for the unsputtered corroded surface, the peak of chlorine is evident 
and shows a strong intensity at 183 eV, indicating the presence of chloride complexes on the 
corroded surface.  In contrast to a clear, strong peak of chlorine, the molybdenum main peak at 
186 eV is unclear and weak.  Also, the other two characterstic peaks of molybdenum 
(i.e., 161 and 221 eV) are very weak.  Even if molybdenum is not quantitatively analyzed 
because of an overlap between the main peak of molybdenum (186 eV) and the main peak of 
chlorine (183 eV), the amount of molybdenum on the unsputtered corroded surface is very small.   
 
Similarly, the peak of sulfur at 152 eV could be overlapped with the peak of molybdenum at 
148 eV because the two peaks (i.e., sulfur at 152 eV and molybdenum at 148 eV) are so close 
each other.  Thus, the peak at 151 eV is likely due to a response from both elements.  It is 
difficult to clearly identify each peak if both elements coexist with low concentration.   
 
After 4.5 nm [1.77 × 10−4 mils] sputtering for the corroded surface, the increase of the 
molybdenum peak at 186 eV is significant, while the peak of chlorine at 183 eV was absent.  
The sputtered depth of 4.5 nm [1.77 × 10−4 mils] appears in the oxide film region based on  
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Figure 3-11.  Full-Scale Auger Electron Spectra (a) and Magnified Low Energy 
Region Spectra (b) of the Unsputtered Corroded Surface (Black Color) and the 

4.5 nm [1.77 × 10−4 mils] Sputtered Corroded Surface (Red Color) of Alloy 22 After 
Potentiostatic Polarization Test at 0.0 VSCE for ~50 Hours in Deaerated 0.5 M HCl 
Solution (pH = 0.2) at 95 °C [203 °F] Along With the Spectra of the Uncorroded 

Alloy 22 Control Sample 



 
 

3-21

oxygen peak observation.  The other characteristic peaks of molybdenum [i.e., 120 and 
125 (doublet), 140, 150, 162, and 222 eV] are also more evident than the unsputtered case, 
indicating an increase of molybdenum concentration compared to the unsputtered case.  Among 
these molybdenum peaks, similar to the unsputtered case, the peak at 150 eV could overlap 
with the peak of sulfur at 152 eV.  Even if molybdenum peak heights significantly increase, a 
possible sulfur contribution to the peak at 150 eV is not excluded.  However, if there was sulfur, 
the amount of accumulated sulfur would be small. 
 
3.3  Thermodynamic Stability of Metal Sulfides at 150 °C [302 °F] 
 
Because the waste package outer container may experience temperatures up to ~200 °C 
[392 °F] in the potential repository environment, it is useful to construct the potential-pH stability 
diagram for metal-sulfur-water systems.  In the previous review report on this subject 
(Jung, et al., 2007), several metal sulfides including nickel and molybdenum sulfides were 
identified as a stable phase at 25 and 95 °C [77 and 203 °F].  Thus, in this study, the 
thermodynamic stability of the subject metal sulfides was investigated by constructing the 
potential-pH diagrams at 150 °C [302 oF].  The corresponding thermodynamic data 
were extrapolated up to 150 °C [302 °F] from the available low temperature data applying the 
Criss-Cobble relationship (Criss and Cobble, 1964a,b).  The resultant diagrams are 
shown in Figure 3-9(a), (b), and (c) for nickel-sulfur-water-chromium-sulfur-water, and 
molybdenum-sulfur-water systems, respectively, at 150 °C [302 °F] with the concentrations of 
10−4 M for metal species and 10−2 M for sulfur species.   
 
In Figure 3-12(a), nickel can dissolve as Ni2+ at 150 °C [302 °F] and elevated potentials.  
With an increase in pH, Ni2+ reacts with different valence states of sulfur species such as 
sulfide [H2S(aq) or HS−] in low anodic potentials or sulfate (SO4

2−) in high anodic potentials.  
The nickel then forms different phases of nickel sulfides (e.g., Ni3S2, NiS, and Ni3S4) in a wide 
range of potential and pH regions.  Above the potential of Ni3S2 formation, NiO oxide forms in 
alkaline pH. 
 
For the chromium-sulfur-water system as shown Figure 3-12(b), the resultant stability diagram 
indicates that the formation of chromium (Cr2O3) is strongly favorable in a wide range of 
potential and pH regions rather than metal sulfide formation at 150 °C [302 °F] even at the high 
sulfur concentration.  This superior stability of chromium oxide may be one reason why Alloy 22 
can repassivate quickly after scratching in the sulfur-containing solutions (see Section 3.1.1). 
 
The potential-pH diagram for the molybdenum-sulfur-water system at 150 °C [302 °F] is 
presented in Figure 3-12(c).  Similar to nickel, molybdenum also shows a strong tendency to 
form metal sulfides over the wide range of potential and pH regions.  The stable phases of 
molybdenum sulfides are MoS2 and MoS3.  Marcus and Moscatelli (1989) proposed the 
formation of molybdenum sulfides during the anodic dissolution process of nickel-molybdenum 
alloys and stainless steel.  These authors postulated that adsorbed sulfur on the metal surface 
can be dissolved via the soluble molybdenum sulfides (e.g., Mo2S or MoS for 
nickel-molybdenum alloys or stainless steel, respectively) or molybdenum-sulfur clusters with 
water. Due to the absence of thermodynamic data for Mo2S and MoS from the currently 
available literature, both sulfides were not included as the species in the thermodynamic 
calculations.  Note that the kinetically observed phases are often different from the 
thermodynamically stable phases due to competing reaction rates.  At 150 °C [302 °F], nickel 
and molybdenum sulfides can form in a wide range of potentials and pH.  The formation of  
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Figure 3-12.  Potential-pH Diagram for Metal-Sulfur-Water System at 150 °C 
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Figure 3-12 (continued).  Potential-pH Diagram for Metal-Sulfur-Water 
System at 150 °C [302 °F], 1 atm With the Concentrations of 10−4 M for Metal 

Aqueous Species and 10−2 M for Sulfur Aqueous Species 
 
chromium oxide is also favorable in a large range of conditions; in fact, it is even larger than the 
stable regions for metal sulfides.  This is very beneficial to the corrosion resistance of chromium 
containing nickel-based alloys such as Alloy 22.  
 
3.4  Assessment of the Sulfur Effects on Long-Term Passive Film 

Stability of Alloy 22  
 
Based on observations of sulfur accumulation on the Alloy 22 surface (Windisch, et al., 2007) 
and on other nickel-based alloys such as Ni-15.5Cr-8Fe (Combrade, et al., 1990) and 
nickel-iron alloys (Marcus and Grimal, 1990), sulfur may accumulate on the alloy surface via an 
anodic sulfur segregation process.  In particular, Windisch, et al. (2007) reported a sulfur 
concentration increase from an initial 2 to 5 at% after a 29-day immersion in 1 M NaCl at 
room temperature.   
 
To test the hypothesis of potential film breakdown due to anodic sulfur segregation, the 
repassivation capability of Alloy 22 was evaluated by disrupting the passive film on the alloy 
surface using the scratch repassivation test. 
 
The results from the scratch tests demonstrated that Alloy 22 repassivated within a few seconds 
in all tested conditions.  In the considered low temperatures {below 60 °C [140 °F]} and chloride 
concentrations, Alloy 22 repassivated in a few seconds and no localized corrosion or active 
dissolution occurred at the scratched bare surface.  If pitting occurred due to anodic sulfur 
segregation, Alloy 22 would be expected to repassivate quickly and return to the passive state 
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with a low corrosion rate in a relatively short time.  Based on the experimental observations 
of the beneficial roles of alloying elements (i.e., chromium and molybdenum) in the 
passivation of nickel-chromium alloys (e.g., Alloy 600) and nickel-chromium-molybdenum 
alloys (e.g., Alloy 625), chromium and molybdenum in Alloy 22 are likely responsible for the high 
repassivation capability of Alloy 22.  This is due to these elements counteracting potential 
detrimental effects of adsorbed sulfur on the alloy surface.  In particular, molybdenum content in 
Alloy 22 can effectively inhibit the sulfur segregation at the metal–passive film interface or within 
the passive film by removing the sulfur on the alloy surface.  Considering that Alloy 22 has a 
relatively high concentration of molybdenum, molybdenum is significant to counteracting 
potential deleterious sulfur effects.  
 
The surface analyses results on the corroded surface showed that sulfur in Alloy 22 could 
have marginally accumulated on the alloy surface during the dissolution of Alloy 22 
in an aggressive environment.  Sulfur concentration was small (e.g., less than the concentration 
of a monolayer of sulfur) considering the much smaller energy peak compared to peaks from 
metallic elements (i.e., nickel, molybdenum, and chromium).  For example, in Inconel 718 
(Ni-18.5Cr-3Mo-5Nb-1Ti) with bulk sulfur concentrations of 15 to 175 ppm in weight, sulfur 
was segregated at grain boundaries due to thermally aging at high temperatures {e.g., 720 to 
965 °C [1,328 to 1,769 °F]}.  The measured spectra for the surface of grain boundaries showed 
a sharp peak at 152 eV with very strong peak intensity.  When the average concentrations of 
the segregated sulfur were 4.45 to 6.35 wt%, the observed energy peaks from sulfur were 
intense—almost the same height of the main peak of niobium (Dong, et al., 2000).  Therefore, it 
is concluded that the observed pitting of Alloy 22 when corroded in aggressive environment 
(see Section 3.2.2) was mostly due to the aggressive nature of the strong acidic solution and 
the high temperature.  The contribution of sulfur segregation to the pitting process, if any, was 
difficult to establish. 
 
To explore the potential role of molybdenum in the anodic sulfur segregation process, the 
concentration of accumulated sulfur on the alloy surface was evaluated using Eq. (3-3).  In the 
equation, the concentration of sulfur with time, θS(t), was estimated assuming all sulfur in the 
alloy accumulates at the metal–film interface and passive film is broken down above a critical 
concentration that is roughly a monolayer of sulfur {i.e., ~40 ng/cm2 [6.2 ng/in2}.  Marcus and 
Talah (1989) proposed a mass-balance equation for estimating the sulfur concentration on the 
surfaces of nickel and nickel-iron alloys during passive dissolution 
 

∫
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where 
 
θS(t) — sulfur concentration with time (g/cm2) 
E.W. — equivalent weight of Alloy 22 (23.28 g) 
S — sulfur concentration in the alloy (200 ppm in weight) 
F — Faraday constant (96,485 Coulomb/mol) 
MW — film molecular weight (g/mol) 
z — number of electrons per cation 
F — Faraday constant (96,485 Coulomb/mol) 
i — passive current density {1 × 10−5 A/cm2 [9.3 × 10−3 A/ft2] from 0 to 22 hours, 

2.5 × 10−3 A/cm2 [2.32 A/ft2] from 22 to 50 hours} 
t — time (hours) 
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Note that Eq. (3-3) does not reflect any possible beneficial action by chromium and 
molybdenum in Alloy 22 passivation.   
 
The calculation result shows that the estimated concentration of sulfur is approximately 
13,842 ng/cm2 [2,145 ng/in2] after 50 hours of polarization, which is equivalent to about 
346 monolayers of sulfur assuming the concentration of a monolayer is about 40 ng/cm2 
[6.2 ng/in2].  The calculated thickness of the hypothetical segregated sulfur layers would be in 
the range of several nanometers.  However, the surface analysis results using Auger electron 
spectroscopy indicated small sulfur concentrations (e.g., less than a monolayer of sulfur).  
Therefore, molybdenum in Alloy 22, or some other unknown process, may effectively reduce the 
sulfur content on the corroded surface.  Almost all sulfur content on the surface dissolved during 
the metal dissolution.  This reduction may be explained according to several theories in the 
literature:  by removing sulfur as the dissolved forms of compounds (e.g., molybdenum sulfides 
or clusters) (Marcus and Moscatelli, 1989) or by reducing the residence time of the adsorbed 
sulfur on the surface by desorbing sulfur occupying the active sites present on the metal surface 
(Betts and Newman, 1993).  The results from the experimental observations and scoping 
calculations suggest that molybdenum content (13 wt%) in Alloy 22 can effectively keep 
segregated sulfur at low enough concentrations on the Alloy 22 surface to maintain passive film 
stability at low temperatures.  
 
This conclusion is valid for temperatures below 100 °C [212 °F].  Above this temperature, if the 
mechanism of the anodic sulfur segregation is the same as that observed at the low 
temperatures, the beneficial roles of alloying elements (i.e., chromium and molybdenum) in the 
passivation and repassivation capability of Alloy 22 could be similar as well.  Passive film 
stability at elevated temperatures also is supported by the thermodynamic stability of chromium 
oxide in a wide range of potentials and pH, as shown by the potential-pH stability diagrams of 
metal-sulfur-water systems at 150 °C [302 °F].  The thermodynamic diagrams suggest that 
various valence states of nickel and molybdenum sulfides can exist at 150 °C [302 °F].  The 
formation of the same valences of metallic sulfides was also computed at low temperatures in a 
previous report (Jung, et al., 2007).  
 
Based on the experimental data and scoping calculations presented in this chapter, several 
conclusions can be drawn. 
 
• If anodic sulfur segregation occurred on Alloy 22, the amount of the accumulated sulfur 

would be limited (e.g., less than a monolayer of sulfur) due to the presence of alloying 
elements (i.e., chromium and molybdenum), which counteract potential detrimental 
effect of sulfur segregation.   

 
• Alloy 22 repassivated in a few seconds when the passive film was mechanically 

disrupted in low temperature solutions containing sulfur species.  Therefore, even if the 
passive film on Alloy 22 was disturbed by anodic sulfur segregation in the potential 
repository setting, Alloy 22 could repassivate quickly within a relatively short time.  

 
• Formation of a stable chromium oxide at elevated temperature such as 150 °C [302 °F] 

is possible in a wide range of potentials and pH, even when sulfur is present on the alloy 
surface as a result of potential anodic segregation. 
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• Above 100 °C [212 °F], hypothetical detrimental effects of sulfur segregation could 
be limited if the beneficial roles of alloying elements (i.e., chromium and molybdenum) 
are consistent with those at the low temperature {i.e., 100 °C [212 °F]}.  The formation 
of stable chromium oxide in a wide range of potentials and pH is indicated in the 
potential-pH stability diagrams of metal-sulfur-water systems at 150 °C [302 °F]. 
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4  SUMMARY AND CONCLUSION 
 
In this report, the long-term passive behavior of Alloy 22 at elevated temperature in conditions 
representative of the potential Yucca Mountain repository setting was evaluated through 
literature review, thermodynamic computation, and scoping corrosion tests.  Results of this 
study, covering the passive film stability considering film composition and structure at different 
temperatures, and the effects of anodic sulfur segregation are summarized next. 
 
4.1  Passive Film Stability of Alloy 22 at Elevated Temperatures 
 
Thermodynamic computations were performed to examine the stability of a chromium-rich 
passive film on Alloy 22.  These computations were conducted in simulated concentrated water 
at temperatures of 150 and 180 °C [302 and 356 °F].  The pH-potential diagrams that were 
constructed for the environment showed a large region of stability for either Cr2O3 or NiCr2O4.  
Both of these compounds contained chromium in the +3 state.  Under very acidic waters or at 
high potentials, the thermodynamic results indicated that the chromium-rich oxide tends to 
be unstable. 
 
An examination of the U.S. Department of Energy (DOE) short-term autoclave testing for 
Alloy 22 in elevated temperature indicated that a chromium-rich oxide film was present in most 
of the tested environments.  This chromium-rich oxide was mainly in the +3 oxidation state, 
which could be either Cr2O3, Cr(OH)3, CrOOH, or possibly NiCr2O4.  This is consistent with the 
thermodynamic computations.  At much higher temperature {i.e., at least 160 °C [320 °F]} and 
high nitrate-to-chloride ratio (roughly 7.4) the chromium oxidized to the +6 state, which would be 
expected to more readily dissolve.   
 
Because experimental data pertaining to the passive film on Alloy 22 at elevated temperatures 
is limited, analog materials were also reviewed.  Two analog materials, Alloys 600 and 690, 
were examined because the chromium concentration of these two materials is consistent with 
the chromium concentration in Alloy 22.  This is highlighted because chromium is a major 
alloying element that appears to control passivity.  The results from the literature review of 
Alloys 600 and 690 are consistent with the observation that a passive chromium-rich oxide film 
forms and is stable at elevated temperatures in a range of pH. 
 
4.2  Effects of Sulfur Segregation on Alloy 22 Passive Film Stability 
 
The effects of anodic sulfur segregation on the passive film stability of Alloy 22 were evaluated 
through thermodynamic calculations and scoping corrosion tests.  The results indicate that if 
sulfur accumulated on Alloy 22 surface by anodic segregation, the amount of the accumulated 
sulfur would be very limited {e.g., less than a monolayer of sulfur, about 40 nanogram/cm2 
[1.4 × 10−11 lb/in2]} due to the presence of alloying elements (i.e., chromium and molybdenum), 
which counteract potential detrimental effects of sulfur segregation.   
 
To evaluate the repassivation capability of Alloy 22 in cases where the passive film was 
weakened due to potential anodic sulfur segregation, scratch repassivation tests were 
conducted.  Alloy 22 repassivated within a few seconds in solutions containing sulfur species 
at 22 and 60 °C [72 and 140 °F] after the scratch.  The corrosion test cell used for the 
scratch test in this study was endurable only up to the maximum temperature of 60 °C [140°F].  
Because Alloy 22 exhibits a high resistance to localized corrosion or active dissolution in 
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sulfide-contained solutions, Alloy 22 is expected to repassivate in a relatively short period if film 
breakdown occurred due to anodic sulfur segregation.   
 
Thermodynamic calculation predicted the formation of a stable chromium oxide (Cr2O3) on the 
alloy surface over a wide range of potentials and pH at a concentration of sulfur species in 
solution equal to 10−2 M at 150 °C [302 °F].  If the beneficial roles of alloying elements 
(i.e., chromium and molybdenum) at high temperatures are similar to those at low temperatures, 
the potential deleterious effects of sulfur segregation at elevated temperatures could be minimal.   
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