NRC Form 380A U.S. NUCLEAR REGULATORY COMMISSION
(12-2003)
NRCMD 3.9

RELEASE TO PUBLISH UNCLASSIFIED NRC CONTRACTOR
SPEECHES, PAPERS, AND JOURNAL ARTICLES

(Please type or print)

1. TITLE {State in full as it appears on the speeach, paper, or journal article)

Quantitative Characterization of Alloy 22 Crevice Corrosion Damage Profiles (Paper)

2. AUTHOR(s)
Xihua He and Todd Mintz

3. NAME OF CONFERENCE, LOCATION, AN} DATE(s)

Corrosion in Nuclear Symposium at the Corrosion 2010 NACE Annual Conference, San Antonio, TX, March 14-18, 2010

4. NAME OF PUBLICATION
NACE International

5. NAME AND ADDRESS OF THE PUBLISHER TELEPHONE NUMBER OF THE PUBLISHER
NACE International, 1440 South Creek Drive, Houston, TX (800) 797-6223
6. CONTRACTOR NAME AND COMPLETE MAILING ADDRESS (Include ZIP cods) TELEPHONE NUMBER OF THE CONTRACTOR

7. CERTIFICATION

YES NO (ANSWER ALL QUESTIONS)
X A. COPYRIGHTED MATERIAL - Does this speech, paper, or journal article contain copyrighted material?
If yes, attach a letter of release from the source that holds the copyright.
B. PATENT CLEARANCE - Does this speech, paper, or journal article require patent clearance?
X If yes, the NRC Patent Counsel must signify clearance by signing below.
NRC PATENT COUNSEL (Type or Print Name) | SIGNATURE DATE
C. REFERENCE AVAILABILITY ~ s all material referenced in this speech, paper, or journal article available to the public either through a public

library, the Government Printing Office, the National Technical Information Service, or the NRC Public Document
Room? If no, list below the specific availability of each referenced document.

SPECIFIC AVAILABILITY

D. METRIC UNIT CONVERSION -~  Does this speech, paper, or journal article contain measurement and weight values? If yes, all must be converted
to the International System of Units, followed by the English units in brackets, pursuant to the NRC Policy
Statement implementing the Omnibus Trade and Competitiveness Act of 1988, Executive Order 12770, July 25,

1991,

8. AUTHORIZATION

sensitive unclassified, or nonpublic information. (NRC MD 3.9, Part lI{A){1)(d))

The signatures of the NRC project manager and the contractor official certify that the NRC contractor speech, paper, or journal article is authorized by NRC, that it has
undergone appropriate peer review for technical contant and for material that might compromise commercial proprietary rights, and that it does not contain classified,

A. CONTRACTOR AUTHORIZING OFFICIAL (Type or print name) SIGNATURE - ‘\ DATE
Sitakanta Mohanty m}“‘v Q‘Jr S. A‘U)‘«M«, ’~/ T-A% ~OCL
B. NRC RESPONSIBLE PROJECT MANAGER (Type or print name) | OFFICE/DIVISION MAIL STOP
TELEPHONE NUMBER E-MAILLD. Did you place the speech, paper, or journal article in ADAMS? ves 0O vo 0O
If so, provide the ADAMS Accession No.
(Use Tempiate OCIO 099)
SIGNATURE DATE

NRC FORM 380A (12-2003)

PRINTED ON RECYCLED PAPER



QUANTITATIVE CHARACTERIZATION OF ALLOY 22 CREVICE CORROSION
DAMAGE PROFILES

Xihua He and Todd Mintz
Center for Nuclear Waste Regulatory Analyses
Southwest Research Institute®
6220 Culebra Road
San Antonio, Texas 78238
E-mail: xhe@swri.org
Telephone: (210) 522-5194

ABSTRACT

Three- and two-dimensional (3-D and 2-D) laser profilometry scans were performed on two sets
of Alloy 22 crevice corrosion specimens to accurately and quantitatively characterize the
corrosion damage profiles. One set of specimens had multiple crevice contacts, and the other
set had single crevice contact. Both sets of specimens showed that laser scans are more
sensitive to variations in penetration sites, leading to larger maximum crevice corrosion
penetration depths measured than those previously obtained by optical microscope. The laser
scan measurements also captured the depth variation around grain boundaries. For Alloy 22,
crevice corrosion attack may have initially followed metallurgical features such as grain
boundaries. The deeper corrosion sites were about 200—-500 ym [7.87-20.0 mil] away from the
edge of the crevice. The central crevice region was uncorroded or less severely corroded,
which can be explained by the potential drop in such a confined distance in the crevice region
due to the tight crevice and resulting high resistivity along the current path. Most deep corrosion
sites were steep and as small as 10 um [0.39 mil] comparable to Alloy 22 grain sizes.

Keywords: Alloy 22, crevice corrosion, corrosion profile, penetration depth

INTRODUCTION

Localized corrosion is one of the most insidious forms of metal failure, because when it occurs,
it penetrates at a faster rate than general corrosion. This is especially true for nickel-based
alloys such as Alloy 22 (Ni-22Cr-13Mo-4Fe-3W [UNS N06022]) that are highly resistant to
uniform corrosion as a result of passive oxide film formation on the metal surface. Localized
corrosion may also result in initiation sites for possible mechanical damage or failure. For
Alloy 22, localized corrosion typically occurs in the form of crevice corrosion. Many studies
have described Alloy 22 crevice corrosion initiation for various environmental conditions
(Evans, et al., 2005; llevbare, et al., 2005; Dunn, et al., 2005, 2006); however, Alloy 22 crevice
corrosion propagation studies are limited.

Previously He and Dunn (2007a) used single and multiple crevice assemblies to investigate
crevice corrosion propagation behavior of Alloy 22 by coupling to Alloy 22 in 5 M NaCl solution
at 95 °C [203 °F]. Under the experimental conditions, Alloy 22 showed a strong tendency to
repassivate, although crevice corrosion of Alloy 22 occurred after the addition of CuCl, to the
solution as an oxidant and the penetration rates were several orders of magnitude greater than
the general corrosion rates. Later crevice corrosion studies by He, et al. (2007a,b) and He and
Dunn (2007b) showed that crevice corrosion was initiated in 4 M MgCl, solution using Alloy 22
or Titanium Grade 7 crevice former by coupling to Alloy 22 or Titanium Grade 7 and the



corrosion propagated without repassivation. In these studies, the corrosion features were
examined primarily by optical microscope and the depths of crevice corrosion penetrations were
determined using the microscopic method described in ASTM G46 (ASTM International, 2004).
However, with the resolution and field of view limitations of optical microscopes, corrosion
damage profiles such as the distribution and size of penetration sites were not well
characterized. A wealth of information on these Alloy 22 specimens related to crevice corrosion
propagation is now revealed.

The objective of this work is to accurately characterize the crevice corrosion damage profiles of
crevice-corroded Alloy 22 specimens from previous work (He and Dunn, 20073;

He, et al., 2007b) using a 3- and 2-D laser profiling to better understand Alloy 22 crevice
corrosion propagation. This study aims at providing supplementary and new insights into the
Alloy 22 crevice corrosion process.

EXPERIMENTAL METHODS

The crevice corrosion damage profiles of two sets of crevice corrosion posttest specimens were
characterized. The experimental details associated with the first set of specimens were
reported in He, et al. (2007b). In this set of tests, the Alloy 22 crevice specimens were in
contact with Alloy 22 or Titanium Grade 7 crevice former to form 24 crevice contacts. The
crevice assembly was galvanically coupled to a large Alloy 22 plate if the crevice former was
Alloy 22. If the crevice former was Titanium Grade 7, then the crevice assembly was
galvanically coupled to a large Titanium Grade 7 plate. Both of these galvanic couplings
occurred through a potentiostat functioning as a zero-resistance ammeter. The area ratio of the
crevice specimen to the coupling plate was 1:14. The tests were conducted in 4 M MgCl,
solution at 95 °C [203 °F] for different durations to observe the crevice corrosion initiation and
propagation. The experimental setup, the galvanic coupling current and potential, and the
optical photos of the crevice specimens are in Figures 2-2, 3-16, and 3-17 reported in He, et al.
(2007Db).

The experimental details associated with the second set of crevice specimens were reported in
He and Dunn (2007a). In these tests, the front circular surface of an Alloy 22 cylindrical
specimen measuring 6.2 mm [0.24 in] in diameter and 48.6 mm [1.91 in] in length was in contact
with polytetrafluoroethylene to form a single crevice. The crevice was galvanically coupled to an
Alloy 22 plate. The tests were performed in 5 M NaCl solution at 95 °C [203 °F] for different
durations. The optical photos of the posttest crevice specimens (Figure 8) were reported in

He and Dunn (2007a).

The 3- and 2-D scans of the crevice corrosion specimens to characterize the crevice corrosion
damage profile were performed with a video coordinate measuring machine, which is equipped
with an optical probe and a laser probe. Laser profilometry provides fast, accurate noncontact
assessments of corrosion. Its detailed, 3-D topographic profiles support analysis and
interpretation of complex corrosion processes. The highest depth resolution (z axis of the
machine) is 0.5 ym [0.02 mil], and the lateral surface resolution is 1 uym [0.04 mil] (x and y
axes). For the crevice specimens in the current work, the machine was programmed to conduct
multiple, evenly spaced line scans covering the corroded area of interest. The resolution used
in this work was 10 ym [0.4 mil] in the x axis and 50 pym [2 mil] in the y axis. The multiple line
scans are plotted as a 3-D image of the corroded area, and each line scan is displayed as a 2-D
profile. The machine was calibrated, and the measured depth was found to be in perfect
agreement with depths measured by mechanical tools.



The 3-D laser scans were assembled together with multiple line scans. Each line scan is
initiated and completed in an uncorroded area of the sample material. The total mass loss from
the crevice corrosion process in a particular area can also be calculated by subtracting the
average height from the uncorroded area from all the data points to get a total depth loss. This
is accomplished by averaging the height of the base measurements collected from each side of
the crevice region to create an average height for the uncorroded base region. The difference
between this uncorroded average height value and each data point for that line scan was used
to calculate the depth loss. The total volume loss was calculated by adding all the volume units
(depth loss multiplied by 10 um [0.4 mil] and 50 pm [2 mil]). The mass loss was calculated from
the volume loss by multiplying by the material density.

RESULTS
Specimens with 24 Crevice Contacts Tested in 4 M MgCl, at 95 °C [203 °F]

Figure 1 shows the optical photo of one posttest Alloy 22 crevice specimen. Before the test of
galvanic coupling to Titanium Grade 7 in 4 M MgCl, solution, the specimen weighed 23.29 g
[0.052 Ib]. Only 1 out of the 24 crevice contacts was corroded under the Titanium Grade 7
crevice former. Figures 1(b) and 1(c) show the 3-D laser profile viewing from the top and
bottom, respectively. Figure 1(d) shows the corrosion depth profile passing the deepest site in
the crevice from left to right in Figure 2(b). The deepest penetration was ~180 um [7.09 mil],
which is higher than the 155 pm [6.10 mil] measured previously by optical microscope. The
deeper penetrations were near the edge of the crevice, but not exactly at the edge. For the
penetration profile shown in Figure 1(d), the corrosion along the crevice was about 2,500 um
[98 mil] wide and the deepest penetration sites were 439 pm [17.3 mil] and 321 pm [12.6 mil]
from the two edges of the crevice at the right and left. Using the method developed in this
paper and using the Alloy 22 density value of 8.69 g/cm?® [543 Ib/ft’], the weight loss from the
metal dissolution was calculated to be 3.78 mg, 0.016% of the original weight, which is slightly
lower than the 5.12 mg weighed by the balance. In this test, the charge that passed through the
external circuit measured by the potentiostat was 5.24 coulombs, which is equivalent to metal
loss of 1.27 mg using 23.28 g/equivalent [0.051 Ib/equivalent] (ASTM International, 2008). The
weight loss calculated from the charge was only one-third of that measured by the quantitative
method developed in this paper, suggesting that most of the crevice corrosion is supported by
the cathodic reaction on Titanium Grade 7 which directly contacts the Alloy 22 specimen.

Figure 2 shows more optical photos and 3-D laser scan images of other Alloy 22 crevice
specimens from the same set of tests. From the shallow corroded area in Figures 2(a) and 2(c),
the profile shows that corrosion started around the edge of the crevice and appeared to start at
discrete sites. Later on, the corrosion propagated further into the crevice region as shown in the
deep site in Figures 2(a) and 2(b); however, the deepest penetration was mostly at roughly

500 um [19.7 mil] away from the edge as observed in Figure 1. Table 1 lists the penetration
depths currently measured from the laser scan and previously measured by the optical
microscope. It appears that the laser scan measured deeper penetration than the

optical microscope.

The images shown in Figures 1 and 2 are the Alloy 22 specimens after crevice corrosion by
coupling to Titanium Grade 7. He, et al. (2007b) showed that for the Alloy 22 specimens
coupled to Alloy 22, crevice corrosion occurred at most of the 24 possible crevice contacts,
whereas by coupling to Titanium Grade 7, crevice corrosion was limited to 1 or 2 crevice
contacts out of 24 crevice contacts. A laser scan was also performed on some crevices of the



Alloy 22 specimens to examine the corrosion penetration profile. The 3-D scan images are
shown in Figure 3 along with the optical photos in He, et al. (2007b). The crevice corrosion
areas examined were much shallower compared to the areas in Figures 1 and 2, but the profile
still shows that the crevice corrosion started around the edge. The optical image in Figure 3(c)
appears to show that the entire site n was evenly corroded. However, the 3-D laser profile
shows that corrosion was not uniform across the crevice site and that the corrosion was deeper
near the edge while there was less corrosion at the central region. The 2-D profile that includes
crossing the deepest penetration area in Figure 3(c) shows that the deepest penetration was
288 um [11.3 mil] deep and was 291 um [11.5 mil] from the edge of the crevice region at the left
in the figure. The shallowest penetration in the central region was about 126 um [4.96 mil] deep
and was about 1,611 uym [63.4 mil] from the edge at the left.

Single-Crevice Specimens Tested in 5 M NaCl at 95 °C [203 °F]

3-D laser scans were performed on 6 single-crevice specimens after corrosion in 5 M NaCl
solution with the addition of 2 x 10™* M CuCl, at 95 °C [203 °F]. For this set of tests, crevice
corrosion was initiated with the addition of CuCl,. The details on crevice corrosion propagation
were discussed in He and Dunn (2007a). Figure 4 shows the 3-D laser profile of the corroded
circular region and the 2-D line scan profile passing the deepest penetration site. The dotted
lines in the 3-D image are the approximate locations of the 2-D line scan. Consistent with the
optical images shown in He and Dunn (2007a) and inserted in Figure 4 for comparison, the
deepest penetration is near the edge of the crevice, leaving most of the central region less
corroded (note that the orientation of the 3-D image in the figure may not be the same as that of
the optical image). The 2-D profiles in Figures 4(b), 4(c), and 4(e) show that the deepest
penetration sites were less than 200 um [7.87 mil] from the edge and the sites were sharp and
small compared to other shallower penetration sites. Figure 5 shows the blow-up plots of the
deepest penetration sites in Figures 4(a), 4(b), and 4(c). The expanded plots show that the
deepest penetration sites were within the size range of 10-50 pym [0.39-2.0 mil] where 10 um
[0.39 mil] is the laser scan step interval. The penetration depths of the deepest sites measured
from the laser scan are summarized in Table 2 along with the maximum penetration depth
measured previously using an optical microscope. Consistent with the penetration depths
shown in Table 1, the laser scan resulted in greater depth than measurement by optical
microscope.

DISCUSSION
Maximum Penetration Depths Measured by Laser Scan and Optical Microscope

Tables 1 and 2 consistently show that laser scans measured greater maximum crevice
corrosion depths than those measured by optical microscope. Figure 5 shows that some deep
sites could be as small as 10 ym [0.39 mil], which is the highest resolution used in the current
work. It is possible that deeper sites could be smaller than 10 um [0.39 mil] if higher resolution
laser scan is performed; these sites were not captured by the optical microscope due to its
limitation in resolution. To understand whether these newly measured deeper penetration
depths would affect the penetration rates of Alloy 22 crevice corrosion as discussed in He and
Dunn (2007a), these depths were plotted in the same figure for comparison in Figure 6. It
shows that at earlier times, crevice corrosion of Alloy 22 actually propagated faster than
calculated previously; however, at a later period, the penetration depth fell into the upper

fit bound.



Correlation of Crevice Corrosion Attack Profile with Metallurgical Features

The 2-D crevice corrosion profiles in Figures 1(d), 3(c), 4, and 5 show that most of the deep
sites were in the range of 10—-50 pm [0.39-2.0 mil], which is similar to the grain size of Alloy 22
(Dunn, et al., 2003). The profiles also show that the corroded area is not always uniform; there
were peaks and dips in the corroded region. The correlation of depth variation to 2-D profile
and grain sizes seems to suggest that crevice corrosion attack follows metallurgical features
such as grain boundaries. Although there is no in-situ data to support this speculation, the
scanning electron micrographs with lower and higher magnification in Figure 7 of two corroded
cylindrical specimens in Figures 4(a) and 4(f) show that corrosion occurred along grain
boundaries. Especially for the specimen shown in Figure 7(a), the test was stopped after

0.5 days. The higher magnification clearly shows corrosion at grain boundaries. The top-left
part of the specimen in Figure 7(b) is not as severely corroded as the lower part; however,
Figure 7(b) shows that the grain boundaries of this part were etched by the acid produced in the
crevice corrosion process. The posttest examination supports the possibility that crevice
corrosion attack may have initially followed metallurgical features such as grain boundaries.

Distance of the Deepest Penetration Sites from the Edges of the Crevice

Figures 1 through 4 show that the deeper corrosion sites were about 200-500 um

[7.87-20.0 mil] away from the edge and the central crevice region was uncorroded or less
severely corroded. This phenomenon can be explained using the ohmic potential (/R) drop
mechanism developed by Pickering (1989) and Xu and Pickering (1993) (/ is the anodic current
from metal dissolution in the crevice and R is the solution resistivity along the current path). The
IR drop mechanism relates the crevice corrosion propagation profile to the electrode potential
profile in the crevice. For the posttest crevice specimen in Figure 4(a), Figure 8 plots the
relationship between crevice current and crevice potential demonstrating the passive to active
transition after crevice corrosion initiation. Crevice corrosion led to about a 400 mV potential
drop in the crevice. This potential drop shifted the crevice to an active state leading to a current
peak. According to the 2-D crevice corrosion profile, for Alloy 22 the potential drop is only
confined to a small distance (hundreds of microns) in the crevice region. Pickering (2001)
showed that for a T-2205 duplex stainless steel, the potential drop extended for over 1 cm

[0.4 in] into the crevice region for a gap opening of 0.30 mm [12 mil] in acidified NaCl solution.
The much smaller distance in potential drop observed here could be due to the much tighter
crevice, which results in higher resistivity along the current path. This potential drop is also
coupled with chemical conditions, especially pH changes in the crevice as can be seen from the
acid etching of surrounding crevice regions in Figure 2.

SUMMARY AND CONCLUSIONS

3-D and 2-D laser scans were performed on Alloy 22 crevice corrosion specimens to
characterize the corrosion damage profiles. Laser scans are more sensitive for capturing deep
and narrow penetration sites leading to greater measured maximum crevice corrosion
penetration depths than those measured by optical microscope. Most deep corrosion sites were
steep and as small as 10 um [0.39 mil], comparable to Alloy 22 grain sizes. Laser scan can
capture the depth variation around grain boundaries. For Alloy 22, crevice corrosion attack may
have initially followed metallurgical features such as grain boundaries. The deeper corrosion
sites were about 200-500 um [7.87-20.0 mil] away from the edge, and the central crevice
region was uncorroded or less severely corroded. The initiation of crevice corrosion
experiments led to several hundreds of millivolts voltage drop in a small distance (hundreds of



microns) in the crevice region due to the tight crevice and resulting high resistivity along the
current path.

In the future, higher resolution scans may further reveal penetration profile details. In addition,
chemically cleaning the specimen could further remove corrosion product from the surface for
better profiling.
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Table 1. Alloy 22 Crevice Specimen Penetration Depth and Weight Loss After Crevice
Corrosion Tests in 4 M MgCl, Solution at 95 °C [203 °F] Using Titanium Grade 7 as
Crevice Former by Coupling to Titanium Grade 7

22 Days | 28 Days | 34 Days | 76 Days
_ _ By laser scan 180 180 155 400
Maximum Penetration

Depth (um) By optical 130 150 77 277
microscope

Original Weight of Specimen (g) 23.6 23.3 23.8 23.5

By charge 3.00 1.26 1.26 2.72

Weight Loss (mg) By balance 5.54 5.12 2.18 6.75

By integration 4.62 3.78 2.24 7.25

Table 2. Maximum Penetration Depths of Alloy 22 Crevice Specimen Shown in Figure 4
After Crevice Corrosion Tests in 5 M NaCl Solution at 95 °C [203 °F] by Coupling to

Alloy 22
Test Duration (days) 0.5 3.1 4.9 6.9 11.9 | 70.9
Maximum By laser scan 135 251 307 163 313 404
Penetration Depth "By optical 90 | 143 | 187 | 107 220 | 313
(Hm) microscope
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Figure 1. Optical Photograph, 3-D Laser Scan, and 2-D Profile of Alloy 22 Corroded Area
After Crevice Corrosion Tests in 4 M MgCl, Solution at 95 °C [203 °F] Using Titanium
Grade 7 as Crevice Former by Galvanic Coupling to Titanium Grade 7
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[0.24 in], and the Unit of the Scale in the 3-D Image is pm.
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Figure 4 (continued). 3-D Laser Scan and 2-D Profile of Alloy 22 After Crevice Corrosion
Tests in 5 M NaCl Solution at 95 °C [203 °F] With the Addition of 2 x 10 M CuCl, Using
Polytetrafluoroethylene as Crevice Former By Coupling to Alloy 22 With Test Duration of
(c) 4.9 Days, (d) 6.9 Days. The Diameter Of All The Cylindrical Specimens Are 6.2 mm
[0.24 in] and the Unit of the Scale in the 3-D Image is pm.
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Figure 4 (continued). 3-D Laser Scan and 2-D Profile of Alloy 22 After Crevice Corrosion
Tests in 5 M NaCl Solution at 95 °C [203 °F] With the Addition of 2 x 10 M CuCl, Using
Polytetrafluoroethylene as Crevice Former By Coupling to Alloy 22 With Test Duration of
(e)12 Days, and (f) 71 Days. The Diameter Of All The Cylindrical Specimens Are 6.2 mm
[0.24 in] and the Unit of the Scale in the 3-D Image is pm.
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Figure 5. Expanded 2-D Plots of the Deepest Crevice Corrosion Sites in Figures 4(a), (b),
and (c)
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Figure 6. Crevice Corrosion Penetration Depths Measured by Laser Scan Comparing
With Those Measured Previously by Optical Microscope as a Function of Time For Tests
on Alloy 22 at 95 °C [203 °F] in 5 M NaCl Solution With the Addition of 2 x 10~ M CuCl,.
The Continuous Line Is the Best Fit (Function of the Form kt") to the Depth Data (Plotted
as Circles) Previously Measured by Optical Microscope. The Dotted Lines Are Upper and
Lower Fit Bounds Enclosing a 95% Confidence Interval of the Previous Data.
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(b) 71 Days
Figure 7. SEM Photographs of Two Alloy 22 Crevice Specimens in Figures 4(a) and 4(f)
Showing Corrosion Along Grain Boundaries
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[5 M NaCl with 2X10-4 M CuClp, 95°C, Coupled to Alloy 22 Plate}
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Figure 8. Relationships Between Crevice Current and Crevice Potential for Alloy 22
Galvanically Coupled to Alloy 22 Plate Recorded in 5 M NaCl Solution With the Addition
of CuCl, at 95 °C [203 °F]





