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Aqueous Corrosion Rates for Waste Package Materials 

6-2 

Added text for clarification (Correct DIRS as appropriate) 
 

1stSection 6 “SCIENTIFIC ANALYSIS DISCUSSION”, page 6-2,  paragraph, 2nd sentence, change: 
 
Corrosion of materials at pH extremes (below 4 and above 10) is not included in this analysis since this is a 
special condition for which materials commonly display different corrosion behaviors. 
 
To 
 
This report investigates the corrosion of materials between pH 4 to 10. This range is supported by In-Package 
Chemistry Abstraction (BSC 2005 [DIRS 174583] Sections 6.9 and 8.2), which indicates that the in-package 
pH will be between the range of 4.5 and 8.5. Dike/Drift Interactions (BSC 2004 [DIRS 170028] Section 8.2.4), 
and Engineered Barrier System: Physical and Chemical Environment (BSC 2005 [DIRS 175083] Sections 6.9 
and 8.2) extend the pH range to 4 to 10. The pH value resulting from water interacting with a basalt block after 
an igneous intrusion is between 7.6 and 9.9 (BSC 2004 [DIRS 170028]). Although Engineered Barrier System: 
Physical and Chemical Environment (BSC 2005 [DIRS 175083]) predicts possible pH values above 10 and 
below 4, these cases are of short duration and under unusual circumstances. Additionally, In-Package 
Chemistry Abstraction (BSC 2005 [DIRS 174583]) shows that, though it has an effect on the chemistry, the 
incoming water composition is not the primary parameter controlling in-package pH values, rather the 
degradation of the waste package materials themselves.  Corrosion rates of materials at pH extremes (below 4 
and above 10) are not included in this analysis since this is a special condition for which materials commonly 
display different corrosion behaviors and a full analysis is not justified because of the rarity of these cases.  
 
In addition to extreme pH values, values for other conditions were also not included. One of these includes 
cases where there was extensive biofouling on the test specimen.  The corrosion of materials due to biofouling 
is much different than corrosion of materials exposed to groundwater. Because this report deals only with 
corrosion due to contact of metals with water, excluding cases where biofouling occurred is justified. Other 
values rejected for use in this report were those containing the influence of localized corrosion (as indicated in 
Section 6.1.2) and values that were outliers. The exception to this is for aluminum. Pitting is the main corrosion 
behavior of aluminum. Rates of pitting usually range from 3 µm/yr to 6 µm /yr during the first year. An average 
over a 10-year period shows the rate of pitting to be 0.8 µm/yr to 1.5 µm/yr. The decreasing rates over time 
indicate the tendency of older pits to become inactive. This analysis converts weight loss data on aluminum 
(including weight loss due to pitting) into a corrosion rate for general corrosion (the process by which the 
entire surface of the metal is attacked uniformly). 
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 (Continued) 

 
In the case of three metals, Aluminum Alloy Types 1100 and 6061-T6 (in saline/concentrated 
waters) and Carbon Steel Type A516, a large amount of corrosion data is available in the literature 
as the metals are used extensively by many industries. For this analysis, it was decided to use the 
data from one large comprehensive study since using a full bibliography of values is impractical. The chosen 
values for aluminum corrosion in saltwater come from an article by Hollingsworth and  
Hunsicker (1987 [DIRS 150403]), which is a handbook and thus accepted by the 
scientific and engineering community to be established fact. For Carbon Steel Type A516, the 
data provided by McCright (1998 [DIRS 114637]) was used since this study was conducted 
using environmental conditions expected as present in the repository. Additionally, the 
experiments and analysis were performed at the Lawrence Livermore National Laboratory using 
sound engineering practices, a well-accepted methodology, and in a thorough and comprehensive 
manner. Testing and analysis were done to an approved activity plan (Gdowski 1998 
[DIRS 118106]) and technical implementation plans (McCright 1998 [DIRS 114637], p. 2.2-11 
for more detail). Materials were cleaned in accordance with ASTM Standard G 1-90 [DIRS 103515]. 
 
For steels and alloys other than carbon steel and aluminum alloy, literature data were reviewed 
and pertinent quality information was used in this analysis. Several references were excluded from 
the analysis for the following reasons: (1) the experimental procedure was not described in the 
report so the quality of presented material could not be determined, (2) experimental procedure was 
not described in sufficient detail to discern quality of presented material, (3) experimental 
procedure or practices were questionable bringing doubt as to the caliber of the data, (4) the 
experimental conditions (ie, temperature, water chemistry, etc.) were not reported, thus making it 
difficult to place the data in the proper data set and/or calling to question quality of experimental 
procedure, and (5) experimental conditions were not applicable to the repository environment 
(example – boiling acid). The data used in this report came from either handbooks, reports 
specifically written for the U.S nuclear regulatory commission, or journal articles and published 
reports that could be qualified through reliability of data source, qualifications of personnel or 
organizations generating the data, prior use of the data, and/or availability of corroborating data 
as indicated in Appendix III. 
 
 
This change is associated with CR-6488. 
 
 

6-39 

 
Removed text for clarification 
 
Section 6.5.2 “Titanium Grade 24”, delete 2nd paragraph, delete: 
 
General Corrosion and Localized Corrosion of the Drip Shield (BSC 2004 [DIRS 169845]) plots 
all of the 2.5-year weight-loss data (vapor, aqueous, and water line) for Titanium Grade 7 from 
DTN: LL030410012251.056 [DIRS 169583] in the CDF shown in Figure 6-21. The corrosion 
rate from all weight-loss specimens at the 85% percentile of the cumulative distribution function 
is about 15 nm/yr. 
 
This change was self-identified. 
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Removed figure. 
 
Delete Figure 6-21 “ Titanium Grade 7 Weight-Loss Corrosion Rates after 2.5 Years”, and the source from 
page 6-39. 
 
 
This change was self-identified. 
 

6-39 

 
Added text for clarification (Correct DIRS as appropriate) 
 
Section 6.5.2 “Titanium Grade 24”, 3rd  paragraph, change: 
 
The corrosion rates of Titanium Grades 2 (Titanium with no Pd) and 5 (Ti-6Al-4V with no Pd) in 
hydrochloric acid solutions, a very aggressive test media for titanium alloys, are shown in 
Figure 6-22 along with those of Titanium Grades 7, 16, and 24. The addition of 
0.04 to 0.08 wt % of Pd to Titanium Grades 2 and 5 (to produce Titanium Grades 16 and 24) 
significantly improves the corrosion resistance of the alloy as demonstrated in Figure 6-22. 
From Figure 6-22, it can be seen that the corrosion rate of Titanium Grade 24 is about five times 
higher than that of Titanium Grade 7 in 3% boiling HCl. On this basis, a conservative estimate 
of the corrosion rate of Titanium Grade 24 in less aggressive repository environments would be a 
corrosion rate five times higher than that of Titanium Grade 7. 
 
To 
 
The corrosion rates of Titanium Grades 2 (Titanium with no Pd) and 5 (Ti-6Al-4V with no Pd) in 
hydrochloric acid solutions, a very aggressive test medium for titanium alloys, are shown in 
Figure 6-21 along with those of Titanium Grades 7 (0.12 – 0.25 wt% Pd), 16, and 24. The addition of 0.04 to 
0.08 wt % of Pd to Titanium Grades 2 and 5 (to produce Titanium Grades 16 and 24) significantly improves the 
corrosion resistance of the alloy as demonstrated in Figure 6-21.  Handbook data (Schutz and Thomas 1987 
[DIRS 144302], Table 7, p. 679) indicate that the corrosion rate of Titanium Grade 5 is approximately four 
times that of Titanium Grade 7 in boiling 25% HNO3 (a much more aggressive corrosion environment than the 
repository environment).  Since the purpose of Pd alloying of titanium is to help maintain the passivity of a 
titanium alloy (see BSC 2005 [DIRS 174995], Section 6.2.7), the general corrosion rate of Titanium Grade 24 
(i.e., the palladium containing analog of Titanium Grade 5), should be lower than that of Titanium Grade 5. 
Therefore, the general corrosion rate for Titanium Grade 24 can be conservatively estimated to be 5 times that 
of Titanium Grade 7. 
 
Figure 6-21, shows that the corrosion rate of Titanium Grade 24 is about five times higher than that of Titanium 
Grade 7 in 3% boiling HCl, further validating the use of Titanium Grade 7 corrosion rates with an applied 
multiplier of 5. On this basis, a conservative estimate of the corrosion rate of Titanium Grade 24 in less 
aggressive repository repository environments would be five times higher than that measured for Titanium 
Grade 7. 
 
 
This change was identified in NRC Summary Letter from Audit BSC-BQAP-05-07 
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6-40 

Change figure number. 
 
Figure 6-22.  Corrosion Rates of Titanium Grades 2, 5, 7, 16, and 24 in Boiling HCl 
 
Change to read: 
 
Figure 6-21.  Corrosion Rates of Titanium Grades 2, 5, 7, 16, and 24 in Boiling HCl 
 
 
This change was self-identified. 

6-40 

Editorial correction. 
 
Figure 6-22 “Corrosion Rates of Titanium Grades 2, 5, 7, 16, and 24 in Boiling HCl”, change footnote: 
 
Source: BSC 2004 [DIRS 169847] (Figure 10). 
To 
Source: BSC 2004 [DIRS 169847], Figure 10. 
 
This change was self-identified 

6-40 

Text added for clarification. 
 
Section 6.5.2 “Titanium Grade 24”, page 6-40, insert the following text after the figure to read: 
 
General Corrosion and Localized Corrosion of the Drip Shield (BSC 2004 [DIRS 169845]) plots 
all of the 2.5-year weight-loss data (vapor, aqueous, and water line) for Titanium Grade 7 from 
DTN: LL030410012251.056 [DIRS 169583] in the CDF shown in Figure 6-22. The corrosion 
rate from all weight-loss specimens at the 85% percentile of the cumulative distribution function 
is about 15 nm/yr. 
 
Note:  This text is moved from page 6-39 to page 6-40 without any change to the content. 
 
This change was self-identified. 

6-40 

Add figure. 
 
Insert Figure 6-22 entitled “Titanium Grade 7 Weight-Loss Corrosion Rates after 2.5 Years” and add a footnote 
to the figure to read: 
 
Source:  BSC 2004 [DIRS 169845], Figure 26. 
 
Note:  This figure is moved from page 6-39 to page 6-40.  The only change to the figure is the figure number.  
The figure number changed from Figure 6-21 to Figure 6-22. 
 
This change was self-identified. 
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6-40 

Editorial change. 
 
Section 6.5.2 “Titanium Grade 24”, page 6-40, 1st paragraph, 2nd line, change: 
 
(Figure 6-1, based on data collected in all test environments) 
To 
(Figure 6-22, based on data collected in all test environments) 
 
 
This change was self-identified  

8-4 

Added reference (Correct DIRS as appropriate) 
 
Section 8.1 “DOCUMENTS CITED”, add reference with DIRS number 170028, add: 
 
 
170028        BSC 2004. Dike/Drift Interactions. MDL-MGR-GS-000005 REV 01. Las Vegas, 
                    Nevada: Bechtel SAIC Company. ACC: DOC.20041124.0002; DOC.20050622.0002. 
 
This change was self-identified. 

8-4 

Added reference (Correct DIRS as appropriate) 
 
Section 8.1 “DOCUMENTS CITED”, add reference with DIRS number 174995, add: 
 
 
174995         BSC 2005. Screening of Features, Events, and Processes in Drip Shield and Waste 
                     Package Degradation. ANL-EBS-PA-000002 REV 05. Las Vegas, Nevada: Bechtel 
                     SAIC Company. ACC: DOC.20050817.0003. 
 
This change was self-identified. 

8-4 

 
Added reference (Correct DIRS as appropriate) 
 
Section 8.1 “DOCUMENTS CITED”, add reference with DIRS number 174583, add: 
 
174583         BSC 2005. In-Package Chemistry Abstraction. ANL-EBS-MD-000037 REV 
                     Vegas, Nevada: Bechtel SAIC Company. ACC: DOC.20050714.0003;            

DOC.20051130.0007. 
 
This change was self-identified. 
 
 

04. Las 
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8-4 

Added reference (Correct DIRS as appropriate) 
 
Section 8.1 “DOCUMENTS CITED”, add reference with DIRS number 175083, add: 
 
 
175083          BSC 2005. Engineered Barrier System: Physical and Chemical Environment. ANL- 
                      EBS-MD-000033 REV 05. Las Vegas, Nevada: Bechtel SAIC Company.  
                      ACC: DOC.20050829.0008. 
 
This change was self-identified. 

8-9 

 

 
Added reference (Correct DIRS as appropriate) 
 
Section 8.1 “DOCUMENTS CITED”, add reference with DIRS number 144302, add: 
 
 
144302           Schutz, R.W. and Thomas, D.E. 1987. “Corrosion of Titanium and Titanium Alloys.” 
                       In Corrosion, Volume 13, Pages 669-706 of Metals Handbook. 9th Edition. Metals 
                       Park, Ohio: ASM International. TIC: 209807. 
 
This change was self-identified. 
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The developed statistical parameters and ECDFs for aqueous degradation rates affecting waste 
package materials degradation will encompass various aqueous parameters such as temperature 
(up to 100°C), water type (i.e., fresh versus saline), and pH.  This report investigates the 
corrosion of materials between pH 4 to 10. This range is supported by In-Package Chemistry 
Abstraction (BSC 2005 [DIRS 174583] Sections 6.9 and 8.2), which indicates that the in-
package pH will be between the range of 4.5 and 8.5. Dike/Drift Interactions (BSC 2004 [DIRS 
170028] Section 8.2.4), and Engineered Barrier System: Physical and Chemical Environment 
(BSC 2005 [DIRS 175083] Sections 6.9 and 8.2) extend the pH range to 4 to 10. The pH value 
resulting from water interacting with a basalt block after an igneous intrusion is between 7.6 and 
9.9 (BSC 2004 [DIRS 170028]). Although Engineered Barrier System: Physical and Chemical 
Environment (BSC 2005 [DIRS 175083]) predicts possible pH values above 10 and below 4, 
these cases are of short duration and under unusual circumstances. Additionally, In-Package 
Chemistry Abstraction (BSC 2005 [DIRS 174583]) shows that, though it has an effect on the 
chemistry, the incoming water composition is not the primary parameter controlling in-package 
pH values, rather the degradation of the waste package materials themselves.  Corrosion rates of 
materials at pH extremes (below 4 and above 10) are not included in this analysis since this is a 
special condition for which materials commonly display different corrosion behaviors and a full 
analysis is not justified because of the rarity of these cases. 

In addition to extreme pH values, values for other conditions were also not included. One of 
these includes cases where there was extensive biofouling on the test specimen. The corrosion of 
materials due to biofouling is much different than corrosion of materials exposed to groundwater. 
Because this report deals only with corrosion due to contact of metals with water, excluding 
cases where biofouling occurred is justified. Other values rejected for use in this report were 
those containing the influence of localized corrosion (as indicated in Section 6.1.2) and values 
that were outliers. The exception to this is for aluminum. Pitting  is the main corrosion behavior 
of aluminum. Rates of pitting usually range from 3 µm/yr to 6 µm/yr during the first year.  An 
average over a 10-year period shows the rate of pitting to be 0.8 µm/yr to 1.5 µm/yr.  The 
decreasing rates over time indicate the tendency of older pits to become inactive.  This analysis 
converts weight loss data on aluminum (including weight loss due to pitting) into a corrosion rate 
for general corrosion (the process by which the entire surface of the metal is attacked uniformly). 

In the case of three metals, Aluminum Alloy Types 1100 and 6061-T6 (in saline/concentrated 
waters) and Carbon Steel Type A516, a large amount of corrosion data is available in the 
literature as the metals are used extensively by many industries. For this analysis, it was decided 
to use the data from one large comprehensive study since using a full bibliography of values is 
impractical. The chosen values for aluminum corrosion in saltwater come from an article by 
Hollingsworth and Hunsicker (1987 [DIRS 150403]), which is a handbook and thus accepted by 
the scientific and engineering community as established fact. For Carbon Steel Type A516, the 
data provided by McCright (1998 [DIRS 114637]) was used since this study was conducted 
using environmental conditions expected to be present in the repository.  Additionally, the 
experiments and analysis were performed at the Lawrence Livermore National Laboratory using 
sound engineering practices, a well-accepted methodology, and in a thorough and comprehensive 
manner.  Testing and analysis were done to an approved activity plan (Gdowski 
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1998 [DIRS 118106]) and technical implementation plans (McCright 1998 [DIRS 114637], p. 
2.2-11 for more detail).  Materials were cleaned in accordance with ASTM Standard G 1-90 
[DIRS 103515]. 

For steels and alloys other than carbon steel and aluminum alloy, literature data were reviewed 
and pertinent quality information was used in this analysis. Several references were excluded 
from the analysis for the following reasons: (1) the experimental procedure was not described in 
the report so the quality of presented material could not be determined, (2) experimental 
procedure was not described in sufficient detail to discern quality of presented material, (3) 
experimental procedure or practices were questionable bringing doubt as to the caliber of the 
data, (4) the experimental conditions (ie, temperature, water chemistry, etc.) were not reported, 
thus making it difficult to place the data in the proper data set and/or calling to question quality 
of experimental procedure, and (5) experimental conditions were not applicable to the repository 
environment (example – boiling acid). The data used in this report came from either handbooks, 
reports specifically written for the U.S nuclear regulatory commission, or journal articles and 
published reports that could be qualified through reliability of data source, qualifications of 
personnel or organizations generating the data, prior use of the data, and/or availability of 
corroborating data as indicated in Appendix III.     

The output from this analysis is to be used in corrosion analysis to determine likelihood of 
corrosion scenarios and most likely corrosion rates for waste package materials to be used in 
corrosion studies. 

The output from this analysis will support the determination of the probability of criticality for 
DOE SNF codisposal waste packages.  Outputs can also be used for corrosion analyses to 
determine realistic (most probable) values of corrosion for various materials in waste packages. 

6.1 TYPES OF CORROSION 

The purpose of this report is not to describe the performance of engineered barriers for the 
TSPA-LA.  Instead, the analysis provides simple statistics on aqueous corrosion rates of steels 
and alloys.  In the EQ6 cases used to characterize corrosion of DOE waste packages, the rate is 
represented as a general corrosion over the entire surface of the material.  For example, localized 
corrosion weight loss rates for aluminum are converted to general corrosion rates in µm/yr for 
use in EQ6 calculations (BSC 2001 [DIRS 157640]; BSC 2002 [DIRS 158828]).  Since the 
purpose of this analysis is to support EQ6 reaction path calculations and analyses, it will also 
focus on general corrosion rates.  However, for some materials (such as aluminum), the primary 
corrosion behavior is a form of localized corrosion called pitting.  In addition, galvanic coupling 
of materials in proximity to each other can have a strong effect on the rates of corrosion.  
Therefore, some data from specimens exhibiting localized or galvanic corrosion weight loss have 
been converted to general corrosion rates in µm/yr and included in the rates presented in 
Section 6.2.  This section presents a short overview of these corrosion types. 

6.1.1 General Corrosion 

General corrosion describes the process by which the entire surface of the metal is attacked 
uniformly.
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6.1.2 Localized Corrosion 

Localized corrosion of passive metals includes various phenomena such as pitting, crevice 
corrosion, intergranular attack, and stress corrosion cracking. 

Crevice corrosion is a form of localized corrosion that can occur within crevices or shielded 
surfaces in which a solution can stagnate.  Crevices can form from 1) the geometry of a structure 
(riveted plates, threaded joints, etc.), 2) Contact of the metal with nonmetallic solids 
(plastics, rubber, or glass associated with rivets, bolts, gaskets, welds, etc.), and 3) Deposits of 
sand, dirt, or corrosion products, or microbial growths on the metal surface (Shreir et al. 1998 
[DIRS 100891], Section 1.6; Sedriks 1996 [DIRS 164036], Section 5).  This corrosion can range 
from small pits to extensive corrosion over the whole surface. 
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6.5.2 Titanium Grade 24 

Titanium Grade 24, an alloy with ~ 6 wt % Al, 4 wt % V, and ~ 0.04 to 0.08 wt % Pd, is used as 
the structural material in the design of the drip shield.  An experimentally obtained corrosion rate 
for Titanium Grade 24 under repository conditions is not available at this time.  However, the 
comparative corrosion behavior of Titanium Grade 24 can be estimated based on available data 
for other titanium alloys.  

The corrosion rates of Titanium Grades 2 (Titanium with no Pd) and 5 (Ti-6Al-4V with no Pd) in 
hydrochloric acid solutions, a very aggressive test medium for titanium alloys, are shown in 
Figure 6-21 along with those of Titanium Grades 7 (0.12 – 0.25 wt% Pd), 16, and 24.  The 
addition of 0.04 to 0.08 wt % of Pd to Titanium Grades 2 and 5 (to produce Titanium Grades 16 
and 24) significantly improves the corrosion resistance of the alloy as demonstrated in Figure 6-
21.  Handbook data (Schutz and Thomas 1987 [DIRS 144302], Table 7, p. 679) indicate that the 
corrosion rate of Titanium Grade 5 is approximately four times that of Titanium Grade 7 in 
boiling 25% HNO3 (a much more aggressive corrosion environment than the repository 
environment). Since the purpose of Pd alloying of titanium is to help maintain the passivity of a 
titanium alloy (see BSC 2005 [DIRS 174995], Section 6.2.7), the general corrosion rate of 
Titanium Grade 24 (i.e., the palladium containing analog of Titanium Grade 5), should be lower 
than that of Titanium Grade 5. Therefore, the general corrosion rate for Titanium Grade 24 can 
be conservatively estimated to be 5 times that of Titanium Grade 7. 

Figure 6-21 shows that the corrosion rate of Titanium Grade 24 is about five times higher than 
that of Titanium Grade 7 in 3% boiling HCl, further validating the use of Titanium Grade 7 
corrosion rates with an applied multiplier of 5.  On this basis, a conservative estimate of the 
corrosion rate of Titanium Grade 24 in less aggressive repository environments would be  five 
times higher than that measured for Titanium Grade 7. 
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Source:  BSC 2004 [DIRS 169847], Figure 10. 

NOTE:  This figure shows the significant improvement in corrosion resistance due to addition of palladium. 

Figure 6-21.  Corrosion Rates of Titanium Grades 2, 5, 7, 16, and 24 in Boiling HCl 

General Corrosion and Localized Corrosion of the Drip Shield (BSC 2004 [DIRS 169845]) plots 
all of the 2.5-year weight-loss data (vapor, aqueous, and water line) for Titanium Grade 7 from 
DTN: LL030410012251.056 [DIRS 169583] in the CDF shown in Figure 6-22.  The corrosion 
rate from all weight-loss specimens at the 85% percentile of the cumulative distribution function 
is about 15 nm/yr. 
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Source:  BSC 2004 [DIRS 169845], Figure 26. 

Figure 6-22.  Titanium Grade 7 Weight-Loss Corrosion Rates after 2.5 Years   

A corrosion allowance of 1 mm per exposed surface is accounted for in the drip shield design 
(BSC 2004 [DIRS 169220]).  The 85th percentile on the cumulative distribution curve (Figure 6-
22, based on data collected in all test environments) for the general corrosion rate of Titanium 
Grade 7 is about 15 nm/yr.  Therefore, the estimated corrosion rate of Titanium Grade 24 at the 
85th percentile is estimated to be a factor of five greater or about 75 nm/yr.  Over a 10,000-year 
period, this corrosion rate results in a metal loss of about 0.75 mm per exposed surface.  

Figure 6-23 and Table 6-18 present simple statistical information on the corrosion of Titanium 
Grade 24 (based on Titanium Grade 7 data from Table 4-31 multiplied by 5 to account for the 
increased corrosion of Titanium Grade 24 over that of Titanium Grade 7).  The information 
presented below is only for aqueous corrosion, as vapor (or atmospheric) corrosion is not within 
the scope of this document.  Figure 6-23 shows that a corrosion rate of 0.075 µm/yr (75 nm/yr) 
corresponds to the 92nd percentile for the ECDF for corrosion rates in SAW solutions.  Over a 
10,000-year period, this corrosion rate results in a metal loss of about 0.75 mm per exposed 
surface. 
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