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Note Regarding the Status of Supporting Technical Information

This document was prepared using the most current information available at the time of its development.  This
Technical Basis Document and its appendices providing Key Technical Issue Agreement responses that were
prepared using preliminary or draft information reflect the status of the Yucca Mountain Project’s scientific
and design bases at the time of submittal.  In some cases this involved the use of draft Analysis and Model
Reports (AMRs) and other draft references whose contents may change with time.  Information that evolves
through subsequent revisions of the AMRs and other references will be reflected in the License Application
(LA) as the approved analyses of record at the time of LA submittal.  Consequently, the Project will not
routinely update either this Technical Basis Document or its Key Technical Issue Agreement appendices to
reflect changes in the supporting references prior to submittal of the LA.
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APPENDIX V

WASTE PACKAGE—CORROSION RATE MEASUREMENTS ON ALLOY 22
(RESPONSE TO CLST.1.03)

This appendix provides a response to Key Technical Issue (KTI) agreement Container Life and
Source Term (CLST) 1.03. This KTI agreement relates to verifying corrosion rate measurements
with alternative techniques.

V.1 KEY TECHNICAL ISSUE AGREEMENT

V.1.1 CLST 1.03

Agreement CLST 1.03 was reached during the U.S. Nuclear Regulatory Commission
(NRC)/U.S. Department of Energy (DOE) Technical Exchange and Management Meeting on
CLST held September 12 and 13, 2000.  Subissues 1 (effects of corrosion processes on the
lifetime of the containers), 2 (effects of phase instability and initial defects on the mechanical
failure and lifetime of the containers), 3 (the rate at which radionuclides in spent nuclear fuel are
released from the engineered barrier subsystem through the oxidation and dissolution of spent
nuclear fuel), 4 (the rate at which radionuclides in high-level radioactive waste glass are released
from the engineered barrier subsystem), and 6 (effects of alternate engineered barrier subsystem
design features on container lifetime and radionuclide release from the engineered barrier
subsystem) were discussed at the meeting (Schlueter 2000).

Wording of the agreement is as follows:

CLST 1.03

Provide the documentation that confirms the linear polarization resistance
measurements with corrosion rate measurements using other techniques. DOE
will document the results of testing in the general corrosion rate measurements in
the revision of Alloy 22 AMR (ANL-EBS-MD-000003) prior to LA.

V.1.2 Related Key Technical Issue Agreements

CLST 1.04 (Appendix R) describes measurements used to corroborate waste package-corrosion
rate measurements.

V.2 RELEVANCE TO REPOSITORY PERFORMANCE

The development of corrosion testing methods to evaluate corrosion performance of waste
package materials builds confidence in the prediction of time-to-failure of waste packages.  The
response to CLST 1.03 verifies that linear polarization measurements corroborate the corrosion
rates generated by the weight-loss measurements at the Long Term Corrosion Test Facility
(LTCTF) at Lawrence Livermore National Laboratory.  The issue of the sensitivity and validity
of weight-loss measurements at LTCTF was a concern to NRC due to the large uncertainty in the
2-year LTCTF corrosion rate data. The agreement was made between DOE and NRC that linear
polarization resistance measurements were one alternative to the weight-loss measurements.
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V.3 RESPONSE

This supplement presents technical information and clarification for Agreement Item CLST 1.03.
Agreement Item CLST 1.03 relates to corroborating the corrosion rate measured at the LTCTF,
using linear polarization resistance measurements or other alternative measuring techniques.
This appendix will illustrate that the polarization resistance measurements are corroborative to
the weight loss data from the LTCTF.

The main points of this technical information are summarized as follows:

• The linear polarization resistance method is chosen as an alternative to the weight-loss
measurements.

• The corrosion rates measured by linear polarization resistance measurements follow the
trend extrapolated based on the data obtained from the LTCTF weight-loss and other
electrochemical measurements.

The corrosion rate behavior as a function of time was observed in both the linear polarization
resistance measurement and weight-loss measurements at LTCTF.

The information in this report is responsive to agreement CLST 1.03 made between the DOE and
NRC.  The report contains the information that DOE considers necessary for NRC review for
closure of this agreement.

V.4 BASIS FOR THE RESPONSE

V.4.1 Corrosion Rate Measured from Long Term Corrosion Test Facility Weight Loss

The LTCTF at Lawrence Livermore National Laboratory was established in 1996 to measure the
corrosion rate of candidate materials for waste containers through immersion testing.  The
facility was designed to measure small weight losses of various metals in a range of
environments believed applicable to the repository.  More than 1,000 samples have been
measured through the weight loss method over a 5-year period.  The testing conditions in the
LTCTF included three different electrolyte solutions (simulated acidified water, simulated dilute
water, and simulated concentrated water) and two temperatures (60°C and 90°C).  For each
electrolyte solution, the test coupons were immersed in the liquid aqueous solution and also
exposed to the vapor phase (above the solution) where condensation occurred.  Simulated
acidified water and simulated concentrated water are both approximately 1,000 times more
concentrated than well J-13 water and have pH values of approximately 3 and 10 respectively.
Simulated dilute water is approximately 10 times more concentrated than well J-13 water and has
a pH of approximately 10.  Figure V-1 summarizes the general corrosion rate of Alloy 22 after 5
years of immersion.  The corrosion rate data obtained, except for specimen types, showed no
measurable effects of environment (chemistry) or temperature.  The weight-loss data in
Figure V-1 are obtained from two types of specimens: weight-loss and crevice.  Although a
higher general corrosion rate was observed in crevice specimens, no crevice corrosion or other
type of localized corrosion was observed in either crevice specimens or weight-loss specimens.
The weight-loss data from the LTCTF shows a general corrosion rate of Alloy 22 at several
nanometers per year to a few tens of nanometers per year. The detailed information of the
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LTCTF weight-loss data is described in General Corrosion and Localized Corrosion of Waste
Package Outer Barrier (BSC 2003a, Figure 6-20, p. 65).

Source:  DTN:  SN0308T0506303.004.

Figure V-1. Cumulative Distributions for General Corrosion Rate of Alloy 22 Weight-Loss and Crevice
Samples after 5 Years of Exposure in the Long Term Corrosion Test Facility

Due to the extremely low corrosion rate, the weight-loss measurement requires a large specimen
and many years of exposure to achieve a representative corrosion rate measurement.  The ranges
of general corrosion rates measured at four time intervals (6 months, 12 months, 28 months, and
5 years) are listed in Table V-1 and plotted in Figure V-2:

Table V-1. General Corrosion Rates and Data Spread Obtained from Long Term Corrosion Test Facility
Alloy 22 Samples

Exposure Time
Mean Corrosion Rate

(µm/yr)
Data Spread

(µm/yr) Data Source
6 months 0.05 0 to 0.73 CRWMS M&O 2000, p. 105.

1 year 0.03 0 to 0.10 CRWMS M&O 2000, p. 105.
2.33 years 0.01 0 to 0.07 CRWMS M&O 2000, p. 105.

5 years 0.007 0 to 0.024 BSC 2003a, Figure 6-20 and Table 6-6.

NOTE:  All corrosion rates with negative values are excluded.



Revision 1

No. 6:  Waste Package and Drip Shield Corrosion V-4 June 2004

Source:  CRWMS M&O 2000, p. 105; BSC 2003b, Figures 6-20 and Table 6-6.

NOTE:  Rates were obtained through weight-loss measurement in LTCTF samples.

Figure V-2.  Alloy 22 Mean Corrosion Rate and Data Spread versus Exposure Time.

As illustrated in Figure V-2, the corrosion rate results in LTCTF 5-year measurements show
lower mean rates and much smaller data spread compared to previous 2-year, 1-year, and 6-
month measurements.  Therefore, alternative, sensitive techniques are necessary to corroborate
the weight-loss data and to evaluate the corrosion behavior of Alloy 22 in a broad range of
environmental variation.  The linear polarization resistance method is one technique that
provides an alternative to the weight-loss measurements.

V.4.2 Linear Polarization Resistance Measurements

Linear polarization resistance measurement is one of the most commonly used techniques in
corrosion research and engineering application.  The polarization resistance method is used to
determine the instantaneous corrosion rates.  It is a nondestructive measurement with minimal
electrochemical perturbation.  The concept of linear polarization resistance method can be
derived from the mixed potential theory (i.e., the sum of anodic oxidation currents must equal the
sum of cathodic reduction currents) (Jones 1996, pp. 145 to 147).  Many earlier experimental
observations have noted that the measured current density (iapp) is approximately linearly related
to the applied potential (Eapp) within a few millivolts of polarization from the corrosion potential
(Ecorr).  The derivation of polarization resistance (Rp) can be mathematically expressed as:
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where icorr, the corrosion rate expressed in current density, is the current density of metal
dissolution at Ecorr.  B is the proportionality constant, which can be calculated with known values
in the anodic Tafel constant, βa, and cathodic Tafel constant, βc:

)(3.2 ca

caB
ββ
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+⋅

⋅
= (Eq. V-2)

Thus, the corrosion rate is inversely proportional to the Rp.  For Alloy 22 in solution such as
simulated acidic concentrated water (SAW), the corrosion current density, icorr, in microamperes
per square centimeter can be converted to corrosion rate, CR, in micrometers per year as
described in the equation below:

EWiKyrmCR corr

ρ
µ 1)/( = (Eq. V-3)

where constant K1 equals 3.27 µm g/µA cm per year, EW is the equivalent weight of Alloy 22 at
23.28 (ASTM G 102-89, Table 1), and ρ is the density of Alloy 22 at 8.69 g/cm3 (DTN:
MO0003RIB00071.000).

Due to the limited flexibility in the LTCTF, the polarization resistance method is a useful tool in
identifying the factors that influence the corrosion performance of waste package materials. The
polarization resistance technique can be used to evaluate how environmental or metallurgical
conditions affect the corrosion rates. Like all other electrochemical polarization measurement
techniques, the validity of the polarization resistance technique is affected by the experiment
conditions and procedures. Many factors, such as non–steady-state, ohmic electrolyte resistance,
uncertain Tafel constants, nonlinearity of polarization curves, and competing redox reactions,
can affect the accuracy of corrosion rate results determined by the linear polarization technique.
Although the polarization resistance technique is a technique with minimal polarization, it still
applies a perturbation on the material surface.  As a result, it is expected that the corrosion rate
from the polarization technique will differ somewhat from the results of weight-loss
measurement, and it is especially true because of the expected very low (in the range of several
nanometers per year) corrosion rate of Alloy 22 in the concentrated brines tested at LTCTF.

A limited number of electrochemical impedance spectroscopy measurements were conducted in
parallel with the linear polarization measurements.  The results from both polarization techniques
are consistent with each other.

Figure V-3a shows the corrosion rates of Alloy 22 obtained through the linear polarization
resistance method in aerated SAW at 90°C.  The data show the corrosion rate decreasing with
time.  A noticeable drop in corrosion rate is observed within the first day of immersion, and
corrosion rate continues to decrease gradually after that.  The corrosion rate of Alloy 22 in 90°C
SAW is around 0.1 to 0.2 µm/yr after one week of immersion.  It appears that the corrosion rate
decrease synchronizes with the increase in corrosion potential (Figure V-3b).  Although it is
difficult to predict how the corrosion rate decreases in a longer term exposure, the decrease is
expected to continue until Alloy 22 reaches a steady corrosion potential.  Corrosion potential
ennoblement has been reported on Alloy 22 in SAW at 90°C.  The corrosion potential of
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Alloy 22 rods reached as high as nearly 0.4 V versus Ag/AgCl after several months in SAW
(DTN: LL040206212251.069, file name: Figure J-1.xls).  Not only would longer exposure result
in a lower corrosion rate, but it would also reduce the data spread, as illustrated in Figure V-3a.

Source:  DTN: LL040501412251.096.

NOTE: The corrosion rates were obtained from the linear polarization resistance measurements.  JE1429, JE1430,
and so on are specimen identification numbers.

Figure V-3. (a) Time Dependency of Corrosion Rate of Alloy 22 in Simulated Acidified Water at 90°C (b)
Time Dependency of Corrosion Potential of Alloy 22 in Simulated Acidified Water at 90°C

Figure V-4 further illustrates the time dependency of the corrosion rate of Alloy 22.  The figure
summarizes the mean general corrosion rates of Alloy 22 at 90°C, measured by different
techniques. The exposure time includes the following time period: 1 day, 1 week, 6 months, 1
year, 2 years and 5 years.  The trend of decreasing general corrosion rate with time is consistent
with the expected corrosion behavior of passive alloys such as Alloy 22 under repository-type
aqueous conditions.  The corrosion rate data from Figure V-3a are a good fit with respect to the
trend line in Figure V-4.
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Source:  BSC 2003a, Figure 6-25.

NOTE:  SAW = simulated acidified water; SCW = simulated concentrated water; BSW = basic saturated water;
LTCTF = Long-Term Corrosion Test Facility.

Figure V-4.  Time-Dependent General Corrosion Rate of Alloy 22 Measured by Different Techniques

Figure V-5 shows the corrosion rate of welded Alloy 22 under the influence of Yucca Mountain
microorganisms (DTN: LL040402912251.085).  The Alloy 22 specimens were exposed to an
aqueous medium equivalent to 100× well J-13 water supplemented with 0.1% glucose as a
nutrition source for the microorganisms.  The sterile control is an abiotic system, while the
nonsterile control includes Yucca Mountain microorganisms.  The experiment was run at room
temperature and aerated.  After 4 months, the corrosion rate of Alloy 22 was no higher than
0.035 µm/yr.  In fact, most corrosion rate values are around 0.015 µm/yr or less.  These data are
consistent with the corrosion rates determined in the LTCTF and provide reasonable
corroboration between the polarization resistance technique and weight-loss method.
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Source:  DTN: LL040402912251.085.

Figure V-5. Polarization Resistance Testing of Welded Alloy 22 Coupons in Microbially Influenced
Corrosion Experiment

V.4.3 Corrosion Rate on an Electrochemically Modified Alloy 22 Surface

The corrosion of Alloy 22 throughout the entire regulatory period is accompanied by the
compositional and structural modifications in its surface passive film.  As shown in Figure V-3,
the corrosion potential of Alloy 22 will drift, most likely to more noble values, during the long-
term exposure.  The drift in corrosion potential is a combination of the changes in passive film
and in the environmental conditions.

By performing a potentiostatic polarization, the metal surface can be modified compositionally,
as well as structurally.  Although the modification end results are somewhat difficult to predict
and control in a complex alloy like Alloy 22, the corrosion rate on a modified surface could be
similar to the corrosion rate after a long exposure in repository environments.  This approach
allows research on how the corrosion rate changes as the result of surface modification.
Table V-2 shows experiments in which the corrosion rate was measured after the potentiostatic
polarization.  The fourth column describes the applied potential that was used and the duration
under the potentiostatic polarization.  Throughout the polarization duration, the current measured
in the circuit reflects the surface modification kinetics or the passive dissolution rate.  The fifth
column in Table V-2 shows the passive dissolution rate near the end of potentiostatic
polarization.  The applied potentials in the potentiostatic tests are within the passive range
because it is expected that the corrosion potential of Alloy 22 will stay within the passive range
under a realistic repository environment.  Thus, the values in the fifth column are not directly
related to the corrosion rate but are related to the values indicative of surface reaction kinetics
under the perturbation of polarization.  The values are dependent on the extent of the
perturbation.
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After the potentiostatic polarization, the metal surface was given at least 2 hours to allow the
electrode/electrolyte to return to equilibrium.  The corrosion rate was then measured by using a
linear polarization technique.  The corrosion rates of Alloy 22 after the potentiostatic polarization
are listed in the sixth column of Table V-2.  The linear polarization–generated corrosion rate
results shown in Table V-2 were no higher than 0.6 µm/yr, with the majority of the values less
than 0.3 µm/yr after the potentiostatic polarization at various applied potentials and durations.
The data also show that the corrosion rate measurements from short-term electrochemical
methods are in good agreement with the general corrosion rates obtained from weight-loss
methods and approximate the trend shown in Figure V-4.
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Table V-2.  Summary of Corrosion Rate Measured after Potentiostatic Polarization

Specimen ID Test Solution Test Condition
Applied Potential
(in V vs. Ag/AgCl)
and Duration of

Potentiostatic Test

Passive Dissolution
Rate Obtained near

the End of
Potentiostatic Test

(µm/yr)

Corrosion Rate,
Duplicates, after the
Potentiostatic Test,

(µm/yr)

JE1414 1 mol/L NaCl + 4,000
ppm Na2SiO3*5H2O

pH 2, 95°C, aerated 0.4 V for 28 days 0.228 0.097/0.082

JE1381 4 mol/L NaCl pH 2, 95°C, aerated 0.4 V for 7 days 0.400 0.209/0.199

JE1382 4 mol/L NaCl pH 2, 95°C, aerated 0.1V for 7 days 0.411 0.185/0.175

JE1413 1 mol/L NaCl pH 2, 95°C, aerated 0.4 V for 28 days 0.303 0.066/0.051

JE1416 1 mol/L NaCl + 4,000
ppm Na2SiO3*5H2O

pH 8, 95°C, aerated 0.2 V for 28 days 1.253 0.494/0.499

JE1384 4 mol/L  NaCl + 4,000
ppm Na2SiO3*5H2O

pH 8, 95°C, aerated 0.2 V for 7 days 0.365 0.299/0.284

JE1415 1 mol/L NaCl pH 8, 95°C, aerated 0.2 V for 28 days 1.165 0.574/0.575

JE1383 4 mol/L NaCl pH 8, 95°C, aerated 0.2 V for 7 days 0.371 0.246/0.242

JE1419 6 mol/kg NaCl pH 7.8, 100°C, aerated 0.2 V for 7 days 0.422 0.232/0.277

JE1420 6 mol/kg NaCl + 0.9
mol/kg KNO3

pH 8.2, 100°C, aerated 0.2 V for 7 days 0.437
0.274/0.275

JE1435 SAW pH 2.79, 95°C, aerated 0.4 V for 1 day 0.578 0.175/0.145

JE1436 SAW pH 2.79, 90°C, aerated 0.4 V for 7 days 0.454 0.160/0.174
Source:  DTN: LL040501412251.096.
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