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Disclaimer

This presentation is a joint product of the U S Nuclear Regulatory CommissionThis presentation is a joint product of the U.S. Nuclear Regulatory Commission 
and the Center for Nuclear Waste Regulatory Analyses.  The views expressed 
herein are preliminary and do not constitute a final judgment or determination 
of the matters addressed or of the acceptability of any licensing action that 
may be under consideration at the U S Nuclear Regulatory Commissionmay be under consideration at the U.S. Nuclear Regulatory Commission.
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Abstract

A risk-informed approach is presented for a model abstraction of in container 
corrosion and waste form dissolution for system performance (or risk) assessment 
for long-term disposal.  Examples of analytical approaches and methodologies are 
presented for modelling the behavior of container metals and waste forms in longpresented for modelling the behavior of container metals and waste forms in long-
term disposal. Container corrosion behaviour includes low general corrosion rate, 
persistence of passive film, repassivation, localized corrosion, and stress corrosion 
cracking/hydrogen embrittlement. Waste form behaviour includes dissolution of 
spent nuclear fuel and high-level waste glass, cladding protection, colloid formation, 
and radionuclide release. For each behavior of container and waste form, risk 
insights from system performance assessment are selectively discussed.  
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Container Metals 

4



Container Failure Time for Carbon 
Steel in Reducing EnvironmentSteel in Reducing Environment

• GC (general corrosion): fraction of 
container (WP: waste package) failed

• 10 cm [3.9 inch] container thickness
• Log [normal] distribution of corrosion 

rates: lower bound of 0.1 μm/year 
[3.94x10-6 inch/year], upper bound of 
10 μm/year [3.94x10-4 inch/year] 

• Failure Times are widely distributed• Failure Times are widely distributed 
on a log scale.

(after H. Jung, T. Ahn and X. He, “Representation of 
Copper and Carbon Steel Waste Package Degradation 
in a Generic Performance Assessment Model,” 
Proceedings of 2011 International Radioactive Waste 
Management Conference (IHLRWMC) AlbuquerqueManagement Conference (IHLRWMC), Albuquerque, 
New Mexico, April 10-14, paper No. 3353, 2011)

Scoping of Options and Analyzing Risk (SOAR) (U.S. Nuclear 
Regulatory Commission [NRC], “SOAR Version 1.0 Package,” NRC ADAMS 
ML112650601, 2011)
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Corrosion Studies of
Carbon Steel, Stainless Steel and Copper 

in Granitic Reducing Environments 

• Carbon Steel: 50 and/or 80 °C (122 and/or 176 °F): 

- At neutral pH immersion tests measurements of open-circuit corrosion potential- At neutral pH, immersion tests, measurements of open-circuit corrosion potential,
Electrochemical Impedance Spectroscopy (EIS), and hydrogen generation

- At alkaline pH, effects of chloride, thiosulfate and sulfide on passivity and 
corrosion rates

• Copper: 30, 50, and/or 80 °C (86, 122, and/or 176 °F) with oxygen less than 10 ppb

- Measurements of EIS and Linear Polarization ResistanceMeasurements of EIS and Linear Polarization Resistance
- Measurements of hydrogen generation   

• Study of passive film persistency in carbon steel and stainless steel:  evaluation of
t d t t thi k t d t t h i t i it ff t i l ti ith
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steady-state thickness, steady-state chemistry, impurity effects in solutions with
varying pH, and analogues  



Repassivation Kinetics of Carbon SteelRepassivation Kinetics of Carbon Steel

• Scratch tests at 80 °C (176 °F)
• With chlorides repassivation occurred at 200 mVSCE, not at 300 mVSCE

(two different environments) 
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Repassivation Kinetics of Stainless SteelRepassivation Kinetics of Stainless Steel

Current–time response for a pencil electrode of 
304 stainless steel in 1 M NaCl at 15 °C [59 °F].  
The potential was stepped to 700 mV (SCE) for 
10 minutes, then stepped to 450 mV (SCE) for 1 
minute, and then back-scanned until 
repassivation The pit depth at 600 mV (SCE)

Potential versus chloride concentration corrosion map for 304 stainless steel
In With a pH of 1, regions of active, passive and pitting corrosion can be observed.  No 
active peak is observed at a pH of 2. (permission by The Pennsylvania State University)   

(after B. S. DeForce, “Revisiting the Crevice Corrosion of Stainless Steel andrepassivation .  The pit depth at 600 mV (SCE) 
and 15 °C [59 °F] after 440 s was about 0.10 to 
0.15 mm [3.94x10-3 to 5.90x10-3 inch].  Here D: 
diffusivity of dissolved metal cations, h: 
diffusion length, CS: saturated concentration, 
C*: critical concentration, iS: saturated current 
density, and i*: critical current density

(P E t d R C N “Pit G th St di i St i l St l

(after B. S. DeForce, Revisiting the Crevice Corrosion of Stainless Steel and 
Aluminum in Chloride Solutions – the Role of Electrode Potential,” Ph.D. 
Thesis, The Pennsylvania State University, 2010)
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(P. Ernst and R. C. Newman, “Pit Growth Studies in Stainless Steel 
Foils.  II. Effect of Temperature, Chloride Concentration and Sulphate
Addition,” Corrosion Science, Vol. 44, pp. 943-954, 2002)



Repassivation Kinetics 
in Performance Assessment (PA)in Performance Assessment (PA) 

P = exp[-λ (t - tind)]

where

P — pit (or crevice) repassivation probabilityP pit (or crevice) repassivation probability
λ — pit death constant (i.e., latent repassivation

constant)(reciprocal time) related to repassivation
t — time

i ( i i ) i d i itind — pit (crevice corrosion) induction time

• PA formula: simple and representative, often conservative
• Corrosion potential may increase to reach break down potential; p y p ;

potentials may be oscillating with time

Formula from (D. D. Macdonald and M. Urquidi-Macdonald, “Corrosion Damage Function – Interface Between Corrosion 
Science and Engineering, Corrosion, Vol. 48, No. 5, pp. 354-367, 1992)
(T. Shibata, “Stochastic Approach to the Effect of Alloying Elements on the Pitting Resistance of Ferritic Stainless Steels,” 
S i f th 104th ISIJ M ti S t b 1982 A199 t H kk id U i it i S d t th 3rd USSR J
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Symposia of the 104th ISIJ Meeting, September 1982, A199, at Hokkaido University in Sapporo, and to the 3rd USSR-Japan 
Seminar on Corrosion, October 1982, at Karpov Institute of Physical Chemistry in Moscow, Transactions ISIJ, Vol. 23, Article 
785, 1983)



Stress Corrosion Cracking (SCC) 
Initiation with PitsInitiation with Pits

Cumulative probability of stress intensification factor, 
K(MPa m1/2) = π1/2 x stress x (crack size)1/2, 
1 MPa m1/2 = 0 91 ksi in1/21 MPa m1/2 = 0.91  ksi in1/2

• Pitting: a precursory step for SCC in stainless steel

• Data on SCC of stainless steel with pitting in a chloride-bearing environment  with sufficient stress and 
aqueous conditions (EPRI, 2005) 

• Cumulative probability of stress intensification factor using observed pit size and an example weld stress 
(Shirai, et al., 2011)

• Possible stress intensifications fall in the range of values in measured laboratory tests (EPRI, 2005)
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(T. Ahn, “An Approach to Model Abstraction of Stress Corrosion Cracking Damage in Management of Spent Nuclear Fuel and High-Level 
Waste,” Proceedings of the ASME 2013 Pressure Vessels & Piping Division Conference, PVP2013, Paris, France, July 14-18, 2013, Paper 
PVP2013-97139, 2013) 



SCC (or Hydrogen Embrittlement) 
Crack Opening AreaCrack Opening Area

• Nine Mile Point SCC cracking data:
(Xu, et al., 2006, Permission by ASME, PVP2006-ICPVT11-93966)

• The probability of through-wall 
cracking is low (Rudland et al 2009)

• Crack area distributed keeping a high 
probability value of crack length

• Maximum length and depth are correlated 
• Cracks can be overlapped

cracking is low (Rudland, et al., 2009) • Stress relief with neighboring 
cracks restricts the total opening area

• More data are available
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(T. Ahn, “Risk-Informed Model Abstraction for Performance Assessment of Canister Corrosion Damage in 
Management of Spent Nuclear Fuel and High-Level Waste,” Gordon Research Conference – Aqueous Corrosion,  
NRC ADAMS ML14191A198, 2014)



Waste Forms
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Radionuclide Release from Spent 
Nuclear Fuel DissolutionNuclear Fuel Dissolution 

SOAR output in combined of oxidizing and reducing environment:
Fractional dissolution rate, (9.00E-7, 6.00E-4) with log-uniform distribution,
for fragment size of 1 mm [0.04 inch] diameter, including carbon steel container
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(T. Ahn, H. Jung, E.L. Tipton, and T. Sippel, “Model Abstraction of Waste 
Form Degradation in Alternative Disposal Site,” Proceedings pp 386 – 393, 
2011 International High-Level Radioactive Waste Management Conference, 
April 10 - 14, Albuquerque, NM, American Nuclear Society, 2011)



Tests of SIMFUEL Dissolution
In Reducing EnvironmentIn Reducing Environment

• SIMFUEL is unirradiated and simulated spent nuclear fuel
El t h i l I d S t i iti d t t• Electrochemical Impedance  Spectroscopy in granitic groundwater at
22 °C (72 °F)

• Oxygen is produced by water radiolysis, and increases dissolution rate
• Hydrogen is produced by anaerobic corrosion of steel component, and 

suppresses the dissolution ratepp
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Instant Release of Radionuclides
from Spent Nuclear Fuel Dissolutionfrom Spent Nuclear Fuel Dissolution 

• Burnup:  GWd/MtIHM (giga-watt-days per metric ton of initial heavy metal)
• RN:  Radionuclide
• IRF:  Instant Release Fraction in Percent, from grain boundaries and gaps of cladding 

and UO2 matrix; parentheses are pessimistic values
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(L. Johnson, C. Ferry, C. Poinssot and P. Lovera, “Spent Fuel Radionuclide Source-Term Model for Assessing Spent Fuel 
Performance in Geological Disposal.  Part I: Assessment of the Instant Release Fraction,” Journal of Nuclear Materials, 346, 
pp. 56-65, 2005)



Resumption of High-Level Waste 
(HLW) Glass Dissolution(HLW) Glass Dissolution 

• For dissolution, initial rate, rate at time, t and final rate are 
r0, r(t) and rf, respectively
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(P. Van Iseghem, “Corrosion Issues of Radioactive Waste Package in Geological Disposal System,” 
Chapter 26, in Nuclear Corrosion Science and Engineering, edited by D. Féron, Woodhead Publishing 
Limited, 2012)



Coupled Behavior of Radionuclide 
ReleaseRelease 

Series 1: the case with a high SNF dissolution rate and an increasing number of failed containers 
Series 2: a high SNF dissolution rate from individual failed containersSeries 2: a high SNF dissolution rate from individual failed containers 
Series 3: a low SNF dissolution rate and an increasing number of failed containers  

Note, the release in series 2 is controlled by the container failure rate.  The time interval of each container 
failure is longer than the SNF dissolution time.
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(T. Ahn, “Risk-Informed Assessment of Radionuclide Release from Dissolution of Spent Nuclear Fuel,” 
Spent Fuel Workshop 2014, Karlsruhe, Germany, September 2014, NRC ADAMS ML14211A538)



Cladding Protection 

• Cladding unzipping 
and matrix exposure 
of spent nuclear fuelof spent nuclear fuel

• Cracked cladding 
may provide some 
d f ( ti l)degree of (partial) 
protection by 
restricting release

(Department of Energy (DOE), Office of Civilian 
Radioactive Waste Management, “Yucca Mountain 
Science and Engineering Report,” Rev. 1, 2002)
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Radionuclide Sequestration
Processes and InformationProcesses and Information

• Activation and fission products: typically high solubility and not readily sorbed on component 
surfaces (with the exception of Tc-99 in a reducing environment)  

• Actinides: low solubility and highly sorbed (although some of them such as Np 237 are of• Actinides: low solubility and highly sorbed (although some of them such as Np-237 are of 
medium tendency) 

• Sequestration of high dose contributor actinides by:  sorption, surface complexation, 
precipitation, flocculation of colloids or poly-radionuclei, or confinement in an intact container.  

• As time elapses, the radiation level of the waste form decreases, contributing to more stable 
sequestration

• Radiation energy contributes to repulsion (i) between radionuclides and the substrate and (ii) 
between colloids, stabilizing colloid suspension, based on related information by Zhao, et al. 
(2011) and Manaktala et al (1995)(2011) and Manaktala, et al. (1995). 

• The integrity of the SNF matrix, potentially affected by void formation from alpha decay, is 
maintained (Ferry et al., 2010).  Precipitates incorporating actinides are likely similar for the SNF 
matrix case.  

(• Analogue studies: data with modeling exercises in Alligator Rivers Project (Fabryka-Martin, 
1992)

• The redistribution of radionuclides may be assessed among waste form, dissolved species in 
groundwater, sorbed species on component surfaces by sorption or surface complexation,

19

groundwater, sorbed species on component surfaces by sorption or surface complexation, 
precipitation and formation of colloids or poly-radionuclei.  



Summary

1 A risk-informed approach was presented for model abstraction in1. A risk informed approach was presented for model abstraction in 
container corrosion and waste form dissolution for system performance 
(or risk) assessment (PA) for long-term disposal.  NRC’s PA tool, SOAR,
was utilized. 

2 Recent data were summarized on corrosion of copper and carbon steel2. Recent data  were summarized  on corrosion of copper and carbon steel,
and SIMFUEL dissolution, along with complementary literature data.  An
abstraction of repassivation was presented.

3.   The probability of SCC initiation induced by pitting was estimated for
stainless steel To assess the maximum opening area associated withstainless steel.  To assess the maximum opening area associated with
SCC, reactor inspection data on weld cracks were analyzed.

4. The coupled nature of radionuclide release processes was illustrated 
with examples of container corrosion, instant release from spent nuclear
fuel and dissolution resumption of HLW glass dissolution.fuel and dissolution resumption of HLW glass dissolution.

5. Long-term sequestration of radionuclides in disposal was discussed 
considering radiation energy including literature data.
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