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ABSTRACT

It has been shown in both experimental and modeling studies that H. plays the dominant role in determining
the fuel dissolution rate and even moderate concentrations of Hz suppress the oxidative dissolution of spent
fuel. The major source of H, within a breached waste package in low-oxygen environments will be anoxic
corrosion of the various steels used as containers and structural components. The steel corrosion and H-
generation reactions are coupled redox reactions and the rates are equal under anoxic conditions. Therefore,
a steel corrosion model has been added to the fuel matrix degradation model (FMDM) as the kinetic source
of Hz (and Fe?*). Once it is fully calibrated, the steel corrosion model will be used to calculate the corrosion
rates of various metals under the environmental conditions in a breached waste package as a function of
temperature, Eh, pH and solution chemistry to provide the H, concentrations controlling the fuel
degradation rate. This report identifies the processes through which steel corrosion is coupled with the fuel
degradation kinetics in the FMDM and summarizes the sensitivity of the calculated fuel degradation rate to
the range of corrosion rates relevant for different steels expected to be present in a waste package. It also
identifies information gaps that need to be filled in order to further develop, parameterize, and calibrate the
steel corrosion model.
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EXECUTIVE SUMMARY

This work is being performed as part of the DOE NE Spent Fuel and Waste Science and Technology
Campaign Argillite and Crystalline Rock R&D work packages: SF-17AN01030103 and SF-
17AN01030203. This document meets the February 28, 2017 milestone ANL M3SF-17AN010301031 for
Argillite R&D and the February 28, 2017 milestone M3SF-17AN010302031 for Crystalline R&D.

Overall, the purpose of this project is to develop a process model based on fundamental thermodynamics,
kinetics and electrochemistry to calculate the degradation rate of spent UO- fuel that can be integrated in
the generic disposal system analysis (GDSA) performance assessment (PA) model. The focus of on-going
work is to accurately and quantitatively represent the effect of H, on the long-term degradation rate of the
spent fuel. It has been shown experimentally that even moderate concentrations of H. in solution can inhibit
the oxidative degradation and that fuel degradation rates can decrease by as much as 4 orders of magnitude
when H is present at high concentrations. A recent sensitivity study showed the dissolved H, concentration
is the dominant environmental variable affecting the UO; fuel dissolution rate (Jerden et al., 2015). Most
of the H. in disposal systems will be generated by radiolysis and anoxic corrosion of metallic engineering
materials, including stainless steel containers, carbon steel spacers, and Zircaloy cladding. Therefore, a
simple steel corrosion module has been added to the fuel matrix degradation model (FMDM) to couple the
H> generation and fuel degradation processes and evaluate the sensitivity of fuel degradation rates to steel
corrosion rates using the FMDM. Modeling runs using ranges of measured steel corrosion rates indicate
the corrosion of steel components will generate sufficient H. to attenuate peak rates and radionuclide source
terms. The information flow from the performance assessment model (PA) to the FMDM and back to the
PA is summarized in Figure 1. It is important to note that the steel and fuel corrosion rates must be
calculated for the same environmental conditions (and depend on many of the same variables), and that the
diffusion of Hz and radiolysis products between the steel and fuel surfaces is taken into account in the
coupled reactions. Note also that PA provides the initial composition of water entering the breached
package, but the in-package solution evolves within the FMDM as steel and fuel degrade.

In-Package Solution
T, Eh, pH,
IX] = [0, [H], [Fe?*], [CO3]
Key components not yet in FMDM: Cl, S, Br

‘ FMDM

. Steel Corrosion Rate
Oxidants from__> f(T, Eh, le [CH)

radiolysis Output: Fe?*, H, flux

.

" Fuel Corrosion Rate
I (Hy T Eh, pH, X))
Output: degradation

Solubility limits
Sorption —>|Radionuclide Source Term
Coprecipitation | Output:RN release to EBS
Colloids

From PA—>

Summary figure showing the context of the FMDM within the source term calculation information flow
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Analysis of these sensitivity calculations identified several information gaps that need to be filled to
calibrate and validate the coupled fuel matrix degradation - steel corrosion model. The highest priority

information gaps are as follows:

A wide range of steel corrosion rates have been derived from measured mass loss in coupon
immersion tests. Whereas those tests can be used to derive average rates under uncontrolled
conditions, they do not provide the dependencies on environmental variables required to calculate
accurate spent fuel dissolution rates. Most importantly, the dependencies of the steel corrosion
rates on Eh and pH and the attenuating effect of passivation must be known to calibrate and
validate the FMDM. Electrochemical methods have been developed at ANL to monitor the
effects of key variables such as Eh, pH, and CI~ concentration on the long-term corrosion rates of
metals that corrode actively or passivate. These electrochemical corrosion rates are appropriate
for calculating H, generation with the FMDM steel corrosion model.

Steel corrosion is modeled using the same mixed potential theory that is the basis of fuel
degradation in the FMDM and the electrochemically coupled reactions contributing to steel
corrosion and UO, fuel degradation have been included in FMDM V.3. While the simple steel
corrosion model that has been implemented is sufficient to assess sensitivities, there remains a need
for coupled experimental and process modeling work to implement, accurately parameterize and
validate a more realistic steel corrosion module and its coupling to the fuel degradation model.
Improvements to the process models used in the FMDM will have a direct impact on the accuracy
of GDSA PA model results.

Quantification of interactions between the corrosion of steel waste package components and waste
form degradation would provide important insights as to the types of steel that could be used to
optimize the long-term performance of the waste package and canister materials. For example,
using a combination of actively corroding and passive metals having a range of corrosion rates
could be utilized to generate H, throughout most of the regulated service life. The steel corrosion
model developed to quantify H, generation within a breach waste package can also be used to
model external corrosion kinetics in bentonite pore water and possibly model container breaching.

The sensitivity runs performed with the FMDM indicate that oxidants and reductants (most
importantly Hy) accumulate in porous alteration products that form on the fuel surface and
significantly affect the fuel degradation rate. Whether this process actually occurs or is an artifact
of the model must be determined experimentally.

The FMDM uses kinetic parameters for individual reactions that were measured in tests with
UO,. Based on the use of robust canisters, it is likely that much of the spent fuel in a repository
will not be contacted by groundwater until canisters begin to fail more than 1000 years after
repository closure. More studies are needed to determine the effects of aging on fuel dissolution
rates by measuring dissolution rates of actinide oxide materials that simulate “aged” ~1000 yr old
fuel in the presence of H,. Such materials can be synthesized by doping UO; with fission product
salts and actinides. Electrochemical tests to measure the dissolution rates of materials
representing aged fuel alone and in the presence of corroding steel will provide the dataset
required for reliable model validation add confidence to predictions of long-term rates.
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SPENT FUEL AND WASTE SCIENCE AND
TECHNOLOGY CAMPAIGN

1. INTRODUCTION AND OBJECTIVE

Scientifically-based predictive models of waste form corrosion rates are being developed to provide reliable
radionuclide source terms for use in repository performance assessments. Furthermore, demonstrating that
there is a fundamental scientific basis for the waste form degradation models is a key aspect for building
confidence in the long-term predictions used for the repository safety case.

The objective of this project is to develop and implement a fundamentals-based process model for the
degradation rate of spent nuclear fuel that can be readily incorporated into the Generic Disposal System
Analyses (GDSA) Performance Assessment (PA) code to provide reliable radionuclide source terms
throughout the service life of a repository. This model, referred to as the Fuel Matrix Degradation Model
(FMDM), is based on the Canadian Mixed Potential Model (King and Kolar, 2003), but has been expanded
and customized for application in the ongoing Spent Fuel and Waste Science and Technology (SFWS)
campaign. The conceptual context for the role of the FMDM within the generic performance assessment
model is shown in Figure 1. The FMDM will be used to calculate the degradation rate of UO, fuel under
the environmental conditions in a breached waste package. The degradation rate will be used to calculate
radionuclide source term values for use in reactive transport calculations through the EBS and host geology
to demonstrate regulated dose limits will be met throughout the service life of the repository.

Biosphere

Engineered Barrier System (EBS) Geosphere

EBS Buffer Host Rock and Other

(e.g., backfill, Geologic Units
liner, seals)

1 [
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\

', Source /| EBS Geosphere Biosphere Environment

/
. Term ,/ Environment Environment and Dose Factors
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Figure 1. Conceptual diagram showing the context for the FMDM (adapted from Mariner et al., 2015).

The continuing development and implementation of the FMDM address two high level Features, Events,
and Processes (FEPs) that are recognized as high R&D priorities for the SFWS campaign (Wang et al.,
2014). The FEPs addressed by this model are 2.1.02 (waste form) and 2.1.03 (waste container), which
correspond to the high priority research topics P19 (Development of waste form degradation model) and
P20 (Development of new waste package concepts and models for evaluation of waste package
performance for long-term disposal) identified by Wang et al., 2014.
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The FMDM calculates the dissolution rate of spent fuel as a function of the interfacial corrosion potential
(Ecorr), at which all of the anodic and cathodic half reactions occurring at the fuel/solution boundary under
the environmental conditions are kinetically balanced and there is no net electron transfer. The dissolution
rate (which generates an anodic current due to the oxidation of U** to U®*) is relatively high under oxidizing
conditions above the U(1V)/U(VI) threshold potential, but significantly lower at Ecor Values where only
solubility-limited chemical dissolution of U** occurs. The threshold potential for U(1V)/U(V1) oxidative
dissolution depends on pH, as shown in Figure 2, and on the water chemistry. Under the reducing
conditions envisioned in argillite and crystalline rock repositories (the red region in Figure 2), the Eh of the
solution will be well below the U(1V)/U(VI) threshold. However, the radiolysis of water by spent fuel to
form H2O2 and O, can cause localized oxidizing conditions that drive the Eh above the threshold for
oxidative dissolution of the fuel.
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Eh 02U
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é{\\y/’// o T e 20
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Figure 2. Eh —pH diagram for U speciation showing the conditions expected for groundwaters in a reducing

crystalline rock or argillite repository (from Laaksoharju, et al., 2008). This diagram was drawn for
1x10® molar uranium with 1x10* molar carbonate.

A number of experimental and modeling studies have shown that the radiolytic oxidative dissolution of
spent fuel in anoxic environments can be counteracted by the catalyzed reaction of H; on fission product
alloy phases referred to as Ru e-phases or noble metal particles (NMP). What we refer to as the H. effect
has been shown qualitatively to decrease spent fuel dissolution rates by 3 to 4 orders of magnitude from the
maximum rates attained in the absence of H,, so it must be taken into account in scientifically based
performance assessment calculations (e.g., Shoesmith, 2008, Grambow, et al., 2010, Jerden et al., 2015).
The major goal of the ongoing FMDM work is to implement an accurate model that quantifies the H, effect
on spent fuel degradation rates. This report presents results from a new version of the FMDM (V3) that
incorporates a module for calculating the anoxic corrosion rates of steels as the main source of H, in a
breached waste package and near field environment.
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2. THE FUEL MATRIX DEGREDATION MODEL

The key processes represented in FMDM.V3 are:

the generation of radiolytic oxidants as a function of fuel burn-up,

the NMP-catalyzed oxidation of Hz, which protects the fuel from oxidative dissolution,

the precipitation of U-bearing secondary phases,

the complexation of uranyl by carbonate,

the oxidation of ferrous iron,

temperature variations of reaction rates (by Arrhenius equations),

the one-dimensional diffusion of all chemical species to and from the fuel and steel surfaces,
the anoxic corrosion of steel components to generate dissolved H; and ferrous iron.

Of these processes, the catalysis of H, oxidation on noble metal particles (NMP) exposed at the fuel surface
and the generation rates of radiolytic oxidants (determined by dose rate, which is calculated in the FMDM
based on fuel burn-up) are the most important for determining the degradation rate of the fuel (Jerden et al.,
2015). Since the flux of H to the fuel is limited by the anoxic corrosion rate of steel waste package
components (e.g., Shoesmith, 2008), an initial module to calculate steel corrosion kinetics was added to the
FMDM in FY-2016 to quantify the H2 source concentration. The electrochemical steel corrosion module
is discussed in Section 3.

Specifically, the fuel degradation rate calculated by the FMDM accounts for oxidation of the fuel by
radiolytic H,O, and its decomposition product O2. The H,O; concentration is calculated using an analytical
form of the radiolysis model developed at PNNL (Buck et al., 2014) and the burn-up/dose rate function.
Fuel oxidation is counteracted by the catalytic oxidation of H, on NMP sites that are present on the fuel
surface as a distinct phase. The FMDM calculates the net effect of all redox reactions occurring in the
system on the value of Ecorr at the fuel surface to determine the fuel dissolution rate.

In the absence of oxidative dissolution, the fuel degrades by solubility-limited chemical dissolution, which
is much slower than oxidative dissolution (Figure 3, Rollin et al., 2001). It was shown in Jerden et al., 2015
that the FMDM accurately reproduces the experimental observation that relatively low concentrations of
dissolved H, (~0.1 mM) can measurably inhibit the oxidative dissolution of the fuel. Those calculations
were made with a range of user-defined H, concentrations. The steel corrosion module was added to
calculate H, concentrations within the model. A simple initial model was used to couple the steel and fuel
reactions and determine the sensitivity of the coupled rates. Based on these sensitivity results, a new model
is being developed to calculate steel corrosion rates as a function of the environmental conditions.
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Figure 3. Results from the flow-through spent fuel dissolution tests of Réllin et al., 2001. Note that the
rates measured in tests performed under reducing conditions with H, present are around 3 orders of
magnitude lower than those in tests performed under oxidizing conditions at the same pH, but still higher
than the chemical dissolution rate.

Figures 4 - 9 are simplified conceptual diagrams of a typical spent fuel canister in a repository setting.
These figures highlight the spatial context and key processes that the FMDM takes into account. As shown
in Figures 4 and 5, the spent fuel assemblies will be surrounded by (and in close contact with) steel
components within the waste package and disposal canister, which may include low carbon steels (C-steel),
borated stainless steels and 316 stainless steels. Another important material from the prospective of H;
production in the repository is the Zircaloy cladding surrounding the fuel pellets (gold or yellow in Figures
4 — 7). No credit is taken for Zircaloy as a barrier in the current FMDM or GDSA PA models, but it will
probably be beneficial to include Zircaloy corrosion as a source of H, the FMDM. This is discussed in
more detail in Section 6.



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen
February 28, 2017

Generic 9-BWR STAD
Sp Standardized Transportation,
S aCerp/ Aging and Disposal Canister
Aleg (most parts 316SS)

Borated
steel
plates

Assembly
tube

2015).



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen
February 28, 2017

Host Rock

(Crystalline or Argillite) Concrete Liner

7 /// ” (Ar?jllite Case)
y /}//////}/%///j//////f////{/% A
%%%%%%/

. o
i > e

.

,

7
)

o ar e

/ I : , 7 7
_ //// Ny sieslcon ’/7/
/ Yy, .

., P 7

.
7
.

Invert
(reinforced buffer material)

Figure 5. Conceptual diagram of a generic waste package showing a conceptual canister-breaching
scenario. BWR STAD denotes a boiling water reactor standard transport, aging and disposal canister and
RN denotes radionuclides.



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen
February 28, 2017 7

Borated steel plates 4 S TS AT N R
Reaction
front in steel

spacer plate ‘

Release pathway

Groundwater A5 5

Breach in

~ canister shell

P ‘*\ L i l. :
\\ . %, /

\

E> ¢ \;‘ ‘ .
~ Bentonite

Figure 6. Conceptual diagram summarizing the key processes involved in radionuclide release from a
breached spent fuel canister. Following a breach, seepage water will oxidize steel components and
eventually reach fuel rods. Note that the fuel will degrade simultaneously with a number of different types
of steels. The interactions with steel corrosion reaction products H, and Fe?* have been shown to strongly
affect the rate of fuel degradation (e.g., Shoesmith, 2008, Grambow, et al., 2010).
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Figure 7. Conceptual diagram showing a generic BWR waste package and the conceptual context and
lay-out of the fuel matrix degradation model (FMDM).
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Figure 8. Schematic showing the reaction scheme for the fuel matrix degradation model and identifying
other key processes that influence in-package chemistry and radionuclide mobilization. This report focuses
on the reactions that are highlighted in yellow: H; generation during steel corrosion and H; oxidation on
the fuel surface.

In a breached waste package, groundwater will infiltrate open spaces within the canister and begin to
corrode steel components (Figure 6). This will set up a reaction front that will eventually contact the fuel
rods. The steel will corrode and produce H, even when the infiltrating groundwaters are reducing with
respect to the fuel. This is because the stability fields of carbon steels and stainless steels lie below the
stability field of water (Figure 9). Assuming that the Zircaloy cladding has failed, the fuel will begin
degrading by either relatively rapid oxidative dissolution or by relatively slow chemical dissolution,
depending on the Eh and pH. The dominant dissolution mechanism will be determined by the surface
potential established by the solution contacting the fuel surface. The FMDM employs fundamental electro-
kinetic relationships (Butler-Volmer equations) and classical 1-D reaction-diffusion relationships to
calculate the surface potential (Ecorr) and corresponding spent fuel dissolution rate.
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Figure 9. Eh — pH diagram showing the conditions expected for groundwaters in a reducing crystalline
rock or argillite repository (from Laaksoharju, et al., 2008), drawn for 1x10- molar iron.

The mixed potential theory on which the FMDM is based is also used to quantify steel corrosion. Because
it accounts for the fundamental interfacial electrochemical reactions and couples those reactions with bulk
solution chemistry, it can be used to couple fuel dissolution and steel corrosion in a common seepage water.
Therefore, as part of our FY-2016 work, we coded and tested a relatively simple mixed potential model for
steel corrosion and then added that as a new module to the FMDM. This steel corrosion mixed potential
model is based on the model presented by King and Kolar, 2001 and King and Kolar, 2003. The steel
corrosion model is based on the Butler-Volmer model, but modified to account for passivation. The
interfaces between the modules are presented schematically in Figure 10.

interfacial redox reactions
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- Domains |

bulk
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react
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diffusion
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Constant

bulk
reactions
diffusion

concentration
2+ 2-
02 0 H ) Fe 5 C03

i
Y

Environment (interface with PA)

Figure 10. Schematic diagram showing how steel surface corrosion is represented in the FMDM.

As shown in Figure 10, the steel environment (steel surface plus bulk solution) is coupled to the fuel
environment through a zero-volume interstitial domain (boundary mixing cell) that is used to exchange
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mass fluxes between the fuel and steel through the seepage water in the breached waste package and with
pore water in the adjacent near field environment. No chemistry occurs in the interstitial domain or
environment; those regions are zero-volume and only serve to provide an interface between the fuel and
steel domains used to model diffusion. It is possible to control the interaction between the steel and fuel
domains by altering (1) the environmental concentrations, (2) the relative areas of the two reactive domains,
and (3) the leak rate from the interstitial domain into the near field environment. The boundary cell serves
as the input/output interface with the GDSA performance assessment model.

In parallel with the addition of the steel surface to the FMDM, the model parameter database was reviewed
and updated. As part of this updating process, several data gaps were identified that provide priorities for
future work. The main FMDM parameters and the important data gaps are summarized in Table 1.

The rate of fuel degradation will ultimately be determined by the kinetic balance of five processes (shown
schematically in Figure 8):

e The rate of radiolytic oxidant production (determined by dose rate, which is determined by fuel
burn up and age)

The rate of radiolytic oxidant reduction on fuel surface (cathodic reactions on fuel surface)

The rate of U(IV) = U(VI) oxidation (anodic reactions on fuel surface)

The rate of H, production by steel corrosion and H; flux to the NMP sites on the fuel surface

The rate of the oxidation of H, on the NMP catalytic sites (anodic reaction on fuel surface that
anodically “protects” UO, from oxidation)

Since the rates of of H, generation on the steel and H; oxidation on the fuel play the dominant roles in
determining the dissolution rate of the fuel, the on-going work on the FMDM has emphasized these
processes.



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen

February 28, 2017

12

Table 1. Summary of FMDM parameters and data gaps that need to be addressed in future work to improve

the accuracy of the model.

Parameter

Description

Data needs to improve accuracy

Dimension of fuel environment

(mm —cm)

To be updated when dimensions of waste
package are known

Nodes in fuel environment

(log-space grid: fine-
spacing near surface)

To be updated when dimensions of waste
package are known

Fuel surface coverage by NMP

(~1%)

From literature

Dimension of steel environment

(mm —cm)

To be updated when dimensions of waste
package are known

Nodes in steel environment

(log-space grid: fine-
spacing near surface)

To be updated when dimensions of waste
package are known

Number of FMDM time steps (100 —1000) Use to optimize PA interface
Fuel alteration layer porosity (~50%) From literature
Fuel alteration layer tortuosity (~0.01) From literature
Fuel alteration layer radiolysis (not used) Could be activated to account for radionuclide
factor uptake by U secondary phases
Alpha particle penetration depth (35um) From literature
Fuel burnup (25 -75 GWd/MTU) Input from PA
Age of fuel (time out of reactor) 30-100yrs Input from PA
Resmtgnce between fuel and NMP (107 Volts/Amp) Interpretation of literature
domains

. . Data need: needs to be input from PA — will
Temperature history function ) .

depend on repository scenario

Dose rate history function Based on MCNPX results of Radulescu, 2011

Spatial dose rate

function (decrease in
dose rate with distance
from fuel)

Based on MCNPX results of Radulescu, 2011

Rate constants for interfacial
reactions in fuel and steel domains

See Figure 8 for summary
of specific reactions

Data need: experiments needed due to
lacking or inconsistent data in current
literature on Hz reactions on fuel and NMP
and steel corrosion under relevant conditions

Charge transfer coefficients for
interfacial half-cell reactions in fuel
and steel domains

See Figure 8 for summary
of specific reactions

Data need: experiments needed due to
lacking or inconsistent data in current
literature on Hareactions on fuel and NMP

Activation energies

T dependence: See Figure
8 for summary of specific
reactions

Data need: experiments needed due to
lacking or inconsistent data in current
literature on Haz reactions on fuel and NMP
and steel corrosion under relevant conditions
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Table 1. Continued.

Parameter

Description

Data needs to improve accuracy

Standard potentials for interfacial
half-cell reactions: fuel and steel

See Fig. 8 for reactions

From literature

Relative area of fuel domain

Default 1:1, depends on
waste package design

To be updated when dimensions of waste
package are known

Relative area of steel domain

Default 1:1, depends on
waste package design

To be updated when dimensions of waste
package are known

Environmental leak rate (diffusion
barrier factor)

Depends on waste
package design, breach

Interpretation of literature

Environmental concentrations

(02, Ha, COs%, Fe?*, CI)

Input from PA

Rate constants for bulk solution
reactions in fuel, steel
environments

See Figure 6 for summary
of specific reactions

From literature

Activation energy for bulk solution
reactions

T dependence, See Figure
8 for reactions

From literature

Passivation potential of steel
surface

(75 Vsce) as place-holder

Data need: experiments needed due to
lacking or inconsistent data in current
literature

Passivation corrosion current
density

Calculated internally
within FMDM

Data need: experiments needed due to lack

of data in literature

Radiolytic oxidant (H20.)
generation value (Geond)

Analytical function for
conditional Gh202 value
from PNNL radiolysis
model

Values based on radiolysis model results, Buck

et al., 2013. Would need to be updated,
expanded for brine solutions (Cl, Br)

The half-reactions for anoxic steel corrosion can be represented as:

Fe® > Fe?" + 2¢°

2H,0 + 2" 2> H, + 20H-
2H* + 2e" > H>

with the overall steel corrosion reaction

Fe + 2H,0 > H, + Fe?* + 20H"
Fe +2H* > H, + Fe®

(Reaction 1)

(Reaction 2a)
(Reaction 2b)

(Reaction 3a)
(Reaction 3b)

Reactions 3b and 3a provide the fundamental coupling between steel corrosion and H; generation in acidic

and neutral or alkaline solutions. (Analogous reactions can be written for Zircaloy corrosion to form ZrO,.)

The oxidation of other steel constituents (e.g., Cr, Mo, Ni, and Mn) will contribute to the anodic current but
the oxidation of Fe is dominant. The threshold potential and reaction rate for Reaction 1 will depend on the
surface potential imposed by the seepage water.

The conservation of charge requires that the sum of the current densities of all anodic and cathodic reactions

in the system equals zero at equilibrium; this occurs at the corrosion potential (Ecor). That is, the corrosion
potential represents the kinetic balance between anodic and cathodic reactions occurring in the system.
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Since Reactions (1) and (2) are the dominant anodic and cathodic reactions on the steel surface, the rate of
H> generation will equal the rate of Fe oxidation under anodic (oxidizing) conditions. The corrosion rates
of different steels may vary significantly with their compositions, with the environmental conditions
(primarily Eh, pH, and chloride concentration), and with the formation of passivating films. The corrosion
rates can change significantly when the surfaces passivate to prevent water from contacting metallic iron.
In the EBS, the Eh of the seepage water can impose surface potentials that are cathodic for some steels and
anodic for other steels. Therefore, the FMDM must account for the corrosion behavior of each metal
independently.
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3. STEEL CORROSION MODULE

There are several advantages to the approach of incorporating a separate steel corrosion module directly
into the FMDM as shown in Figures 8 and 10:

o It directly couples fuel degradation and steel corrosion. This is vital, as it has been shown that H;
produced from the anoxic corrosion of steel can decrease the fuel dissolution rate by over four
orders of magnitude (Jerden et al., 2015).

e Directly coupling the fuel and steel degradation kinetics allows for the quantification of redox
fronts that develop within the waste container due to the diffusion of radiolytic oxidants away from
the fuel surface and the reactions of these oxidants with the steel surface and the resulting aqueous
Fe?" and H,. This is also important because these redox fronts represent the Eh of the seepage water
contacting the waste form and waste container internal components.

e This approach will allow the steel corrosion module to be readily implemented into the GDSA PA
model. The version of FMDM that has already been integrated with PA can be replaced with the
new version that includes the steel corrosion module, since all changes occur within the FMDM.
The only change to the PA interface will be including the CI- concentration of the groundwater.

The initial steel corrosion module used in the FMDM was adapted from King and Kolar, 2001 and is based
on Butler-Volmer relationships between the corrosion currents and the surface potential. It consists of a
simple mixed potential model with the reactions shown on the right side of Figure 8 and was implemented
in the FMDM to evaluate the sensitivity of the calculated fuel degradation rates to steel corrosion rates.
The module accounts for the transition between active and passive corrosion by defining a threshold
potential (Epassive) @b0ve which the steel corrodes at a constant rate specified as the corrosion current density
under passive conditions (ipassive). When the interfacial potential of the steel equals Epassive, the corrosion
current density is assigned a maximum value (iciicar). |f the solution Eh reaches higher potentials, the
corrosion current density decreases to the passivation current density that is “hard-wired” in the module to
represent constant corrosion of the passivated surface. This approach is simplistic, but provides “order of
magnitude” differences sufficient to demonstrate the sensitivity of the fuel degradation rate. A more
guantitative model is required to account for the dependencies on the environmental variables and surface
stabilization to represent the combination of actively and passively corroding materials that will be present
in the EBS. Section 6 describes the type of data needed to calibrate and parameterize a realistic
electrochemical model.

The original steel corrosion mixed potential model formulated by King and Kolar, 2001 was based on the
observation that carbon steel surfaces may undergo passive corrosion under alkaline conditions, due to the
formation of a thin surface layer of FezO4 (Kaesche 1985, King and Kolar 2001, King, 2007). King, 2007
claims that carbon steel exposed to solutions that fall within the Eh — pH conditions corresponding to the
magnetite stability field (e.g., Figure 9 above) will corrode passively. The critical anodic current density
above which C-steel becomes passivated is ~1pA cm2 at pH 9.5 (King and Kolar, 2001), which corresponds
to a passivation potential of approximately -0.75 V vs SCE (-0.51 V vs SHE) (Kaesche 1985). However,
other studies have shown that carbon steel does not passivate under the conditions expected in a crystalline
rock repository with a bentonite buffer (JNC 2000). This discrepancy must be resolved for reliable
modeling.

The model developed by King and Kolar, 2001 was only applied for C-steel. The FMDM steel model needs
to account for not only C-steel, but also for other alloys in the spent fuel canisters, such as 316 stainless
steel and borated stainless steels. The corrosion of Zircaloy cladding is another important source of Ho,
but was not included in the FMDM sensitivity calculations.
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Directly measuring the reaction current generated by the transfer of electrons during a redox reaction
provides a sensitive and accurate measure of the reaction rate. The relationship between the cumulative
charge transferred and dissolved mass is given by Faraday’s Law:

_

Equation 1
nF

where m is the mass of substance oxidized, Q is the total electric charge passed through the electrode
substance, M is the molecular weight of the electrode substance, F is the Faraday constant, and n is the
number of electrons transferred.

The cumulative electric charge Q is the integrated reaction current measured at the electrode:
t .
Q=J 1()dt Equation 2

where I(t) is the reaction current measured at the electrode at time t. Therefore, the mass of material
oxidized at the electrode surface can also be calculated from the measured reaction current at the electrode.
If the corrosion current is constant, the mass corroded over an interval At can be calculated as:

I'at M .
m = Equation 3
nF

and the rate can be calculated as

rate = m_ ™ . Equation 4
At nF

The current and mass released can be normalized to the surface area of the electrode to give corrosion rates
in units of g m2 yr, which can be converted to penetration rates in mm yr* using the density of the steel.
It also gives the H, generation rate using the stoichiometry in Reaction 3.

The sensitivity study performed using the initial steel corrosion module in the FMDM, which is described
in detail in Section 4 below, indicates that steel passivation has important implications for the rate of spent
fuel degradation and the radionuclide source terms that are derived. An example of results from the
sensitivity study is shown in Figure 11a for extreme cases of no steel corrosion and rates for passive
corrosion (10 g m2yr?) and active corrosion (172 g m2yr?). Those steel corrosion rates are shown relative
to the generic passivation model of King and Kolar in Figure 11b. (Details of the model runs discussed in
Section 4).
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Figure 11. Examples of spent fuel degradation rates calculated for different steel corrosion rates (a). The
higher steel corrosion rate of 172 g m? yr? represents active corrosion while the 10 g m? yr? value
represents a passive corrosion rate (b).

Figure 11 shows that for the hypothetical case where steel within a failed canister corrodes at an active rate
of 172 g m? yr, the corresponding spent fuel degradation rate is about 0.0004 g m2 yr* at 1000 years.
This is more than 3 orders of magnitude lower than rate of 0.9 g m? yr? calculated for the no H. case (no
steel corrosion). However, if the steel passivates under more oxidizing conditions and the steel corrosion
rate decreases to 10.0 g m2 yr?, the spent fuel degradation rate is predicted to be 0.06 g m?2 yr?, which is a
factor of 150 higher than that predicted for active steel corrosion. This example highlights the importance
of accurately modeling active and passive corrosion rates of different metals in a breached container as
functions of Eh and other environmental variables. It also shows the need for a steel corrosion model more
realistic than the initial model represented in Figure 11b to include those dependencies.

4. SENSITIVITY OF FUEL DEGREDATION RATE TO STEEL
CORROSION

A series of model runs were done using the updated FMDM with the steel corrosion module over a range
of relevant conditions. The purpose of these runs was to quantify the sensitivity of the FMDM-predicted
fuel degradation rate to the rate of steel corrosion (despite the high uncertainties in the steel corrosion rates
and ignoring environmental dependencies). The conditions for these sensitivity calculations are listed
below and the model layout and examples of the results are shown in Figures 12 to 17.

e The variables that were changed for these sensitivity runs were the iron corrosion rate (Reaction 1)
and the transport rate of dissolved species from the fuel — steel domain into the boundary domain
(zero volume mixing cell on Figure 12).

o The iron corrosion rate constant was varied to generate corrosion rates varying form 0.1 to
700 g m2yr! (actual values of this parameter need to be determined experimentally for
relevant steel compositions and environmental dependencies).

o The diffusive transport rate of dissolved species (such as Hy) into the boundary domain
was varied between 1 x 10 m (open system) and 1 x 102 m (closed system). The low
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rate case (closed system) simulates a case where the transport of species is slowed by the
presence of a diffusion barrier such as a mass of iron oxide corrosion products.
o Parameter values (see Table 1) for the fuel environment are from Jerden et al., 2015.
e Parameter values (see Table 1) for the steel environment are from King and Kolar, 2003 (the actual
values of these parameters need to be determined experimentally for relevant types of steels).
e The environmental concentrations (constant concentration boundary) were [Hz] =1 x 10° M, [O]
=1x10°M, [Fe*]=1x10° M, [COs*] =1x10° M.
e Temperature was held constant at 25 °C for all runs.
e The fuel burnup was 60 GWd/tHM (gigawatt days per metric ton of initial heavy metal: U).
e The age of the fuel for all model runs was 100 years old.

The model results indicate that the concentration of dissolved H; that reaches the fuel surface will vary
considerably for the relevant range of steel corrosion rates. The variation in H, concentrations produced
by this range of steel corrosion rates results in a range of H; concentrations from nanomolar to
0.1 millimolar, which causes the predicted fuel degradation rate to vary from 2 x 10 g m2yr?! up to
4.0 g m2yrt,

GDSA PA model
Fuel Steel
R Boundary
Domain:
P zero-volume S
‘1“—Interfacial reactions: Bulk mixing cell Bulk Interfacial reactions:— -
H, oxidation inhibits solution 9 solution steel corrosion as main
oxidation of UO, by reactions reactions source of H,and Fe2+
radiolytic oxidants Constant
concentration
02 A H2 A Fe2+, CO%‘
0 5 10 15 20 25 30 35 40 45 50 50 45 40 35 30 25 20 15 10 5 0
Distance From Fuel (mm) Distance From Steel (mm)

Figure 12. FMDM layout showing all domains and spatial relationships. See Figure 8 above for the details
on the coupled reaction scheme.

Figure 13 shows the fuel degradation rates as a function of time coupled with a range of relevant steel
corrosion rates for both open and closed system conditions. The rate of iron oxidation is equal to the rate
of H; production at the steel surface. The fuel degradation rate decreases slowly as the dose rate at the fuel
surface decreases due to the decreasing production rates of the radiolytic oxidant H,O, and associated O
over time. As the amount of radiolytic H.O decreases, less H; is required to anodically protect the fuel
from oxidative dissolution. The diffusion of radiolysis products from the fuel surface and H. from the steel
surface to the boundary domain is not shown on the diagram. Both diffuse from the boundary domain to
the other surface and, in the case of an open system, to outside the waste package through the breach.
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Figure 13. Results from the FMDM with the newly added steel corrosion module. The numbers shown for
each curve are the steel corrosion rates, which are directly proportional to H; generation rates. All of these
runs are for a 100 year old fuel with a burnup of 60 GWd/tHM. Diagram (a) is for a closed system case
where the diffusive loss of dissolved species (such as H) to the boundary domain is relatively slow.
Diagram (b) shows the steel corrosion rates needed to generate the same spent fuel degradation rate curves
shown in (a) for an open system case where the leak rate is a factor of 10 higher than the closed system
case.

Figure 13 demonstrates that for the closed system case (a), which simulates a scenario where the diffusion
of agueous species to the boundary domain are slowed by a diffusion barrier such as a mass of iron oxides,
a steel corrosion rate of 172 g m? yr! maintains spent fuel degradation rates less than
10° g m2yrt. For the open system case [Figure 13 (b)] a steel corrosion rate of 680 g m2yr? is required
to maintain fuel degradation rates less than 10 g m2yr. This is because much of the H, that is generated
escapes the system without contacting the fuel surface. Given that canister breaches will likely be filled
with ferrous corrosion products and given the impervious nature of the surrounding bentonite buffer, the
closed-system conditions are more likely.

Figure 14 shows two fuel degradation rate curves for the closed system case plotted with results from a
number of spent fuel and UO; dissolution tests. The fuel tests were performed in oxidizing conditions using
~30 year old fuel that varied in burnup from 25 to 45 GWd/tHM [see Cunnane, 2004]. The temperatures
for these tests varied from 25 °C to 80 °C, the pH varied from 7 to 9, and the solutions contained various
concentrations of dissolved carbonate (zero to millimolar). The simfuel tests (Ollila, 2008) involved the
immersion of 22U doped UO; in buffered DIW at pH 7 — 9 and 25 °C to 90 °C; those tests were performed
under anoxic conditions (argon purged) and reducing conditions (metallic iron added to tests). The modeled
H; effect is consistent with the effects of the imposed Eh value and far exceeds the effects of variations in
the environmental conditions.
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Figure 14. Results from the FMDM with and without the steel corrosion module and data from selected
spent fuel and UO- dissolution tests. The numbers shown for each curve are the steel corrosion rates, which
are directly proportional to H, generation rates. Both runs are for a 100 year old fuel with a burnup of 60
GWd/tHM.

The sudden decrease in fuel degradation rates in the 1.0 g m2yr? curve in Figure 14 is attributed to the
accumulation of H, within the porous U(VI) alteration phase layer, which is shown schematically at the
bottom of Figure 8. As will be demonstrated below, aqueous species accumulate within the pores of the
U(VI) layer because their diffusion is slowed by a tortuosity factor. This allows Ha, which rapidly diffuses
from the steel surface to the fuel surface, to accumulate to a relatively high concentration near the fuel
surface. A similar sudden decrease in the fuel degradation rate is not seen in Figure 14 when the steel
corrodes at 172 g m2yr* because an alteration layer does not form. The fuel degradation rate is low enough
under those conditions that solution never becomes saturated with respect to schoepite, which is the primary
mineral in the U(VI) alteration layer.

The effect that H, accumulation in the U(VI1) alteration layer has on spent fuel degradation rates is further
illustrated in Figures 15, 16, and 17 to show the effects of other model parameters. Figure 15 shows fuel
dissolution rate curves for no steel corrosion and for a steel corrosion rate of 2.0 g m2yr?! under closed
system conditions with tortuosity factors of 0.1 (the default value) and 0.9 representing the porosity of the
U(VI) alteration layer. The higher tortuosity factor (0.1) leads to slower diffusion in the alteration layer
and greater accumulation of H; resulting in a sudden decrease in fuel degradation rate. The decrease is
more gradual in the lower tortuosity factor (0.9) case. The H; dissolved concentration profiles for the 0.1
tortuosity factor case are shown in Figure 16. The zero-volume mixing cell is located 50 mm from the fuel
and steel surfaces. The H, concentration profile in the steel domain (right panel in Figure 16) is constant
with time because it represents a steady state between the constant rate of H, production at the steel surface
and the constant rate of loss to the environment at the 50 mm point. Diffusion from the steel surface fixes
the Hy concentration at a distance of 50 mm from the fuel surface. The H, concentration profile in the left
panel of Figure 16 varies with time in the fuel domain because the rate of consumption of H; at the fuel
surface decreases with time. This decrease corresponds to the decrease in the corrosion potential of the fuel
due to the decrease in radioytic oxidant production.
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Figure 15. Results from the FMDM with the steel corrosion module. The two curves, both for a steel
corrosion rate of 2.0 g m2yr? are for different tortuosity values applied to the U(VI) alteration layer. The
tortuosity value is applied as a factor that slows diffusion, allowing a buildup of species within the porous
layer.
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Figure 16. Dissolved concentrations of H, within the FMDM reaction diffusion cell for the 2.0 g m2yr?
steel corrosion curve with a U(V1) layer tortuosity factor of 0.1. The reason for the discontinuity at 50 mm
is that Hz is lost to the environment (through zero volume boundary domain) at that location (see Figure
12).

Figure 17 shows the concentration profiles for H, within the first 300 micometers of the fuel surface for the
same case as Figure 16 (2.0 g m2yr! steel corrosion rate, closed system conditions, tortuosity factor of 0.1).
Figure 17 illustrates the accumulation of H; in the alteration layer and at the fuel surface that occurs in the



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen
February 28, 2017

22

model. The thickness of the alteration layer increases with time, but reaches a maximum thickness of 130
um after 307 years.
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Figure 17. Dissolved concentrations of H, within the FMDM reaction diffusion cell for a steel corrosion

rate of 2.0 g m2yrt. The discontinuity in each profile identifies the thickness of the alteration layer, which
reaches a maximum value of 135 um after 307 years.
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5. EXAMPLE IN-PACKAGE CHEMISTRY SIMULATION: STEEL
TITRATION MODEL

To investigate how the H, concentration within a failed canister may evolve as the spent fuel and various
types of steels corrode simultaneously, a simple titration model was developed and run in the
thermodynamic code: Gechemist’s Workbench (Bethke, 2014). The thermodynamic database used for this
model was thermo.com.V8.R6 (Johnson et al, 2000) to which the steel reactants were added. The masses
of the different steel components and total solution volume were taken from the in-package chemistry model
used for the YM TSPA (CRWMS, 2003). The masses used for this model are shown in Table 2, the
compositions of the materials are shown in Table 3 and the initial groundwater composition, which is typical
of a crystalline rock repository environment, is shown in Table 4. The initial volume of solution used in
the model was 4.1 m®, which is based on the void volume within the spent fuel canister assumed in
CRWMS, 2003.

Table 2. Values used in the Geochemist’s Workbench steel titration model (from CRWMS, 2003).

Materials Total Mass (kg) Specific Surface Total Area

Area (m? g?) (m?)

316 SS 5.9x10° 4.1x10° 24.2
Borated SS 1.2x10° 4.5x10° 52.9
C-steel: A516 2.1x10° 8.7x10° 180.5

Table 3. Compositions of steels used in Geochemist’s Workbench steel titration model (from CRWMS,
2003).

Borated SS

Component 316 SS (Neutronit) C-steel: A516
C 0.02 0.04 0.28
Mn 2.0 1.05
P 0.05 0.04
S 0.03 0.04
Si 0.75 0.29
Cr 17.0 18.5
Ni 12.0 13.0
Co 0.2
Mo 2.5 2.2
N 0.08
Fe 65.58 64.82 98.3

B 1.25
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Table 4. Initial solution composition used in Geochemist’s Workbench steel titration model (from Posiva,
2012). This composition is typical of groundwaters in a crystalline rock repository environment.

Concentration

Component (molar)
pH 8.2
Na 0.36
Ca 0.25

K 4.9x10*
Mg 1.5x10°®
Sr 1.1x10°
Mn 9.3x10®
Fe 3.8x107
CI 0.86

SO4* 2.1x10*
COs* 4.0x10°
SiO2 2.1x10*

Results from two separate model scenarios using high and low steel corrosion rates are presented below.
The first involved the titration of materials described in Tables 2 and 3 into the solution shown in Table 4
using the following constant rates:

o C-steel: 172gm2yrt
e 316SS:85gm2yrt
e Borated SS: 85 gm2yrt.

The same rates were used for 316 SS and borated SS, but the masses and compositions are different. Two
different cases were run for this scenario, one in which the solution contained 10 mM dissolved O; at the
beginning of the run [Figure 18(a) and 18(c)] and another where the initial dissolved O, was 1 uM at the
start of the simulation [Figure 18(b) and 18(d)]. As shown in Figure 18, evolution of the solution pH and
Eh is strongly influenced by the initial O, concentration. Under initial oxidizing conditions, the pH of the
solution decreases from a starting value of 8.2 down to near 5.0, but increases to 9 once the O is depleted.
The early pH decrease is not observed with low starting O, (Figure 18b).

The initial Eh conditions predicted in the Geochemist’s Workbench steel titration model for the high O
scenario fall within the U(VI) and ferric oxide stability fields (see Eh — pH diagrams in Figures 2 and 9
above). However, once the O, is consumed, the solution becomes reducing with respect to the U**/U%" and
Fe?*/Fe3* couples. The only source of oxidants within this reducing in-package solution is H,O, and
associated O, formed by radiolysis near the spent fuel.
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Figure 18. Results from the Geochemist’s Workbench steel titration model using the materials described

in Tables 2 — 4.

The pH evolution shown for the results shown in Figure 18 are likely the result of the Reactions (1) — (9).
The early pH decrease in the 10 mM O case is likely caused by the oxidation of zero valent elements in
the steel [reactions (1) and (3)], while the pH increase with time is likely due to the H* consuming reduction
reactions (4) and (6). Note that the net H* production/consumption during the formation of hematite and

magnetite is zero based on Reactions (9) — (11).

S +H,O +150,(aq) « 2H" + SO4*

C +H,O + Og(aq) — H*

P+15H,0 +1.250,(aq) <> 2 H* + HPOZ

H™ consumption reactions:

+ HCOz

SO + H* <> HS" + 2 O,(aq)

SO + 2 H* <> H,S(aq) +

2 O2(aq)

HCOs; + H* + H,O «> CH4 + 2 Oy(aq)
Iron oxide formation reactions:
Fe® + 2 H* + 0.5 Oz(aq) <> Fe** + H,0

(Reaction 3)
(Reaction 4)
(Reaction 5)

(Reaction 6)
(Reaction 7)

(Reaction 8)

(Reaction 9)



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen

February 28, 2017 26
3Fe? +3H,0 +0.5 0y(aq) <> Fes0s +6 H* (Reaction 10)
2 Fe** + 2 H,0 + 0.5 0x(aq) «> FesOy + 6 H (Reaction 11)

Figure 19 shows how the masses of solids change over time for the same model scenario shown
Figures 18(a) and 18(c) (10 mM initial O2). At the steel corrosion rates given above, the model predicts
that all of the C-steel and borated steel in the package will be consumed after approximately 2000 years
and all of the 316 stainless steel will be consumed after around 25,000 years. The primary iron oxide phases
are ferric oxides and oxyhyroxides within the first few years of the simulation, but magnetite becomes the
dominant oxide phase once the initial O, is depleted and will likely represent the main alteration phase
formed on C-steel. Trevorite and chromite are predicted to form on the 316 SS and borated SS. Although
it is not predicted in the simulations, Cr,Oz will form to passivate the 316 steels.
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Figure 19. Results from the Geochemist’s Workbench steel titration model using the materials described
in Tables 2 — 4.
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The impacts that the steel consumption rates calculated for the model scenario shown in Figure 19 have on
spent fuel degradation are shown in Figure 20. In these FMDM runs, the overall H, generation rate was
determined by the steel corrosion rates. The steel consumption rates determined how the fuel degradation
rate changed as the different types of steels were consumed.

The FMDM results for the closed system case [Figure 20 (a)] show that the spent fuel dissolution rate is
very similar to the rate of UO, chemical dissolution as long as some C-steel remains. This indicates there
is enough H: being generated to inhibit oxidative dissolution of the fuel. However, when the C-steel is
consumed after about 1000 years, the fuel dissolution rate increases to > 0.01 g m2 yr?, due to the smaller
amounts of H generated by corrosion of the remaining 316 SS and borated SS. This is still a factor of 100
below what the degradation rate would be in the absence of H,. The calculated fuel degradation rate
increases to the oxidative dissolution rate when the 316 SS and borated SS are completely consumed after
about 2000 years and H; is no longer being generated. The same trends are observed in the open system
case [Figure 20 (b)], but the fuel dissolution rates are higher even with C-steel is present because a relatively
large amount of H; is escaping the waste package into the environment and not reaching the fuel surface.
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Figure 20. Results from the FMDM runs using the results from the Geochemist’s Workbench steel titration
model (Figures 18 and 19).

Results from a second Geochemist’s Workbench model scenario with lower steel corrosion rates are
shown in Figures 21, 22 and 23. This second scenario involved the titration of the same materials
described in Tables 2 and 3 into the solution shown in Table 4 using the following constant rates:

e C-steel: 18 gm2yr?
e 316SS:1gm?yrt
e Borated SS: 1gm2yrt

Two different cases were run for this scenario, one in which the solution contained 10 mM dissolved O; at
the beginning of the run [Figure 21(a) and 21(c)] and another where the initial dissolved O, was 1 uM at
the start of the simulation [Figure 21(b) and 21(d)]. As shown in Figure 21, evolution of the solution pH
and Eh are strongly influenced by the initial O, concentration. Under initial oxidizing conditions the pH of
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the solution decreases from a starting value of 8.2 down to 4.5 before increasing up to > 9 once the O3 is
depleted. The early pH decrease is not observed with low starting O, (Figure 21b). The lower steel
corrosion rates lead to a longer time interval in which the in-package solution is relatively acidic [~30 years
in Figure 21(a) vs ~2 years in Figure 18(a)]. This is due to the lower rate of O, consumption for the slower
steel corrosion case.

As with the first scenario described above, the initial Eh conditions predicted in this model fall within the
U(VI) and ferric oxide stability fields (see Eh — pH diagrams in Figures 2 and 9 above); however, once the
O, is consumed, the solution becomes reducing with respect to the U**/U%" and Fe**/Fe* couples. Again,
the only source of oxidants within this reducing in-package solution is H-O, and associated O, formed by
radiolysis near the spent fuel.
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Figure 21. Results from the Geochemist’s Workbench steel titration model using the materials described
in Tables 2 — 4.

Figure 22 shows how the masses of solids change with time for the conditions shown in Figures 21(a) and
21(c) (10 mM initial O2). The model predicts that all of the C-steel and borated steel in the package will
be consumed after approximately 15,000 years at the lower steel corrosion rates, while the 316 SS persists
for the entire 100,000 year simulation time. The primary iron oxide phases predicted to form within the
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first few years of the simulation are ferric oxides and or oxyhyroxides, but magnetite becomes the dominant
oxide phase once the O- is depleted and will likely represent the main corrosion product of C-steel, while
chromite and nickel silicates and oxides will likely form on the 316 SS. Although it is not predicted in the
simulations, Cr,O3 will form to passivate the 316 steels.
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Figure 22. Results from the Geochemist’s Workbench steel titration model using the materials described
in Tables 2 — 4.

The impacts that the steel consumption rates from the model scenario shown in Figure 22 have on spent
fuel degradation are shown in Figure 23. For these FMDM runs, the steel consumption rates from the
Geochemist’s Workbench model were used to predict how the fuel degradation rate changes when the
different types of steels are consumed and the H, generation rates (equivalent to steel corrosion rates)
change.
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The FMDM results for the closed system case [Figure 23 (a)] show that the spent fuel degradation rate
remains around 30 times lower than for the case with no H; (dotted line) for as long as C-steel remains.
When the C-steel is completely consumed, the fuel degradation rate increases by approximately a factor of
10, but remains below the rate when no H; is generated due to the continued corrosion of 316 SS and
borated steel. For the open system case [Figure 23 (b)], a dramatic decrease in the fuel degradation rate is
predicted after about 100 years due to the accumulation of H, within the porous U(V1) alteration layer that
forms under the oxidizing conditions that prevail early in the modelled scenario. The build-up of H, within
the U(V1) layer is described in Section 4 above (see Figures 15 to 17).

It is unknown whether the H, accumulation process responsible for the sharp drop in fuel degradation rates
shown in Figure 23(b) and in Figures 15 to 17 above is a real phenomenon or an artifact of how the system
is modeled. This is clearly a significant uncertainty that must be clarified using carefully controlled
experimental techniques to quantify and distinguish surface properties and diffusion processes.
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Figure 23. Results from the FMDM runs using the results from the Geochemist’s Workbench steel
titration model (see Figures 21 and 22 above).

Steel coupon immersion tests provide useful information on mineralogy and the evolution of the chemical
system, but the Eh, pH and solution chemistry are not controlled during those tests and the surface
conditions can change significantly during tests with passivating materials. Johnson and King, 2003,
compiled a number of data sets with C-steel corrosion rates from coupon tests performed under conditions
anticipated in crystalline rock repository setting with a bentonite buffer material. The corrosion rates from
various coupon tests are summarized in Figure 24 and range from 0.1 g m2 yr to 1200 g m? yr™.



Spent Fuel Matrix Degradation and Canister Corrosion: Quantifying the Effect of Hydrogen
February 28, 2017 31

All tests performed in anaerobic, crystalline rock
groundwaters unless otherwise noted

. o |
10 E Low-C steel &
C ,—304L 300°C bentonite
r 11 porewater tests
" i[Z] [7]¢ (Caporuscio, 2016)
10° + bentanite
C IB] slurry tests A
i [4]
Steel i I [8]¢
- ‘I 1
Corrosion Rate 10 2 R - i“m
(gm-2yr-1) g
1 00_E (51 v i['l 1]
E [6] [12]
i bentonite
a Y water
10 ey

10° 107 100 10° 10 10°  10°
Test Duration(days)

Figure 24. C-steel corrosion rates in groundwaters typical of crystalline rock repository environments and
bentonite buffer materials (adapted from Johnson and King, 2003). [1] Simpson and Valloton (1986), [2]

Lanza and Ronseco (1986), [3] Simpson and Valloton (1986), [4] INC (2000), [5] DeBruyn et al. (1991),

[6] Marsh and Taylor (1988), [7] Simpson (1989), [8] Simpson (1989), [9] Miller et al. (1994), [10] Smart
etal., (2001), [11] Peat et al. (2001), [12] Smart et al. (2001).

The wide range of measured rates indicates coupon tests do not provide sufficiently accurate steel corrosion
rates. Corrosion rates derived from mass loss are average cumulative values for the test duration that do
not represent the effects of passivation that occurs within the first few days and can decrease the corrosion
rate by several orders of magnitude. The difference between the cumulative rates from immersion tests and
instantaneous rates measured with electrochemical methods is illustrated in Figure 25, where the green
curve shows hypothetical mass loss as corrosion occurs during a coupon corrosion test. At the end of the
test duration, the corroded material is removed from coupon to measure the mass loss and determine the
average corrosion rate. The majority of mass loss that occurred prior to passive stabilization dominates the
cumulative mass loss and the average rate. However, the instantaneous (Kkinetic) rate that is given by the
slope of the curve decreases significantly as the surface stabilizes and becomes much lower than the average
cumulative rate. The instantaneous rate that is measured directly as the corrosion current with
electrochemical methods is needed to calculate the H, generation rate in the FMDM, not the average rate
of the cumulative mass loss.
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Figure 25. Conceptual diagram showing how mass loss measurements of steel corrosion rates yield rates
that are significantly higher than the instantaneous rates relevant for repository process modeling.

Electrochemical tests provide corrosion rates under controlled environmental conditions and quantify the
effects of surface stabilization due to passivation and localized corrosion, such a pitting, that can only be
approximated in coupon immersion tests. Furthermore, electrochemical methods can measure rates on
the order of nanograms cm2 dX. The use of electrochemical methods would provide reliable corrosion
rates for durable EBS materials (including Zircaloy cladding) and provide dependencies on environmental
conditions that could be used to predict the long-term generation of H, and attenuation of fuel degradation
rates as the seepage water composition evolves.

For example, Figure 26a shows the polarization curves measured for a carbon steel, a stainless steel, and
Zircaloy-4 in a pH 4 solution using the ANL method as part of the DOE Nuclear Energy University Program
project DE-NE-IL-UIC-0203-02 (Ebert 2017). These materials show different corrosion behaviors: carbon
steel corrodes actively at very low potentials and does not passivate; stainless steel and Zircaloy-4 are noble
at potentials below about -0.2 V; 316L passivates at moderate potentials, but corrodes actively above about
0.5 V; Zircaloy-4 passivates to high potentials in the absence of chloride (as shown), but passivation breaks
down in the presence of even small amounts of chloride. (Note the difference in these profiles with that
represented in Figure 11b.) Figure 26b shows the corrosion currents measured in potentiostatic tests
conducted with these materials at potentials slightly above the Ecorr Values. The corrosion currents in tests
with Zircaloy-4 and 316L decrease as the surfaces are rapidly passivated in the pH 4 solution. Relative to
the currents measured for the freshly polished clean surfaces in the potentiodynamic scans, the corrosion
currents decrease about 1.5 and three orders of magnitude due to passivation of Zircaloy-4 and 316L,
respectively. The initial corrosion rate of 316 SS is 630 g m2 yr! (measured in the PD scan) but the steady
state rate of the stabilized surface appropriate for calculating H, generation in the FMDM is only 1.4 g m™
yrl. This is represented qualitatively in the model of King and Kolar, but a more quantitative model is
needed for reliable calculations in the FMDM.

The corrosion currents measured for the stabilized surfaces are appropriate for modeling the long-term H,
generation rates in the FMDM; the currents measured in the potentiodynamic scans are not. Note that the
low passivated rates for Zircaloy-4 and 316L were readily measured electrochemically, but these could not
have been measured by mass loss in coupon immersion tests. The corrosion behaviors and rates will be
different under different environmental conditions, and the differences must be taken into account in the
FMDM. The electrochemical method developed at ANL (Ebert and Gattu 2016, Ebert et al. 2017) can be
used to (1) measure corrosion rates for stabilized surfaces under controlled environmental conditions, (2)
characterize the electrical properties of the passivated surfaces to provide confidence in their long-term
stability, and (3) derive analytical expressions for key dependencies (Eh, pH, T, chloride concentration)
that are required to calculate H, generation rates in the FMDM.
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Figure 26. Results of electrochemical measurements at ANL for (a) potentiodynamic polarization and (b)
potentiostatic corrosion of carbon steel at -0.4 V and pH = 4, 316L stainless steel at 0.5 V and pH = 4, and
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6. RECOMMENDATIONS

A number of information gaps were identified for modeling the anoxic corrosion behavior of relevant steels
in repository-relevant conditions and the impact on spent fuel degradation rates. The magnitudes of the
impacts of these processes were summarized in Figure 13, which showed fuel degradation rate curves for
the cases in which no H; is generated (dotted line), for steel corrosion rates of 2 and 172 g m2 yr?, and for

the chemical dissolution rate. The high priority needs are summarized in Table 5.

Table 5. Information gaps identified as part of the present work.

Process

Issue and Data Needed

Experimental Approach

Long-term steel
corrosion and Hy
generation rates at
controlled Eh, pH, and
and CI.

Dissolution rates of
aged, high burn-up fuels
in the presence H, from
steel corrosion

The roles that the
porous corrosion layers
(formed on the fuel and
steel) play in the
kinetics of spent fuel
matrix degradation

Wide ranges of steel corrosion rates have been
measured from mass loss in coupon tests under
poorly controlled conditions; Those tests provide
average rates that do not distinguish rates before
and after passivation. Instantaneous steel
corrosion rates with environmental dependencies
(Eh, pH, CI-, T) are needed to calibrate and
validate the fuel matrix degradation model.

Based on canister design characteristics, it is
likely that much of the spent fuel in the
repository will not be exposed to groundwater
until > 1000 yr after repository closure. More
studies are needed on the dissolution rates of
actinide oxide materials that simulate “aged”
~1000 yr old fuel in the presence and absence of
Ha.

Sensitivity runs performed with the FMDM
(presented above) indicate that the presence of a
porous corrosion layer on the fuel surface will
facilitate accumulation of oxidants and
reductants (most importantly Hy) at the
fuel/solution interface to enhance the attenuating
effect. This process has not been confirmed or
quantified experimentally.

Electrochemical measurements of
steel corrosion rates and
dependencies on T, Eh, pH, and CI
conditions after passivation.

Synthesis of fission product and
actinide doped simfuel,
electrochemical measurements in the
presence and absence of corroding
steels

Generation of corrosion product
layers on fuel simulant and steels
under controlled conditions
(potentiostatic), corrosion rate
measurements under controlled
conditions with and without
corrosion product layer coupled with
solution analyses and microscopy.

Due the high sensitivity of the fuel degradation rate to steel corrosion rates, it is recommended that the
initial steel corrosion rate model be revised to include dependencies on environmental variables . Corrosion
rates of likely EBS materials should be measured under the anticipated range of relevant conditions to
derive analytical functions for key variables (Eh, pH, T, CI~ concentration) that can be used in the FMDM.
The scenario that needs to be studied involves post canister breaching conditions when the temperature will
likely be 40 °C or lower (beyond 1000 years) with an initial solution composition similar to that shown in
Table 4. The sensitivity of steel corrosion kinetics to environmental conditions is complex and should be
represented as accurately as possible in the FMDM.
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7. CONCLUSIONS

The objective of this study was to develop and test a process model for the degradation of uranium oxide
spent fuel based on fundamental thermodynamics, kinetics, and electrochemistry that can be directly
integrated into a repository performance assessment model. Because the model is based on fundamental
principles, it can be applied with confidence over geologic time scales. The main features of the fuel
degradation model discussed in this report are summarized in Figure 27. The one-dimensional
electrochemical/reactive transport FMDM was developed to meet this objective. The recent and on-going
work described in this report involved quantifying the role that H, produced from the anoxic corrosion of
steels plays in suppressing the oxidative dissolution of the fuel. To this end, an electrokinetic mixed
potential model for steel corrosion was added as a sub-model to the FMDM to calculate the amounts of H»
generated as various metallic components in a waste package corrode. Sensitivity calculations relating the
fuel degradation rate to the steel corrosion rates were performed to identify information gaps that need to
be addressed to fully couple, calibrate, and validate the models.

Fuel Matrix Degradation Model

Bulk SolutionDomain ' SteelDomaln
T, Eh, pH, [0,], [H,], [Fe?*], [CO5] Initial passivation model
from King & Kolar, 2003 -
‘ . '.R__epl.d:ce_with Vélidated ; Steel Corrosion
 Fuel degredation rate -_e,nedroc_hemicq[made]_ T |_Experiments

function(H,, Eh, pH, T, [x])

~Steel corrosion rate -
<ZZJ'.'fcau'o,\_/clc;'d'dmg . determines H, flux |
another major Hy source (?) e e G
[not currently in model] TELE S

Figure 27. Conceptual summary of the FMDM highlighting the main features discussed in this report.

The accomplishments and conclusions of this study are summarized as follows:

e Anelectro-kinetic mixed potential model for the corrosion of steels was coupled with the spent fuel
dissolution reactions. Modeling steel corrosion is a key part of the FMDM because it represents
the main source of H, within the breached canister. Previous work has shown that less than 1 mM
dissolved H, can suppress the oxidative dissolution of spent fuel under anticipated disposal
conditions (Jerden et al., 2015, Wu et al., 2014)

e Sensitivity runs with the FMDM and new steel corrosion module show that enough H; is produced
when the steel is corroding actively to inhibit the oxidative dissolution of the fuel and limit the rate
of fuel degradation to the chemical dissolution rate (which is 3 to 4 orders of magnitude lower than
the maximum oxidative dissolution rate).
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o Model results indicate lower steel corrosion rates due to passivation of the steel surface
will allow for significantly higher spent fuel degradation rates. This is because, under
anoxic conditions, the steel corrosion rate is directly proportional to the generation rate of
H..

o The amount of H, produced during passive steel corrosion is uncertain due to the lack of
experimental data on steel corrosion rates in repository-relevant conditions where the Eh
and pH are carefully controlled and monitored.

e The FMDM sensitivity runs reveal that, if the fuel-steel reaction-diffusion cell is treated as a
relatively open system, the build-up of the amount of H, needed to suppress the oxidative
dissolution of the fuel occurs relatively slowly and allows faster fuel dissolution during the early
time steps of the model. Under closed system conditions, the oxidative dissolution of the fuel can
be fully suppressed by corrosion of carbon steel at the rates that are commonly observed (~150 g
m2yrt). Given that canister breaches will likely be filled with ferrous corrosion products and given
the impervious nature of the surrounding bentonite buffer, the closed-system conditions are
representative of disposal conditions.

e The use of U(VI) solubility limits in the FMDM results in formation of a 100 — 1000 um thick
porous layer of alteration products on the fuel surface that leads to an accumulation of H. near the
fuel surface. This causes a decrease in fuel degradation rates even when the H, generation rate
(steel corrosion rate) is relatively low. This is due to the tortuosity of the porous U(VI) layer
slowing the diffusion of species through the layer leading to H, accumulation.

o It is not yet clear whether this process is real or an artifact of how the U(VI) layer is
modeled in the FMDM. Experiments in which the U(VI) alteration layer can be grown
under controlled Eh and pH conditions in the presence and absence of H, are needed to
determine if this is a real phenomenon.

e The FMDM was applied to two simple repository scenarios in which a breached spent fuel canister
containing relevant masses of carbon-steel, 316 stainless steel and borated steel were allowed to
corrode in a groundwater typical of a crystalline rock repository (Table 4), . Various steel corrosion
rates and starting oxidant concentrations were used and the Eh, pH and spent fuel corrosion rates
were calculated. The steel corrosion rates were held constant in the simple titration model
approach.

o It was found that the pH evolution is particularly sensitive to the starting O, concentration
in the solution. If it was assumed that the solution contained ~10 mM O; (residual from
canister emplacement and/or from the decomposition of radiolytic H,O), the pH decreased
from a starting value of 8 down to around 4, and then increased to 9 once the O, was
consumed. The H* consuming and generating reactions responsible for this behavior are
identified (Reactions 3 — 8). The initial pH decrease does not occur when the starting O
concentration is in the umolar range.

o When the FMDM is applied using the steel titration model results, it shows that the fuel
degradation rate will increase after carbon steel is consumed during the first few thousand
years leading to a decrease in the H, concentration and a corresponding increase in the fuel
degradation rate. This indicates that canisters containing relatively large amounts of carbon
steel will likely provide low radionuclide source terms because they will maintain high H.
concentrations for longer time periods.

e Comparison of the simple steel corrosion model currently used in the FMDM module with recent
electrochemical measurements indicates that model is not sufficient to accurately model long-term
fuel degradation. Electrochemical tests are needed to implement an improved steel passivation
model in the FMDM by providing data sets with which the model can be calibrated for metals that
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will be present in the EBS and for key environmental variables. The model and test protocol
developed at ANL for metal waste form degradation are probably suitable, but this should be
verified.

e Simulations show how the presence of metals that corrode at different rates can extend the time
over which H; generation will attenuate the fuel degradation rate. The materials used in the EBS
can be selected to benefit the long-term performance of disposed fuel based on their measured
corrosion behaviors and impacts on FMDM calculations.

e Preliminary electrochemical tests on the corrosion of Zircaloy-4 cladding suggest that this material
will provide another important source of H; that is not currently accounted for in the FMDM.
Including the H. generated during Zircaloy cladding corrosion on fuel degradation will benefit
performance assessments. More experimental work is needed to confirm and conceptualize how
Zircaloy corrosion could influence spent fuel degradation rates and measure the dependence on
environmental variables, particularly the chloride concentrations.
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