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DRY OXIDATION OF METAL

This section evaluates the dry oxidation of the candidate outer container for the MGDS planned at the
YM repository site. At the YM repository site, the DOE assessed that the oxidation of the candidate
outer container with air will be negligible (Stahl, 1993). The oxidation takes place under dry
conditions of relative humidity less than 70 percent. The oxide formed is considered to protect the
container against further oxidation. However, there is a potential that the oxide will grow
continuously at a constant rate and the oxidation will be highly localized. The unprotective, or the
localized, dry oxidation may lead to a much deeper oxidation than the current DOE assessment. The
deeper oxidation, in turn, may not guarantee the long-term container integrity in dry environments.

The oxide may become unprotective (porous, amorphous, defective, or other crystalline) as the oxide
grows. This transformation will allow easy mass transport in the oxide for the continuous oxide
growth. Localized dry oxidation includes internal oxidation and intergranular oxidation. In the
internal oxidation, the oxide forms as islands below the uniform oxide layer. In the intergranular
oxidation, the oxide forms preferentially along grain boundaries. The localized dry oxidation takes
place by mass transport through short-circuit diffusion paths, such as interfaces between metal and
oxide or grain boundaries. Therefore, the localized dry oxidation can be much deeper than the
uniform dry oxidation.

Literature data is available, showing the unprotective oxide, the internal oxidation, and the
intergranular oxidation, for iron-based engineering alloys (Grabke et al., 1991; data in Table (1)).
These sets of data were mostly obtained from tests above 600 C for less than one year. Based on this
data, the dry oxidation of candidate carbon steels (A516 Grade 55 and A387 Grade 22) is evaluated at
100 to 200 C for up to 10,000 years. The evaluation assums that iron oxides themselves are not
protective, which is a likely case. Effects of alloying elements are also evaluated. The reviewed non-
candidate engineering alloys have higher concentrations of alloying elements than candidate alloys.

The stress associated with volume expansion by oxide formation is calculated using the linear elastic
formula (McClintock, 1966). The volume expansion is about 30 percent in iron-based alloys. The
calculated stresses exceed fracture stresses of the alloys and their oxides. At lower temperatures, this
tendency is more likely because of less stress recovery. The original and modified Wagner criteria
(Nesbitt, 1989) suggest easier internal oxidation at lower temperatures, or with less amounts of
alloying elements. Shida and Moroishi criteria (Shida and Moroishi, 1992) suggests that the tendency
of intergranular oxidation would be insensitive to temperatures. However, less Cr in candidate alloys
would facilitate the intergranular oxidation. Less Cr will deplete Cr along grain boundaries faster,
which, in turn, allows faster oxygen transport.

Internal oxidation and intergranular oxidation are predicted quantitatively. For the predictions, kinetic
data for Fe-lMn and Fe-lMn-1C, Fe-lOCr-32Ni, and stainless steels above 600 C for less than one
year (Table (1)) are extrapolated to 150 and 200 C for 10,000 years. The extrapolation uses the
parabolic law from the Wagner theory. The calculation chooses the activation energy of 20.2
kcal/mol-K as a lower bound for the grain boundary diffusion of oxygen. This value is from 0.5
(assumed from Shida and Moroishi, 1992; Whittle et al., 1982; Shewmon, 1963) of the activation
energy for matrix diffusion of oxygen in gamma iron (Bergner, 1983). Table (1) shows that the
results, suggesting thin penetrations, a maximum of 188 Itm.
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Table (1). Data on Internal and Intergranular Oxidation and Their Extrapolated
Repository Conditions

Values under

Stainless Fe-lMn Fe-lOCr- Fe-2lCr- Stainless
Steels and 34Ni 32Ni steels of

Fe-1Mn-1C (varying Fe-2OCr-
Al l9Ni-4AI

addition) and
l _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ty p e 3 1 4

Mode Internal Internal Inter- Internal internal
granular (a)

Inter-
granular

(b)

Temperature 700 1000 600 900 1100
(C)

Time 1000 30 1000 3000 360
(hour)

Penetration 100 90 40 20 (a) 30
(Um) 90 (b)

Reference Otsuka Mayer Newcomb Shida and Tasovac,
and and and Moroishi, 1989

Fujikawa, Smeltzer, Stobbs, 1992
1991 1973 1991

|Psl 200 C 123 188 89 7 (a) 14
(pm) 32 (b)

150 C 35 53 25 2 (a) 4
I _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 9 (b )

*: Extrapolated penetration for 10,000 years.

However, the data quoted is obtained above 600 C at which mobile species include not only
interstitial oxygen ions but also substitutional metal ions. At lower temperatures, substitutional metal
ions are expected to be frozen. If only interstitial oxygen ions had been allowed to move, the actual
penetration could have been deeper than the case of simultaneous diffusion of oxygen ions and metal
ions.

To bound this fast penetration, the diffusion penetration of oxygen in grain boundaries is calculated at
150 and 200 C for 10,000 years. For the calculation, an existing mathematical model by Oishi and
Ichimura (1979) is used. This model calculates simultaneous oxygen diffusion in the matrix and along
the grain boundary in an infinite one dimensional body. Primary assumptions involved in this
formula are: (a) effects of external oxide are negligible; (b) oxygen diffuses in metallic phases near
the interface between grain boundary oxide and metal; and (c) oxygen also diffuses into metallic
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matrices from grain boundaries. This formula gives the distance of oxygen pentration in metal as

4 D, D1
n

2 )] 1/2 (1)

.rg gn= 4

where "D," is matrix diffusivity; 'Dg" is grain boundary diffusivity; "b" is the thickness of grain
boundary; and "rg" is grain radius.

The "b" value is -0.7 nm (assuming the value from Lobnig and others, 1992) and "rg" 10 gm for
cast steel (Ahn and Soo, 1983, 1984), and "D, = 5.75x104°'4° (Ik--IRT" from measurements for
oxygen interstitials in gamma iron (Kedves and Beke, 1983). The range of "Dg" values are available.
The activation energy of 'D." may vary from 0.5 to 0.8 of that of "D," from data on various metals
(assumed from Shida and Moroishi, 1992b; Whittle and others, 1982; Shewmon, 1963). Because
oxygen is interstitial, "D." and "D," are less distinctive compared with substitutionals. Nevertheless,
the lower-bound value of 0.5 is included because grain boundaries can open up because of the stress
buildup. The pre-exponential term of 'D." is determined assuming that the "Dg" value and the "D,"
value have a certain ratio at high temperatures. The (Dg/D1) varied from one to 105 (Lobnig and
others, 1992; Whittle and others, 1982) at 1000 C. This variation determines the pre-exponential
term in grain boundary diffusivity of oxygen, 'D.." The range of pre-exponential terms comes
strictly from data uncertainties rather than from uncertainties associated with diffusion processes.

In this formula, oxide formation was not considered for two reasons. The first is that oxide may
never form at repository temperatures. The oxygen diffusion may simply cause oxygen embrittlement
in a dissolved state. The second is that analytical solution is unlikely to exist with oxide formation
along grain boundaries and within matrices. In addition, the oxide formation kinetics is not known at
lower temperatures. The kinetics can be of non-diffusion. Certainly, numerical experiments can be
done for further clarification of these uncertainties. Slow diffusion in oxide could localize the
penetration more along grain boundaries. On the other hand, oxygen consumption in oxide could
localize the penetration less. Also, there would be a limited retardation of oxygen diffusion by the
external oxide. To bound these uncertainties, an extremely simple diffusion distance (square-root of
diffusivity x time) is also calculated. The calculation varies the activation energy from 20.2 to 32.2
kcal/mol-K.
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RADIONUCLIDE RELEASE

The calculation of radionuclide release in this progress report uses the base frame of the NRC
Iterartive Performance Assessmenst Phase 2 (IPA Phase 2) (NRC, 1995). Many subissues in
radionuclide release have been modeled newly and updated. These subissues include: (1) dry
oxidation of SF matrix to UO24 ; (2) dry oxidation of SF matrix to U30; (3) SF matrix dissolution;
(4) colloids; and (5) oxidation of cladding. A summary of the detailed subissue descriptions (Ahn,
1995a; Ahn, 1995b; Ahn, 1994) is given below. The radionuclide inventory, prompt release and
solubility limits are treated, following and using the schemes and values of IPA Phase 2. In
radionuclide transport, the previous modes of diffusion and advection are used. The diffusive release
through packing materials is added.

(1) Dry Oxidation of Spent Fuel (SF) Matrix to UO24

The SF matrix oxidizes with the oxygen in the air from U0 2 to U0 2.4 at temperatures below about
250 C (Einziger et al., 1992). This oxidation is called lower oxidation. The Pacific Northwest
Laboratory group has concluded that moisture (dew points • 80 C) has little or no effect on the dry
oxidation. The lower oxidation kinetics determines: (a) the surface area of the SF matrix. The
surface area governs radionuclide releases in both dry and aqueous environments; and (b) C-14
release kinetics in dry environments.

About three percent of the volume contraction accompanies the lower oxidation. By this volume
contraction, grain boundaries will be partially open (Einziger et al., 1992). The following aqueous
environments completely disintegrate partially open grain boundaries (Lawrence Livermore National
Laboratory, 1995). Consequently, a large surface area from individual grains will be exposed to
groundwater for the matrix dissolution. In dry environments, partially open grain boundaries will not
retard the release of radionuclides, mainly C-14, diffused out from the matrix.

C-14 can be released in the unoxidized SF matrix by solid-state atomic diffusion in both dry and
aqueous environments. Carbon diffusivity in the SF matrix has not been measured up to now.
Carbon diffusivity is considered close to oxygen diffusivity because their atomic numbers (i.e., atomic
radii) are close to each other. Oxygen diffusivity can be estimated from lower oxidation kinetics
because oxygen diffusion is rate-limiting in the lower oxidation. Therefore, as a conservative
approximation, lower oxidation kinetics can be regarded as carbon diffusion kinetics (Ahn, 1994).
Lower oxidation kinetics can be regarded as C-14 release kinetics, alternatively. Once the SF matrix
oxidizes to U0 24, C-14 release is considered very rapid. Therefore, lower oxidation kinetics itself is
rate-limiting for C-14 release. The solid-state diffusion of C-14 assumes that C-14 is present as
elemental or ionic form. Some of them are suspected to be present as compounds. The behavior of
these compounds is not yet known. However, if present, the compounds are likely to be immobile
because of their large sizes.

The lower oxidation kinetics has been measured experimentally (Einziger et al., 1992). The width of
the oxidized zone in an assumed spherical grain

w = (2k t)'2 (1)

where "k" is a rate constant (um 2l/hour) of 1.04xlO8exp(-24.0 kcal (mol-K)-'/RT)and "t" is time
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(hour). The mass transport within matrices was not coupled with grain boundary diffusion. The
grain boundary diffusion is so rapid that Eq.(1) represents the oxidation kinetics of individual grains.
The surface area of the SF matrix is the total surface area of all individual grains in the volume
derived by "w" in a spherical SF fragment. Conservatively, the amount of C-14 released is total C-
14 inventory in the same volume of the oxidized phase. In reality, C-14 diffusion in the unoxidized
matrix will be slower than oxygen diffusion in the oxidized phase. This is because oxide formation
consumes oxygen and oxygen diffuses faster in the oxidized phase. Alternatively, the C-14 diffusion
in the oxidized phase will not be instantaneous.

Although Eq.(1) is experimentally determined, it is not empirical. It has been understood that the
diffusion of interstitial oxygen is rate-limiting in the lower oxidation. Eq.(1) is a possible solution of
governing differential equations for diffusion in a sphere. There can be several solutions depending
on the choice of boundary conditions which are not known. Eq.(1) is a moving-boundary solution
(Crank, 1975). The Eq.(1) is conservative kinetics because large scatters of experimental data may
imply that real kinetics are slower.

(2) Dry Oxidation of Spent Fuel (SF) Matrix to U3O0

At temperatures above about 250 C, the SF matrix oxidizes with oxygen in air from UO2 thru U0 24
to U30 (Einziger et al., 1992). This oxidation is called higher oxidation. The higher oxidation
kinetics determines: (a) further increase of the surface area of the SF matrix and (b) release kinetics
of C-14, Cl-36, Tc-99, and I-129 by solid-state diffusion.

Higher oxidation accompanies about 36 percent volume expansion. This volume expansion creates a
large stress causing inter- and intra-granular fractures (Ahn, 1995a). Smaller individual subgrains
will be exposed to air or groundwater. The total surface area of all individual subgrains will be
larger than that of all individual grains. The shape of subgrain was assumed to be spherical. As the
SF matrix oxidizes to higher valency state such as U30., not only C-14 but also other heavier
radionuclides can be released by solid-state diffusion.

C-14 can diffuse out either instantaneously (Stacy and Goode, 1978; First, 1978) or following
diffusion kinetics in a sphere (Crank, 1975):

MJIM0. = 1 - 6/7r2 _ ElI/n2 exp(-Dm n2 ir2 t / r, 2)] (2)
n=1

where "M," and "M.," are total amounts of diffusing species at t and t = oo, "D." is the diffusivity,
and "r," is the subgrain radius.

In evaluating Eq.(2), the diffusivity can be obtained from the experimentally obtained time to
complete the lower oxidation (Ahn, 1995a; Crank, 1975). It is Dm = 0.6 rg2 [9.4xl04 (sec) exp(26.6
kcal (mol-K)Y1 RT)-1. "rg" is the grain radius. This diffusivity is strictly for oxygen in the unoxidized
matrix. The oxygen diffusivity is expected to decrease in an order of the lower oxide, the higher
oxide, and the unoxidized matrix (Ahn, 1994; Kofstad, 1972). Therefore, this diffusivity would be a
lower bound in relation to the upper bound of instantaneous release.

The diffusivities of Cl-36, Tc-99, and I-129 have not been measured. However, the Xe-133
diffusivity has been measured in the higher oxide (Lindner and Matzke, 1959). The Xe-133
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diffusivity is presumably slower than the diffusivities of CI-36, Tc-99, and I-129, because the atomic
radius of Xe-133 is larger than the rest. Therefore, Xe-133 diffusivity is used as a conservative
approximation. Dm for Xe-133 = L.5x1O1 (cm2/sec) exp (-18.6 keal (mol-K)-'/RT). This
approximation assumes that all these radionuclides exist as solid solutions. Some of Tc-99 is likely to
be present as intermetallic compounds (Thomas and Guenther, 1989). The compounds will be
essentially immobile. In addition, if the diffused radionuclides to the SF surface are not reactive with
air or groundwater, the radionuclides may duffuse back into the matrix. Tc-99 is likely to oxidize
with air (Gray and Wilson, 1995) but reactions of other radionucides with air or moisture are not
known. Therefore, this diffusion calculation provides a conservative estimate.

The initiation time for higher oxidation to U3Q, has been determined experimentally. It has been
approximated by splitting time of the cladding after U308 formation as

t24 + A = 1.56xlO- 9 (years) exp(44.1 kcal (mol-K)-1 /RT) (3)

The time includes the cladding fracture time and the U3O0 formation time. However, because these
times are short in laboratory time scales, Eq.(3) is used as 100 percent conversion time to U308 It
is more likely that there is a threshold temperature below which the initiation time becomes infinite
(Ahn, 1995a). Therefore, Eq.(3) provides a conservative estimate of U308 kinetics.

(3) SF Matrix Dissolution

Fission products and activated radionuclides normally have high solubility limits. The solubilities do
not limit the release of these radionuclides in anticipated replenishing groundwater. These
radionuclides include Tc-99, I-129, C-14 and Cl-36. Np-237 may belong to this category also,
depending on the chemistry and the flow rate of groundwater. These radionuclides are understood to
be released congruently to the dissolving SF matrix. Gray and Wilson have determined the inherent
dissolution rate of the SF matrix from flow-through tests (Gray and Wilson, 1995). The flow-through
tests use artificially high flow rates to eliminate secondary phases deposited on the SF surface. The
secondary phases may modify the dissolution rate of the SF matrix by masking the exposed surface
area.

In pure carbonate solutions, which may be an altered groundwater in near-field, the dissolution rate,
"R," is expressed as

log R = 9.310 + 0.142 log(CO3) - 16.7 log(P0 ) + 0.140 log(H)
- 2130/T + 6.811 log(T) log(P0 ) (4)

where "R" is in (mg m 2 day-'); "(CO3)" is carbonate ion concentration in moles/L; "P." oxygen
partial pressure in atom; and "- log(H)" is pH.

Normally, the groundwater at the YM repository site contains Si and Ca ions. With these ions, the
dissolution rate becomes slower by a few orders of magnitude than Eq.(4). In J-13 well water
containing these ions

R = (1.4 - 5.5)x10 4 exp(-8.2 kcal (mol-K)-'/RT) (5)
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This equation is obtained from data at 25 and 85 C (Gray, 1992; Ahn, 1995b). The rate increases
by a factor of 10 as temperature increases from 25 C to 85 C.

The secondary phases deposited on the surface may result in the slow release of dissolved ions by
diffusion constraint across the secondary-phase layer. In the presence of Ca and Si ions, however,
the effect of the secondary phases would be negligible (Ahn, 1995b) because the inherent dissolution
rate of Eq.(5) is slower than the diffusion rate. When Eq.(4) is used, the secondary phases would
slow the release of dissolved ions (Lichtner, 1994). In this case of retardation, the dissolution rate
may be written as

R = k (t + a)-"' (6)

where "K," "a," and "n" are constants determined by more rigorous methods (Lichtner, 1994).

Actual calculations can choose several combinations of Eqs.(4), (5), and (6). Currently, Eq.(4) is
combined to Eq.(6) and Eq.(5) is used separately as a user's choice. More generally, these three
equations can be combined in a series so that the slowest rate controls the overall kinetics.

In deriving these equations, radiation effects have not been considered. On the SF surface, alpha-
radiolysis may play a role in the matrix dissolution. Ahn (1995b) compared the dissolution rate from
the flow through tests to that from semi-static tests and suggested a slight increase of release in semi-
static tests. More pronounced radiolysis effects are expected in drip tests. The drip tests presumably
have stronger radiolysis effects because the leachate is present as a thin layer on the SF surface. The
recent drip test results of the Argonne National Laboratory (ANL), however, have not noticed this
radiolysis effect at a high drip rate of 0.75 mL/3.5 day (Bates et al., 1995). However, at lower drip
rates, the ANL staff could not compare drip test results to semi-static test results because the wet
surface area in drip tests is not known.

(4) Colloids

Actinides such as Pu-(239+240) and Am-241 have low solubility limits. Current DOE TSPA
assumes that the dissolved actinides are positively charged. Their sorption capacity in host rocks is
large enough to be retarded in the host rock during their transport (TRW Environmental Safety Inc.,
1995). Therefore, all dissolved actinides would not be released to the accessible environment.
However, recent experimental and analytical assessments suggest that this assumption is not valid
(Kim,1986; Ahn, 1995b). Actinide ions may be present as a suspension of complexes or particles.
These suspended complexes and particles are called colloids. Colloids are not always positively
charged. Consequently, the sorption coefficients can be very small. The actinide inventory in spent
fuels is very large in terms of dose. Even if a small fraction of this inventory is released, the
contribution to the dose in the accessible environment can be significant. The contribution of
actinides can be dominant over that of other radionuclides.

Three different processes for colloid formation are identified in SF dissolutions (Ahn, 1995b):

(a) condensation process

Condensation denotes the formation of nuclei when the groundwater becomes supersaturated with
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respect to a given species. The supersaturation arrives whenever the mass from the SF dissolution is
more than that for the growth of secondary phases including existing colloids. Often, the
groundwater replenishment induces this imbalance because the replenishment decreases the surface
areas for the growth of radionuclide layers on existing colloids. Therefore, nuclei can form
continuously. The condensation can take place homogeneously in leachates or heterogeneously on the
fresh surface of groundwater colloids.

(b) dispersion process

Dispersion involves the breakup of solid (or condensed) material. This process may occur during
physical and chemical weathering. Among vastly different mechanisms involved in dispersion, two
types of disintegration have been considered in SF dissolution. The first arises from the disintegration
of unstable precipitates of secondary phases. The second arises from the intergranular preferential
dissolution of SF matrices, leaving individual grains in leachates.

(c) pseudo-colloid formation

Pseudo-colloids form by radionuclides released from spent fuel sorbing onto groundwater colloids.
Traditionally, instantaneous reversible linear sorption has been considered to determine the total
amount of radionuclides sorbed onto the colloidal phase. J-13 well water is generally known to have
0.01 to 1 jig/ml groundwater colloids [Yucca Mountain Site Characterization Colloid Workshop,
1993]. Additional pseudo-colloids may form from the above (a) condensation process. Radionuclides
can nucleate heterogeneously and grow on the surface of groundwater colloids. The heterogeneous
nucleation and growth can result in much more radionuclides associated with groundwater colloids
than the sorption does.

Currently, the technical community of HLW is convinced that colloids form during the SF
dissolution. However, it is unknown whether the suspension of these colloids will be stable and
mobile. As time elapses, colloids may flocculate or grow, and may settle down. Additionally, the
colloid transport in near- and far-field is not convinced. The relation among SF surface area, leachate
volume, and flow rate suggests the colloidal stability (Ahn, 1995b). The relation for stable
suspension is likely to be present in the repository. Even if colloids grow and settle down, they may
still be mobile. For instance, the settled colloids can be washed by groundwater flow through vertical
fracture paths of host rocks.

Colloid transport is also complicated. In the laboratory column tests, German scientists observed
more than 70 percent penetration of colloids through German host rocks (Kim et al., 1996). Because
colloid transport depends largely on surface charge properties, colloids may behave differently at the
YM site. Additionally, colloids formed from the condensation or the sorption process may redissolve
to be absorbed in host rocks. Nevertheless, overall current uncertainties do not preclude the colloid
issue in performance assessments. For instance, colloids formed from dispersion process may still
survive in far-field because the dissolution rate of secondary phases is very slow. Also, redissolved
colloids may form anionic complexes as a secondary source term.

Quantitative assessments of colloids require time integrations. As time elapses, colloids may
accumulate in the near-field. Although unit equations for each process are developed (Ahn, 1995b),
numerical experiments of dynamic mass balance in geologic periods have not been performed. These
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numerical experiments will provide time-dependent amounts of radionuclides associated with colloids.
Here, radionuclide releases associated with colloids are presented in (Ci/ml) that is a dimension of
equilibrium values. These apparent values are obtained from drip tests (Bates et al., 1995) and
immersion tests (Wilson, 1990) in laboratory time scales. More accurately, in longer periods, results
from numerical experiments should be used.

(5) Oxidation of Cladding

Cladding has activated radionuclides, C-14, by the transmutation of impurity nitrogen. Most of this
C-14 will be released slowly over time. C-14 diffusion in unoxidized cladding is assessed to be very
slow (Ahn, 1994). However, once the cladding is oxidized, C-14 release will be rapid. Therefore,
the rate limiting step for the C-14 release from cladding will be the cladding oxidation. This type of
C-14 release assumes C-14 as solid solution. Any compounds, if present during the performance,
will be likely to be immobile. Therefore, the diffusion assessment is a conservative approach.
Recent reviews of the dry oxidation of Zircaloy (Einziger, 1994) suggest that the long-term oxidation
kinetics is best described by

Aw = 75.3 exp(-556/T) + 1.12xlOs exp(-12,529M t(day) (7)

where "Aw" is weight gain (mg/dm2).

This formula applies not only to dry oxidation with oxygen in air, but also to uniform aqueous
corrosion. However, in aqueous environments, other corrosion modes such as crevice corrosion may
release C-14 rapidly by the fast cladding dissolution. Currently, no assessment has been made for the
localized aqueous corrosion of Zircaloy.

Besides this slow release, a portion of C-14 in cladding will be released promptly from oxides formed
during reactor operation. This oxide is not very thin because the reactor operates at a higher
temperature of about 350 C for a prolonged period of about three years. Smith and Baldwin obtained
a formula for diffusion in a semi-infinite body (Smith and Baldwin, 1993). From the formula, the
rate of cumulative C-14 release is

d Rj/ dt = Dz," C, / 7rT2 t"/2 (8)

where 'R." is the cumulative C-14 release (Ci/cm2-sec), "Di" is the effective C-14 diffusivity
(cm2/sec), and "C." is C-14 inventory (Ci/cm2).

A regression using data for post-transition oxides is made to obtain "D." values. Pre-transition oxides
are compact and formed initially. Then, porous post-transition oxides form on top of pre-transition
oxides. At 350 C, the post-transition oxides are dominant. The regression results in D. = 0.79 x
exp (-22.5 kcal (mol-K)-1 /RT) cm2/sec.
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