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CREVICE CORROSION & PITT ING OF HIGH-LEVEL WASTE CONTAINERS
INTEGRATION OF DETERMINISTIC & PROBABILISTIC MODELS

‘Joscph C. Farmer _and R. Daniel McCright
Lawrence Livermore National Laboratory
Livermore, California 94550

_ ABSTRACT |
A key component of the Engmcerod Ban‘ier System (EBS) bcing designed for containment of

spent-fuel and high-level waste at the proposed geological repository at Yucca Mountain, Nevada is &
two-layer canister. In this particular design, the inner barrier is made of & corrosion resistant material

(CRM) such as A.lloy 625 or C-22, while the outer barrier is made of a corrosion-allowance material

(CAM) such as carbon steel or Monel 400. An integrated predictive model is being developed to
account for the effects of localized environmental conditions in the CRM-CAM crevice on the initiation
and propagation of pits through the CRM. .
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A key component of the Engmeerod Barrier System (EBS) being designed for containment of
spent-fuel and high-level waste at the proposed geological repository at Yucca Mountain, Nevada is a
two-layer canister. In this particular design, the inner barrier is made of & corrosion resistant material -
(CRM) such as Alloy 625 or C-22, while the outer barrier is made of a corrosion-allowance material
(CAM) such as carbon steel or Monel 400, Initially, the containers will be hot and dry due to the heat
gencrated by radioactive decay. However, eventually the temperature will drop to levels where both -
humid air and. -aqueous phase corrosion will be possible. As the outer barmier is penetrated, the
possﬁullty for crevice formation between the CAM and CRM will exist. In the case of Alloys 625 and
C-22, it is evident that a crevice will have to form before significant penetration of the CRM can occur.
Integrated predictive models are being developed to account for the effects of localized environment in
the crevice on pit initiation and propagation. For example, a deterministic calculation is used to estimate
the concentration of accumulated hydrogen ions (pH suppression) in the crevice due to hydrolysis
reactions of dissolved iron, nickel and chromium. Sufficient chloride must then be transported into the
crevice by diffusion and electromigration to satisfy conditions of electroneutrality. Pit initiation and
growth within the crevice is then dealt with by either a probabilistic model, or an equivalent
deterministic model. The deterministic model is based upon simultaneous integration of the rate
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expressions for pit embryo formation, the rate of stable pit formation from embryos, and the time-
dependent rate of pit propagation.

A plausible scenario has been developed. First, penetration of the outer barrier (CAM) will occur
due to humid air corrosion or aqueous corrosion. The inner barrier (CRM) will then be exposed in
patches, with formation of a crevice between the CAM and CRM. Crevice regions surrounding the
exposed patches can be subdivided into three types of generic zones. Zone I: areas where the CRM will
be directly exposed to the NFE, via humid air or a thin layer of oxygenated and acidified water. Zone 2:
areas where the CRM will be exposed to a thin layer of acidified water, with a gradient in oxygen
concentration. Zone 3: areas where the CRM will be exposed to a thin layer of acidified and
deoxygenated water. The corrosion phenomena in these zones may progress through two distinct
phases. Phase I: general corrosion of the crevice wall formed by the CAM. Phase 2. localized
corrosion of the crevice wall formed by the CRM The three genenc zones are illustrated in Figure 1.

The crevice corrosion of Alloy 625 under conditions similar to those expected during Phase 2 has
been well documented. For example, Lillard and Scully have induced crevice corrosion in chlorinated
ASTM artificial sea water and documented the attack with photographs [1]. Asphahani has observed
that the corrosive dissolution rates of several high-performance alloys, including Alloy 625, are
accelerated in FeCly solutions [23]. Frequently, FeCl; solutions are used to simulate the harsh
conditions found in crevices. Jones and Wilde have prepared solutions of FeCl,, NiCl, and CrCl,, and
measured substantial pH suppression [4]. Under such harsh conditions, one would expect enhanced
rates of pit initiation and propagation, as well as intergranular corroslon. In less severe condmons' R
without FeCls, no significant attack has been observed [5 6] ' :

In regard to Total System Performance Analysis (TSPA) of the repository proposed for

construction at Yucca Mountain, it is prudent to account for the harsh localized environment that may
exist in' the crevice separating the inner and outer barriers. A relatively detailed deterministic crevice
model has been developed to calculate: (a) potenttal and current distributions; (b) local penetration rates;
and (c) transient concentrations of various species. Concentration profiles predicted by the model
include those of: dissolved oxygen; dissolved iron, nickel, chromium, and molybdenum, hydrogen ions
generated by the hydrolysis of dissolved metal ions; and aggressxve anions such as chloride. The
accumulation of H* in the crevice will cause significant suppression of the pH. Since electroneutrality
must be maintained, sufficient CI' must be transported into the crevice to balance the charge of
accumulated hydrogen jons. These interfacial effects will “set the stage” for localized attack of the
CRM by pitting and intergranular corrosion. Reasonable estimates of H' and CI” concentrations in the
CAM-CRM crevice have facilitated apphcauon of other corrosion models at this boundary, including a
probabilistic pitting model which has been used to predict the nucleation and growth of pits on the CRM
during Phase 2. This model is similar to those discussed by Shibata (7,8] and Henshall [9-11].
However, enhancements were needed to enable the calculatxons to account for the effects of pH on
pitting. :



CREVICE CORROSION MODEL
_Crevice Chemistry

As discussed by Oldfield and Sutton, metal ions produced by anodic dissolution are assumed to
undergo the following hydrolysis reactions [12}: '

Fe* + H,0«—> Fe(OH)" + H' O a
Fe* +H,oﬁ7> Fe(OH)* + H' @
Ni?* 4 HOE Ni(onj‘ +H 6
cr* +HO<——-)Cr(0 » 4 H | - 4)
Cr(OH)* + H,0<5— Cr(OH): + H' Y. 5)

Relevant equilibrium constants are defined as follows [12,13]:

Kf"=[Fe(0[::]IH+] e
.= IN'(([),I;Z:]IF] o - ®
K= [C'(([)C,:]Iml e

cromy: & | |
ka = rerom® - (10)

If the dissolved metals exceed thc solublllty lumts, preclpltatlon wﬂl occur:

Fe(OH), ()« Fe” +20H" (11)



Ni(OH), (s)(-—x’:»Ni” +20H" | (12)
Cr(OH), (s) «—5—>Cr™ +30H" o | | 13

The corresponding solubility products are:

K, =[Fe*Jor | o | (i4)
K,; =[N Jor| - s
K,y =[crJorT o 16)

It is assumed that anodic dissolution reactions are depolanzed by the cathodlc reduction of dxssolved
oxygen or hydrogen evolution [14).

Hydrogen Ion Generation Rate
Hydrolysis reactions of various dissolved metal ions will result in pH suppression within the

crevice. In order to quantify this effect, it is necessary to account for the net accumulation of hydrogen
ions. The corresponding mass balance is: .
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In the present model, the effects of hexavalent chromium and molybdenum on pH are assumed to be
insignificant. The quantity of hydrogen ions generated by the hydrolysis of dnvalent iron ions produced
during the dissolution of either the CAM or CRM is:

[#"),..q) = A PeCOm, k) +{ Fe(OH)"] )

The dlssolvod Fe?* can be converted to Fe’ * by: (I) microbial action; (u) oxxdatlon by naturally
occurring MnO, or other oxidants; or (ii) anodic oxidation. Once formed, it is assumed that Fe** can
-also undergo hydrolysis. The quantity of hydrogen ions produced by this reaction is:

[#" ) = [Fet0EY*] N

Dissolution of the CRM will produce divalent nickel and trivalent chromium ions, in addition to divalent
iron ions. The equations for the divalent nickel are analogous to those for the divalent iron:
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The equations for the trivalent chromium are similar to those for the trivalent iron:

=3[Cr(0H),](s)+2[Cr(om;]+[cr(bﬂ)’f] o | | (21)

[H’ ]Cr(lll)

Hydrogen ions lost due to hydrogen evolution and the cathodic reduction jof oxygen are represented by:
- 87, =2[H)] | | o N @
(&), =4[0)] . " - (23)

Equations 18 through 23 are substituted into Equation 17. ’l‘he concentrations of soluble hydrolysns
products are then expressed in terms of (H'] and the concentrations of unhydrolyzed metal jons. The
result is then differentiated with respect to time to ylcld thc followmg H generatlon rate: ,

{ w dFe] | K d[Fe”'] K, 4~.=*J K, d[cr”] 2K,.K,,4[Cr”] d[H] 45[_1}
PO | B G N i B 6 I 3 |
dt o {HK,.,[FeJ+ | Fe ]+K,,[AF"]+K,,[CrJ 4K,,K,J[cf- ]}

[ a0 N . A ) B o) N L Y

The consumption of H' by hydrogen evolution and cathodic oxygen reduction is accounted for. Since
the H' generation rate approaches zero as [H+] and the concentrations of unhydrolyzed metal ions
approach infinity (large values), the extent of pH suppression in the crevice is limited. If solubility
limits are exceeded, Fe(OH),, Nl(OH)z and Cr(OH); precipitates are assumed to form. -Under these
conditions, the H® generation rate is proportional to the rates of precipitation, which are, duectly related
to the rates of dissolution. The hydrolysis equilibrium constants can be found in the Literature [12,13].

_An alternative strategy can be used to estimate pH suppression in the crevice. In this case, it is
assumed that acidification of the crevice solution is limited by the transport of CI” into the crevice,
instead of being limited by H' generation and transport out of the crevice. As discussed by Pickering
and others, CI' will be driven into the crevice by the potential gradient. Afier the CI” concentration is
established, the H' concentration can be detcrmmed with the equation for electroncutrahty The roots
of the resulting polynomial in [H') determine the pH.

Transient Concentrations

Attention is now directed to transport in the crevice separating the CAM and CRM. As
discussed by Newman, fluxes of ions are estimated with thc Nernst-Planck equation, whlch governs
clectromigration, diffusion, and convective transport (15]:



Ny =-z,u,Fe,V®~ D, V¢, +vc, | 24)

where N, is the flux, z is the charge, u;v is the mobility, -cl is the concentration and D, is the diffusivity of
the i-th ion; @ is the potential in the electrolyte; and v is the convective velocity of the clecu'olyte The
current density is then defined in terms of the flux: '

. ‘: = _F2 V@ZZ}“,C, - FZZiDlvcf oo ) . (25)
[} i

In cases with strong supporting electrolyte, the electromigration term can be ignoréd. Transients in
concentration can be dealt with through application of Equation 26:

where R; is ‘the (apparent) homogeneous rate. Note that the conccntratmn of dissolved iron is assumed
to include all dissolved species, including Fe¥*, Fe** , Fe(OH)" and Fe(OH) Similar assumptions are
made for other dissolved metals, The hypcrbohc partlal differential equations (PDEs) that describe the
transport of such reactive species in the crevice can be solved numerically. Both the Crank-Nicholson
and the exphcxt’ methods have been used [16, 17] The assumed BCs unply that the concentrations are
zero at the crevice mouth (NFE), and that crevices are symmetric about a mirror plane where the flux is
zero. The BCs for H' and dissolved O, are slightly different in that non-zero concentrations are assigned
at the crevice mouth. '

Current and Potential

‘The PDEs that define transient concentrations in the crevice require determination of the
potential gradient, as well as the (apparent) homogeneous rates. First, the axial current density along the
length of the crevice, iy(x), is calculated by integrating the wall current density, i,(x): '

j‘i (e

)= B I )

where L is the maximum crevice depth and h(x) is the separatxon between the two crevice walls at
position (x). The electrode potential along the length of the crevice, E(x), can then be calculated from
iy(x):

E()= [ p(x) 4, (x)dx | @

where p(x) is the mwtmty of the crevice solutxon at posmon (x) This techmque is very sum!ar to that
employed in other published models [18-20].



 PITTING MODELS
Pubhshed Models

Crevnce corrosion w:ll result in actdxﬁcatxon of the electrolyte and a correspondmg elevatxon in

CI' concentration.  This harsh localized environment may cause pitting, as well as -intergranular .

corrosion. Several pitting models have been reviewed in detail by the author [21]. Those for pit-
initiation include: the halide nuclei theory by Okada [22,23]; the point defect model by Chao, Lin and
McDonald [24]; the electrostriction model by Sato [25); and the stochastic probability model by Shibata
[7.8). Models for pit propagation include: the Pickering-Frankenthal model [26], which assumes passive
walls and an active base; the Galvele modification of the Pickering-Frankenthal model [27], which
accounts for the effects of metal ion hydrolysis on pH suppression; and the Beck-Alkire model, which
deals with a hemispherical pit.covered by a thin, resistive halide film [28]. Henshall was the first to
apply probabilistic pitting s models to the performance assessment of high-level waste containers [5-1 l]

Probabilistic Pitting Model

The probabilistic model developed here for pitting of the CRM divides the container surface into
& two-dimensional (2D) array of hypothetical cells, where probabilities for the transition from one
pitting state to another can be assigned [29]. Nucleation or death of & pit embryo is determined by
comparing random numbers, generated by a power residue method, to an envuonment—dependent birth
or death probability, respectively. After a pit embryo reaches a critical age, it is assumed to become a
stable pit. This approach has already been explored for modeling pit initiation and growth on high-level
waste containers by Henshall [9-11]. However, the Henshall model requires additional work to enable it
to deal with important environmental parameters, such as pH. This model assumes that the birth and
death probabilities are functions of potential, chloride concentration, and temperature alone. More
specifically, the effect of pH is not accounted for. Furthermore, it is necessary to assume that the birth
probability decays exponentially with time in order to obtain a reasonably shaped distribution of pit
depths, the number of pits verses depth. Ideally, the birth rate (or birth probability) should be time
invariant in such a mechanistic model. Finally, the functions used for calculating 4he birth and death
probabilities could have values much greater than unity (>>1), though the code limited the values to one
(< 1). Itis better to use probability expressions where all calculated values lie between zero and one, as
done by Shibata {8]. This feature has now been incorporated into the probabilistic pitting model
described here. Based upon empirical observations regarding the roles of CI' and E-E;, on pit initiation
(birth), as well as empirical observations regarding the roles of OH" and E-E,,; on repasslvatzon (death),
the following equations are assumed for the rates of embryo birth and death:

.. 1.=&[Cl']exd[a;;1, (E Em)) | - R ' (29).

)) S 6y

pl = #0 [OH-] exp[ RT




where [CI] is the concentration of the chloride anion; [OH] is the concentration of the hydroxyl anion;
F is Faraday’s constant; R is the universal gas constant; T is the absolute temperature; E is the
electrochemical potential applied to the surface; Egy is the critical pitting potential; E,, is the
repassivation potential; a, and o, are constants; and A, and p, are intrinsic rate constants for the birth
and death of embryos, respectively. It is evident that the proposed model involves competitive
adsorption of CI' and OH', which is consistent with the discussion by Strehblow and others [30). The
rate of converting an embryo into a stable pit is defined here as the transition rate, v;. This conversion -
process 15 assumed to be thermally actlvated and govemed by the Ahrenius rate law e

| (=ro§xp( %) = | - f | 6N |

where A, is the apparent actvauon energy and 7, is the intrinsic rate constant. In lieu of a tmnsmon rate,
an induction or incubation time can be used. The induction time, 1,, is the age that an embryo must
reach before it can become a stable pit. This quantity is also assumed to obey an Ahrenius-like
expression.

where A1 is the apparent actxvatxon energy and T is the mtrms1c mductlon time. As described by.

~ Shibata [Eqns. 63 & 64, Ref. 8], the birth probabxhty ina smgle cell (0 <A<l)is calculated from the

rateasfollows
Ale"-"7 o o ey
The death and transmon probabtlmes are calculated ina sumlar manner. | o |
'Y‘—f,l:"e”'a.f R B S . _l35)‘
At a given time step, an embryo wxll bebomina vacant cell if the following criteria are lxlet:
‘RwDsE2 o R €

where RND is a random number. The random number embodies the stochastlc nature of plttmg events
on the surface Similarly, an existing embryo will die if: .

RND< u . ’ &Y))

An eniblyo will become a stable pit if one of the following cntena are met:



RND<y . 38
Tope 27, . S | ,(39)

where 1, is the age of the embryo under consxdera.tlon It was recogmzed by Henshall that it is
necessary to let the birth probability decay with time to obtain & symmetric distribution of pits centered
at the mean pit depth. However, model parameters such as the birth probability : should be time invariant.
An expression for the birth probability is proposed that accomplishes the same end as Henshall’s
formulation, and avoids explicit use of time as an independent variable. ,

a=a(46, exp[-Ba,]) D TR R -7(40)

where A and B are constants, 0p is the fractional coveragc of the surface by stablc pits, and n is the
exponent of 6. The ability of such “shape factors” to mimic observed pit distributions may be related to
implicit memory effects recognized by Scully and others [31]. Determination of the distribution of pit
depths requires calculation of the pit penetration, d, which is a function of pit age, Te.. The
corresponding penetration rate can be assumed to be limited by either diffusion or electromigration.
Both cases yield a square-root dependence of the pit depth on time. Diffusion-limited penetration will
be discussed briefly in the following section. Hcrc for the sake of illustration, the penctranon is
assumed to obey the followmg empmcal exprwsxon : , :

- a=fPKT, e .   (41) 
where the rate constant, K, is defined as:

K= K[HYE - E.) @

where Ky is a constant, [H'] is the hydrogen ion ooncentratxon, E is thc applied voltage; and Eqit is the
critical pitting potential. It should be noted that this _expression implies growth driven by the electric
field. Future pitting calculations should use assumptmns that are more consistent with those implicit in
the crevice model, such as the assumption of a strong supporting electrolyte. It must be noted that the
pit can “die” if the depth becomes so great that the current density at the base of the pit falls below the
passive current density. The importance of such “stlﬂxng has also been pointed out by Scully [31]. In
the case of pit propagation in carbon steel, Marsh gives the following criteria based upon the passive
current density, iy, [32]: L S

i pass < DaC(x,:)|
4F ox

43)

|x-0

It was noted that careful measurements of i, are required for any theoretical analysis.



Deterministic Pitting Model

A deterministic model has been formulated by the author, and can also be used to predict the
transients in vacancy, embryo, and stable pit density [29]. This model gives results comparable to the
stochastic pitting model proposed by Shibata, and was motivated by the similarity between adsorption
kinetics and the transition probabllmes for birth and death presented by Shibata [8). The fractions of the
surface covered by vacanczes, embryos and stable pxts must sum to one.

8;+6,+6,=1 - I )

where 0, is the fraction of the surface covered by embryos, By is the fraction of the surface that remains
vacant, and @, is the fraction of the surface covered by stable pits. The accumulation rate of plt embryos
on the surface is determined by the difference in birth and death rates.

o m[cr]'(t 05 -0~ km[Ofrl‘os e ay

where ky;q is analogous t0 Ay, Kges iS analogous to p,, and- k,m is analogous to v;. Consistent with
experience, CI' is assumed to promote formation of pit embryos, while OH is assumed to promote
repassivation and embryo death. It is evident that this proposed model involves competitive adsorption
of CI' and OH, which is also consistent with the discussion by Strehblow and others [30]. There is no
induction time per se. The accumulation rate of stable pits on the surface is then proportional to the
fractional coverage of the surface by embryos.

de, | |
=k,,0
a 5 | . (46)
This rate expression assumes that a stable pit evolves from a single embryo. In reality, several embryos
may coalesce to form a pit. Thus, the dependenoe of the pit generation rate on 8 may not be first order.
Coalescence of “n” embryos would give rise to an “n-th order” rate expressmn. These two first-order,

ordinary differential equations can be solved simultaneously by numeric integration \mth a founh—order
Runge—Kutta algonthm 4 . o '

SEMI-EMPIRICAL MODELS

The simplest model for predicting crevice corrosion of the inner barrier is serm—empmcal though
it clearly ignores the possibility for cessation of localized corrosive attack. In genera.l the peneu'atlon
should obey the following power-law expression:

dd() S @
ty |

10



where d, is the penctration depth at time t,, d is s the penetmtxon depth at time t, and n is the power of the
growth law. The special case with n ~ 1/2 corresponds to the well-known Sand equation, which assumes
a diffusion-limited electrochemical process.

Data pubhshed by Asphaham [2,3] and oomplled by Gdowslu [33] has been used to estabhsh the -
following empirical correlations for Alloys 625 and C-22 in sxmulated crevice solutions with 10 wt. %
FCCl3 . . :

In('¥) = In(381) — 2.4010 001 x 10-"(T-‘2;,) - 2_.3662 274 x 10°(T - 1;)"’ (48)
In(¥) = 1n(025) - 12374 959 10°(T - T;) - 29368 571x10%(T - )" @

where T is the absolute temperature and T, is the reference temperatute of 298 K. The parameter ¥ i is
defined as follows o

‘*’-77 | I . - C0

Equations 48 and 49 and similar correlations for other alloys were used calculate the values of ‘¥ plotted
in Figure 2. Predicted penetrations for Alloys 625 and C-22 at several temperature levels between 20
and 100°C are shown in Figures 3 and 4, respectively. After 10,000 years at 80°C, the predicted
penetration of Alloy C-22 does not exceed the thxckness of the inner barrier wall (2 cm).

RESULTS ,

Predicted Environment in Crevice

The Crank-Nicholson method was used to calculate concentratlon proﬁles during Phase 1 crevnoe
oorrosmn, as shown in Figure 5. Soluble iron species included in the calculation were Fe? , * Fe?
Fe(OH)** and Fe(OH)'. All precipitated iron is assumed to be Fe(OH),. Fnrthenpore, it'is assumed
that: (g) the temperamre is 90°C or 363 K; the potential at the mouth of the crevice is at +10 mV relatxve
to the corrosion potential of Alloy 516, the assumed CAM,; the solution oonductmty is 50,000 pS cm™;
and the diffusion coefficient of all dissolved species is approximately 1 0x10° cm? sec’’. Roy et al. have
measured relevant corrosion, pitting and repassivation potentials for Alloys 516, 825, 625 and C-22 [34- .
36). Results at 0, 600, 1200, 1800, 2400 and 3000 seconds are presented, though calculations were done
at intervals of 1 second. The peak in the iron concentration near the crevice mouth is due to the
combined effects of a potennal that decays with increasing crevice depth'(x), and the assumed BC of
zero concentration at the crevice mouth Results obtamed mth the expllcxt method are 1dentlca.l

Calculations for Phase 2 crevice corrosion -of Alloy 625 are shown in Figures 6 through 10
Transients in the total concentration of dissolved iron are shown at 0, 600, 1200, 1800 2400, 3000 and
3600 seconds Assumed dissolved metal species included i in the calculation are Fe**, Fe(OH)", Fe**,
Fe(OH)™, Ni**, Ni(OH)", Cr**, Cr(OH)** Cr(or{)2 and Mo™*. Precipitates are assumed to be Fe(OH),,
Ni(OH),, Cr(OH), and Mo{OH);. Furthermore, it is assumed that: (a) the temperature is 90°C or 363 K;



the potential at the mouth of the crevice is at +100 mVrelanvenothepltungpotenual of Alloy 625, the
assumed CRM; the solution conductivity i 1s 1000 S cm™; and the diffusion coefficient of all dissolved
species is approximately 1.9x10* cm? sec™. Based upon "the work of Roy et al., the pitting potential is
assumed to be +689 mV vs. SCE. As shown in Figures 6 through 8, the concentrations of dissolved
metals rise sharply from zero at the crevice mouth to peakvalucs inside the crevice (~0.3 cm). Recall that
the concentrations are assumed to be zero at the crevice mouth. At large distances into the crevice (~0.9
cm), the concentrations fall from the peak values to plateans. Since H* is generated by the hydrolysis of
iron, nickel and chromium, and since it is transported in a similar fashion, its transient concentration
profiles (not shown) track those of the dissolved metals. Figure 9 shows the pH profiles that correspond
to Figures 6 through 8. In this particular case, it is concluded that reasonable pH values for the crevice
solution lie between 2.8 and 3.2 during Phase 2. The concentrations of dissolved metal ions and H* are
used to calculate C1™ concentration (not shown). Altematively, the C1° concentration could be calculated
directly from the potential, as suggested by Pickering and Frankenthal [26], as well as Galvele [27]. As
shown in Figure 10, the potcntxal drops to more cathodic values as the distance into the crevice increases.
The applied potential at the crevice mouth is assumed to be +1,030 mV vs. NHE (+789 mV vs. SCE). At
adepth of 1 cm, the predicted potential is somewhere between +870 and +910 mV vs. NHE (+630 and
+670 mV vs. SCE). The oscillations in the potential profiles are due to the antagonistic effects of chloride
and potential on the anodic current density at the crevice wall. More specifically, the anodic current due to
localized attack is driven by the difference between the electrode potential, E, and the pitting potential, E_,.
The pxttmg potenual is assumed to obcy the expressmn gwcn by Galvele [27]:

E_,=4- Bln[Cl]

where A and B are constants. Note that B is given as ~88 mV for Fe-18Cr-8Ni in NaCl1 solutions. Asthe
potential in the crevice decreases, the chloride concentration increases, thereby driving the pitting potential
to more cathodic levels (less stability). Thus, the anodic current is simultaneously driven by two opposed
forces, increasing chloride and decreasing potential. The axial and wall current densities also exhibit
oscillations (not shown). In the future, the data collected by Roy et al. should be used to establish the -
dependence of E_, on C1° concentration [34-36].

Pfgbébilistic Pitting Model

, Figure 11 shows the calculated pit density (cells or number per 100 cm? as a function of time, -
based upon the probabilistic model. As expected, the number of vacancies (unpitted area) decreases with -
time, while the number of stable pits increases. Initially, the number of pit embryos increases rapidly with
time. However, the embryo density reaches a maximum and begins to fall at the point where the rate of -
embryo conversion to stable pits exceeds the rate of embryo births. The overall pit generation rate is
proportional to the embryo density, and also passes through a maximum. - Figure 12 shows the.
corresponding pit distribution, which is typical of those obtained with the stochastic pitting model with
time invariant probabilities. Distinguishing characteristics include: peak near the maximum pit depth; and a
long tail. These calculations were performed with parametric values shown in Table 1. These values
enabled the model to mimic the experimental pit distribution data for Alloy 825 that was collected by Roy
and published by Henshall {11]. In Roy’s experiment, samples were exposed to 5 wt. : -
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% NaCl sofutxon atapHof257and a temperature of 90°C for 240 minutes. A total of 68 pits were
observed in an area of approximately 1 cm?. The mean depth was 0.34S mm, with a maximum pit depth
of 0.505 mm. These data are used as a “bench mark” for model development .

i N

Integration of Plttmg and Crevzce Corrosion Models

The effect of pH suppressnon on plttmg of the CRM was mvestlgated with the probablhstlc
model. These calculations were also performed with the parametric values given in Table 1. Figure 13
shows transients in the vacancy, embryo and stable-pit densities (cells) that were predicted for two cases,
direct exposure to the near field environment (NFE), and exposure to the low-pH crevice solution. In the

NFE case, the assumed environment is a 1100 ppm NaCl solution at pH ~7 and 60°C. The CRM is

assumed to be polarized at a level slightly above the pitting potential, approximately +90 mV vs. SCE.
In the crevice case, the assumed environment is a 2000 ppm NaCl solution at pH ~3 and 60°C. Here too
the potential is assumed to be approximatley +90 mV vs. SCE. - The number of vacancies (cells without
embryos or stable pits) decreases with time in both cases, while the number of stable pits increases.
Initially, the number of pit embryos increases rapidly with time. A maximum is reached at the point -
where the rate of embryo conversion to stable pits (loss) exceeds the rate of embryo births (generation).
The overall pit generation rate is proportional to the embryo density, and also passes through a .
maximum. - Clearly, suppressed pH increases the rate of pit generation, which is consistent with
experience. ‘The effect of polarization on the pitting of the inner barrier is illustrated by Figure 14. Case
A assumes a 1000 ppm TDS NaCl solution at pH ~7, a temperature of 60°C, and an applied potential of
-712 mV vs. SCE, which corresponds roughly to the corrosion potential of the CAM. Case B assumes a
2000 ppm TDS NaCl solution at pH ~3, a temperature of 60°C, and a potential of +90 mV vs. SCE,
which corresponds roughly to the pitting potential of the CRM. While rapid pitting of the CRM is
predicted for Case B, no pitting is predicted in Case A. The model predlcts that the corrosion potentlal
of the CAM provxdes some protectlon for the inner barrier. -

SUMMARY

In regard to the simulated crevice corrosion of Alloy 625, the concenttatxons of all species
dissolved in the crevice solution approach asymptotic values as time increases. Consequently, the pH
approaches an ultimate, asymptotic value. The predicted pH of 2.8-3.2 appears to be very reasonable
since it is comparable to measured values {4). This result leads to a very useful conclusion. When
treating localized corrosion within the crevice, one can estimate the asymptotic value of pH and use it as
an input to other corrosion models. This asymptotic value can serve as the basis for predicting rates of
localized attack of the crevice wall formed by the CRM.  Clearly, such a simplification would provide
great computational advantages for Total System Performance Assessment (TSPA).-

In the case of Alloy 825, it is possible to adjust parameters in the probabilistic pitting model to mimic -
the distribution of pit depths observed by Roy after 240 hours of accelerated testing. However, in order
to match the distribution (mean and maximum depths), it is necessary to apply an appropriate “shape
factor” to the birth rate. This “shape factor” is a function of the density of stable pits on the surface, and
forces the birth rate to pass through a maximum as the pit density increases. This strategy is attractive in
that it eliminates time from the expression for birth rate, while providing essentially the same advantage
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as the successful formulation given by Henshall [11). It is demonstrated that no significant pftﬁng is -
predicted at potentials that are much more cathodic than the critical pitting potential of the CRM. As
long. as the potential in the crevice is less than or equal to the corrosion potential of the carbon steel
CAM, very little pitting of the CRM is predicted.

Two independent pitting models have been formulated one probablhstnc and the other
deterministic. Both are capable of giving comparable qualitative results and predict that vacant surface
decreases with time as the number of stable pits increases. Both predict that the number of pit embryos
passes through a maximum as the rate of death and conversion to stable pits exceeds the rate of birth. A
rational dependence on chloride concentration, pH, potcntial and temperature have now been built into
both models so that the effects of pH suppression in the crevice can be accounted for. The detenmmshc
model offers a sngmﬁcant oomputatlonal advantage for futurc TSPA efforts.

A solid step has now been takcn towards mtcgratmg a crevice corrosmn and plttmg modcl
provided by this report before they can be reliably used to make quantitative predictions for TSPA. In
the interim period, empirical rate expressions, based upon experimental data and a general knowledge of
such transport-controlled processes, can be used for bounding, worst-case predictions. Based upon such
worst-case predictions, it appears that Alloy C-22 has sufficient corrosion resistance to enable the inner
barrier to meet design requirements, regardless of the assumptions made ina parncular TSPA model.
This matcnal could be used as the basxs of a conservative destgn o
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Table 1. Parameter Values Used in Probabilistic Pitﬁng Model

Parameter { Units - | Assumed Value

Ao min" 6.7572x 10™

o, none 0.5

Eqic mV vs. SCE . 1+86

Mo min™ - 122137x 10"
jo, none 0.5

| Epass mV vs. SCE +1

Yo min™ 5.0x10°

A, J mole™ 30x10"

To min : 1.0 :

A, Jmole”: 3.0x10°

A none | 9.0

B pone ! 30 -

n none 1.0 :

K, cm’L mole sec' V' | 44106540 x 10
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Dripping Water from Zone 1. Oxygenated
sito .
Repository Crevice Solutlon with

Suppressed pH

Zone 2. Oxygen

/- Reduction & Depletion
with Suppressed pH

Inner Barrler Outer Barrier

(CAM)

\—’—‘ Zone 3. Oxygen

Depleted Zone with
Suppressed pH

Figure 1. Conceptual representation of the waste package under attack. Illustration of crevice between
CAM and CRM. Definition of Zones 1, 2 and 3.

Semi-Empirical Model:
Crevice Corrosion of Inner Barrier In 10% FeCl3
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Figure 2. Empirical fit of the Sand equation to the experimental data of As;hahmii for Alloys 825, 625,
C-4, C-22 and C-276 exposed to 10 wt. % FeCl,. A plotofd % verses temperature.
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Crevice Corroston of Alloy 626 in 10% FeCl_, .
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Figure 3. Predicted penetration of Alloys 625 at temperamres ranging from 20 to 100°C. The -
“environment is assumed to be 10 wi. % FeCl, .

Crevice Corrosion of Alloy C-22 In 10°_/a FeCl,
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Flgure4 Predicted penetration of Alloys C-22 at tcmperatures ranging from 20 to 100°C. The
environment is assumed to be 10 wt. % FeCl;. No penetration is predicted for Alloy C-22
over 10,000 year period at temperatures < 80°C.
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Finite Element Model of Crevice - Crahk-Nlchoison Method 7
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Figure §. Fuute-clement model of the crevice durmg Phase 1. Transient ooncentratxon proﬁles for
dissolved iron calculated with the Crank-Nicholson method
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Phase 2 - Alloy 626 - Epjt + 0.1V
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Figure 7. Transient concentration profiles of dissolved Ni predicted for Alloy 625 during Phase 2
crevice corrosion. .
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Phase 2 - Alloy 625 - Epjt + 0.1 V
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Figure 9. Transient pH profiles predicted for Alloy 625 during Phase 2 crevice corrosion.
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Figure 10. Potential profiles predicted for Alloy 625 during Phase 2 crevice corrosion.
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Predicted Translents In Surface Coverage - Alloy 825
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Figure 11. Transients in the density of s vacancxes, cmbryos and stable p:ts predicted for Alloy 825, based
upon the probabilistic pitting model.

Predicted Distribution of Pit Depths - Alloy 826
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Figure 12. Distribution of pit depths predicted for Alloy 825, based upon the probabilistic pitting model.
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Effect of pH on Translents in Surface Coverago - Alloy 825
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Figure 13. Effect of pH on the pitting of Alloy 825. Transients in the density of vacancies, embryos and
stable pits initially predicted with the probabilistic pitting model. The material is assumed to
be polarized at the pitting potential.

Effect of Potential on Translents In Surface Coverage - Alloy 825
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Figure 14, Effect of potential on the pitting of Alloy 825. Transients in the density of vacancies,
embryos and stable pits predicted with the probabilistic pitting model.
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