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ABSTRACT

An analysis of literature data on the corrosion of carbon steels in anoxic

brines and acid chloride solutions was performed, and the results were

used to assess the expected life of high-level nuclear waste package

containers in a salt repository environment. The corrosion rate of carbon

steels in moderately acidic aqueous chloride environments obeys an

Arrhenius dependence on temperature and a iPn^'1^2 dependence on

hydrogen partial pressure. The cathodic reduction of water to produce

hydrogen is the rate-controlling step in the corrosion process. An

expression for the corrosion rate incorporating these two dependencies

was used to estimate the corrosion life of several proposed waste package

configurations. All but the lowest temperature package would undergo

excessive corrosion during the anticipated 1000-year emplacement time,

and the calculated pressure of corrosion product hydrogen would exceed

the lithostatic pressure of the repository before the end of the

emplacement period. Thermally driven brine migration to the container

could limit the corrosion rate; however, measured rates of nonthermal

brine migration to test boreholes would be sufficient to support excessive

corrosion of the container, if they were to persist over long time periods.

Thus, the corrosion resistance of a carbon steel container is probably not

sufficient to attain virtually complete containment of the waste over a

1000-year emplacement period in a salt repository.



Bedded salt formations have been proposed as possible geological

sites for the long-term disposal of high-level nuclear waste. Proposed

U. S. Nuclear Regulatory Commission regulations require that the nuclear

waste package provide essentially complete waste isolation for a

minimum of up to 300 to 1000 years after emplacement (1). The long-

term corrosion resistance of the waste package outer container in the

salt repository environment is a major factor in meeting these

requirements, since the container is the primary structural and corrosion

barrier. Brine entrapped in the salt can migrate to the container by

several transport processes; consequently, corrosion of the container can

occur at temperatures from about 323 to 473 K, depending upon the

waste package configuration.

Carbon steel, namely, cast A216 Grade WCA, was selected as a

leading candidate for the waste package outer container in the salt

repository. This alloy was chosen on the basis of its availability, cost,

mechanical strength, and fabrication characteristics. In addition,

preliminary analyses indicated that the steel would corrode at an

acceptably low uniform rate in the salt repository environment and that

its resistance to localized corrosion, including pitting and stress

corrosion cracking, was satisfactory (2).

The present work examines in more detail the suitability of carbon

steel for use as a waste package container material in a salt repository.

The analysis makes use of corrosion data for carbon steels in simulated

salt repository environments, including more aggressive high-Mg2+

brines, most of which were obtained after the initial alloy selection.

Included are data in more aggressive high-Mg2+ brines. Extensive

literature data on the corrosion of carbon steels in geothermal brines and
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other anoxic acid chloride solutions were also utilized in this analysis.

Thus, the results are relevant to a variety of applications involving the

exposure of carbon steels to anoxic acid chloride solutions at elevated

temperatures.

Chemistry of Salt Repository Brines

The brines likely to contact a nuclear waste package in a salt

repository may be classified as either intrusion or inclusion brines. The

intrusion brines are created through the dissolution of some of the host

rock salt by external water introduced into the repository. In the case of

the bedded salt deposits of the Deaf Smith County, Texas waste

repository site, the intrusion brines consist primarily of NaCl, with small

amounts of Mg and Ca. Table I gives a typical brine composition (PBB1)

obtained by the dissolution of salt cores from the Permian Basin salt

horizon in Texas.

The inclusion brines are naturally present in small quantities as fluid

pockets in the bedded salt. Since these inclusions tend to migrate

toward the container/salt interface under the influence of a thermal

gradient, they must be considered in an evaluation of the corrosion

performance of the waste package material. PBB3 in Table I represents a

typical composition of a fluid inclusion from analyses of samples of a

Permian Basin salt horizon core. The significantly higher Mg and Ca

contents are characteristic of an inclusion brine, and this feature has also

been observed in samples from the Paradox Basin bedded salt deposit in

Utah (4).
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Corrosion data obtained on A216 Grade WCA carbon steel in

simulated repository brines indicate substantially higher corrosion rates

in high-Mg2+ inclusion brines than in low-Mg2+ intrusion brines,

particularly at temperatures above room temperature (3, 5-9). It was

suspected that these differences are due to the hydrolysis of Mg2+, which

thereby causes the brines to become acidic. This, in turn, influences the

protective nature and stability of the magnetite corrosion product layer

(10,11).

Calculations of brine pH. based upon the following idealized

hydrolysis reactions, were performed:

= MgOH+ + H+ [1]

MgOH+ + H2O = Mg(OH)2 + H+ [2]

Thermodynamic constants for the dissociation of water and for the above

two hydrolysis reactions were taken from the literature (12), and the

resulting calculated pH values versus temperature for PBB1, PBB3, and

seawater (1270 ppm Mg+) are shown in Fig. 1. The decrease in pH with

increasing temperature and Mg2+ concentration is clearly indicated.

These calculations ignore the effect of other constituents in the brine on

pH, and the values indicated in Fig. 1 are only an approximation to the

actual pH values for these multicomponent brines. Nonetheless, the

potentially significant effect of Mg2+ hydrolysis on brine pH is clearly

indicated.
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Corrosion Data for Carbon Steel

The above calculations confirm the tendency of Mg2+ cations in Mg-

containing brines to hydrolyze and decrease brine pH. The present

review, therefore, concentrates on the corrosion of iron and plain-carbon

steels in anoxic. moderately acidic (pH25°c " 4-6) brines containing

hydrolyzable species such as Mg2+, Ni2+, Fe2+, and Ca2+ or chloride

solutions acidified by HCl, A total of 261 data points, presented in detail

elsewhere (13), have been obtained from the literature.

More that half (151 data points) of the literature data was obtained

from corrosion studies conducted in simulated salt repository brines (3,

5-9, 14-16). The remaining data are from studies in geothermal brines

(17-25), acidified simulated nuclear reactor coolants (11,26,27),

acidified seawater (28), boiling salt solutions (29), acidified NaCl

solutions (30), and refrigerant brines (31). Results from short-term tests

(most of the data are for test times >600 h), neutral or basic solutions,

aerated solutions, and strongly agitated or rapidly flowing solutions were

specifically excluded from the data base.

The anoxic acid chloride corrosion rate data are summarized in

Table II and plotted in Fig. 2. The data obey an Arrhenius relation over

the temperature range from 293 to 673 K. The corrosion rate P in

mm/yr, as indicated by the best-fit line to Fig. 2, is given by the

expression

P = 3866 • exp(-31,960/RT), [3]
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where the gas constant R is 8.314 J/mole-K and T is the temperature in

K. An "upper-bound" corrosion rate indicated by the dashed line in the

figure encompasses essentially all of the data at temperatures below

523 K and lies above the best-fit line by a factor of five.

Possible Partial Corrosion Processes

The corrosion of iron in anoxic, moderately acidic chloride solutions

containing Mg2+ results in the formation of either magnetite (Fe3<D4) or

amakinite (5.8) lMg,Fe(OH)2] according to the overall reactions

3Fe + 4H2O = Fe3O4 + 4 H2 [4]

or

Fe + 2 H2O + (Mg2+) = Mg,Fe(OH)2 + H2 [5]

The corresponding anodic partial process is given by the reaction

Fe = Fe2+ + 2e- [6]

Electrochemical corrosion processes generally obey Faraday's Law,

where the corrosion penetration or dissolution rate is given by

MFe- ia
zpF f 71

where Mpe is the molecular weight of iron, ia is the anodic current

density (|iA/cm2), z is the charge of the metal ion, p is the density of the
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metal, and F is Faraday's constant. For iron, the anodic dissolution rate a

(mm/yr) = 1.13 x 10"2 (ia)- When dissolution in Eq [6] is accompanied by

hydrolysis and mass transport of corrosion product species away from the

surface, the steady-state flux of metal ions or of the hydrolyzed species

can be represented by Fick's Law, i.e.,

J = - D | . [81

where D is the diffusion coefficient of the particular species, and gj is the

concentration gradient in the liquid at the metal-electrolyte interface. If

the concentration of the corrosion product in the bulk solution is small in

comparison with the surface concentration, e.g., the solubility

concentration of [Fe2+] or [Fe(OH+)l, the flux is approximated by

In terms of the equilibrium relation for Eq. 16], the penetration rate can

also be represented by

a = Kr [Fe2+] = ^ [10]

where [e-] is the concentration of aqueous electrons from the anodic

dissolution reaction. Equation [10] implies that the corrosion rate could

be influenced by the solubility of the corrosion product as well as by mass

transport of ferrous ions away from the surface; i.e., anodic dissolution

increases as the concentration of dissolved iron increases or as the
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concentration of electrons at the metal-electrolyte interface decreases.

To sustain the dissolution reaction, a cathodic reduction partial process

must also occur in which the aqueous electrons produced in Eq. [6] are

consumed in either the reduction of water or hydrogen ions.

Posey et al. (32) investigated the corrosion of Type A212B carbon

steel in deaerated 4 M NaCl solutions as a function of pH, temperature

(298 to 473 K), and velocity, by means of electrochemical measurements.

For solutions with room-temperature pH values of 5 to 7, their results

closely agree with our best-fit curve, Eq. (3], to 261 data points for the

corrosion of various carbon steels in anoxic acid chloride solutions. In

particular, their experimental activation energy of 33.9 kJ/mol compares

favorably with our value of 31.9 kJ/mol (Fig. 2). Posey et al. determined

that the corrosion process in this temperature and pH regime was

controlled by the cathodic reduction of water, i.e.

H2O + e- = Ho + OH". [11]

with the hydrogen adatoms subsequently combining to form hydrogen

gas. In basic solutions, Posey et al. found that the corrosion rates were

lower, apparently because of the formation of a protective magnetite

surface film. In strongly acidic solutions, higher corrosion rates than are

indicated in Fig. 3 were observed, and the rate-controlling process was

attributed to the cathodic reduction of the abundant hydrogen ions with

an activation energy -17.6 kJ/mol.

On the basis of the excellent agreement between the two best-fit

curves of Fig. 3, the rate-controlling partial process for the corrosion of

iron in anoxic, moderately acid salt repository brines and similar
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solutions (data shown in Fig. 2). is apparently also the reduction of water,

i.e., Eq. [Ill, The limiting cathodic current density ic for this rate-

limiting step couples with the anodic dissolution current density ia.

Ucl = lial U2]

Similarly to Eq. [10], the corrosion or penetration rate under

conditions of cathodic reduction control for Eq. [11] can be written as

K3 K3- [H+]
le-1 [HO]- [OH-] Kw [H°l*

where Kw is the equilibrium constant for the dissociation of water.

If one compares the dependence of the corrosion rate on the

electron concentration at the electrolyte-metal interface under anodic

dissolution control, Eq. [10], and under cathodic reduction control, Eq.

[13], the rate varies as l/[e-]2 in the former case and as l/[e-] in the latter

case; however, the amount of hydrogen produced in the overall reactions,

Eq. [4] and [5], will be the same irrespective of the rate-controlling

partial process. Although two electron transfer events, depicted by Eq.

[11], must occur for each iron atom that dissolves, Eq. [6], the rate-

controlling cathodic reduction partial process occurs in a manner that is

independent of overall stoichiometry. In other words, electrons are

being consumed at the interface as a rate dictated by the kinetics of the

reduction process in Eq. [11]; secondarily, in the case of iron dissolution

(an inherently more rapid process), one atom dissolves as two electrons

undergo reaction with two water molecules.
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The dependence of the corrosion rates on the partial pressure or

fugacity of hydrogen gas under cathodic reduction control can be

obtained by combining Eq. [13] with the equilibrium relation for the

combination of hydrogen adatoms to form diatomic hydrogen gas, i.e.,

[H+] K5- [H+J

where [fj^l i s ^e fugacity of hydrogen. Equation [14] indicates that the

corrosion rate of iron under approximately constant pH will vary with

[fH2l"
1/'2. where the partial pressure of hydrogen is related to the

hydrogen fugacity by f = y • p, and y is 1.02 to 1.14 at 298 K and pressures

between 21 and 210 atm (2.1 and 21 MPa) (33).

If the reduction of water indeed is the rate-controlling partial

process, Eq. [14] suggests that the corrosion rate, under nominally

constant pH, would depend on the hydrogen partial pressure generated

by the corrosion reaction as well as on a hydrogen overpressure applied

to a solution in a capsule or static autoclave. Westerman (8) has

performed corrosion experiments on Type A216 carbon steel in a PBB3

brine at 150°C in a static autoclave with initial hydrogen overpressures of

0, 136, and 204 atm (0, 13.8, and 20.7 MPa). Because additional

hydrogen is generated during the corrosion process, the final hydrogen

pressure at the conclusion of these tests is somewhat greater than the

initial overpressure. The calculated incremental hydrogen pressures

during the tests were 15.9. 6.0, and 1.6 atm (1.61. 0.61, and 0.16 MPa),
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respectively, for the three nominal initial hydrogen overpressures (13).

The corrosion rates obtained by Westerman are plotted in Fig. 4 as a

function of total hydrogen fugacity, including these incremental

pressures. The best-fit line has a slope of -0.51, consistent with the value

of -0.5 predicted by Eq. 114]. For a slope of -0.5, the equation for the line

is given by

P = 5.40- f-05, [15]

where P is the corrosion rate in mm/yr and f is the hydrogen fugacity in

atmospheres at 423 K (150QC).

Modeling of the Corrosion Process

The dependences of corrosion rate on hydrogen overpressure (Fig.

4) and temperature (Fig. 2) can be combined to obtain an expression that

describes the simultaneous effects of both variables. The simultaneous

variation of In P with T and f can be written in differential form:

d In P = P ^ f H dT + F ^ r - ) df , [16]

where the partial differential ( ^ T \ is evaluated at constant fugacity

(hydrogen overpressure) from Eq. [3], and f gjf V is evaluated at

constant temperature from Eq. [15]. Making these substitutions and

integrating between the corrosion rate limits of 0.437 mm/yr and P, the
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temperature limits of 423 K and T. and the fugacity limits of 5 atm and f,

finally gives

P = 8640- f"0-5- exp (-3844/T). [17]

The lower limits for integration of Eq. [16] were selected to

correspond to the mean corrosion rate at 423 K. Thus, Eq. [3] yields a

corrosion rate of 0,437 mm/yr at 423 K where the hydrogen fugacity is

assumed to be 5 atm for a flowing-autoclave test at this temperature.

This hydrogen fugacity is equal to the total system pressure, which is

slightly above the vapor pressure of water at 423 K (4.7 ate.).

Significantly higher hydrogen overpressures and fagacities can build up in

long-term, sealed-capsule tests at this temperature, and the increase in

overpressure with time is consistent with the decrease in corrosion rate

with test duration in such experiments.

Equation [17] can be used to analyze the corrosion of carbon steel in

acid chloride solutions in isothermal sealed-capsule tests, where

pressure of corrosion product hydrogen builds up with time and tends to

suppress the corrosion process. The number of moles nFe of Fe dissolved

per unit time in the corrosion process is given by the expression

A p

where A is the specimen surface area in mm2, p is the density of Fe in

g/mm3, and M is the molecular weight of Fe.
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From the ideal gas law, the change in hydrogen partial pressure with

time is

d p _ _ R T d n H

dt " V dt ' l i y j

where V is the volume of the gas space above the liquid in the capsule.

Substituting Eq. [18j into Eq. [19] and assuming that one mole of H2 is

generated for each mole of Fe dissolved, gives

d£_RT£A
dt " M v

With the approximation that the fugacity of hydrogen is equal to its partial

pressure, Eq. [171 can be substituted into Eq. [20] to obtain

= 8640 • ̂ S - §• p-0.5 . exp(-3844/T). [21]

Solving for p and integrating from p = 0 to p and t = 0 to t yields an

expression for the hydrogen partial pressure in a sealed capsule test as a

function of test temperature and time:

p = 551.7 • ̂ - J • \yj • t2/3. exp(-2562.7/T). [22]

In this expression. R = 82,050 mm3 atm/mole K, p = 0.00787 g/mm3, M

= 55.85 g/mole, and the test time is expressed in years. Very substantial

hydrogen pressures, of the order of 100 atm, are predicted for a test
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time of one year at an A/V ratio of 0.1 mm"1, i.e., a small gas volume in

the capsule.

An expression can be derived from Eq. [221 for expected corrosion

penetration as a function of time in a sealed-capsule test. Again, with the

approximation that the hydrogen pressure is equal to the hydrogen

fugacity. one can substitute Eq. [221 into Eq, [17J to obtain

_ da _ 8640 (RTpY1 / 3
 (A\m exp(-3844/T)

~ dt ~ (551.7)1/^" [u ) " iyj " exp(-1281.3/T)"

Rearranging Eq. [231 and integrating from a = 0 to a and t = 0 to t for the

case where p = 0 at t = 0 gives the corrosion penetration, a, as a function

of time and the A/V ratio:

fRTDY /A\"1/3

a = 551.7 - H a r j • fv1] • t 2 / 3 • exp(-2562.7/T) . [24]

The corrosion penetration shows the same dependence on t 2 / 3 as

the hydrogen partial pressure in a sealed-capsule test. Equation [24] is

plotted in Fig. 5 for three values of A/V. Also plotted in Fig. 5 are data

from sealed-capsule corrosion tests conducted by Westerman et al. (8) on

A216 Grade WCA steel at 423 K. The data generally conform to the

predictions of Eq. [241 and suggest that A/V for Westerman's tests was

typically of the order of 0.01 mm"1.
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Application of Model to Waste Package Containers

In order to calculate the corrosive penetration of an emplaced waste

package as a function of time from Eq. [24], one must estimate the

effective value of A/V i'or the container in the repository. As a simple

approximation, one can assume that the hydrogen diffuses a limited

distance into the host rock surrounding the container borehole and is

effectively confined to this cylindrical region. Figure 6 shows the

dependence of A/V on salt porosity and "confinement radius." i.e., the

radius of the cylindrical region in the host rock within which the

hydrogen is effectively contained. The waste package is assumed to

consist of 12 spent fuel assemblies from a pressurized water reactor, i.e.,

the 12 PWR Consolidated Spent Fuel configuration (2). Figure 6

indicates, for example, that the A/V ratio is -10"4 mnr1 for an assumed

host rock porosity of 10% and a confinement radius of 8 m.

On the basis of A/V ratios of 10"4 to 10"1 mm-1, best-estimate

penetration curves for carbon steels have been calculated from Eq. [24]

for three waste package temperature-time profiles for periods up to 1000

years. To wit: a defense high-level waste (DHLW) package with a

maximum container/salt interface temperature of ~334 K (61°C), a light-

water reactor intact spent fuel (ISF) package (364 K or 91°C), and a

pressurized water reactor (PWR) consolidated spent fuel (12 PWR CSF)

package (407 K or 134°C). The temperature-time histories for these

these packages were obtained from Reference 34, and the corrosive

penetrations were calculated by using a simple numerical integration

procedure in which the time after emplacement was divided into three
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jntervals per logarithmic decade, beginning with 0.1 years after

emplacement (13).

The results are summarized in Figs. 7-9. The DHLW package (Fig. 7),

which has the lowest temperature profile, satisfies the suggested 25-mm

corrosion limit after 1000 years (35) for all of the A/V ratios considered.

However, the lithostatic pressure in the repository is -148 atm at a

depth of 600 m (4). and the hydrogen pressure exceeds this value after

about 35 years for A/V = 10-x mm"1. The total corrosion after the

pressure of corrosion product hydrogen exceeds the lithostatic pressure

(denoted by the dotted portions of the corrosion curves of Figs. 7-9) will

be greater than that indicated in the figures, since the assumption that

the hydrogen pressure will continue to build up and thereby suppress the

corrosion process is not valid. It is unlikely that the hydrogen pressure

will significantly exceed the lithostatic pressure because of creep and

fracture of the host rock, resulting in hydrogen leakage.

The temperature profiles for the ISF package (Fig. 8) and the 12

PWR CSF package (Fig. 9) are higher than those for the DHLW Package,

and the calculated penetrations after 1000 years are correspondingly

higher. Both waste packages satisfy the suggested 25-mm corrosion limit

for A/V ratios of >10"3 mm"1. However, for the ISF package, the

calculated hydrogen pressure exceeds the lithostatic pressure after ~200

years for A/V = 10'2 mm-1 and after -15 years for A/V = 10-x mm-1. The

corresponding times for the 12 PWR CSF package are 100 years and 4

years. The indicated penetrations for these curves at longer time periods

are consequently too low, as was mentioned previously.

The corrosion curves of Figs. 7-9 are based upon the mean corrosion

rate versus temperature behavior defined by Eq. [3] and the best fit curve
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of Fig, 2. If a safety factor is applied to these mean corrosion rates, the

predicted penetrations after a given time period increase by the same

factor. For example, if the factor-of-five "upper bound" rate curve of Fig. 2

is used in the analysis instead of the best-fit curve, the total corrosion

penetrations plotted in Figs. 7-9 all increase by a factor of five. In that

case, the corrosion penetration is greater than 25 mm under all

conditions considered, except for the DHLW and ISF packages at an

unrealisitically high A/V value of 10"1 mm"1.

As discussed previously with respect to Eqs. 123] and [241, the

corrosion rates observed in sealed-capsule tests decrease with time due

to the build up of corrosion-product hydrogen. Because of this, the

average corrosion rates obtained from such tests also decrease with

increasing test duration. However, in the actual repository environment,

a well-defined "confinement radius" within which the corrosion product

hydrogen is contained probably does not exist. The host rock salt

typically has a porosity of the order of 10%, and higher porosities are

typical of fractured or relithified rock salt (36). Consequently, significant

diffusion of hydrogen into this porous medium is likely. The effective A/V

ratio for the environment is therefore expected to be very low (<10-4

mm-1), and the build up of hydrogen pressure is likely to be small. Thus,

the use of experimental data from long-term sealed-capsule tests to

estimate the corrosion life of emplaced canisters can lead to

nonconservative results. This contrasts with the usual situation in which

long-term experimental corrosion data are desirable in predicting

extended service lives.
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Effect of Brine Supply on Corrosion Rate

The above calculations indicate that unacceptably high corrosion

rates are expected for most waste package configurations and that these

rates will not decrease to acceptable levels by the build up of corrosion

product hydrogen or by the formation of protective corrosion product

layers. However, sufficient brine must be supplied to the container/salt

interface to support these corrosion rates. The question of adequate

brine supply is examined for the case of two more recently proposed

waste package configurations, namely the Consolidated High-level Waste

(CHLW) package with a maximum interface temperature of 501 K (228°C)

and the Spent Fuel PWR (SFPWR) package with a maximum interface

temperature of 403 K (130°C) (37).

The additional complication of the effect of the A/V ratio on

corrosion rate was ignored in this analysis; i.e., Eq. [3] rather than Eq.

123] was used to calculate corrosion rates as a function of temperature.

The corrosion rates calculated from Eq. [3] correspond to a constant

hydrogen fugacity of approximately 5 atm, as noted above in the

discussion of the integration limits used to obtain Eq. [17]. At 423 K

(150°C), the A/V ratio implicit in Eq. [3] is of the order of 1 0 2 mm-l,

since the sealed-capsule corrosion test data of Fig. 4 are included in the

data base described by Eq. [3] (see Fig. 2).

By combining Eq. [3] with the calculated interface temperature

versus time histories for these two waste packages with the assumption

of unlimited brine, the corrosion rate versus time curves plotted against

the right-hand vertical axes as the solid curves in Figs. 10 and 11 were

obtained. On the basis of these corrosion rates, the calculated total
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penetrations after 1000 years were 133 mm for the CHLW package and

89 mm for the SFPWR package.

For the case of uniform corrosion over the surface of the container

according to Eq. [41, one can directly convert the calculated corrosion

rates for the two waste packages to brine consumption rates. Both

packages have a surface area of -13 m2, and a corrosion rate of 1 mm/yr

corresponds to a brine consumption rate of 0.0435 m3/canister- yr. The

left-hand vertical axes in Figs. 10 and 11 reflect this conversion, and the

corrosion rate curves can be read against these axes to determine the

amount of brine required to sustain the calculated corrosion rates.

This relationship between uniform corrosion rate and brine

consumption rate can be used to assess the extent to which the corrosion

process in a given repository is limited by the flow rate of brine to the

container interface. Brine tends to flow up the thermal gradient to the

container/salt interface, and McCauley and Raines (38) have calculated

the rate of thermally induced brine flow for the CHLW and SFFWR

packages in the Deaf Smith County site. Their results are plotted against

the left-hand vertical axes as the dashed curves in Figs. 10 and 11 for two

cases, namely a temperature gradient threshold and no threshold. In the

first case, an assumption was made that thermally driven migration of

brine ceases for a temperature gradient of less than 0.0125 K/mm, while

in the second case no such threshold effect was postulated. Figures 10

and 11 indicate that, for both conditions, the supply of brine to both

waste packages is less than that required to sustain the calculated

corrosion rates after about one year. Thus, the results thus suggest that

the corrosion process for an emplaced waste package would be limited by

thermally driven brine migration over most of the emplacement period.
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Since the carbon steel container is capable of corroding at a higher

rate than that established by thermally driven brine migration to the

container, other modes of brine transport must be considered in an

analysis of container performance, e.g., nonthermal brine migration due

to concentration or stress gradients. Based upon 870-day brine

migration experiments conducted at the Waste Isolation Pilot Plant

(WIPP) Site near Carlsbad, NM, Nowak (39) has reported that the

baseline nonthermally induced flow into a test borehole is approximately

10 g/m2. day, or about 3650 g/m2- yr. For a borehole containing a CHLW

or a SFPWR container with a surface area of 13 m2, the nonthermal brine

flow is about 0.047 m3/canister- yr. This flow rate is comparable to the

maximum thermally induced flow calculated for the CHLW container

during the first year after emplacement (Fig. 10), and it is substantially

greater than the thermally induced flow thereafter. Furthermore, the

flow is sufficient to support corrosion at the rate calculated by our

analysis for essentially the entire 1000-year emplacement period. For

the SFPWR container (Fig. 11), this nonthermal flow is greater by at least

a factor of five than the maximum calculated thermal migration rate, and

it is more than sufficient to support the maximum corrosion rate

calculated by our analysis. In support of Nowak's results, Deal (40) has

reported that nonthermal brine flow rates measured from 54 drilled

holes on ceilings, floors, and walls at the WIPP Site ranged from about

103 to 104 g/m2- yr, or about 0.013 to 0.13 m3/canisterer- yr for an

assumed container surface area of 13 m2.
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Brine Availability

The above discussion indicates that brine can migrate to the

emplaced waste container by mechanisms other than thermally induced

flow at a sufficient rate to support the calculated reaction-rate-limited

corrosion rates. The question that remains is whether sufficient brine is

available in the vicinity of an emplaced container to support either the

calculated corrosion rates or the experimentally observed nonthermal

brine migration rates over a 1000-year emplacement period.

A rough estimate of the available water can be made from geological

stratigraphic data from the J. Friemal No. 1 core (Deaf Smith County, TX)

(41). At the proposed emplacement depth of 820 m (bottom of

container) in the LSA 4 emplacement horizon, a container 4.465-m high

would intersect eight mudstone interbeds with a cumulative thickness of

-107 mm. The remaining 4.358 m of container would intersect halite.

Since the containers are to be positioned 22 m apart, a cylindrical

volume -10 m in radius and 4.465-m high surrounds each container and

could be considered to be a source of water to that container. This

volume includes -33.6 m3 of mudstone and 1369 m3 of halite. If we

assume a moisture level of 27.6 vol. percent in the mudstone interbeds

and 1.06 vol. percent in the halite (42), the total amount of water

contained in the cylindrical volume surrounding each container is about

23.8 m3 (9.3 m3 from the mudstone and 14.5 m3 from the halite). Over a

1000-year emplacement period, this volume of water is equivalent to a

linear brine migration rate of 0.024 m3/canister- yr, which is comparable

to the nonthermal brine migration rates reported above. Additional brine
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is also available from the regions above and below the container, which

were not included in this calculation.

Sununaiy

Carbon steel has been proposed as a container material for the

isolation of high-level nuclear waste in a salt repository. Since brine

entrapped in the bedded salt can migrate to the container by several

transport processes, corrosion is an important consideration in the long-

term performance of the waste package. The most aggressive brines

naturally present in the salt repository are the high-Mg2+ inclusion

brines, in which the hydrolysis of Mg2+ ions causes acidification above

ambient temperature. Literature data relevant to the corrosion of carbon

steels in anoxic high-Mg2+ repository brines and similar acid chloride

solutions at temperatures between ~298 and 673 K obey an Arrhenius

dependence on temperature.in which the activation energy for the

corrosion process is 32.0 kJ/mole. The rate-controlling step for the

corrosion process is the cathodic reduction of solvent water to produce

hydrogen on the basis of a comparison with electrochemical corrosion

data for carbon steel in acid chloride solutions, and the dependence on

hydrogen pressure, which is a direct consequence of this partial process,

is ( P H 2 H / 2 -

An expression was derived for the simultaneous dependence of the

corrosion rate for carbon steels on temperature and hydrogen

overpressure in acid chloride solutions. For the situation in which the

corrosion product hydrogen is contained within a sealed volume V

surrounding the corroding material with a surface area A, the corrosion
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rate varies as (A/V)"1/3, and the extent of corrosion penetration increases

with time as t2^3. This derived expression is consistent with the results

of sealed-capsule corrosion tests conducted in simulated high-Mg2+ salt

repository brines.

By using this derived expression, the extent of corrosive penetration

of a carbon steel container and the simultaneous build up of hydrogen

pressure were calculated for three proposed waste package

configurations for time periods of up to 1000 years. For an unlimited

quantity of brine, the results indicated that only the package with the

lowest temperature-time profile (maximum interface temperature =

332 K) satisfied a suggested corrosion limit of -25 mm after 1000 years.

However, the calculated hydrogen pressure exceeded the lithostatic

pressure of the repository within this time period. Relief of the excess

hydrogen pressure would normally be expected in this situation, and the

total corrosion of the waste package would be greater than that predicted

by this analysis. In fact, because of the host rock salt porosity, the

effective A/V ratio for this medium would be expected to be very low, and

relatively little hydrogen pressure would build up to impede the

corrosion process. Thus, the use of experimental data from long-term

sealed-capsule laboratory corrosion tests, where substantial buildup of

corrosion-product hydrogen can occur, to predict the corrosion life of

emplaced waste-package containers can lead to nonconservativt: results.

Models for thermally induced brine migration to the container

indicate that the relatively small amount of brine available through this

process would limit the amount of corrosion penetration. However, if the

experimentally observed rates of nonthermal brine migration into test

boreholes persist over long time periods, they would be sufficient to
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support unacceptably high corrosion rates of carbon steels. A sufficient

quantity of brine appears to be available in the region surrounding the

emplaced containers to allow unacceptably high rates of corrosion over a

1000-year period. We concluded that the corrosion resistance of a

carbon steel container is probably not sufficient to achieve the desired

1000-year life in a salt repository. Hie use of a corrosion-resistant

cladding over the carbon steel or the development of methods to

immobilize the brine in the vicinity of the container would probably be

required to meet the performance objectives of the waste package.
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Table I. Representative Compositions (wppm) of Intrusion and Extrusion
Brines, from Samples of Permian Basin Salt Horizon Cores (from
Ref, (3)).

Ion

Na2+

Ca2+
Mg2+
K+
Sr2 +

Zn2+

ci-
SO4

2-
HCO3-
B r
P-

Intrusion
Brine
(PBB1)

123.000
1.560

134
39
35

8

191.000
3,200

30
32

1

Inclusion
Brine
(PBB3)

23,200
14.700
53,200
10.500

_
8

210,000
160
-

2,400
-
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Table H. Key to Data on General Corrosion of Plain-carbon Steels in Anoxic
Acid Chloride Solutions Plotted in Fig. 2

Symbol/Solution

•
n
D

X

A

•

+

•

B

D

o

PBB3 Brine

PBB1/PBB3

Surrogate salt/PBB3

lOx or Acid Seawater

NiCl2.FeCl2.orHCl

Q and Z Brines

Salton Sea Geothermal
Brines

East Mesa and Krafla
Geothermal Brines

Brine A

CaCl2 Solution

Acid NaCl Solution

MgCl 2 or NaCl/MgCl2
Solution

Author

Westerman et al.

Westerman et al.

Westerman et al.

Vala et al.
Wootten et al.

Vala et al.
Potter and Mann
Smailos et al.
Mirschinka and Odoj
Quong and Owen
McCright et al.
Carter and McCawley
DeBeny et al.

Smith and Ellis
McCawley et al.
Shannon

Braithwaite and Molecke
Westerman

Korzh et al.

Shannon

Pathania and McVey
Butler and Beynon

Reference No.

5.7,8
6.7

7.8

27
28

27
11
14
16
24
18.20
19
21

25
23
30

15
9

31

30

26
29
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FIGURE CAPTIONS

Fig. 1. Calculated pH versus Temperature for Three Brines. These

calculations ignore the effects of other constituents in these

brines on pH.

Fig. 2. Anrhenius Plot of General Corrosion Rate of Plain-Carbon Steels in

Anoxic Acid Chloride Solutions versus Temperature.

Fig. 3. Comparison of Electrochemical Corrosion Data of Posey et al.

(Ref. 32) on A212B Carbon Steel (pH25°c - 5-7) with Best-fit and

Upper-bound Lines to Weight Loss Data of Fig. 2.

Fig. 4. Corrosion Rate of A216 Carbon Steel in PBB3 Brine at 423 K as a

Function of Hydrogen Overpressure after Correcting for Hydrogen

Generated During the Tests (data of Ref. (8).

Fig. 5. Plot of Calculated Penetration versus Time from Eq. [24] for

Corrosion of Carbon Steel at 423 K (150°C) in a Sealed-Capsule

Test for Three Values of A/V. Data obtained by Westerman et al.

(8) from sealed capsule tests on A216 Grade WCA carbon steel

are shown for comparison.

Fig. 6. Calculated A/V Ratio versus Radius of Hydrogen Confinement

Region in Host Rock Surrounding the Borehole for the 12 PWR

Consolidated Spent Fuel Package.

Fig. 7. Interface Temperature and Calculated Cumulative Corrosion of

Carbon Steel Container for Defense High-Level Waste Package in

Anoxic Acid Chloride Brine. Corrosion product hydrogen is

assumed to be confined within a specified volume (fixed A/V

ratio) surrounding the container. For the dotted portions of the
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penetration curves, the calculated hydrogen pressure exceeds

the lithostatic pressure of 148 atm.

Fig. 8. Calculation of Fig. 7 for Intact Spent Fuel Waste Package.

Fig, 9, Calculation of Fig, 7 for 12 PWR Consolidated Spent Fuel Waste

Package,

Fig. 10. Calculated Corrosion Rate and Corresponding Brine Consumption

Rate for CHLW Waste Package. Also shown are the calculated

thermally driven brine supply rates to the package and the

corresponding corrosion rates that these supply rates can

support.

Fig. 11. Calculated Corrosion Rate and Corresponding Brine Consumption

Rate for SFPWR Waste Package. Also shown are the calculated

thermally driven brine supply rates to the package and the

corresponding corrosion rates that these supply rates can

support.
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brines on pH.
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