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I INTRODUCTION/PURPOSE

Cast steel and cast iron canisters are being considered by BWIP for

storage of radioactive waste in a basalt rock repository. Although many

studies of container integrity have been made providing satisfactory

fracture, corrosion fatigue and uniform corrosion degradation

rates~1'2'3 4'5) ,the Nuclear Regulatory Commission felt that a study of

a slightly different approach was warranted. This preliminary report

attempts the following:

a) To address a broad scope of corrosion types and mechanisms'for

corrosion of waste canisters.

b) To conduct a literature survey of.both experimental and theoretical

work that could help to model corrosion mechanisms within a basalt

repository. Data bases used include the following: Naval studies

of brine corrosion; DOE sponsored investigations; microbial

corrosion studies; oxide characterization, integrity, and adherence

studies; investigations of radiation, heat transfer and hydrogen

overpressure effects on iron and steel, and symposia'on localized

corrosion.

c) To-identify potential scenarios of canister corrosion specific to

BWIP designs.

d) To identify and'discuss probable failure modes and to predict when

these failures can occur._
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e) To identify research topics on which work can clarify crucial

uncertainties in our assessment of canister lifetime and thus reduce

uncertainties in the licensing process.

This study is intended primarily for NRC Nuclear Material Safety and

Safeguards and Research staff use, background information on basalt rock

characteristics, repository and canister design is included in the

appendix.

II LITERATURE BACKGROUND

A. Theory

Corrosion is an electrochemical process which oxidizes metals. An

electrochemical-cell requires a potential (electromotive force) and

involves an oxidation (corrosion) reaction and a reduction reaction.

Within this cell, oxidation takes place at the anode and reduction at the

cathode. For example:

Fe Fe + 2e (dissolution of metal at anode)

H20 OH.+ 1/2H2 (breakdown of water at cathode)

Electrons flow through the base metal from the anode to the cathode. The

circuit is completed by ion migration through solution (or condensed

moisture) in contact with the metal surface. Oxygen often facilitates

corrosion. Sources of oxygen include 0 in air or water and2
electrochemical breakdown or radiolysis of water. Electrical potential

is provided by a differential in almost any parameter of the system,

e.g., chemical composition, pH, oxygen concentration, temperature.
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Since iron is themodynamically not favored as anion in water when oxygen

or hydroxide is present, rust is precipitated from solution. "Rust" can

take the form of an oxide, magnetite (Fe3O4) or hemitite (Fe2O3), a

hydroxide, or some other species;. Thermodynamics dictates which

corrosion product will be stable in a given system. For aqueous systems,

Pourbaix diagrams applicable to systems in equilibrium show-stable

regions at constant temperature and varying potentials (Eh) and pH's.

Figure #1 & #2 show corrosion and passivation behavior for a pure iron

system. These diagrams are an aid in predicting oxide stability, however,

their applicability in a repository situation is limited for several

reasons. First, Figures #1 & #2 are for a system at 250C while

repository conditions are calculated to range from 2500C to 650C.

Secondly, this is a binary system at equilibrium and unit activity.

Repository conditions will have chemical gradients, temperature gradients

and stresses as well as the added components of salts and dissolved

hydrogen (due to radiolysis). Figures #3 and #4 show the shifts in

equilibrium lines due to (3) salinity increase and (4) salinity and

temperature increase.., Furthermore, these diagrams do not address

corrosion kinetics or-mechanism. Thus, in order to further predict oxide

growth one must analyze all possible corrosion mechanisms and-predict

kinetics on the basis of conservative theoretical extrapolation of

empirical data.

B. Uniform Corrosion

Data Rates for uniform corrosion in aqueous solution'and soil

calculated from experimental data are listed in table #1 along with some

of the key experimental conditions. Most of these studies show general---

corrosion rates sufficient to protect waste in a 25-30 cm wall thickness
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overpack for many hundreds of years. However, Southwell and Alexander

found the pitting rate to be about four times faster than the general

corrosion rate (i.e. a "pitting factor" of 4). Romanoff found a pitting

factor of 11 in soil. Accelerated localized corrosion mechanisms will be

discussed in more detail later.

Rates for uniform corrosion of carbon steel in air and steam are listed

in table #2. Since these data were obtained at temperatures higher than

repository conditions, the rates are probably higher unless the

mechanisms are different. This study also predicts that in the corrosion

by both air and steam, for the first 100 years of a canisters repository

life less than 1 cm would have corroded.

Westinghouse(4) calculates the lifetime of a self shielded container

using cast iron overpack and steel canister (see table #3). Although

they use an accelerated corrosion rate due to pitting (a factor of four

greater than predicted general corrosion rates), the details of the

conditions or scenario used and the assumptions made are not identified.

Charlot and Westerman have also compiled a table of penetration depths of

cast iron and carbon steel under acid, alkaline and neutral water and

soil conditions (see table #4). They find that if one allows a corrosion

factor of five a canister would need to be 1.8 to 3.3 cm to last 1,000

years.



. . - . 1' He 

TABLE 2

CORROSION OF CARBON STEEL IN STEAM & AIR(14)

Corrosive

Medium

Air

Air

Steam

Steam

Temp.
°C

454

: 538

454

Alloy Penetration Depth
after 10,000 hrs. 3
(14 months) mm x 10

A216
1029
-1035
1116

A216
-1029
1035
1116

A216
1029-

10.2
14.5

- 14.7
33.0

40.6
50.8

- . 38.1
/71.1. -. -

8.64
- I 10.9

66.0
30.5
96.5
55.9

Rate in
mm/yr

- . 009

.013

.013

.029

.035

.045

.033

.062

.007

.009

.058

.027

.085

.049

538 A216
1029
1035
1116

Allov Identification

C

A216:
1029
1035
1116

.30
.25/.31
.32/.38
.14/.20

Mn

1.00
.60/ .90
.60/ .90
1. 10/1.40

P S Si Cu.- Ni Cr Mo V

.04

.04

.04-

.045

.050

.50

.60 .50. .50 .40 .75 .403

.35 -- -- -- -- --

.04 .16/.23 - --



TABLE #3

Corrosion Life of a Westinghouse Self-Shielded Package(4 )

Materials: Cast Iron & Carbon Steel
Environment: Anoxic Brine

Overpack Lifetime (Years)*

500C 1000C 1500C 2000C 2500C 3000 C

2 x 108 2x10 4x10 9 x 105 3 x 105 1 x 105

*Lifetime defined as time to pit through a 30 cm overpack thickness and
simultaneously consume 7.5 cm by general corrosion. Equations used are:

(1) General corrosion assumes parabolic kigetics:
x (mm) 32.6 exp (-2850/T( 0K)' t(y)Y

(2) Pitting corrosion uses a pitting factor of four
x (mm) 130 exp (-2850/T(0K)) t(y)Y

Estimated Uniform Metal

EnVironment Temo. C

Table #4 (2)
Penetration in Cast Iron and Carbon Steel'

Rate Law 100O yr Penetration Oeoth (cm)

With Factor 5
Uniform Allowance

Parabolic .38 1.90
Linear .38 1.90
Linear .66 3.30
Linear .57 2.55

pH 7 to 8, H20

13, NaOH
Neutral H 20
Soil2

250
250
250
Ambient



. .,. . . . 1-'� -

Although the figures in .table.#3 suggest an average canister lifetime

orders of magnitude greater than11,000 years, this may not be sufficient

for repository licensing purposes, since waste packages still may not

meet existing regulatory criteria based on statistical evidence. For

example, if the distribution of failures is broad, one could have the

case where the average life of a canister was 105 years, but and

unacceptable fraction failed in less.than 103 years.

Radiation Effects. Physical effects will also cause alterations in

predicted corrosion rates such that they may not be expected to meet

regulatory criterion. Radiolysis-is-one such effect. Byalobzhesky (15)

states that radiation increases the rate of atmospheric corrosion of iron

10 - 100 times. He found the variation in rates to depend on three

factors.

K F(E, Ed, Eph)

Ed is the destructive effect of particulate radiation. It induces

lattice defects in both metal and oxide. Ep, is the photo-radiation

effect. Although theoretically.useful, its effect on general corrosion

is negligible. Alpha, beta and neutron radiation from-high level waste

will be minimal; gamma-rays will be the primary radiation form. Thus,

Er, the effect of radiolysis, will be the most important influence of

radiation in this study. The result of radiolysis is a shift in chemical

po7!ential of the corrodant due to radiolytic products.



-8-

Glass has reviewed radiolysis of water in connection with nuclear

waste storage in repositories. He concludes that water irradiated by

gamma-rays yields primarily the following distribution of products:

g(H ) = 0.60*

g(H2) = 0.45

g(H20g) = 075

g(H30 ) = g(e eq) = g('OH) = 2.6 + 0.3

g(H2 Q') = 0.02

(°2absent)

These figures are roughly independent of pH(16). However, if any

dissolved oxygen is present, the concentration of hydrogen peroxide and

other oxidizers will increase. (Two orders of magnitude for 1.5 ppm over

concentrations at 0 ppm 02)(17).

Radiolysis will also affect gases trapped in the backfill near a

container. Glass (16) predicts radiolysis products of air to include

ionic oxygen + 02- 04+ 04), ionic clusters ( ( )n), and ozone

(03). Oxides of nitrogen will also be formed: N 205, NO% N203, N204.

This will result in nitric acid presence in wet oxide films. Water vapor

will not be affected by radiolysis to any great extent due to the

efficiency of back reactions for the intermediates.

r A) = A primary yield established by inference. G(X) = the total yeild

established by observation. G = 1001w x m/n where w energy used/ion

pair = molecules altered n = ion pairs formed.
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In sum, gamma radiation will result in several changes in the iron system

occuring simulataneously. The production of hydrogen will tend to reduce

corrosion by creating a reducing atmosphere. The presence of strong

cathodic depolarizers such as H202 and 03 will-greatly enhance corrosion.

Molecke~18) shows that the overall -effect of radiation is to accelerate

general corrosion rates. Table #5 shows Moleke's data on the effect of;

gamma radiation on carbon steel in harsh brines. If basalt water is

concentrated by the heat from the waste products, containers may well be

subjected to conditions similar to these brines.

K>

Heat Transfer. Another important parameter effecting corrosion is heat

flux at a corroding surface. Stepanov and Strokan(19 ) in their studies

of heat transfer walls holding seawater in desalination plants, show that

increasing the heat flux at a metal increases its corrosion rate. This

occurs for several reasons.

(1) It accelerates diffusion processes and electrochemical reactions.

(2) It changes the degree of protection provided by passivating layers.

(3) It produces thermogalvanic cells (with hot spots acting as anodes).

(4) It produces thermal stresses.

(5) It promotes salt deposition on or near the heat transfer surfaces

and hence concentrates brine altering Eh and pH.
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TABLE #5 The Effects of
Radiation on Uniform Corrosion of 1018 Steel (18)

T = 901C

Irradiation
Rate
(Rem/hr) Solution

Test
Duration
(days)

Corrosion
Rate
(mm/vr)

*Corrosion
rate w/o
Radiation
(mm/vr)

10 7
7

107
10 5

Brine B
Brine A
Brine A
Seawater

79
79
49
49

1.00
1.00
0.10
0.03

.040

.261

.261

_ _ _ _ _ _ _ _ _ _ M l e c k e ( 8 )
'Estimated from data given by Braithwaite and Molecke , assuming linear
kinetics between data points at 70CC and 2500C.
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Even at small heat fluxes, the corrosion of carbon steel-has ben shown

to increase markedly. Pits are-also shown to develop at temperature
-20 (19).differentials of 15,- 20 degrees.

Butler and Ison (20) propose that under heat transfer conditions the type

of attack may differ from that .of general corrosion. Under acidic

conditions, they cite corrosion rate increases of 1100% for samples under

a thermal gradient along the metal surface, compared to those in >

isothermal conditions.

Yasuda et. al. (21) also show that in caustic solutions, although carbon

steel may be passive isothermally, it is corroded under heat transfer

conditions. Localized corrosion is found-to be the dominant corrosion

mode in dilute solutions under temperature differentials of 1.70 to

12.40C. (These differentials correspond to'thermal'fluxes of 4x104 and

4x105 kcal/m2 hr respectively. Test solution is 0.1 m NaOH which yields

4000 ppm anions. This is 9 times more-concentrated than fresh basalt

water and also contains dissolved 2).'- After 50'hours,'pitting depth
-6ranged an average 5 to 10 u with a maximum pit depth'of 40x10 m.

These articles do not allow one to quantify the expected increase heat

transfer will cause in predicted-corrosion rates. However, the

possibility of accelerated testing of this effect exists and these tests

could be easily run. In addition, steam boiler technology, not reviewed

he., provides a wealth of-long term data. for carbon steel performance in

anoxic alkaline water. This data-should'be-reviewed, particularly the

data concerning corrosion under-sludge deoosits, since this may be

typical of the environment created by the backfill.
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Oxide and Backfill Prooerties. Another factor which may distort

corrosion rates is variation in oxide properties over time or under

dynamic conditions. Key properties in determining oxide protectiveness

are:

(1) conductivity of bentonite or other backfill as well as the wetted

porous corrosion scale on the iron,

(2) adherence and integrity,

(3) solubility of oxides and other corrosion products, "_'

(4) chemical/physical structure.

Because corrosion is fundamentally an electrochemical process,

conductivity of a saturated bentonite clay mixture will be a key

parameter in determining the corrosiveness of the basalt repository

system. Evidence from ship wrecks buried in deep sea beds 2 2'2 3) and

steel piling corrosion tests in Danish harbors(24 ) indicate very slow

general corrosion rates for cast iron in saturated soils although some
(25)

cannons and ship hulls are pitted through. Logan shows that in soils

corrosion decreases rapidly with increasing resistivity (See figure #5).

Considering a saturated bentonite clay in the perspective of this chart,

one can assume an upper bound conductivity of pristine Basalt water of

I.:--0 umho-cm . This places Basalt in the 5 mg/dm -day range; a low

corrosion rate relative to soils of higher conductivity. However, this

is just a rough estimate as to bentonite conductivity. Data must be

gathered to include effects such as radiolysis. A potential source for

these data are studies involving the cathodic protection of cast iron



Cc
I

<2 2 5 5 - 10 10 20 C20 - 50 SO - 100 Ica - 203 > 200

33. - .- i

---- . -
I I I I I I

ILi

E-

L'

C!
I.-r

MEAIIS OF'
7

SOILS

* . I
; . I
.; , . I.
., 

7 .

- -SA4D CASI PIP!
S I ,

-P UN PIPE 

10 MEAUS Of
12

SOILS 

I I

MEAtNS OF
7

S3IIS

_- _ _ 
- - - - -

MEANS OF MEANS of O1--, M|ANS Of-
. M. E Ai1ls Of to IEAN 9 SOILS1

SflMS OSOILS _soi 7 . C1
0 . , , _

;.200 200500
i .

500.Ot) I.0002.000 2.64f5.0LO 5.00010.OW 10.O0M-20.0d0

SOIL- RESISIIVIlI GROUPS. n cm

> 20.0a

flIIJRE 5. Corroslon of Graiy ron in Soils of Differing Resistivity



- 12 -

piping in soils. For example, it is known that a current density of

0.1-5 mA/cm2 is needed to electrically connect pipe with a sacrificial

anode. (6)

In addition to the conductance of the backfill, the ability for ions to

move through the oxide film on the waste canister will be proportional to

the ability of the base metal to continue corroding. Thus a porous oxide
(27)

will be less protective than a dense layer with fine pores . In

addition, if an oxide can conduct electronically rather than allow ions

to flow through, the potential gradient across the oxide will be kept at

a minimum. Table #6 compares density, conductivity and other

characteristics of iron oxides. (26)

In sum knowledge of the range of porosity and resistivity of actual

corrosion films on wate packages would be desirable as an aid in

predicting the protectivness of the iron oxides and hence a range of

corrosion rates.

As straight forward as this may appear, determining the morphology of the

corrosion film that will be present on a canister in a repository in

order to run tests on it is not a simple matter. First of all, canisters

entering a repository will have an oxide already on them. This oxide

will have been formed after canister fabrication, then will have been

heated to 10000C as the vitrified waste was poured into it, and will be

cooled slowly to ambient temperatures. The nature of the oxide film

formed is unknown to the author. However, one can guess that it will be

similar to a millscale left on after hot rolling. Evans (31) points out

two possible scenarios in corrosion under millscales. If the mill-scale

is loose, cracks in the film may initiate localized attack initially, but
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attack will undermine the flakes of scale to produce a smooth protective

general corrosion film. On the other hand, in cases where mill-scale is

very adherent, aggressive pitting.will occur at cracks and may lead to

spaling.

To illustrate the degree to which surface condition may affect corrosion

rate, Southwell et. al. (32) exposed unalloyed low carbon steel to a

tropical marine environment for 8 years. They found that a pickled

surface was about 10% more protective than mill-scale against uniform

corrosion and about 15% more protective against pitting. Contrary to

these results however, Butler & Ison found that pitting depth increased

by a factor of 2 for a pickled surface over an untreated surface (20) A

four month Belgian study of cast irons in a humid clay atmosphere showed

a corrosion increase from 51 mg/dm2weight loss to 234 mg/dm2 for grade

42 iron when mill-scale was removed. Similarly, grade 60 iron corrosion

increased from 88 to 275 mg/dm when mill-scale was removed(33).* All

that can be concluded from this then, is that much depends on the nature

of the scale (31) Canister processing may need to be tailored to

produce a desirable scale. Corrosion tests should include the scales

expected on production containers.

Assuming we have an optimal corrosion film, to determine long term

behavior in a repository, specific information is needed about scale

*Note if comparing these data to rates in table 1, Dresselaers(33) added

an artificial defect to his specimen.



D* .*. K) K)X

I.

1.~~~~~~~~~1
- 14 -

adherence properties, integritj (ability to withstand stresses without

cracking or undulating) and the chemistry of local repository water

attacking cracks in the film. '

Within the literature, there are discrepancies as to whether or not a

high temperature alkaline environment will 'produce an adherent scale.

Huijbregts et. al. have shown evidence that in either deaerated (4 ppb

02) or undeaerated weakly alkaline'(3;x 102 to 10 N NaOH), 250-300'C

solutions produced loose spaling oxide (34). In'a simiilar, 3 month test,

Potter and Mann saw some spaling on samples, 'but not all. The double

layered oxide formed in this experiment were described as partially

K>J protective. Testing conditions were 5-20 wt% NaOH, 250-3550C on mild

steel; rate kinetics were parabolic" 35) Effertz has-found oxide to be

double layered and protective without'spaling when produced by high

pressure water or superheated steam'(250-6000C) at'30 ppb Steam and

water formed.oxides of different-morphology, but both formed in

accordance with parabolic-rate laws(36), Alloying elements also effect

the adherence of an oxide film. --Chromates'in-stainless steel and

silicates in wrought iron form very tight protective films (28, 20) In

plain carbon steels and irons, however, Tylecote indicates that the

higher the degree of purity, the more'adherent and strong the corrosion

film. He attributes this to a decrease in preferentially oxidizable

impurities accumulating and causing stress at the metal/oxide

interface(37). The level of purity to which Tylecote refers is spectral

grade, and thus this may have little application to the large scale

manufacture of waste containers. ' -

Many studies indicate very little difference in the corrosion behavior of
(34, 38)low alloy steels versus the irons In soil media, grey iron has
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been found to be more protective than malleable irons by a factor of

ten 39). Grey iron is also superior to ductile iron or carbon steel in

uniform corrosion, although it is much less resistant to localized

attack 40). This may however, be more a function of the integrity of the

graphite matrix left after graphitization processes have leached out the

iron, than a function of low corrosion kinetics 28). Thus in the

presence of radiolysis and heat transfer, which make electrolytes more

aggressive, it is better to use a material such as a carbon steel which

is not vulnerable to graphitization (dissolution of the metal in cast

iron to produce a "skeleton of graphite flakes).

Determining the solubility of oxides and chlorides in basalt water will

be important in determining loss of iron that does not add to further

protection via corrosion film 41' 10). Gadiyar and Elayathu have studied

corrosion in terms of percentage of adherent oxide. Their figures show

about 70% adherence (i.e. about 30% loss to environment, see table 1 for

experimental conditions)(10 . Similarly, Huijbjegts et. al. show about
(34)50% nonadherant oxide . A probable mechanism to explain this loss

involves the oxidation of iron to ferrous hydroxide (Fe(OH)2). Ferrous

hydroxide is usually produced as Fe"2 and OH ions. Thus it is highly

water soluble (See table #6). At ambient temperatures and anoxic

conditions, it is the primary corrosion product 29'42). At high

temperatures (60-250'C), ferrous hydroxide will rapidly oxidize to

magnetite via the Schikkor reaction:

3Fe(OH), = Fe + H + 2H 0 (42)2 3 4 2 2
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This may occur near the substrate and magnetite will precipitate on the

existing oxide film as a loose, flakey oxide (eg., 34) or it may occur

at some distance from the metal, (e.g. 10).

The Schikkor reaction is also reversible and in-a hydrogen enriched

atmosphere, magnetite is susceptible to partial reduction to ferrous

hydroxide 41). Under experimental'conditions simulating a PWR loop (high

temperature, alkaline,-low 0 level), the soluble iron content was found2
by Berge et. al. to be proportional to the concentration of dissolved

hydrogen to the power 1/3. Other experiments have' derived lower values

for percentage soluble iron produced byH 2 (
41 ). An additional

possibility in this situation is complete reduction of magnetite back to

iron (23)

C. Localized Corrosion

Localized attack,,more specifically pitting or crevice corrosion, is

mechanistically similar to uniform attack.- An-oxygen concentration cell

is established with a small oxygen starved anode and a large oxygen rich

cathode. The anode is kept from contact with the bulk electrolyte by a

long narrow transport path in a crevice, or a thin mushroom film of

corrosion products over a pit. The absence of oxydizer within these

occluded cells allows the hydrogen ion concentration to rise and attracts

aggressive ions such as chloride into the pit to maintain

el'ctroneutrality. Acid, usually hydrochloric acid, builds up in the
(6,10,43)'anode accelerating metal dissolution

Figure #6 shows the effect chloride ions at 355 ppm has upon the Pourbaix

diagram. in comparison, Table #7 shows anion and.cation concentration
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Figure #6 Pourbaix diagram for iron with 355 ppm Cl

At pH 8 this can be interpreted as:( 6 )
1 = general corrosion of nonpolarized iron in anoxic solution.
2 = pitting of nonpolarized iron in oxic solution.
3 = active pits or crevices.

Table #7 Basalt Groundwater(4)

ton

Na

Kg2+
Mt92+
Ca_2

HCO3
OH
H^,SiO,

SO -2
r

Concentation (m) Millecuivalents

250
1.9
0.04
1.3
27
70
1.4
103
148
108
37

10.870
.050
.004
.066
.900

1.148
.082

1.084
1.096
2.250
2. 176
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levels in basalt water. In addition to chloride ions, the only other

* potentially aggressive species is floride(2). However, Ogura andOhama

have found that floride ion'does not induce pitting in iron even at -

concentrations of.950 ppm(44).

Propagation. Many factors:render metals susceptable to localized attack.

These include defects and microinhomogeneities within the oxide, stresses

within the base metal, and surface abrasions(31'17'45 )

Mechanistically, there are many'explainations to account for protective

film breakdown and the establishment of an autocatalytic occluded cell.

Kruger and Hardman have compiled and assessed these theories, and provide
(45)two which are particularly applicable to ion pitting propagation

The first, by Galvele is very detailed; Pits are assumed to initiate at

transient breaks inthe film producedby mechanical or electrochemical

means. Before the oxide-has-an opportunity to heal the passive layer,

hydrolysis occurs, lowering the local pH. If acidification at this-point

is sufficient to prevent repassivation, the pit will grow. If conditions

can be specified well enough using a Pourbaix diagram one can estimate

regions at which metal dissolotion can occur and the pits that will

exclude repassivazation. This allows one to gather insights into the

pitting rate as a function of potential. - This model explains the-

existance of empirically established Pourbaix protection potentials as

well as corrosion or open circuit potentials characteristic of
tals(6,46)

The second model, by Rosenfeld and Oanilov, is an absorbed ion

displacement model. In it, chlorine displaces oxygen in the intersities



- 18 -

of the oxide and in very localized sites, clorine will migrate to the

base metal, creating an anode. Metallic dissolution produces the

mushroom of corrosion products (mostly Fe(OH)2) needed to isolate the
2 ~~~(47)

cell. From there, crevice corrosion mechanisms become operative

A crevice corrosion model particularly applicable to iron is the four
(48)stage model proposed by Oldfield and Sutton

Stage 1: Uniform corrosion reactions take place both within and without

the crevice. Eventually, corrosion products build up in the crevice

providing only a tortuous diffusion path for oxygen. Inside the crevice,

oxygen supply is depleted and a concentration cell is established. (Note

in the pitting model this is analogous to the production of corrosion

products around a pit.)

Stage 2: Metallic dissolution continues within the crevice; ferrous ions

scavenge hydroxides; hydrogen ion concentration rises. Reduction of

oxygen continues outside the crevice. Chloride ions migrate into the

crevice to maintain electroneutrality. Ferric (formed from passive iron)

and ferrous (formed from active iron) ions combine with chlorine ions.

Stage 3: The concentration of Cl and H within the crevice reaches a

level that prevents any repassivation of oxide on crevice walls.

Accelerated corrosion begins.

Stage 4: Crevice corrodes rapidly. Hydrogen may evolve leading to

hydrogen embrittlement and stress corrosion cracking even in iron(17,48 ).
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If crevice geometry, critical HCI levels to inhibit repassivation and

passivating current can be specified, this crevice corrosion model can

predict one of two outcomes: (1) pH level will be controlled by mass

transport of FeCi from the crack, (2) pH will drop further and
2 ~~(47)

corrosion rate will accelerate

Given the presence of chloride ions, the necessity of welds or mechanical

closure for canisters, and the geologic periods of time for which

container integrity must be maintained, occluded cell corrosion is of

very serious concern. The three elegant models above are difficult to

apply quantitatively, since repository' conditions can not be accurately

specified at this-time. However, one can predict that-propogation will

occur. Defects within an oxide layer can not be completely avoided even

under he best of conditions. Chem'ical microinhomogeneities can be

reduced drastically by vacuum arc remelting or electroslag remelting of

the carbon steel/cast iron to remove impurities. Yet localized stresses

and scratches can not be avoided. Stresses, particularly in the heat

affected zone about a weld are perhaps the most severe weakness in a

canister. Cramer and Carter provide data for carbon steel weld corrosion

in dearated, hot, harsh brine (primarily NaCl). See Table #8. The weld

itself corroded at rates similar to the control specimen. However, in

the heat affected zone, corrosion rates as high as 920 um/year (for

E70i6) are reported( 9).

The welds analyzed in table #8 are in a solution far more saline and acid

than is exoected for a basalt repository. However, these specimen are

small (2.5 x2.5 cm) and show a -5% to +43%O change in corrosion
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Corrosion of
in Salton

Table #8
weld and nonweld sg3men
Sea Brine in mm/yr

Temperature: 2320C ppm Cl : 155,000 pH: 6.1 at 250C

Alloy/Filler Alloy Nonweld Weld
deaerated

Heat Treated Weld

1020
1020
1020
1020
1020
1020
1020
4130

C Steel/E6010
C Steel/E6011
C Steel/E6012
C Steel/E6013
C Steel/E7016
C Steel/E7018
C Steel/E7024
Steel/E6010

.419

.419

.419

.419

.419

.419

.419

.330

.510

.380

.420

.510

.520

.430

.600

.430

.520

.430

.540

.410

.460

.420

.470

oxygen at 100 ppm

1020 C Steel/E6010
4130 Steel/E6010

26.900 30.000
25.400 28.400
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(49)chnemihbdamage This indicates that similarchanges might be expected for

the thick welds (up to 25 cm) considered heretofore for BWIP.

Cramer and Carter also ran field test on these welded specimen for 45

days. Carbon steel suffered very deep pitting, particularly in the heat--

affected zone. The 4130 steel, was penetrated in the heat affected zone in
(49)both brine and steam . Because-the general corrosion rates in

geothermal brine are so high, pitting factors'were'low relative to

Romanoff's data (note ratio of pitting to'general corrosion rates for

data in table #1), which range from 2.2-4.8. However, these-geothermal

brines can not readily be used to model behavior in basalt, particularly

since it is not known to what extent dissolved gases (C02, so2' etc.)

were responsible for corrosion rates.

Mechanical closure will also provide'a crevice for occluded cell attack.

If the closure will be sealed with a weld, one can calculate from the

weld thickness the time needed for-general corrosion (or more quickly,

localized) processes to expose it -to the bulk electrolyte.

Scratches provide sites for attack because of the stresses induced in the

metal when they are formed. Tensile stresses will render part of the

metal anodic relative to the unstressed areas. These stresses can crack
(31)'the oxide layer, leaving the metal exposed to attack . Evans notes

(31)
that scratches repassivate in iron more readily than in-steel

However, with Mears he foundthat if a scratch-has a load on-it,

probability of corrosion occuring increases. (19 to 5 with a mass

increase from 100 to 800 gm.)(50) Loaded scratches will be present in a

repository. For example, a currentBWIP design places canisters on two

metal railings (see appendix). inor. oads produced by crushed'basalt
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pressed against the container by a water-swollen backfill may not affect

general corrosion rates severely although they could be sites for

localized corrosion.

Growth of its and crevices Ultimately, one should assume that pits

will propagate on waste containers. Then one is left with the question of

how fast and how deep these pits will grow . Factors that control

pitting have been empirically determined from extensive data taken at the

National Bureau of Standards. For ferrous metals these are summerized in

a equation for maximum pit depth (P) in mils: (2)

P = K (10 - pH)n(t/P) nAa

where: Kn = soil aeration factor. 170, 222 or 355 for soils that

are well, fairly well, and poorly aerated respectively.

K = 1.06 for steel and 1.40 for cast irona
n = soil aeration power 1/6 for well aerated soils

1/3 for fairly well aerated soils

1/2 for poorly aerated soils

2/3 for poorly aerated soils with

soluble corrosion products

t = time in years

p = soil resistivity in ohm-cm

A = exposed surface area in ft2

a = 0.16 for steel and 0.22 for cast iron

In a repository situation radiolysis can, at least in principle, reduce

localized corrosion rates. Radiolysis in a crevice can consume H at the
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same time it increases the pH in the crevice and the H202 reduces the

differential by the reaction: -

- 2H202 =:H 20 +0 2

Both consumption of H and-production.of 0 in the occluded region tend2
to slow down further corrosion., In!addition, these conditions'establish

a protective oxide film on the inside of the occluded cell 6'17). In

other words, the repassivation effects of the-O will compete with the2
Cl breakdown effects.. ,Towsend puts these protective'mechanisms into

perspective by showing that additions of NaCl at7 1ppm overcome the
(17),

passivating effect of 3000 ppm H202

Radiolysis will also supply H2 and H within a pit~ 6)* Hydrogen radical

will readily combine,.perhaps-with.the.H:-available in solution to

produce hydrogen. Also, if the:hydrogen potential inside the pit is low

enough to generate hydrogen.gas from the solution, then anodic reactions

will produce H2 . The effect-of:H from either or both of these

sources will be to restrict the decrease in pH (by scavenging-excess H ).

However, it may lead to hydrogen embrittlement'and to increased

of . (17,41)solubility of magnetite

What the net effect of.radiation on localized-corrosion will be in the

long term is as yet ,unknown.

The conclusions to be drawn from a literature assesment of localized

corrosion per Carter's recommendation, is thatianalysis upon which

licencing decisions are to be based need to be highly specific and

incornorate as many aspects of the.system as possible (i.e. welds,
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radiation, electrolyte and steam flow, dissolved gases, pressure). If it

is possible, field testing should be accomplished to verify what failure

modes and corrosion rates will be( ).

D. Stress Corrosion Cracking and Hydrogen Ebrittlement

Cast iron and carbon steel can suffer failure by stress corrosion

cracking (SCC) under highly caustic environments and mechanical tensile

stresses. Current theory uses a variety of mechanisms to describe all

the characteristics and modes of SCC. These can be segregated into

roughly three catagories: cracks which are associated with either

(a) pre-existing active paths

(b) strain generated active paths

or (c) specific absorption at subcritical stress sites(52)

Pre-existing active paths in an alloy are formed by microsegregation and

precipitation within a metal, usually at grain boundaries. Local

galvanic cells are established weakening the metal against mechanical

failure. Microsegregation can be minimized by proper melting practice

and careful consideration of casting technique. Precipitation can be

minimized by keeping alloy content low and removing sulfur(52)

Strain generated active paths usually initiate at slip steps occuring at

the surface of the metal. SCC proceeds intergranularly. Specific

absorption paths require absorption of gases (particularly H ) into tiny

cr--:ks on the surface of the metal(52 )

The role of hydrogen in SCC is not explicitly defined. although it is

clear the H2 embrittlement will render a metal susceptible to SCC( ).

En some cases if metal is in a strained condition, hydrogen will reduce
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the metal's yield strength to the point where it can fail

mechanically

The rate of hydrogen diffusion into a metal and the depth of attack

(decarburization and fissuring) varies with metal heat treatment, H2

pressure, atmospheric moisture content and temperature (53,5455). There

exists an incubation period for attack, although it is shortened

considerably by water vapor. Water vapor also increases the'depth of

hydrogen attack. However, Gutzeit and Thygeson report-attack depths
(55)which logarithmically approach only a few millimeters

Solution chemistry and mechanical strength also plays a dominate role'in

the modes of SCC. In aqueous chloride environments, for example, SCC is

dependent on"the yield strength of the alloy. Probability of'failure

increases for steels with strengths greater than 689 MN/m2 (100,000 psi),

while steels less strong appears uniformly resistant. Cracking rate

increases with temperature and Cl concentration, but the critical stress

factor (KIScc) does not.

In sodium hydroxide solutions cracking is known to occur at

concentrations above 5 wt% and a temperatures between 1000C and 350'C.

Presence of'oxygen increases metal susceptibility and-crack growth rate.

Carbonates present in basalt water may-help inhibit-SCC in NaOH(2). The

low alloy cast irons and steels being considered for waste canisters will

have strengths less than 689 rW/m2(2). It will need to be determined

though whether hydroxide concentration could increase from 1.4 ppm (in

pristine basalt water) to 1100 ppm (5-wt%) within the time-that the

canister is above 100'C and oxygen is present.
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Recent tests on stainless steels indicate the radiation effects on SCC

can not be ignored. Fugita et. al. find that radiation can have both

benificial and deleterious effects. Furthermore, the interaction between

oxygen and radiolysis products has a very complex effect on SCC(56 )

E. Galvanic Corrosion

Galvanic interactions are caused by metals in electrical contact having

different corrosion potentials and thus establishing an electrochemical

cell. There should be little reason to worry about this though, if waste

canister, overpack, and metal rail upon which the canister is to be

seated are all of the same material.. Weld metal should also be chosen

with care to avoid galvanic potential. However, if a titanium overpack

is used and it comes into electrical contact with iron, iron will be

anodic. Ferrous ions will be produced and react with water to form

hydroxides. This will release hydrogen which will embrittle the

titanium.

F. Bacterial Corrosion

Microbial induced corrosion is a major concern for subterranean metals.

In Belgian mines for example, over a 90 year period iron supports

suffered corrosion 50% of which was believed to be attributable to

bacterial action(33 )

The so called "iron" bacteria are a miscellaneous group which are

associated with the oxidation of ferrous ions to ferric ions. They

tunnel through metal creating "tubercles" within pipes. They also

accumulate as waste, masses of ferric hydroxide and biological deposits



*~~ K ); 

- 26 -

which mechanically strengthen the tubercles. As the tubercles thicken

and more wastes are built up, influx of water and oxygen are restricted

thus setting up a differential aeration cell(57'58).

Most of the iron bacteria are autotropic and anerobic. Common genera

include Ferrobacillus, Gallionella and SphaerotiusD58). Desulfovibrio

desulfuricans and related species also reduce iron but require sulfate in

the soil'around the iron. 'They oxidize iron into Fe+ and produce'

sulfuric acid from sulfate. Most of the "sulfate" bacteria are

autotropic and anerobic, although some require small amounts of organic

matter and water(59)

Anaerobic bacteria are known to live in pH ranges 5.0 - 9.0(59). Thus,

very few could be expected to thrive in the water surrounding the'waste

canister.' Furthermore', while the canister remains above the boiling,

point of water, very few bacteria could be expected to remain near it.
(3)Radiation given off by the'waste will also kill bacteria(. Gause

et. al. calculate that the canister should remain sterile for 58-days

after waste is added.-Provided no new bacteria is introduced after this

time the canister should remain sterile.
- ' .- C, _ 

G. Conclusions

In summary, there are several conditions present in a nuclear waste '

st-..age facility that will have major effects on corrosion rates, most of

these deliterious. These are heat transfer gradients, radiation, and

oxygen supply from'air shafts.
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(1) Heat transfer will not only accelerate corrosion due to its

effect on the metal canister itself, but it will also concentrate

the salts present in repository waters to an unknown extent. A best

case would be to assume that this concentration will be negligible;

worst case is to assume that the waters reach saturation.

(2) Radiation is known to accelerate general corrosion. Its

effects on localized corrosion have been conjectured, but not

proven.

(3) Oxygen supply, even in very small amounts will have large

effects on corrosion rates. In trying to estimate these effects,

one can expect that oxygen will constitute 20%o of the air prior to

backfilling. Supply will diminish over time, although there is

question as to whether premining conditions will be reestablished

due to 02 diffusion through backfill in the main shaft.

The dominant mode of corrosive attack expected is occluded cell

corrosion. Of principal concern are pitting in the heat affected zone

around a welded closure as well as crevice corrosion in a mechanical

closure and in loaded scratches such as those created by containers on

metal railings. Accelerated pitting factors* may be expected to range

from 1 - 4 in a besi case scenario (ref. 8, derived from 02 free basalt

water data) to 11 (ref. 12, derived from soil corrosion data).

General corrosion, whether it follows a linear or parabolic rate law,

---------------- AA pitting factor is the ratio of the pitting to general

corrosion rate.
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Stress corrosion cracking, galvanic corrosion and biodegradation will

probably not be of concern as failure modes for waste canisters made from

carbon steel.

III Scenarios

A.. Assumptions

(1) Ground water will notbealtered by heat from the waste nor by

radiolysis.

(2) Weld and HAZ will corrode at rates comparable to the rest of

the container.

(3) Radiation and heat transferwill not increase corrosion rates.

(4) All corrosion involves linear kinetics.

(5) Where data is unavailable for both cast7'iron and carbon steel,

rate data for one will,,be used interchangably.'

(6) If waste containers rare-designed-to-rest upon metal railings,

any crevice corrosiondthat procedes will proceei at rates

comparable to pitting elsewhere on the canister.

(7) Repository and backfill will.saturate very'soon after the

repository is closed.

(8) Reither stress corrosion crackin, microbial induced corrosion,

nor galvanic corrosion will occur.
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(9) The canisters will not fail prematurely from mechanical

rupture nor any other cause.

(10) Corrosion must not thin the canisters so severely that about 5

cm of sound metal is not present at every point (a thickness

estimated to withstand hydrostatic and lithostatic pressure).

B. Scenario : Best Case, model using Basalt Water

Use all assuptions.

First 50 years - repository will be ventilated producing a humid air

environment. Quantitatively, one can expect corrosion rates to be about
(33)4 to 5 times lower in humid air that in soil . Using rate data from

table #2 for both steam and air at 4540CC 4), one can anticipate a

corrosion depth of less that 1mm. Using data from Dresselaers, corrosion

of less that 1 mm would also be expected(33).

Next 950 years - repository will be backfilled. Conditions will

approximate the conditions of pristine basalt water. Using Braithwaite

and Molecke's data( , one can assume a corrosion rate for ductile iron

of 0241 mm/yr. Using Southwell and Alexander's data, one can assume a

pitting factor of 4. This allows 2.3 cm general corrosion and 9.2 cm

localized corrosion. Thus, to comply with condition (10), the canisters

must be 14.2 cm thick.
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This is a conservative estimate, because repository temperatures will not

remain at 2500C for 1000 years (see table #13 in appendix). In addition,

very little oxygen will be present, reducing the potential for localized

corrosion. Thus the pitting factor of four and the general rate used do

provide a conservative scenario if all stated assuptions are true.

C. Scenario II: Basalt Water model with Radiation.

Use assumptions 1, 2, 4 - 10.

From Byalobzhesky(15), one can assume a rate acceleration from 10 to 100

times for atmospheric corrosion. In addition, Braithwaite and Molecke's

data shows rate increases of about 4 to 25 time for radiation at 107

5rem/hr and no acceleration at 10 rem/hr.

Radiation is primarily produced by short lived cesium isotopes for the

first several hundred years. Let us assume then that for 200 years the
* 7

radiation level remains at about 107 rads/hr. (See references 2 and 4 for.

radiation levels of various borehole container designs.)

First 50 years - if repository is ventilated as in scenario I, even

allowing an increase of 25 times, corrosion depth will still be less than

1 cm.

Ne:ws 150 years - using scenario I, one can expect without radiation a

general corrosion depth of .4 cm. -This becomes 1.6 cm to 9 cm if

radiation is present. This scenario will not attempt to predict effect

on localized corrosion.
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Next 800 years - using scenario 1, an additional 2 cm will be lost to

general corrosion and 8 cm to pitting. Under this scenario, an origional

thickness of up to 23 cm might be needed depending on precise

assumptions.

D. Scenario III: Model using Soil Data

Use all assumptions

First 50 years - as in scenario I, corrosion will be negligible during a

time when the repository is ventillated.

Next 950 years - repository will be backfilled and one can model this

environment using Sagamoor loam (see table #1). This data was taken at

temperatures lower thatn repository conditions, but oxygen content was

greater. 50% of the pitting in soil will be attributed to microbial

action and therefore dismissed. Thus, for carbon steel, general

corrosion will penetrate 1.9 cm and pitting corrosion 10.4 cm. For cast

iron, general corrosion depth will be .6 cm and pitting depth 15.2 cm.

Under this scenario, an original thickness of 20.2 cm is needed.

E. Scenario IV: Model using 1% NaCl

Use assumptions 2 - 10.

In this scenario, it will be assumed that ground water will be affected

by heat given off by the canisters. This heat will flash water near the

repository into steam. Salts will be deposited in the rock increasing

the salinity of the groundwater.
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First 50 years - increased salinity will not affect corrosion; it will be

negligable.

Next 950 years - assume that salinity is increased about 120 times. In
I . . 1. . .LI )

other words, the water becomes a % NaCl solution. Shannon's data(^)

can be used to calculated expected depths for low carbon steels of 19 to

28 cm. If one then includes a itting factor of 4, it would take between

25 and 40 years to penetrate 30 cm. There is no prospect of a reasonable

canister surviving 1000 years. -'

F. Scenario V: Worst Case, Water near Saturation

Use assumptions 2, 4 - 10.

First 50 years - if ventillation is provided, corrosion will be

negligible.

Next 950 years - let us assume that heat from the wast increases salinity

to near saturation. Using Braithwaite and Moleke's data( ), it will take

less than 200 years to penetrate 30 cm of carbon steel:. Pitting would

allow only 45 years befor container is penetrated.

Another worst case situation involves increased corrosion rates at.a weld

or HAZ. If one considers Carter and Cramer's observations(46) (see table

#8), one can assume that if any oxygen is trapped in the backfill,

corrosion rates would be equal to the rate at which corrosion products

can be removed from the metal surface. If soluble corrosion products are

formea, the canister will have an expected lifetime of less than 200

years.
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G. Conclusions

Table #9 provides a summary of scenarios. Clearly there is a phenomenal
difference in predicted outcomes between various scenarios. It will be
difficult to say which scenarios best describe the repository until we
have more data by which to make predictions. Particularly critical is
knowledge of rate kinetics. Using parabolic kinetics will drastically
effect the outcome of the scenarios.

Table #9 Summary of Scenarios

Scenario

I
II
III
IV

' V

Maximum Penetration Depth after 1000 years (cm)
Carbon Steel Cast Iron

general pitting general pitting

1.9
19 - 28
failure

___

10.4
failure
failure

2.3
3.6 - 11

0.6
_ __

___

9.2
8

15.2
_ _ 
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IV. Appendices

A. The NRC and BWIP

In 1974, the Nuclear Regulatory Commission. (NRC) was'Vested with

licensing and regulatory authority over U.S. Department of Energy (DOE)

facilities. This includes the responsibility for ensuring safe, terminal

disposal of commercial nuclear.waste. ;Sub-sealed,'above ground and

geologic storage are being considered. Of these, stable geologic-

formations presently provide the most viable means of ensuring

containment, retrievability and protection from sabatoge for the time the

radionuclides will exist in high concentration (i.e.', 1000 years for' heat

producing cesium and stronium, 10,000 years for transuranic isotopes).' A

number of geologic formations are being investigated and domed and beded

salt, tuff rock (at the Nevada Nuclear Test Site) andibasalt rock (at

DOE's Hanford Site)(Z0' 61). ,

This study has considered only the repository being designed for basalt

rock at Hanford, the Basalt;Waste Isolation Project (BWIP). Hanford is

located in the Spokane desert-of-Southeastern-Washington State, north of

the Columbia River. Basalt is a very dense rock composed primarily of

zeolites. While the rock is usuallynon porous, it is fractured

providing hydrologic pathways. The water is very low in oxygen and pure

in its pristine state., It is an unsusual-ground water due i part to the

la're precentage of floride in the dissolved salts. (See table #7 for

water composition). The eh and pH provide a very reducing environment.'

(Eh = +0.54 volts, pH = 10.5.- Compare this to-passivation and immunity

regions on Pourbaix diagram, figure #2.)
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B. Repository Design

Provided here is a short summary of current BWIP research and development

that is specific to the environment of waste containers. While these

proposed designs do not necessarily reflect those that will be included

in the license application, they do provide the reader with an idea of

design parameters as well as a visual picture of a hard-rock repository

and waste canisters.

Basalt is unusual in that the maximum horizontal stress in the rock is

about twice as large as the vertical stress. Thus, horizontal

emplacement of canisters into holes running between two large tunnels

(drifts) is now favored over vertical emplacement with boreholes in the

drift floor. Figure #7 illustrate storage panels between drifts(63).

Figures #8 and #9 give an example of a repository layout with dimensions.

Because of the requirements of 10 CRF 60 and in view of the complexity

and uncertainty in predicting the long term reliability of geologic

formations on inhibiting radionuclide migration from the repository,

engineered barrier systems are being incorporated into repository design.

These barriers are designed to protect the canister from corrosion and

mechanical rupture, to inhibit leaching of waste from the canister and to

so ' or fix any radionuclide which has leached out of the canister.

Waste is to be incorporated in a stable ceramic/glass matrix within a

canister. The canister is placed within a buffer-lined overpack

container. The container is emplaced and backfilled (see figure #10)
(62,63)
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The idea of engineered barriers is supported by several BWIP findings to

date:

(1) Reversible backfill dehydration is a function of pressure.

(2) Reducing environment retards nuclide migration.

(3) Most radionuclides appear solubility limited.

(4) Reducing conditions rapidly reestablish via hydrothermal basalt
- (63)reactions .

K)
Figures #11 - #13 depict procedures for backfilling and sealing a

repository. In particular, backfilling the main shaft into the

repository (2000 feet underground) will be important to prevent oxygen

from diffusing into the repository. Backfilling of the individual

boreholes may be done immediately once the canisters are emplaced, or a

period of ventilation to dissipate heat produced by cesium and strontium

may be provided-for up to 0 years prior to backfilling

C. Container Designi

The design concepts used'by BWIP. to develop a waste-container are: waste

package functions, emplacement conditions and design description (i.e.,

ho:;zontal emplacement and simplified wastepackage).- Tables-#10 and #11

provide a view on WIP functional design criterion called "work elements:

Tables #12 - .14 describe-canister functions and predicted environment
(63) ,, -
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'Table lO
TYPICAL WVASTE PArKAGE DESIGN VOPRK LE!-E- TS

Determine the conditions-that affect waste package desiqn

° Thermal Loadino
- -Chemical Environment

Determine the susceptibility of canister materials to dearadation

Corrosion
O. Embrittlement

. Determine the release-rate of waste forms

Repository Chemical Environment
Repositorv Thermal Environment

Determine interaction between waste package cmponents

° Canister
° Waste Form
° Backfill

Determine backfill characteristics

° Porosity/Permeability
° Swelling Properties
° Chemical Properties .

Table 11
DATA :EEDED TO-SATISFY DESICI RELATED WORK ELEMENTS .

CHARACTEP.!STICS F PASTE ACKAGE CO:jPOrIEN.TS .

Physica; and chemical Drooerties for:

o Waste Form
o Canister Materials
° 3ackfill Materials

INTEPACTIONS OF CPONENTS AND EAR FIELD ENVIRnMMENT

-Advanced Corrosion Tests -
0 Backfill Performance..- -
° .4aste .Form/Groundwater (Leach) -

-- '' ,° asalt/Groundwater (Bufferino/Alteraticn)
- - ° GCanister/Basalt/Grounawater (6rrosinn)

0 Waste Fo'rm/Basalt/Grounawater-(RelpAse)
- ' °-'aste Frmtackfill/Basalt/Groundwate (Retardation..

-Effects - -;

DESt~! M CEPTS -

- - - 4 o-',Conceorual Desian Doscriptinns
astePickaap Functions. 

Emolacpment Connitions.

- -rmoerr.ur'p nf Trmnnnenrs
- .rntinawater iaratinr.

.,. ,- "' - "-1 .*ne Eh.Chemical Cnonsition-' Grrcunt wi.Pr
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Table 13
SUMMAfly OF

nr!POSiTOnlY CONI~TIONlS I BASALT

Tr1711.AUP1 E(IJiIPfliti i- 
______Po ____ (VOLTS) M kJ

OF!RAfIHG Ss 9.s .54s 1

100. I~. 7 -0.50 l1t
THEM 15P0 7.l -0.54 11t700 ~7.? -0.5S7 lit

(EA104 250 fi.? .0.61 l1t
3r0 6.2 .0.63 lit

1,tIIOF 59 5.5 -0.tB li
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Table 14

tEpected RepoSitory Coaditions at tite Emplaceent LocatoL.

Time General cibaracteristlcsPeriod Caniltion/operitiol (yr (reference bortzonI-

Precaqalace- tirtural undisturbed liost O Low-paranillity basalt saturated with
MnL rock lkallne. anore iwater (0.I by volaws)

.L 59C lydroitaLIC pressure.

Construction of waste- I to 20 Hast rock xiposed to atmospaere provided
cwilaceseltu panels by repository ventilation system.

Vaste emplacement 10 to 80 basalt heated by tbe waste package dries
Initltad. iliIed plineis -tle rtck lI tae vicinity of IlIe waste
itulate l true iaiein PACI*-jcs. axia teaeratures rfekted
weirrilAtioci systra iea emplaccaent environent.

Pansel. tunitels and 1h to 90 Decreased heatl..cgseratlio rates. as a
slaits rc rbacktlilel and result of continucd radioactive decay.
scaled SAd ho repository Causo loWer tcAiACtee1Wa.enw.IroNaentL

CaUtaLh.Acnt Is Jecolssioned temvierAture. rraippeit oxygea baing coa-
( Vierteahl by CnIAlCCeutt media.

Ustes are cuntallied by 50 to IlxiOO Waste-packaiji backfill slowly resatu-
tla canister rdted. collacmctntI tcslerAture drops.

hydrostatic repository pressure etIAO-
ISzICd. AR anosCl/Aka4inA conditotns

restAbli he4.

GcolojlC Ustes Isolated by action I1.CS to It0.OM | tPository cou4lttnt approac tiose ot
itt ,.asm mew. tallred urtljinal udisturbed Iohst. roce.

Li.ck leiI. .i laiot-rocK
chariCtcrist ICS
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The simplified waste package referred to is the three component system

utilizing 77-26 borosilicate glass asfthe waste form,"low carbon steel as

the canister material, and 25% bentonite clay/75% crushed basalt

backfill. It should be noted however, that other materials are being

considered. Specifically, for canister fabrication these are: Titanium

and Ticode 12, Inconel, Hastelloy, Cupronickel, Zircaloy and Stainless

Steel (62,63) The reasons for concentrating on cast iron and carbon

steel in this study, inspite of their known high corrosion rates are as

follows:

(1) They are inexpensive and can therefore be used in large

sections~l' 2 ' 3' 4 -

(2) They are easy to fabricate and most steel are easy to
(1,2,3,4) weld

(3) Our knowledge on the characteristics and long term reliability
(22)

of carbon steels and iron has been built up over centuries

Figure #14 and #15 provide an example of one canister construction and

emplacement design. In general, the canisters are prescribed to be-very

long relative to their diameter.-- Proposed wall thicknesses range from'
(63,2,4) -

4cm to 25cm

- -~ ~~~ . . . ..
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