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Summary

In previous corrosion studies performed in salt brines, unalloyed steels, Ti 99.8-Pd
and Hastelloy C4 have proved to be the most promising materials for long-term
resistant packagings to be used in heat-generating waste (vitrified HLW, spent
fuel) disposal in rock- saltformations. To characterise the corrosion behaviour of
these materials in more detail, further in-depth laboratory-scale and in-situ cor
rosion studies have been performed in the present study. Besides the above"'
mentioned materials, also some in-situ investigations of the iron-base materials
Ni-Resist 02 and 04, cast iron and Si-cast iron have been carried out in order to
complete the results available to date.

The influence has been studied of important parameters on the corrosion of the
materials in disposal-relevant media wh ich may be present in normal operation
of a rock-salt repository and in certain accident scenarios. These have been: rock
salt (H20-content: < 0.1 wt. %), rock saltlbrines (MgCI2-rich and NaCI-rich) and an
all-brine environment rich in MgCI2 (Q-brine). The parameters investigated have
been: corrosion time (3 years at the maximum), temperature (90°C - 210°C), H2S
(25-200 mgll), gamma dose-rate (1 Gy/h-1 00 Gy/h), and selected characteristics of
container manufacturing. For the latter electron beam (EB) welded cast-steel
tubes without and with a corrosion protection consisting of Ti 99.8-Pd and Hastel
loy C4, respectively, applied by explosion plating have been examined in-situ in
heated boreholes.

The results of detailed laboratory and in-situ corrosion experiments are in gooo
agreement; they confirm the finding of previous investigations that unalloyed
steels and Ti 99.8-Pd are promising materials for long-term resistant packagings.
The three steels (fine-grained steel, low-carbon steel, cast steel) investigated and
Ti 99.8~pd resisted pitting and crevice corrosion as weil as stress-corrosion crack
ing under all test conditions. Gamma dose-rates of 1 Gy/h - 100 Gy/h or H2S
concentrations in the brines as weil as welding and explosion plating did not in
fluence noticeably the corrosion behaviour of the materials. Furthermore, the de
termined corrosion rates of the steels (50 pm/a-250 pm/a, depending on the test
conditions) are intercomparable and imply technically acceptable corrosion al
lowances for the thick-waUed containers discussed.

For. Ti 99.8-Pd no detectable corrosion was observed. By contrast, Hastelloy C4
proved susceptible to pitting and crevice corrosion at gamme dose-rates higher
than 1 Gy/h and in the presence of H2S (25 mg/I) in Q-brine. The materials Ni
Resist 02 and 04, cast iron and Si-cast iron corroded at negligible rates in the in
situ experiments performed in rock saltllimited amounts of NaCI-brine. Neverthe
less, these materials must be ruled out as container materials because they have
proved to be susceptible to pitting and intergranular corrosion in previous labo
ratory studies conducted with MgCl2-rich brine (Q-brine) in excess.



Korrosionsuntersuchungen an ausgewählten Verpackungsmaterialien für die
Endlagerung von hochradioaktiven Abfallprodukten in Steinsalzformationen

Zusammenfassung

Bisherige Korrosionsuntersuchungen an einer Reihe von Werkstoffen ergaben,
daß unlegierte Stähle, Ti 99.8-Pd und Hastelloy C4 die aussichtsreichsten Materia
lien für langzeitbeständige Verpackungen zur Endlagerung von wärmeerzeugen
den Abfällen (verglaster HAW, abgebrannte Brennelemente) in Steinsalzforma
tionen sind. Zur detaillierteren Charakterisierung ihres Korrosionsverhaltens wur
den in der vorliegenden Arbeit weitergehende Labor- und in situ-Korrosions
untersuchungen durchgeführt. Neben Untersuchungen an den oben genannten
Materialien wurden auch einige in situ-Experimente an den Eisenbasiswerkstof
fen Ni-Resist D2 und D4, Sphäroguß und Si-Guß durchgeführt, um die bisher vor
liegenden Ergebnisse zu vervollständigen.

Es wurde der Einfluß wichtiger Parameter auf die Korrosion der Werkstoffe in
endlagerrelevanten Medien untersucht, die bei bestimmungsgemäßem Betrieb
des Endlagers oder bei bestimmten Störfällen auftreten können. Diese waren:
Steinsalz (H20-Gehalt: < 0,1 Gew. %), Steinsalz/Salzlösungen (MgCI2- und NaCI
reich) und die MgCl2-reiche Q-Lösung. Folgende Parameter wurden untersucht:
Korrosionszeit (maximal 3 Jahre), Temperatur (90°C-210°C), H2S (25 - 200 mgll)
und Gamma Dosisleistung (1 Gy/h-l00 Gy/h). Darüberhinaus wurde der Einfluß
ausgewählter Herstellungsbedingungen für Behälter auf die Korrosion von Stahl,
Ti 99.8-Pd und Hastelloy C4 untersucht. Dazu wurden elektronenstrahlgeschweiß
te Stahlgußrohre ohne und mit sprengplattiertem Korrosionsschutz aus Ti 99.8-Pd
bzw. Hastelloy C4 in beheizten Bohrlöchern untersucht.

Die Ergebnisse der Labor- und in situ-Korrosionsuntersuchungen zeigten gute
Übereinstimmung; sie bestätigten die Ergebnisse früherer Untersuchungen, daß
unlegierte Stähle und Ti 99.8-Pd aussichtsreiche Materialien für langzeitbeständi
ge Verpackungen sind. Die drei untersuchten Stähle (Feinkornbaustahl, Weich
stahl und Stahlguß) und Ti 99.8-Pd waren bei allen Prüfbedingungen beständig
gegenüber Loch- und Spaltkorrosion sowie Spannungsrißkorrosion. Gamma Do
sisleistungen von 1 Gy/h-l00 Gy/h oder H2S-Konzentrationen in den Lösungen
zwischen 25 mg/I und 200 mg/I hatten keinen signifikanten Einfluß auf die Korro
sionder obigen Werkstoffe. Das gleiche gilt auch für das Schweißen und Spreng
plattieren. Darüberhinaus waren die ermittelten Korrosionsraten der Stähle in al
len Prüfmedien untereinander vergleichbar und die Werte (50 pm/a-250 pm/a je
nach Prüfbedingungen) führen zu akzeptablen Korrosionszuschlägen für die dis
kutierte dickwandige Verpackung.

Für Ti 99.8-Pd war unter den Prüfbedingungen kein meßbarer Korrosionsangriff
festzustellen. Bei Hastelloy C4 hingegen trat bei Gamma- Dosisleistungen höher
als 1 Gy/h und in Gegenwart von H2S (25 mg/I) in der Q-Lösung Loch- und Spalt
korrosion auf. Die Werkstoffe Ni-Resist D2 und D4, Sphäroguß und Si-Guß korro
dierten bei den in situ-Experimenten in Steinsalz plus kleinen Mengen NaCI
Lösung mit geringer Abtragsrate. Trotz dieses Ergebnisses eignen sie sich nicht als
Werkstoff für langzeitbeständige Behälter, da sie in früheren Laboruntersuchun
gen, in denen MgCl2-reiche Lösung (Q-Lösung) im Überschuß verwendet wurde,
eine hohe Empfindlichkeit gegenüber Loch- und interkristalliner Korrosion ge
zeigt haben.
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1. Introduction

Radioactive waste disposal in deep rock-salt formations is based on the concept of

isolating the radionuclides from the biosphere by combining geological with en

gineered barriers. One element of this multi-barrier concept is the waste pack

aging. Accordingly, within the Research Programme of the European Communi

ties studies are being performed at KfK which aim at qualifying materials for a

long-term resistant packaging to be used in the disposal of high-level waste

(HLW) canisters. This packaging is to serve as a barrier against radionuclide mobil

isation from the HLW forms during the high temperature phase (> 100°C) in the

disposal area which lasts a few 102 years. To achieve this goal, the packaging ma

terial must meet the requirements of sufficiently long-term corrosion resistance

in rock salt and in salt brines. Salt brines in the disposal area may originate from

the thermal migration of brine inclusions in rock salt and have to be considered in

accident scenarios, such as brine inflow through an anhydride layer..

Previous corrosion studies performed at KfK on a large number of materials [e.g.

1,2,3] in an all-liquid brine environment have shown that unalloyed steels, Ti 99.8

Pd, and Hastelloy C4 are the most promising materials for HLW packagings. Con

sequently, further laboratory-scale and in-situ corrosion studies were performed

on these materials within the framework of the 3rd European Communities con

tainer programme (1986-1989) in order to characterise their corrosion behaviour

in more detail. The studies concerned the determination of the corrosion behav

iour of the materials in disposal-relevant corrosion media (rock saltlbrines two

phase media and one-phase brine) under theinfluence of temperature, gamma

dose-rate, H2S-content in brines and selected characteristics of container manu

facturing. in addition, some studies were carried out on the iron-base materials

cast iron, Ni-Resists and Si-cast iron in order to complete the results available up

to now.

The investigations focussed on the unalloyed steels undergoing active corrosion

in salt brines because only general corrosion has been observed until now so that

their long-term corrosion behaviour can be calculated more easily than that of Ti

99.8-Pd and Hastelloy C4 which undergo passive corrosion.

An essential aspect of the laboratory-scale corrosion studies was the investiga

tion of the influence exerted by gamma radiation from HLW on the corrosion be

haviour of the steels and Hastelloy C4. Such investigations are important because
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the radiolytic products formed by the effect of radiation on salt brines, e.g. H202 ,

CIO-, C10-3 [4], might influence the corrosion process. Preliminary studies [5] per

formed at 90°C and at a gamma dose-rate of 1000 Gy/h (105rad/h) based on the

present design of a 5 mm thin-walled HLW canister have shown much higher cor

rosion rates for unalloyed steels and Hastelloy C4 than in the absence of radi

ation. For Ti 99.8-Pd no influence on corrosion was observed at this dose rate. For

a packaging acting as a barrier in the repository a wall thickness of about 100 mm

is needed to guarantee the mechanical stability against the rock pressure of 36 +

5 MPa [6] at 1000 m depth in the disposal area. In this case, the expected dose rate

on the surface of the HLW packaging will be lower than 10 Gy/h. For this reason,

experiments were performed at realistic dose rates of 1 Gy/h and 10 Gy/h as weil

as at the higher dose rate of 100 Gy/h in order to have more severe conditions.

2. Laboratory-s(ale (orrosion studies

2.1 Materials investigated and types of specimen

Three preselected unalloyed steels, namely fine-grained steel, low-carbon steel

and cast steel, and the Ni-Cr-Mo alloy Hastelloy C4 were investigated. The materi

als were tested in rock saltlbrines two-phase corrosion media as weil as in an all

liquid brine environment which may be present during normal operation of the

repository or incertain accident scenarios (see Section 2.2).

The chemical compositions of the materials are given in Tab. 1. Compared with

the fine-grained steel, the low-carbon steel has a lower content of C, Si and Mn;

cast steel is the equivalent casting quality of fine-grained steel. Fine-grained

steel, low-carbon steel and Hastelloy C4 were examined as hot-rolled and normal

ized sheet metals, whereas cast steel was tested in the as cast condition.

All materials were examined for general and pitting corrosion. In case of fine

grained steel and Hastelloy C4 the susceptibility to crevice and stress-corrosion

cracking was studied in addition. Furthermore, the influence was investigated of

potential container sealing techniques as Tungsten Inert Gas Welding (TIG) and

Electron Beam Welding (EB) on the corrosion of fine-grained steel and Hastelloy

C4.
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To determine general corrosion, non-welded plain specimens of 50 mm x 20 mm x

4 mm and 40 mm x 40 mm x 10 mm (cast steel), respectively, were used. In the ex

aminations relating to stress-corrosion cracking U-bent specimens (80 mm x 15

mm x 4 mm) with 18 mm leg spacing were used. For the investigations into the in

fluence of welding on the corrosion of fine~grainedsteel and Hastelloy C4, some

of the plain and U-bent specimens were provided with TIG and EB welds. The

crevice corrosion specimens consisted of two plain specimens con nected by a

screw of the same material. All specimen types were also evaluated for their sus

ceptibility to pitting corrosion.

2.2 Test conditions

Two corrosion scenarios were considered:

Intrusion of large amounts of an MgCl2-rich brine (Q-brine) into the HLW

boreholes during the initial phase of disposal, i.e., while the annular gap be

tween the HLW packaging and the borehole wall is still open. In this case,

an all-brine environment is present. MgCl2-rich brines are present in far

distant areas in the repository and might inflow into the boreholes in acci

dent scenarios

Intrusion of smaller amounts of salt brines (MgCI2-rich and NaClrich) into

the HLW boreholes at a later time of disposal, i.e., after the rock salt has al

ready come into contact with the HLW packaging due to the t hermally in

duced borehole convergence. In this case, a two-phase corrosion medium

consisting of rock saltlbrine is present.NaCI-rich brines, which occur in limit

ed amounts as inclusions in rock salt may undergo thermal migration from

the immediate zone of the boreholes to the containers during normal op

eration of the repository.

The composition of the brines used and the values measured of the pH and satu

rated 02-concentrations have been indicated in Tab. 2. The Q-brine was prepared

by dissolving NaCl, KCI, Mg504X7H20 and MgCI2X6H20 in demineralised water.

The NaCI-rich brine was prepared by dissolving rock salt from the Asse salt mine in

demineralised H20. The most important constituents of Asse rock salt (g/I) are:

Na + :357.3; K + :5.6; Ca2+ :21.7; Mg2 + :2.0; CI-:563.4; 502-4:49.9.
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In order to simulate the conditions of an intrusion of large amounts of brine into

the HLW boreholes a specimen surface to brine volume ratio (SN) of 1 cm2/5 ml

was selected. This resembles approximately the case of total filling with brine the

gap existing between the HLW packaging and the borehole wall. To simulate the

case that rock salt plus smaller amounts of brine are present as corrosion media,

an SN ratio of 1 cm2/1 ml and 10 wt. % H20-content of rocksalt were chosen. Im

mersion tests with even smaller amounts of brine are not feasible.

The test conditions for the steels and Hastelloy (4 in Asse rock-saltiAsse rock-salt

brine, Asse rock-saltlQ-brine and Q-brine are given in Tab. 3. The following inves

tigations wefe performed:

(omparative corrosion studies on the three steels with a view to selecting a

reference steel for further investigations. These included testing of the steels

in the rock salt/brines two-phase corrosion media at 900
( and 1700

( without

irradiation as weil as in the Q-brine at realistic gamma dose-rates of 1 Gy/h

and 10 Gy/h for the thick-walled container discussed. On the basis of these re

sults and considering the aspects of strength and weidability, fine-grained

steel was selected as the reference steel.

Additional investigations of fine-grained steel were carried out in rock

saltIsalt brines at gamma dose-rates of 1 Gy/h and 10 Gy/h at 900
( as weil as in

the all-liquid Q-brine environment at a higher dose rate of 100 Gy/h in order

to have more severe conditions. Furthermore, the influence was studied of

different concentrations of the thermally released salt impurity H2S on the

(orrosion of this steel in Q-brine. For this, H2S was added to Q-brine as

Na2Sx9H20 at the concentrations 25 mg/I, 100 mg/I and 200 mg/I. These val

ues correspond to the amounts released from 10 cm, 20 cm and 40 cm thick

ring-shaped salt elements around an HLW borehole. For comparison, also in

vestigations were performed in H2S-free brine.

investigations into the influence of gamma dose-rate (1 Gy/h-100 Gy/h) and

H2S (25 mg/I) on Hastelloy (4 corrosion in Q-brine.

The maximum duration of all tests was one year. The test temperatures of 150°(

1700
( roughly correspond to the maximum surface temperature of the HLW con

tainers according to the German borehole concept. The experiments performed

at 900
( served as a direct comparison with the results of previous investigations
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made at the same temperature in Q-brine without irradiation and with irradia

tion of 1000 Gy/h [5]. Investigations under gamma irradiation at the maximum

HLW disposal temperature c..~_)OOO(}according to the German borehole concept

are under way.

2.3 Experimental procedure

For the experiment without irradiation two different setups were used. The ex

periments at 900
( were performed at atmospheric pressure in cylindrical glass ves

sels of 250 ml volume. In these vessels specimens c1eaned with alcohol in an ultra

sonic bath were immersed into Q-brine or embedded into loose Asse rock-salt of

~3 mm grain size. After precompaction of the rock salt with a metal die the pre

fabricated Asse rock-salt brine and Q-brine were added and the glass vessels

tightly sealed.

For the experiments at 1500
( and 1700

( (without irradiation) stainless steel pres

sure vessels provided with corrosion resistant insert vessels made of PTFE (V = 250

ml) were used in order to avoid evaporation of the brines (boiling point: 115°().

The experiments were carried out at equilibrium pressure of 0.4-0.55 MPa. In

these vessels the specimens were immersed into Q-brine or embedded into Asse

rock-salt as in the experiments at 90°(, and the salt brines were subsequently ad

ded. After the glass vessels and the pressure vessels had been closed, they were

stored in heating chambers at 900
( and 170°(, respectively.

The corrosion experiments under.gamma irradiation were performed in the spent

fuel element storage pool of KFA JÜlich. The radiation source were spent fuel ele

ments of different degrees of burnup with a gamma-energy spectrum similar to

that of 10 years old vitrified HLWC [7] (Fig. 1). The exerimental set-up is shown

schemati'cally in Fig. 2. The material specimens and the (orrosion media (brine

and rock salt with brine additions) were contained in tubular vessels made of Du

ran glass. The glass vessels were placed in a circular configuration in heated cylin

drical stainless steel containers (irradiation containers).

For irradiation the containers were positioned on the bottom of the 6 m deep

water-filled spent fuel element storage pool. The specimens and corrosion media

were heated to the 900
( test temperature using cartridge type heaters. Radiolytic

gases and hydrogen generated by carrosion during the experiments were dis

charged into the atmosphere by purification with helium.
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After removal from the corrosion media, the specimens were c1eaned and exam

ined for general and local corrosion as weil as for stress-corrosion cracking by

gravimetry, measurement of pitting depths, surface profilometry, and metallog

raphy.

2.4 Results and discussion

2.4.1 Corrosion studies without irradiation

In both two-phase testing media consisting of Asse rock-saltlAsse rock-salt brine

and Asse rock-saltlQ-brine the three unalloyed steels investigated exhibited a

comparable corrosion behaviour. The specimens suffered mainly from uniform

corrosion attack although minor specimen zones of non-uniform corrosionat

tacks with shallow pit formation were also observed. While the temperature

rose from 90°C to 170°C the average general corrosion and the depth of shallow

pits likewise increased. The non-uniform corrosion on the steels is attribute to in

homogeneities in their compositions. The micrographs (Figs. 3 and 4) of fine

grained steel show in a way which is representative of all steels that non-uniform

corrosion attack takes place in both testing media at 90°C and 170°C. Pitting and

crevice corrosion in the sense of an active-passive corrosion element or stress

corrosion cracking were not observed. Furthermore, TIG welding or_3 welding

did not exert a noticeable influence on the (orrosion behaviour of the steels.

Figures 5 and 6 show the time-temperature behaviour of the general corrosion

rates of the steels in the test media. The values are mean values of 3 to 6 com

parative specimens. The ranges of corrosion rates represented as bars show the

standard deviations of the measured values. It is evident from the standard devi

ations that the general corrosion rates of the comparative specimens are often

subjected to great variations with respect to each other. This is attributed to the

irregular distribution of the salt grit. The cause is deemed to be the statistical dif

ferences in pore distribution in the salt.This means that specimens in the zone of

the salt grit with a higher porosity were exposed to a larger brine volume than

specimens kept in zones of higher density salt occurrence.

In rock saltlrock-salt brine no dependence was found of the general corrosion

rates of steels on the test duration. The average corrosion rates scattered from 5

pm/a to 20 pm/a at 90°C and from 25 pm/a to 40 pm/a at 170°C,respectively. Also

in rock saltlQ-brine time-independent corrosion rates (50-60 pm/a at 90°C and

100-130 pm/a at 170°C) established for all steels after extended test durations. In
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general, it can be stated that the general corrosion rates of the steels in both me

dia and at both temperatures differ from each other by only about 30% at the

maximum, expect for the corrosion rate of cast steel in rock salt/Q-bri ne at 170°C.

In this case, the corrosion rate (230 Ilmla) was higher by a factor of 1.5-2.5 com

pared with the two hot-rolled steels. By increase in temperature from 900
( to

170°(, the general corrosion rates rose by a factor of approximately 2. Only for

cast steel in rock saltlQ-brine an increase in the corrosion rate by a factor of ap

proximately 5 was observed in that temperature range.

The metallographic examinations of steel specimens exposed to rock salt/rock-salt

brine have shown maximum penetration rates of shallow pits of 30-40 llm/a at

900
( and of 120 llm/a-150 llm/a at 170°C which are higher by a factor of 2-4than

the average general corrosion rates. Penetration rates of this size imply accept

able corrosion allowances for a thick-walled packaging. In rock saltlQ-brine the

values of the maximum penetration rates of shallow pirts were only slightly high

er than the general corrosion rates.

If one compares the maximum of penetration rates of shallow pit formation of

the steels in both testing media, the values found for Asse rock-salt/Q-brine are

higher by approximately the factor of 1.5 to 2 than in Asse rock-saltiAsse rock-salt

brine. This is attributed to the lower pH of the Q-brine (pH 90 0
( = 3.6) compared

with the Asse rock-salt brine (pH 90°C = 6). At pH values less than 4 acid-induced

corrosion actually occurs. The accelerating effect on the (orrosion of st~els exert

ed by Mg2 + in rock salt compared with Na + is reported in [8], too.

2.4.2 (orrosion studies with gamma irradiation

The time dependence of the general corrosion rates of the steels in the various

corrosion media (two-phase media, all-liquid medium) at 90°C and gamma dose

rates of 1 Gy/h to 100 Gy/h is plotted in Figs. 7-9. For comparison, also the values

determined without irradiation and at 1000 Gy/h [5], respectively, have been en

tered. All values are average values ofthree to six specimens.

In Q-brine (Fig. 7) and at a dose rate of 1000 Gy/h which is to be expected to occur

on the surface of a 5 mm thin-walled HLW canister, the corrosion rates of fine

grained steel (460 Ilmla) and cast steel (660 Ilmla) are higher by about the factor

of 15 than the values without irradiation. At realistic dose rates of 1 Gy/h-l0 Gy/h

for the thick-walled packaging discussed here as weil as at the higher dose rate of
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100 Gy/h the final corrosion rates of the fine-grained steel are only about 20

pm/a-35 pm/a and thus dose tothe value obtained in the absence of irradiation

(30 pm/a). Thisis in good agreement with the results reported by Westerman etal

[8[. In the case ofcast steel and low-carbon steel thefinal corrosion rates atl Gy/h

andl0 Gy/h ofabout 20 pm/a-30pm/a are lowerthan the values without irradia

tion (40 pm/a-80 pm/a). This effect might bedue to the formation of denser cor

rosion inhibiting Fe304 layers under irradiation whith were observed in the metal

lographie examinations. Theexistence of F304haS been provedin the X-ray dif

fraction analysis of corrosion layers.

Irlthe two-phase corrosion media rock saltlbrines (Figs.8and9) the doseratesof 1

Gy/h and 10 Gy/h do not influence noticeably the corrosion rate of fine-grained

steel, as isthe case inthe single-phase Q'-brine. The final corrosion rateof 30pm/a

of this steel in Asse rock saltlQ~brine is very dose to the value in Q-brine. In Asse

rock- saltiAsserock-salt brine under irradiationthe steel corrodes after 1 year at a

lower rate (10 pm/a) than in the Q-brine.

The metallographie examinations and the surface profiles of corrodedspecimens

exhibited a similarcorrosion behaviourofthe steels under irradiation (1 Gy/h-l00

Gy/h) in all test media. As in the absence of irradiation,thecorrosion attack Was

mainlyuniform, but specimen zones with non.:.uniform corrosion attacks were

identified, too. This non-uniform corrosion isattributedto inhomogeneities in

thecomposition of steels. However, the measured maximum rates of penetration

in such deeper corrosionzones attained only 50 pm/a-60 pm/a and were roughly

identical in all media. These values are very dose to those obtained without irra

diation and imply a technically acceptable corrosionallowance foralong-term

HLW packaging. Moreover, the steels were resistant to pitting and crevice corro

sion and tostress-corrosion cracking in all test media. Welding did not exerta no

ticeable influence on theircorrosion behaviour. Figurel0 shows by way of exarn

pie optical micrographs of fine-grained steelafter 1 year exposure in the three

mediaat900( and 10 Gy/h.

The results of investigations into general and local corrosion of Hastelloy (4 in Q

brine at 900e and with dose rates of 1 Gy/h-l00 Gy/h have been compiled in Tab.

4. For comparison, also the results ofthe previous investigations carried out both

without irradiation andwith 1000 Gy/h have been entered, At dose rates be

tween 1 Gy/h and 100 Gy/h the maximum corrosion rates of 0.4 pm/aare low and

roughly correspond to the value obtained in the absence of irradiation.
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The dose rate in this range did not noticeably influencethe corrosion rate. More

over, this material remained resistant to stress-corrosioh cracking and local corro

sion even after 12 months exposure to 1 Gy/h. Also when exposed to 10 Gy/h an~

100 Gy/h, Hastelloy C4 proved to be resistant to stress-corrosion cracking; but at

these dose rates pitting and crevice corrosion of 20 pm/a at the maximum was de

tected. However, the penetration rate remained unchanged during the whole

testing period of 12 months. At the dose rate of 1000 Gy/h strong pitting and

crevice corrosion occurred as already indicated in previous publications [5], the

maximum penetration rate being about 1 mm/a. Figure 11 shows characteristic

optical micrographs of Hastelloy C4 after 12 months immersion in Q-brine (90°C)

and exposure to 1 Gy/h (uniform corrosion) and 10 Gy/h (pitting corrosion of

about 20 pm/a).

2.4.3 Influence of H2S on corrosion

The time dependence of thegeneral corrosion of fine-grained steel at 170°C in Q

brine without and with H2S added (25 mg/li 100 mg/I and 200 mg/I) has been indi

cated in Fig. 12 as integral corrosion rate. All values are averages of two compara

tive specimens. The ranges of corrosion rates marked as bars show the standard

deviations of the measured values.

After a short period of immersion (40 days) the steel exposed to the salt brine

with the highest H2S concentration (200 mgll) exhibits the lowest corrosion rate

(380 pm/a). This effect is probably attributable to the dense (Fe , Mg)(OHh corro

sion layer which has developed and which, obviously, actsas a corrosion inhibitor.

After extended periods of immersion the corrosion rates in the brines with the

lower H2S concentrations (25 mg/I and 100 mgll) decrease faster and approach

the values in the salt brine with the higher H2S concentration because higher

density corrosion inhibiting layers area also formed. Finally, after immersion of

about 8 months, corrosion rates between about 240 pm/a and 300 pm/al establish

in all salt brines, with and without H2S. A extension of the immersion period to

325 days has no further noticeable influence on the corrosion rates of steel.

Generally, it can be stated that H2S concentrations in Q-brine between 25 mg/I

and 200 mg/I have no significant influence on the corrosion rate of the fine

grained steel.
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Examinations of corroded steel specimens by surface profilometry and metallog

raphy confirm that H2S concentrations in the Q-brine between 25 mg/! and 200

mg/I do not significantly influence the corrosion behaviour of fine-grained steel.

Both in the H2S free and in the H2S containing salt brines the steel underwent

non-uniform corrosion with approximately the same depth of attack. Non

uniform corrosion attack is attributed to inhomogeneities in the strucure and in

the composition of the steel, as already discussed. As a matter of fact, the maxi

mum rates of penetration of deeper corrosion zones were only slightly higher

than the integral corrosion rates calculated from the mass losses. Pitting corrosion

in the sense of an active-passive corrosion element was not observed. The optical

micrographs (Fig. 13) of two fine-grained steel specimens show the non-uniform

corrosion attack after 325 days in the pure Q-brine and in the 200 mg H2/1 doped

Q-brine at 170°(, respectively.

The results of (orrosion for Hastelloy (4 in Q-brine, without and with H2S (25

mgll) at 150°(, have been compiled in Tab. 5. In the H2S free solution the material

exhibited a very low general corrosion rate of less than 1 pm/a and was resistant

to pitting corrosion. Also in the H2S containing brine the general corrosion rate of

the material of 4 pm/a was low; however, in that medium pitting corrosion of 2.3

mm at the maximum occurred after an extended period of immersion (12

months). This local attack started at the edges of cut and propagated to the speci

men surface. Besides, crevice corrosion occurred in both salt brines below the

PTFE threads by which the specimens had been suspended whereby the attack

was more pronounced in the H2S containing brine. This means that the resistance

to corrosion of Hastelloy (4 is markedly reduced by the addition of H2S to the Q

brine.

3. In-situ (orrosion studies in the Asse salt mine

Materials found promising for a long-term resistant packaging in laboratory-scale

corrosion studies are being tested additionally under simulated HLW disposal

conditions in the Asse salt mine (in-situ experiments). In the in-situ experiments

the integral effect can be determine~ which is exerted by conditions expected in

an HLW repository on the corrosion behaviour of the materials. Furthermore, var

ious accident conditions are being simulated in these experiments, e.g. by vari

ations in the composition and amount of attacking salt brines. An important as

pect of the in-situ corrosion studies is the investigation of the influence of select

ed characteristics of container manufacturing on the corrosion behaviour of
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promising container materials. For this, two selected container concepts are be

ing examined: steel containers without corrosion protection and those with cor

rosion protection made of Ti 99.8- Pd and Hastelloy C4, respectively.

In the present work extensive corrosion studies were performed on six selected

iron-base materials, Ti 99.8-Pd and Hastelloy C4. The following investigations

were carried out:

Investigations of metal sheets of the materials indicated above in rock salt at

rock temperature (32°C) as a reference experiment.

Investigations of metal sheets under normal operating conditions (HLW de

sign temperature, gamma radiation field, limited amounts of brine thermally

released into the boreholes) of a repository. In these experiments, which

were performed within the framework of the German/US Brine Migration

Test [9], the applied gamma dose-rate (3x102Gy//h) was about one order of

magnitude higher than the value to be expected on the surface of the thick

walled HLW packaging discussed here.

Testing of cast steel tubes without and with corrosion protection made of Ti

99.8-Pd and Hastelloy C4, respectively, at HLW design temperature under

simulating accident conditions with intrusion of larger amounts of brine into

the boreholes.

Besides the experiments mentioned above, metal sheets of different materials

(steels, Ti 99.8-Pd, Hastelloy C4 etc.) were stored in boreholes in order to study

their corrosion behaviour at elevated temperature (250°C) in a gamma radiation

field (5x103Gy/h). These experiments are being performed within the framework

ofthe HLWtestdisposal [10] which will start in 1990.

3.1 Investigations in rock salt at rock temperature

In a reference experiment five Fe-base materials (fine-grained steel, nodular cast

iron, Ni-Resists D2 and D4, Si-cast iron), Hastelloy C4, and Ti 99.8-Pd were investi

gated in loose rock salt for three years at 32°C rock temperature. For this, speci

mens consisting of the materials above were stored in small boreholes (50 mm di

ameter, 200 mm length) at the 775 m level of the Asse salt mine and covered with
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salt grit. The composition ofthe materials investigated is evident from Tab. 1. The

rock salt had the following average composition (in wt. %):

Na +: 38.3; K +: 0.33; (a2+: 0.17; Mg2 +: 0.16;

(1-: 58.02; S042-: 2.47; H20: 0.1.

For nodular cast iron, Ni-Resists, and Si-cast iron only the parent material was

studied. For the most promising HLW packaging materials fine-grained steel, Ti

99.8-Pd and Hastelloy (4, the influence of welding on the corrosion behaviour

was also studied with a view to container welding in a later application. For this

purpose, specimens were examined with a TIG (Tungsten Inert Gas) weid beam

applied.

All material specimens were examined for their resistance to general corrosion

(weight change) and local corrosion with an electronic depth gauge as weil as by

surface profilometry and metallography. Plane specimens with the following di

mensions were used:Ti 99.8-Pd, Hastelloy (4, fine-grained steel and Si-cast iron 40

mm x 20 mm x 4-5 mm; rest materials 50 mm x 10 mm x 10 mm.

The integral weight losses of the specimens determined by gravimetry and the

corrosion rates calculated from them have been entered in Tab. 6. No measurable

corrosion attack was observed on Ti 99.8-Pd, Hastelloy (4, Ni-Resist 04, and Si-cast

iron. Also for the materials, fine-grained steel, nodular cast-iron and Ni-Resist 02

the corrosion rates of 1 pm/a at the maximum were low. The surface profiles and

the metallographie examinations of the specimens in the as-received and welded

conditions did not provide indications of local corrosion.

3.2 Investigations in rock saltllimited amounts of

brine at HLW design temperature

The experiments were performed within the framework of the German/US Brine

Migration Test in the Asse Salt Mine [9] under conditions prevailing during nor

mal operation of a reposii;ory (see Section 3.2.1). In these experiments the same

materials (Fe-base materials, Ti 99.8-Pd, Hastelloy (4) were tested as in the inves

tigations in Asse rock-salt (Tab. 1), except for Ni-Resist D2, which was replaced by

cast steel. Unwelded and TIG welded specimens, as described in Section 3.1, were

examined for general corrosion and local corrosion. In addition, some of the Has

telloy (4 specimens were subjected to thermal treatment (maximum temperature

11000
() either before or after welding in order to test the suitability of Hastelloy
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C4 as a container material for direct filling of HLW glass. This simulated loading of

the bottom and lid welds of containers in practical application. The thermal treat

ment of the specimens was described in an earlier publication [11].

3.2.1 Experimental set-up and test conditions

The material specimens to be investigated were stored in four heated, cased

boreholes (test sites 1-4). In two of them (test sites 3 and 4) Co-60 sources had

been installed. The casing material was a refractory steel with Inconel 600 c1ad as

a corrosion protection. The longitudinal section of one of these boreholes is

shown in Fig. 14. The approximately 5 cm wide annular space between the casing

and the borehole wall was filled with AI203 spheres in the bottom part of the

borehole in order to prevent the salt from contacting the casing and, on the other

hand, maintain the porosity of the annular space for measurement purposes. In

the test sites 2 and 4 agas flow (N2) was passed through the annular space over

the whole test duration, and in the test sites 1 and 3 only at the end of the test.

This gasJlow carried to the cooling trap the water released by migration into the

borehole. By these conditions for the tests the initial phase of disposal was simu

lated, i.e., the maximum period of three years [12] until c10sure of the annular

gap between the HLW package and the borehole wall. A detailed description of

the test set-up is given in [13].

The specimens were located at the borehole wall. The position of the specimens

and the corrosion conditions in the borehole are shown in Fig. 14. The maximum

temperature of 210°C at the borehole wall conforming to the German disposal

concept was set with a heater. During the experiments a vertical temperature

profile developed at the borehole wall so that the specimens were exposed to

three temperatures: 120°C, 150°C and 210°C. The test temperatures for the indi

vidual materials are given in Tab. 7. The maximum gamma dose-rate was

3x102Gy/h and the calculated maximum rock pressure was 28 MPa. The maximum

testing period for the materials was 900 days.

It can be noticed that under the selected conditions the brine migrating into the

boreholes evaporated so that the specimens were exposed to a steam atmo

sphere with salt constituents. Besides, gases emanating from the rock salt partici

pated in the corrosion process in addition to gaseous products generated during

corrosion of the materials and radiolysis of the brine. The measured values of the

volumes and compositions of the brine and gas as weil as the temperature profile
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and the pressure build-up shown in Fig. 14 are maximum and minimum values ap

plicable to all four boreholes. They were determined by the Institut für Tie

flagerung, Braunschweig. Detailed information about the development versus

time of the measured values is given in [13] which includes also informatin about

the distribution of the specimens in the boreholes.

3.2.2 Results and discussion

The materials tested corroded atextremely low rates under the in-situ testing

conditions, both in the presence and in the absence of gamma radiation. No no

ticeable influence has been observed of TIG welding orthermal treatment of Has

telloy C4 on the corrosion behaviour of the materials. The weight losses of the un

welded specimens determined by gravimetry and the corrosion rates calculated

from them have been entered in Tab. 7. Some specimens did not lend themselves

to gravimetrie evaluation because they had been damaged mechanically in the

course of retrieval. These specimens were used for local corrosion examinations. It

is apparent from Tab. 7 that the corrosion rates of all materials not exposed to ir

radiation are less than 2 llm/a and that, except for fine-grained steel, gamma ra

diation of 3x102 Gy/h has not resulted in an increase in these values.

The low corrosion rates of the materials can be explained by the fact that only 140

ml brine at the maximum had flown into the boreholes by migration which

spread over the large surface of about 71 m2 of the inserts (casing, AI203 spheres,

etc.). Therefore, only a very low amount of brine was available for the corrosion

attack ofthe material specimens with a maximum surface of 250 cm2.

The higher corrosion rate determined for fine-grained steel exposed to irradia

tion (about 14 llm/a) is probably not caused by the effect of radiation. This as

sumption relies on the finding that for the similar material cast steel there was no

difference in the corrosion rates with and without gamma radiation. The increase

in the corrosion rate is probably attributable to the fact that after the heater had

been shut down because of plugging of a tube it was not possible to condense

more than about half of approximately 1600 ml of inflowing brine. Thus, these

specimens suffered from corrosion attack by non-condensed brine for an addi

tional period of about 12 months (i.e., the time interval between shut-down of

the heater and specimen retrieval) at a mean temperature of about 70°e.
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The metallographic examination of the specimens has shown that, with the ex

ception of fine-grained steel exposed to irradiation, all the other materials under

go uniform corrosion underthe in-situ conditions. Figures 15 and 16 show by way

of example micrographs of Ti 99.8-Pd, Hastelloy (4 and fine-grained steel before

and after storage: In case of fine-grained steel a non-uniform corrosion attack

with a maximum penetration of about 25 pm/a was observed wh ich is attributed

to corrosion by non-condensed brine as already discussed.

The comparison of the results from in-situ corrosion experiments with those from

laboratory-scale studies [3] shows:

The corrosion rates of the iron base alloys investigated in-situ have been

much lower than those obtained in laboratory-scale experiments with brine

in excess. The reason is the presence of limited amounts of brine in the in-situ

experiments.

ForTi 99.8-Pd and Hastelloy (4 only negligible differences have been found

between-Iaboratory and in-situ results of corrosion rates.

The very pronounced local corrosion attacks on nodular cast iron, Ni-Resist

D4,Si-cast iron and Hastelloy (4 (only at 2000
( and under irradiation at 1000

Gy/h), respectively, observed in the laboratory-scale experiments have not oc

curred under the in-situ conditions due to the limited amounts of brine.

3.3 Testing of welded tubes in rock saltlbrine

at HLW design temperature

On the basis of the corrosion results and considering mechanical aspects a thick

walled steel containerwithout or with corrosion protection made of Ti 99.8-Pd

and Haste!loy (4, respectively, was selected for packaging of HLW. In accordance

with these concepts two types of tube with simulated characteristics of container

manufacturing were tested. They were:

Type I: a tube made of cast steel (GS 16 Mn 5) with the container c10sing tech

nique simulated by electron beamwelding.
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two tubes made of cast steel with a corrosion protection layer of Ti

99.8-Pd and Hastelloy C4, respectively, applied by explosion plating

and electron beam welding.

The chemical compositions of the tube materials are given in Tab. 1. Figure 17

shows the layout of the tubes. The tubes (specimens) consisted of nine sections

(50 mm length, 45 mm outside diameter, 20 mm inside diameter) and a bottom

part which were joined by electron beam welding This gave tubes of 500 mm to

tal length. After welding the non-corrosion protected cast-steel tube was subject

ed to thermal treatment for two hours at 700°C in order to simulate the cooling

conditions applicable to the seam of a thick-walled container. More detailed in

formation on tube manufacture is given in [3].

3.3.1 Test conditions and experimental set-up

~

The corrosion behaviour of the three tubes was tested under the conditions of hy-

pothetical inflow of larger amounts of NaCI brine into the HLW boreholes during

the initial disposal phase, i.e., while the annular gap between the container and

the borehole wall was still open. For this, the tubes (700 cm2 surface each) were

placed into heated vertical boreholes of 2 m depth at the 775 m level of the Asse

mine (see Fig. 18), and the 1 mm wide annular gap between the tubes and the

borehole wall was filled with 100 ml saturated NaCI brine (26.9 wt.% NaCl, 73.1

wt. % H20). This gave a ratio of specimen surface to brine volume (SN) of 7 cm- 1

which is greater by a factor of about 700 than that in the experiments of the Brine

Migration Test. The maximum temperature of 200°C at the borehole wall (con

forming to the German disposal concept) was set with a heater.

Figure 19 shows the radial temperature distribution between two boreholes in

the center of the heated zone. The vertical temperature profile developing dur

ing the experiment at the contact surface between the tubes and the borehole

wall is shown in Fig. 20. The maximum temperature of 200°C occurred in the cen

ter of the heated zone, and the minimum temperature of 90°C occurred in the up

per tube zone. The temperatures were measured with NiCr-Ni thermocouples. In

order to avoid invalidation of the corrosion measurements due to corrosion in

duced by contact between the thermocouples and the tube surface, the measure

ments were performed in reference boreholes of identical experimental set-up.

The pressure in the annular gap of the real test boreholes were measured con

tinuously with a manometer which was introduc'ed into the brine inlet tube. The
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maximum pressure measured was 0.28 MPa which corresponds to a boiling point

of the salt brine of 140°C. This means that the water contained in the brine evapo

rated at points of elevated temperature and recondensed at the upper cooler end

ofthe tubes (90°C).

The tensions prevailing on the tube surfaces were measured, like the tempera

ture, in reference boreholes using strain gauges. The measurements have shown

that the first contact of the borehole wall with the tubes due to rock pressure oc

curred after about six months. On the basis of results obtained in an identical pre

liminary test [3] complete c10sure of the 1 mm wide annular gap should have tak

en place afterapproximately twelve months.

3.3.2 Post-test investigation of the tubes

After a testing period of 18 months the tubes were retrieved by overcoring. The

obtained drilling cores (1 m length, 120 mm outside diameter) had been cut into

two half-shells (Figs. 21 and 22) and a visual inspection was made of the tubes and

the drilling cores. No corrosion products were visible on the tubes protected by Ti

99.8-Pd and Hastelloy C4, respectively. Loosely attached corrosion products were

found on the non-corrosion protected cast-steel tube. These were removed me

chanically from each tube section and the tube bottom and examined by X-ray

diffraction analysis. Then the tubes were pickled in suitable solutions and c1eaned

with alcohol in order to remove the salts and corrosion products left., After c1ean

ing the tubes were subjected to post-test examinations for corrosion attacks by

surface profilometry and metallography.

3.3.3 Results and discussion

Visual inspection of the drilling cores cut into two parts showed that the 1 mm

annular gap between the tubes and the borehole wall which existed at the begin

ning of the tests had completely c1osed. Damp and shining zones of the cutting

faces of the drilling cores are proof that the NaCI brine added hat not been com

pletely consumed by corrosion. Below the ceramic insulation in the cooler upper

par~ of the tubes (T = 90°C) dissolved salt was c1early visible which is attributed to

condensation of water vapour. Furthermore, black and rust-brown corrosion pro

ducts were uniformly distributed on the non-corrosion protected cast-steel tube

and the borehole wall which indicates that iron oxides had been formed.
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X-ray diffraction analysis has shown that the corrosion products loosely attached

to the cast-steel tube consisted of a mixture of iron oxides and NaCi incorporated

in the corrosion layer. The identified oxides were: Fe304, Fe203, a-FeO(OH) and y

FeO(OH). The ferric oxides and hydroxides present in addition to Fe304 found by

Westerman et al. [8] are attributed to the presence of some oxygen in the in-situ

experiment. No relationship has been found to exist between the composition of

the corrosion products and the temperature of the specimens.

The surface profiles (Fig. 23) and the metallographie sections (Fig. 24) of speci

mens taken from three characteristic temperature zones (90°(, 140°(, 200 0
() of

the non-corrosion protected cast-steel tube have shown that corrosion attack was

partly non-uniform and different in extent. Besides specimen areas where uni

form corrosion had taken place, there were those wh ich had suffered from deep

er corrosion attacks. The corrosion attack was 9reatest for the speci mens from the

cooler upper part of the tube (T = 90 0
() where the evaporated water of the salt

brine condensed. In that case, the maximum rate of penetration of corrosion was

120 pm/a. For the specimens taken from the zones at 1400
( and 200 0

( in the va

pour space the penetration rates were much lower, namely 20 pm/a, and differed

slightly from each other. Pitting and crevice corrosion in the sense of an active

passive corrosion element or stress-corrosion cracking have not occurred at any

point of the cast-steel tube. Electron beam welding did not noticeably influence

the corrosion of steel.

The examination of the cast-steel tubes provided with a corrosion protection of Ti

99.8-Pd and Hastelloy (4, respectively, with the stereo-microscope and surface

profilometry have not shown any changes on the surface of the plating materials

by corrosion attacks. Neither on the mechanically finished surface nor on the hot

rolled and electron beam welded sheet metal surface (Fig. 25) were any signs of

local corrosion observed. Also a crack produced bya steel needle in order to simu

late severe conditions due to handling of the containers did not stimulate a corro

sion attack. Figure 26 shows surface profiles of Ti 99.8-Pd and Hastelloy (4 be

fore and after storage.

3.4 Testing at elevated temperature and in an

elevated gamma radiation field

The conditions of HLW test disposal in 15 m deep cased boreholes in the Asse salt

mine [10] at T =2000 (-250 0
( and a maximum gamma dose-rate of 5x103 Gy/h on
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the surface of the casing allow packaging materials to be examined at elevated

temperatures and in an elevated gamma-radiation field. Both the temperature of

250°C and the dose rate of 5x1 03 Gy/h should be considered as overtest conditions

for the thick-walled HLW packaging discussed (200°(, about 1-10 Gy/h). More

over, it will be possible to perform in the planned dummy canisters experiments

at low temperatures and at different gamma dose-rates. Also, the Ti 99.8-Pd liner

used upon recommendation of KfK as a corrosion protection of the steel casing

will offer a unique opportunity to study on a technical scale a simulated HLW

overpack.

For these reasons detailed corrosion studies had been planned by KfK as early as

in the test definition phase. The following investigations will be performed in the

course cf HLW test disposal which will start in 1990 and last 5 years:

Investigation of metal sheets of selected packaging materials at Tmax = 200°C

2500( without irradiation and at 5x103 Gy/h gamma dose-rate. For this pur

pose; specimens have been provided on the external wall of the borehole cas

ing.Due to the thermally induced borehole convergence to be expected (rock

pressure about 40-45 MPa) a contact of the specimens with the borehole wall

can be anticipated to occur within a short period. Besides the promising HLW

packaging materials fine-grained steel, Ti-99.8-Pd and Hastelloy C4, tantalum

and Cr-Ni-steel 1.4833 will be investigated. This steel grade will be used in the

reprocessing plants of La Hague ((OGEMA) and Sellafield (BNFL) as material

for HLW canisters.

Investigation of the materials above in loose rock salt with different H20 con

tents « 0.1 wt.% to 1 wt.%) at T=900(-150°C and gamma dose-rates be

tween 103 Gy/h and 105 Gy/h. For this, the specimens and corrosion medium

are placed into glass ampoules and positioned at different levels in the dum

my can isters.

Investigation of the corrosion protection material (Ti 99.8-Pd) of the casing

with a view to the influence exerted on corrosion by the conditions of manu

facture applying to a simulated HLW overpack. The characteristic details of

manufacture of borehole casing have been entered in Fig. 27.

Figure 28 shows a longitudinal section of a cased borehole used for disposal as

weil as the positioning of the material specimens to be investigated. The speci-
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mens on the external wall of the casing were fixed in ceramic insulated pockets

provided in the coupling sleeves of the casing (Fig. 29).

After completion of the 5 years testing period the material specimens and the lin

er material of the casing, Ti 99.8-Pd, will be examined for corrosion attacks by

means of gravimetry, surface profilometry and metallography. The characterisa

tion of rock salt in terms of chemistry and mineralogy prior to the beginning of

the test, which is required in order to allow the corrosion results to be interpreted

at a later date, has already been performed. Detailed information about that

characterisation can be taken from [14].

4. Conclusions

The unalloyed steels (fine-grained steel, low-carbon and cast-.steel) investigated

exhibited non-uniform general corrosion in the two-phase corrosion media rock

salt /rock-salt brine and rock saltlQ-brine at 90°C and 170°C without irradiation.

Pitting or crevice corrosion in the sense of an active-passive corrosion element

which would put in doubt the use of the steels as HLW container materials have

not been observed.

Little differences have been found between the corrosion rates of the steels in

the above-mentioned media at both temperatures, except for the corrosion rate

of cast steel in rock saltlQ-brine at 170°C. In this case, it was about twice that of

the two hot-rolled steels. By increase in temperature from 90°C to 170°C, the cor

rosion rates of the steels in both media rose by about a factor of 2, whereas the

values in rock saltlQ-brine were about twice those in rock saltIrock salt brine. The

maximum corrosion rates obtained for the reference fine-grained steel in the

most aggressive medium, rock salt/Q-brine, at 90°C and 170°C imply corrosion al

lowances on the order of 25 mm to 50 mm for the containers discussed here with

300 years service life.

Gamma-dose rates of 1 Gy/h-100 Gy/h did not influence noticeably the corrosion

behaviour of the steels in all test media (rock saltlbrines, Q-brine) at 90°C. No in

crease in corrosion rates over those in the experiments without irradiation and no

pitting and crevice corrosion or stress-corrosion cracking were observed. Further

more, the maximum corrosion rates of the steels (50 p.m/a-60 p.m/a) were inter

comparable and did not differ significantly in either of the test media. Also weld

ing (TIG, EB) or H2S concentrations of 25 mg/I-200 mg/I in Q-brine did not enhance
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noticeably the corrosion rates of the steels at 90°C-170°C. In case of Hastelloy C4

pitting and crevice corrosion occurred in Q-brine at gamma dose-rates higher

than 1 Gy/h and H25 concentrations of 25 mg/I, respectively. These results are in

agreement with previous electrochemical studies [15].

In the in-situ experiments performed in rock salt and in rock saltllimited amounts

of NaCI brine (Brine Migration Test) no noticeable corrosion of the materials in

vestigated (Fe-base materials, Ti 99.S-Pd, Hastelloy C4) was observed. This is true

above all for Ti 99.S-Pd and Hastelloy C4 undergoing passive corrosion and in

which local corrosion could be caused already by minor amounts of brine. Fur

thermore, a gamma dose-rate of 3x1 02 Gy/h or TIG welding did not influence the

corrosion behaviour of the materials. Nevertheless, the materials Ni-Resists D2

and D4, cast iron and Si-cast iron must be excluded as HLW container materials

because in laboratory studies[3] performed with MgCl2-rich brine (Q-brine) in ex

cess they proved to be susceptible to pitting and intergranular corrosion .

.In thein-situ testing of cast-steel tubes without and with corrosion protection

made of Ti 99.S-Pd and Hastelloy C4, respectively, in rock salt11arger amounts of

NaCI brine, no influence of container manufacturing characteristics (EB welding,

explosion plating, etc.) on corrosion was observed. Examinations of the tubes did

not show any detectable corrosion attacks of the plating materials. Cast steel cor

roded non-uniformly at a maximum corrosion rate of 120 llm/a which implies ac

ceptable corrosion allowances for the thick-walled containers discussed here. Fur

thermore, no pitting and crevice corrosion or stress-corrosion cracking occurred

on the cast-steel tube.

In general, it can be stated that the laboratory and in-situ corrosion results are in

good agreement and that they confirm the promising nature of unalloyed steels

and Ti 99.S-Pd as materials for long-term resistant HLW packagings. Further cor

rosion studies on these materials are in progress. They focus on the c1arification of

the role which high temperature « 200°C) plays during corrosion under gamma

irradiation and on the performance of statistical in-situ experiments. In these in

situ experiments areas with variations in the composition of salt minerals will be

selected in order to extend the statistical basis of the corrosion data.
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Table 1 Chemical compositions of the materials tested on the laboratory-scale and in-situ corrosion experiments

Composition (""t. %)
Material

Cr Ni Mo Ti Pd C Si Mn 02 H2 Fe

Ti 99.8-Pd - - - BaI. 0.18 0.01 - - 0.04 0.001 0.05

Material No. 3.7025.10

Hastelloy C4 15.4- BaI. 15.2- 0.33 - 0.006 0.05 0.09 - - 0.05

Material No. 2.4610 16.8 15.9

Fine-grained steel - - - - - 0.17 0.44 1.49 - - BaI.

Material No. 1.0566

Low-carbon steel - - - - - 0.1 0.27 0.66 - - BaI.

Cast steel - - - - - 0.16 0.61 1.51 - - BaI.

Material No. 1.1131

Nodular cast iron - - - - - 3.7 1.83 0.21 - - BaI.

Material No. 0.7043

Ni-Resist D2 2.39 22 - - - 2.65 2.4 1.14 - - BaI.

Material No. 0.7660

Ni-Resist D4 5.5 30.9 - - - 2.6 4.25 0.5 - - BaI.

Material No. 0.7680

Si-cast iron - - - - - 0.72 15.0 0.62 - - BaI.

- =not existing or negligible

I
N
~
I
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Table 2 Chemical compositions of salt brines used in the

laboratory-scale corrosion experiments

Ions/elements Asse rock-salt-brine 1) Q-Brine2)
(g/I at 25°C) (g/I at 55°C)

Na+ 136.75 7.1

K+ 1.48 31.8

Mg2+ 0.34 91.9

Ca2+ 1.40 -

5r2+ 0.01 -

B 0.007 -

AI 0.003 -

Zn + Fe + Li + <0.001 -

(1- 201.9 297.3

5042- 5.19 14.4

1) pH (25°C) = 6.1 + 0.2; saturated 02-concentration

(25°C) =5.8 mg/I.

2) pH (25°C) = 4.9..±... 0.2; saturated 02-concentration

(25°C) =3.7 mg/I.
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Table 3 Test conditions for unalloyed steels and Hastelloy

C4 in the laboratory-scale corrosion experiments

(maximum test duration: 1 year)

Comparative studies on fine-grained steel, low-carbon steel
and cast steel

Corrosion medium Temperature Gamma dose-
(OC) rate (Gy/h)

Asse rock-salt plus Asse rock- 90, 170 -
salt brine

Asse rock-salt plus Q-brine 90, 170 -

Q-brine 90 1; 10

Additional studies on fine-grained reference steel

Asse rock-salt plus Asse rock- 90 1; 10
salt brine

Asse rock-salt plus Q~brine 90 1; 10

Q-brine 90 100

Q-brine and Q-brine plus H2S 170 -(25, 100,200 mg/I)

Studies on Hastelloy C4

Q-brine 90 1; 10; 100

Q-brine and Q-brine plus 25 150 -
mg H2S/1
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Tab.4 General corrosion rates and maximum pitting

rates of Hastelloy C4 after 1 year immersion in

Q-brine at 90°C with and without gamma

irradiation

Dose Average general Maximum pitting
rate corrosion rate corrosion rate

(Gy/h) (11mla) (11mla)

0 0.1 -

1 0.05 -

10 0.4 20

100 0.4 20

1000 3.5 1000

- = uniform corrosion

Table 5 Corrosion results on Hastelloy C4 at 150°C in Q-brine with and without

addition of H2S

Testing General Maximum Maximum
Corrosion pitting rate of crevicetime corrosion ratemedium (months) (11 mla) corrosion rate corrosion 1)

(11mla) (11 mla)

2 0.9+0.1 - -
Q-brine 6 0.5+ 0.05 - -

12 0.7+0.3 - 150

Q-brine plus 2 3 +0.4 -- -
6 4T+ 1.1 40 100025 mg H2S/1 12 3.9+0.6 2300 2200

1) below specimens suspended with PTFE threads
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Table 6 Weight losses and corrosion rates of the materials tested in-situ in Asse

rock-salt at 32°C rock temperature (3 years reference experiment)

Material Dimension of Weight loss1) General1)
Material specimens corrosion ratecondition (mm) (g/m 2) (pmla)

A - -
Ti 99.8-Pd 40x20x4

W - -

A - -
Hastelloy C4 40x20x4

W - -

A 1.32 0.06
Fine-grained steel 40x20x4

1.06W 25.20

Nodular cast iron A 50x10x10 3.0 0.14

Ni-Resist D2 A 50x10x10 1.47 0.06

Ni-Resist D4 A 50x10x10 0.37 -

Si-cast iron A 40x20x5 - -

A = as-delivered; W =TIG welded

1) average value of 3 specimens

- = no measurable corrosion attack



Table 7 Weight losses and corrosion rates of the materials tested in-situ in Asse rock~saltl

limited amounts of brine (Brine Migration Test)

Without gamma-irradiation With gamma-irradiation

Test (exposure time: 900 d) 3x102 Gy/h

Material temperature
(exposure time: 700 d)

(OC)
Weight loss Corrosion rate Weight loss Corrosion rate

(g/m 2) (pmla) (g/m 2) (pmla)

Ti 99.8-Pd 210 + + 1.4 0.16

HasteUoy C4 210 + + 19.19 1.18

Fine-grained steel 150 17.79 0.95 200.06 13.68

Cast steel 150 22.72 1.18 9.49 0.63

Ni-Resist D4 150 5.43 0.29 3.23 0.22

Nodular cast iron 120 + + 13.26 1.01

Si-cast iron 120 29.31 1.72 + +

+ = Specimens not retrievable or mechanicaUy damaged

I
N
'-C
I
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Fig. 3 Optical micrographs of fine-grained steel
after 1 year in Asse rock-salt plus Asse
rock-sa1t brine at 90°C and 170°C

x 200

x 100
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Fig. 4 Optical micrographs of fine-grained steel
after 1 year in Asse rock-salt plus Q-brine
at 90°C and 170°C

x 200

x 100
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Fig. 5 General corrosion rates of unalloyed steels in Asse rock
salt/Asse rock salt brine at 90 QC and 170°C
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Fig. 10 Optical micrographs of fine-grained steel after
1 year exposure in various carrosion media at
90°C and a gamma dose rate of 10 Gy/h
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Fig. 11 Optical micrographs of Hastelloy C4 after 1 year
immersion in Q-brine at 90°C and gamma dose rates
of 1 Gy/h and 100 Gy/h
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Fig. 13 Optical micrographs of fine-grained steel
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Fig. 14 Schematic vertical section of the test assembly with
indication of the corrosion conditions
(in-situ corrosion experiments carried out within
the framework of the Brine Migration Test)
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Fig. 15 Optical micrographs of Ti 99.8-Pd and Hastelloy C4 stored in the Brine Migration Test
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Fig. 16 Optical micrographs of fine-grained steel stored in the Brine Migration Test
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Fig. 18 Vertical section of test assembly for corrosion
experiments on tubes
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Fig. 21 Retrieved cast-steel tube after in-situ storage
(1.5 a in rock salt + 100 ml added NaCI brine at 90°C-200°C)
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Fig. 22 Retrieved cast~steeltube with corrosion protection after in-situ storage
(1.5 a in rock salt + 100 ml added NaCl brine at 90°C-200°C)
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Fig. 23 Surface profiles of the cast-steel tube before
and after 1.5 a in-situ storage in rock salt
plus NaCI brine

Base material

EB-weld

Base material

b)8ottom (140° CI

Base material

I Center of heated zone (200° CI

Fig. 24 Optical micrographs of cast-steel tube from
different temperature zones after 1.5 a in
situ storage in rock salt plus NaCI brine
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Fig. 25 Optical macrographs from the surface of the plated tube
after 1.5 a in-situ testing in rock salt plus NaCl brine
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Fig. 26 Surface profiles of the plated tubes before and after 1.5 a
in-situ storage in rock salt plus NaCI brine
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Fig. 29 Fixation of the corrosion specimens on the borehole
casing before storage in the HLW test boreholes
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