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Summary .

In previous corrosion studies, carbon steels and the alloy Ti 99.8-Pd were
identified as promising materials for heat-generating nuclear waste containers
acting as a radionuclide barrier in a rock-salt repository. To characterize the long-
term corrosion behaviour of these materials in more detail, a research
programme including laboratory-scale and in-situ corrosion studies has been
undertaken jointly by KfK and ENRESA/INASMET. Besides carbon steels and Ti
99.8-Pd, also Hastelloy C4 and some Fe-base materials are being examined in
order to complete the results available to date.

In the period under review, gamma irradiation corrosion studies of up to about 6
months at 10 Gy/h and stress corrosion cracking studies at slow strain rates (10-4-
10-7 s-1) were performed on three preselected carbon steels in disposal relevant
brines (NaCl-rich, MgCly-rich) at 90°C and 150°C. Moreover, results were obtained
from long-term in-situ corrosion studies (maximum test duration 9 years)
conducted on carbon steel, Ti 99.8-Pd, Hastelloy C4, Ni-resist D4, and Si-cast iron
in boreholes in the Asse salt mine .

In the in-situ experiments, tubes of the above-mentioned materials provided with
selected container manufacturing characteristics were tested in addition to metal
sheets. Two types of tubes were examined: Tubes with the container sealing
technique simulated by electron beam (EB) and tungsten inert gas (TIG) welding,
respectively, and carbon steel tubes in which a corrosion protection with either Ti
99.8-Pd or Hastelloy C4 was simulated by explosion plating. The in-situ tested
specimens were exposed to rock salt and rock salt plus brines, respectively, at
temperatures of 32°C-200°C.

The results obtained from the 6-month irradiation corrosion studies at 150°C and
10 Gy/h indicate that the unalloyed fine-grained steel TStE 355 is subjected to
general corrosion in the brines. In the irradiated NaCl-brine, the corrosion rate of
the steel (15 pum/a) is very close to that in the unirradiated brine (19 um/a). In the
MgCl>-rich brines, the corrosion rates in the presence of radiation (124-220 um/a)
are higher by a factor of about 1.3-1.8 than those without irradiation. However,
such corrosion rates imply corrosion allowances technically acceptable for thick-
walled containers.

The in-situ corrosion studies show that all material specimens (metal sheets and
tubes) are resistant to pitting corrosion in rock salt and rock salt plus brine and
that the general corrosion rates are negligibly small. Only in rock salt plus MgCl;-
rich brine, the non-corrosion protected carbon steel tube exhibited significant
non-uniform general corrosion of about 90 um/a.

In the slow strain rate tests at 10-4-10-7 s-1 and 90°C, a loss of ductility occurred for
the steeis in the MCl,-rich brine compared to argon, which is probably due to
hydrogen embrittlement. However, this effect is not significant and no indication
of stress corrosion cracking was found for the hot-rolied steels TStE 355 and TStE
460. On the contrary, the forged steel 15 MnNi 6.3 is susceptible to stress
corrosion cracking at a rate of 10-7 s-1. Further corrosion studies are in progress.



Korrosionéuntersuchungen an ausgewahlten Verpackungsmaterialien fiir die
Endlagerung von wéarmeerzeugenden radioaktiven Abfédllen in Steinsalzforma-
tionen

Zusammenfassung

Bisherige Korrosionsuntersuchungen ergaben, daB Kohlenstoffstahle und die Le-
gierung Ti 99.8-Pd aussichtsreiche Materialien fir langzeitbestandige Behalter
zur Endlagerung von warmeerzeugenden Abféllen in Steinsalzformationen sind.
Zur detaillierten Charakterisierung des Korrosionsverhaltens dieser Werkstoffe
werden von KfK und ENRESA/INASMET in einem gemeinsamen Forschungspro-
gramm weitergehende Untersuchungen durchgefihrt. Neben Stihien und Ti
99.8-Pd werden zur Vervollstandigung der bisher vorliegenden Ergebnisse auch
Hastelloy C4 und einige Eisenbasiswerkstoffe untersucht.

Im Berichtszeitraum wurden Langzeit-Korrosionsuntersuchungen (Immersions-
experimente) unter Gamma-Bestrahlung (10 Gy/h, 150°C) und SpannungsriBkor-
rosionsexperimente bei langsamen Dehnungsraten (10-4-10-7 s-1, 90°C) an drei
vorausgewahlten Stahlen in Salzlésungen durchgefihrt. Dartiber hinaus wurden
Ergebnisse aus Langzeit-in situ-Korrosionsexperimenten (maximale Versuchsdau-
er 9 Jahre) an Stahlguf, Ti 99,8-Pd, Hastelloy C4 und den Eisenbasislegierungen
Ni-Resist D4 und Si-Guf3 gewonnen.

In den in situ-Experimenten, die in Bohrléchern im Salzbergwerk Asse durchge-
fuhrt wurden, wurden neben Metallblechen aus den oben genannten Werkstof-
fen, Rohrabschnitte versehen mit ausgewahliten Herstellungsmerkmalen fur Be-
halter geprift. Es wurden zwei Arten von Rohrabschnitten untersucht: Rohrab-
schnitte mit simulierter BehalterverschluBtechnik durch Eiektronenstrahlschwei-
Ben oder Wolfram-Iinertgas-SchweiBen und StahlguB-Rohrabschnitte, in denen
ein Korrosionsschutz aus Ti 99,8-Pd bzw. Hastelloy C4 durch Sprengplattieren si-
muliert wurde. Bei den in situ-Experimenten wurden die Proben dem korrosiven
Angriff von Steinsalz (0,1 Gew.% H>0) bzw. Steinsalz plus Salzlésung bei Tempe-
raturen zwischen 32°C und 200°C ausgesetzt.

In Gegenwart eines Gamma-Strahlenfeldes von 10 Gy/h ist der untersuchte unle-
gierte Feinkornbaustahl bestandig gegeniber Lochkorrosion in allen Lésungen
und seine Korrosionsrate in NaCl-reicher Losung (15 um/a) entspricht weitestge-
hend dem Wert in der unbestrahlten Lésun ?19 um/a). In bestrahlten MgCl5-
reichen Losungen sind die Korrosionsraten des Stahls (124-220 uym/a) etwa um
den Faktor 1,3-1,8 hoher als ohne Bestrahlun?. Solche Korrosionsraten fihren zu
technisch akzeptablen Korrosionszuschlagen fir dickwandige Endlagerbehaiter.

Die in situ-Korrosionsexperimente zeigen, daB alle untersuchten Werkstoffe
(StahlguB, Ti 99,8-Pd, Hastelloy C4, Ni-Resist D4 und Si-GuB3) bestandig gegeniliber
Lochkorrosion in Steinsalz und in Steinsalz plus Salzlésung sind und daf3 die Fla-
chenkorrosion vernachlaBigbar klein ist. Nur in Steinsalz plus MgCl;-reiche L6-
sung tritt bei StahlguB eine starke Flachenkorrosion von 90 um/a auf.

In den Korrosionsuntersuchungen in einer MgCl,-reichen Lésung bei 90°C und
Dehnungsraten von 104- 107 s nimmt die Duktilitat der Stahle gegentiber Ar-
gon deutlich ab, was méglicherweise auf eine Hy-Versprodung zurickzufuhren
ist. Allerdings ist dieser Effekt nicht signifikant und es waren keine Anzeichen fur
eine SpannungsriBkorrosion bei den warmgewalzten Stahlen TStE 355 undTStE
460 festzustellen. Der Schmiedestahl 15 MnNi 6.3 hingegen zeigt in der Losung
bei einer Dehnungsrate von 107 s-! eine Anfalligkeit gegenlber Spannungsrif3-
korrosion. Weitere Korrosionsuntersuchungen sind im Gange.
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1. INTRODUCTION AND OBIJECTIVES

According to the German concept, the heat-generating nuclear waste such as
vitrified high-level waste and spent fuel will be disposed of in repositories located
in deep rock-salt formations. The isolation of the radionuclides from the
biosphere shall be ensured by a combination of geological and engineered
barriers. One element of this multi-barrier concept is the waste packaging.
Consequently, studies have been undertaken by KfK within the framework of the
European Community research programme to qualify materials for long-lived
packagings that could act as a radionuclide barrier during the elevated-
temperature phase in the disposal area, which lasts a few hundred years. The
main requirement made on the packaging materials is their corrosion resistance
in rock salt and salt brines. Salt brines in the disposal area may originate from the
thermal migration of brine inclusions in the rock salt and have to be considered in
accident scenarios, e.g. brine inflow through an anhydride layer.

In previous corrosion studies on a wide range of materials in salt brines [e.g. 1,2],
two materials were identified as the most promising for the manufacturing of
long-lived containers surrounding the Cr-Ni steel waste canisters. These are: The
passively corroding alloy Ti 99.8-Pd for a corrosion resistant concept and the
actively corroding carbon steels for a corrosion allowance concept. To
characterize the corrosion behaviour of these materials in more detail, a 1991-
1994 EC research programme is being performed jointly by KfK and
ENRESA/INASMET (Spain).

The research programme consists of two parts. The KfK part is aimed at studying
the influence of important parameters on the long-term corrosion behaviour of
four preselected carbon steels (two unalloyed, two low-alloyed) and Ti 99.8-Pd in
disposal relevant salt brines. These parameters are: Temperature, gamma
radiation and selected characteristics of packaging manufacturing. Both,
laboratory-scale immersion experiments and in-situ corrosion studies in the Asse
salt mine are being carried out.

The second pbart of the corrosion studies concerns the investigation of resistance
of the carbon steels to stress corrosion cracking in a disposal relevant salt brine at
variable strain rates and temperatures by ENRESA/INASMET. For this purpose, the
slow strain rate technique (SSRT) is being applied. These studies serve to complete



-2-

the results available so far on statically loaded U-bent specimens. The entire
research programme is coordinated by KfK.

In the present paper, the progress achieved in the research programme within
the period of January to December 1993 shall be described.

2. GAMMA IRRADIATION-CORROSION STUDIES ON THE UNALLOYED
FINE-GRAINED STEEL (KfK)

An essential aspect of the corrosion studies on container materiais is the
investigation of the influence exerted by the radiation of the waste on their
corrosion behaviour in disposal relevant brines. Of the various types of radiation,
only gamma radiation is present at the surface of the container. The dose rate
depends on the design of the container and the nature of the waste inside. For
HLW carbon steel containers acting as a radionuclide barrier in a rock-salt
repository, a wall thickness of about 100 mm is needed for mechanical support
against the rock pressure of 36+5 MPa [3] at 1000 m disposal depth. In this case,
the expected gamma dose rate on the surface of the container will be about 10
Gy/h.

Corrosion studies under gamma irradiation are important because the interaction
of gamma radiation with salt brines produces reduced/oxidizing reactive particles
and stable products such as e-aq , Hz, Cl'2, H203, ClO3;, etc. [4] which may change
the rate and mechanism of corrosion. Consequently, the corrosion behaviour of a
preselected unalloyed steel (fine-grained steel) is being examined up to 18
months in salt brines in the presence of a gamma radiation field at high
temperature. In the following, the results obtained in the period under review
are reported about.

2.1 Steel investigated and test conditions

The preselected unalloyed fine-grained steel TStE 355 was examined in the hot-
rolled and normalized condition. The metal sheet used for the preparation of the
corrosion specimens had the following composition in wt.%:

C: 0.17;Si: 0.4; Mn: 1.49; P+S: <0.1; bal.: Fe.
For the corrosion studies, plane specimens with dimensions of 40x20x4 mm were
used. Prior to specimen fabrication, the metal sheet was freed from the adhering
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oxide layer by milling. After this mechanical treatment, the specimens were cut
and cleaned with alcohol in an ultrasonic bath.

To have severe test conditions, the steel was investigated simulating an accident
with an intrusion of large amounts of brine into the disposal area. To examine
the influence of the brine composition on the corrosion behaviour of the steel,
three disposal relevant salt brines differing qualitatively and quantitatively were
used as the corrosion media. Two of them, brine 1 (Q-brine) and brine 2 are highly
concentrated in MgCl;, the third one (brine 3) has a high concentration of NacCl.
The compositions and the measured pH and O;-values of the test brines are given
in Table I. The pH values given are relative data and were measured using a glass
electrode. Application of the correction formula proposed by Bates et al. [5] gives
pH values at 25°C which are higher than the measured values by 1.8-2.2 units for
the brines 1 and 2, and by 0.4 units for the brine 3. The O3-values of the brines
were determined by a polarographic method using an O;-sensor; the saturation
values (1.0-1.4mg O3/l) obtained by the Winkler method were used as the
reference values.

The steel was examined for general and local corrosion in the brines at a realistic
gamma dose rate of 10 Gy/h for the thick-walled container discussed. For
comparison, also corrosion tests without radiation were carried out. A test
temperature of 150°C was selected which roughly corresponds to the maximum
temperature on the surface of the container according to the German concept.
The experiments lasted up to 166 days. Experiments of up to 18 months are in
progress.

2.2 Experimental set-up

The corrosion experiments under gamma irradiation were performed in the spent
fuel storage pool of KFA Julich. The radiation source were spent fuel elements
with a gamma energy spectrum similar to that of 10-years-old vitrified HLWC. The
experimental set-up is shown schematically in Fig. 1. For the experiments,
autoclaves made of the corrosion resistant alloy Ti 99.8-Pd with insert vessels of
Duran glass were used. The autoclaves were placed in a circular configuration
into heated cylindrical stainless steel containers (irradiation containers). Each
glass insert contained 120 ml of brine and three specimens of 60 cm2 total
surface, which were totally immersed into the brine. This gave a brine volume to
specimen surface ratio of 2 ml/cm2. The specimens were suspended from a frame
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made of a glass-fibrereinforced plastic. For irradiation, the stainless steel
containers were positioned at the bottom of the 6 m deep water-filled spent fuel
element storage pool. The specimens and brines were heated to the test
temperature of 150°C using heaters.

For the experiments in unirradiated brines (V/S=2 ml/cm2) at 150°C, stainless
steel pressure vessels provided with corrosion resistant insert vessels made of PTFE
were used to avoid evaporation of the brines (boiling point: about 115°C). These
vessels were filled which the brines, into which the specimens were immersed.
After the pressure vessels had been closed, they were stored in heating chambers
at 150°C. The experiments were performed at equilibrium pressure of 0.4 MPa. To
determine the corrosion kinetics, the specimens were examined at various
immersion times.

2.3. Post-test examination of the specimens

When the specified test duration had been reached, the specimens were removed
from the brines and treated according to the ASTM guidelines. For this purpose,
the specimens were freed from the adhering salts and corrosion products by
cleaning in distilled H,O at 60°C and pickling in the Clark solution (37%
HCl+Sb>03+SnCl3) with subsequent cleaning in distilled H,0 and alcohol. After
drying, the specimens were examined for general and local corrosion. General
corrosion was calculated from the gravimetrically determined integral weight
losses and the material density. The examination for local corrosion was made by
microscopic evaluation, measurements of pit depth, surface profilometry and
metallography.

2.4 Results

The integral weight losses and the corrosion rates of the steel after an 166-day-
exposure to irradiated and unirradiated brines at 150°C are compiled in Table .
For comparison, the results of previous studies [6] lasting 100 days are given as
well. All values are the average values of 3-4 specimens. In both cases with and
without gamma radiation, the integral corrosion rates of the steel in the MgCl;-
rich brines 1 and 2 are significantly higher than in the NaCl-rich brine 3. The
highest corrosion rate occurs in the MgCl,-richest brine 2, the lowest in the NaCl-
rich brine 3. The higher corrosivity of the MgCl,-rich brines compared to the NaCl-
rich brine is attributed to their higher HCl concentration. This can be explained by



the higher Cl- concentration and the hydrolysis of Mg2+. The acceleration of the
steel corrosion in brines containing high amounts of MgCl; is in agreement with
the results reported by Westerman et al. [7].

The imposition of a 10 Gy/h radiation field on the 150°C brine environment
increases the average integral corrosion rates of the steel specimens in the brines
1 and 2 from about 60 pym/a to 124 ym/a, and from 170 um/a to 221 um/a,
respectively. In brine 3, the corrosion rate in the 10 Gy/h irradiated environment
(14.6 um/a) is very close to the value attained in the unirradiated system (19.2
mum/a).

Surface profiles and metallographic examinations of corroded specimens have
shown that the steel is resistant to pitting corrosion in both irradiated and
unirradiated brines. In all brines, a non-uniform general corrosion was observed.
However, the measured maximum penetration depth of this uneven corrosion
corresponds to the values of the average thickness reduction. Figure 2 shows
optical micrographs of steel specimens after 166 days of exposure to the test
brines at 150°C and 10 Gy/h.

3. IN-SITU CORROSION STUDIES ON SELECTED CONTAINER MATERIALS (KfK)

On the basis of the corrosion results obtained so far and considering mechanical
aspects, a thick-walled carbon steel container with or without a corrosion
protection made of Ti 99.8-Pd was identified for the packaging of the wastes
[8,9]. As an alternative to Ti 99.8-Pd, the suitability of Hastelloy C4 as a corrosion
protection material is being examined. Both, in-depth laboratory-scale and in-situ
corrosion studies are being performed.

An important aspect of the in-situ studies is the investigation of the influence of
selected container manufacturing characteristics (e.g. sealing technique,
application mode of the corrosion protecting layer on the steel) on the corrosion
of the materials. Therefore, two types of cast steel tubes are being examined
besides metal sheets, under simulated disposal conditions in heated boreholes in
the Asse salt mine:

- Non-corrosion protected cast steel tubes with the container sealing
technique being simulated by electron beam (EB) welding.
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- Corrosion protected cast steel tubes with the corrosion protection of either Ti
99.8-Pd or Hastelloy C4 being simulated by explosion plating and electron
beam welding.

In addition to the cast steel tubes, some investigations are being performed on
electron beam and tungsten inert gas (TIG) welded tubes made of Ni-resist D4 (an
Fe-base material) and Ti 99.8-Pd in order to complete the results available to date.

In-situ corrosion results obtained for metal sheets and tubes after 1.5-3 years of
exposure to rock salt and rock salt plus brine have already been reported about
[2,10,11]. In the period under review, the long-term in-situ corrosion experiments
lasting up to about 9 years for metal sheets and 6 years for tubes, respectively,
were completed and the specimens were examined for corrosion attacks.

3.1 Testing of metal sheets

Metal sheets of Ti 99.8-Pd, Hastelloy C4 and the two Fe-base materials Ni-resist D4
and Si-cast iron were investigated for 9 years in loose rock sait at the rock
temperature of 32°C. For this, material specimens were stored in small boreholes
(50 mm diameter, 200 mm length) at the 775 m level of the Asse salt mine and
covered with salt grit. The composition of the materials investigated is evident
from Table 1ll. The rock salt had the following average composition (wt.%).

Na+: 38.3; K+:0.33; Ca2+: 0.17; Mg2+: 0.16;
Cl- : 58.02;S042-:2.47; H;0:0.1.

For Ni-resist and Si-cast iron, only the parent materials (as received) were studied.
For the most promising HLW container materials Ti 99.8-Pd and Hastelloy C4, the
influence of welding on the corrosion behaviour was studied with respect to
container closing by welding in a later application. For this purpose, specimens
were examined with a TIG (Tungsten Inert Gas) weld beam applied.

All material specimens were examined for their resistance to general corrosion
(weight change) and local corrosion by gravimetry, surface profilometry and
metallography. Plane specimens with the following dimensions were used: Ti
99.8-Pd, Hastelloy C4 and Si-cast iron: 40 mm x 20 mm x 4 mm; Ni-resist D4: 50
mmx 10 mm x 10 mm.
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The integral weight losses of the specimens after 9 years of testing at 32°C and
the integral corrosion rates calculated from them are presented in Table IV. The
values are average values of three specimens. No measurable corrosion attack
was observed on Ti 99.8-Pd. Moreover, the corrosion rates were very smail (0.17-
1.14 um/a) for the materials Hastelloy C4, Ni-resist D4 and Si-cast iron . The
surface profiles and the metallographic examinations of the specimens in the as-
received and welded conditions did not provide any indications of local
corrosion.

3.2 Testing of welded tubes
3.2.1 Test field and details of the specimens

The configuration and dimensions of the underground test field at the 775 m
level in the Asse salt mine are shown in Fig. 3. The composition of the rock salt
taken from the test field boreholes is given in section 3.1.

In the reporting time, the following eight tubes were investigated under
simulated disposal conditions (see section 3.2.2):

- Five electron-beam (EB) welded cast steel tubes (GS 16 Mn5). Two do not
have any corrosion protection, two are provided with a corrosion protection
layer of Ti 99.8-Pd, and one with Hastelloy C4 applied by explosion plating
and EB-welding.

- Onetungsten inert gas (TIG) welded tube made of Ti 99.8-Pd.

- Two electron-beam welded tubes made of the Fe-base material Ni-resist D4.

The tube materials used had the following compositions in wt.%:

Cast steel: 0.16 C; 0.66 Si; 1.51 Mn; 0.02P+S; bal. Fe.

Ti 99.8-Pd: 0.2 Pd; 0.03 Fe; bal. Ti.

Hastelloy C4:  15.5Cr; 15.3 Mo; 0.8 Fe; bal. Ni.

Ni-resist D4: 30.9 Ni; 5.5Cr; 2.6 C; 4.25Si; 0.5 Mn; bal. Fe.
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The specimens of cast steel and Ni-resist D4 consisted of nine tube sections (50
mm length, 45 mm outside diameter, 20 mm inside diameter each) and a bottom
part which was joined by EB-welding to simulate a container sealing technique.
Thus, tubes of 500 mm total length were obtained. Figure 4 shows a cast steel
specimen by way of example. The Ti 99.8-Pd specimen was a tube (L=500 mm,
D=25.4 mm) with a longitudinal weld and a TIG-welded bottom. More detailed
information on the manufacturing of the specimens can be found elsewhere [12].

3.2.2 Testconditions and experimental set-up

The tubes were tested under the following conditions:

- Two cast steel tubes with and without corrosion protection made of Ti 99.8-
Pd, and two Ni-resist D4 tubes were tested for 5.3 years in the Asse rock salt
(H20 content: 0.1 wt.%) at HLW design temperature (Tmax. =200°C). Thus,
the normal operating conditions of a repository were simulated.

- Three carbon steel tubes with and without corrosion protection of Ti 99.8-Pd
or Hastelloy C4, and one TIG-welded Ti 99.8-Pd tube were tested under the
conditions of a hypothetical inflow of brine into the HLW boreholes during
the initial disposal phase. This means while the annular gap between the
container and the borehole wall was still open. The carbon steel tubes were
tested for 6.3 years both in an MgCl,-rich brine (Q-brine) and in saturated
NaCl-brine at rock temperature of 32°C. The Ti 99.8-Pd tube was examined
for 2.8 years only in NaCl-brine at Trmax. = 200°C.

Each tube was placed into a heated vertical borehole of 2 m depth at the 775 m
level of the Asse salt mine (see Fig. 5). At the beginning of the experiments, a

1 mm wide annular gap existed between the tubes and the borehole wall. In the
experiments with brine as the corrosion medium, the annular gap was filled with
100 ml Q-brine (26.8 wt.% MgClz; 4.7 wt.% KCI; 1.4 wt.% MgSOg4; 1.4 wt.% Nadl;
65.7 wt.% H>0) or NaCl-brine (26.9 wt.% NacCl; 73.1 wt.% H>0).

The temperature of 200°C was set at the borehole wall using a heater. The radial
temperature distribution between two boreholes and the vertical temperature
profile developed during the experiments at the contact surface between the
tube and the borehole wall are shown in Figs. 6 and 7. The maximum tem-



perature of 200°C occurred in the centre of the heated zone, the minimum
temperature of 90°C was measured in the upper tube zone. The temperature in
the centre between two boreholes nearly corresponded to the rock salt
temperature of about 32°C at the 775 m level. The temperature was measured
using NiCr-Ni thermocouples. In order to avoid invalidation of the corrosion
results due to the corrosion induced by the contact of the thermocouples and
tube surface, the temperature measurements were performed in reference
boreholes of identical experimental set-up. In the experiments with the presence
of brine and T = 200°C, the pressure in the annular gap of the real test boreholes
was measured continuously with a manometer, which was introduced into the
brine inlet tube. The maximum pressure measured was 0.28 MPa which
corresponds to a salt brine boiling point of 140°C. This means that the water
contained in the brine evaporates at points of elevated temperature and
recondenses at the upper cooler end of the tube (90°C).

Like the temperatures, the stresses prevailing on the tube surface were measured
in reference boreholes using strain gauges. The measurements have shown that
the first contact of the borehole wall with the tube due to rock pressure occurred
after about six months. On the basis of the results obtained in an identical
preliminary test [12], complete closure of the 1 mm wide annular gap would have
taken place after approximately twelve months.

3.2.3 Post-test examination of the specimens

When the specified test duration was reached, the tubes were retrieved by
overcoring. The salt drilling cores obtained (1 m length, 120 mm outside
diameter) were cut into two half shells and visual inspection of the tubes and the
drilling cores was made, if required. The tubes were freed from the adhering salts
and corrosion products, by mechanical treatment, cleaning in H,O at 60°C and
pickling in diluted HCI. Then the tubes were cleaned in distilled HO and alcohol.
After drying, the tubes were subjected to post-test examination for corrosion
attack by means of surface profilometry and metallography.

3.2.4 Results
Visual inspection of the drilling cores indicated that the 1 mm annular gap

between the tubes and the borehole wall existing at the beginning of the
experiments had completely closed. in the experiments with brine at 90°C-200°C,
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dissolved salt was clearly visible below the ceramic insulation in the cooler upper
part of the tube (T = 90°C). This was attributed to the condensation of water
vapour. The microscopic evaluation of microsections taken from the drilling cores
revealed that the heat and the brines added caused changes in the surrounding
rock salt. Zones of crystallized brine, corroded grain boundaries of rock salt, etc.
were observed. '

The surface profiles and the metallographic examinations of specimens show that
corrosion of a non-corrosion protected cast steel tube in rock salt containing a
small amount of water (0.1 wt.%) is negligibly small. Neither on the parent
material nor on the EB-welds were any signs of pitting corrosion or stress
corrosion cracking found. After 5.3 years of testing at 90°C-200°C, a general
corrosion of about 10 um only was observed over the initial roughness of the tube
surface (30-35 um). Figure 8 shows an optical micrograph of a cast steel tube
section after exposure to rock salt.

In rock salt plus MgCl-rich Q-brine (6.3 years at 32°C), the non-corrosion
protected cast steel tube also was resistant to pitting corrosion and stress
corrosion cracking. However, the tube suffered from significant éeneral corrosion
with voluminous corrosion products present. This corrosion attack was non-
uniformly distributed on the tube surface (see optical micrograph Fig. 9) such that
the individual tube areas exhibited significant differences in the penetration
depth. This indicates that certain tube parts were exposed to a larger brine
volume than others. This is attributed to the irregular distribution of the brine in
the annular gap as a consequence of irregularities in the shape of the borehole
and the positioning of the tube.

Figure 10 shows the maximum penetration depth of corrosion in various sections
of the cast steel tubes exposed to rock salt (very small corrosion) and to rock salt
plus brine (extensive corrosion). It is evident that in rock salt plus brine the
greatest corrosion attack of 570 um occurred at the lower part of the tube, while
the smallest of 180 um existed at the top of the tube. These values determined
after 6.3 years of test duration at 32°C correspond to average corrosion rates of
about 30 um/a (top of the tube) and 90 um/a (bottom), respectively, and are
smaller than those obtained in previous studies [10] at 90°C-200°C. A possible
explanation for the smaller corrosion of the upper tube part is the lowering of
the brine level in the borehole during the test period due to water consumption
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by the corrosion reaction with Fe. This means that the upper tube part was not
exposed to brine during the entire test period.

The Ni-resist tubes tested in rock salt (5.3 years at 90°C-200°C) and the Ti 99.8-Pd
tube examined in rock salt plus NaCl-brine (2.8 years at 90°C-200°C) were found to
be resistant to general and local corrosion as well as and to stress corrosion
cracking. For Ni-resist D4, very little general corrosion of about 5-10 um was
detected after about 5 years of testing. In case of Ti 99.8-Pd, corrosion attacks
were found neither on the parent material nor on the TiG-welded bottom of the
tube. Figures 11 and 12 show optical micrographs of Ni-resist and Ti 99.8-Pd tubes
after in-situ testing.

The examination of the cast steel tubes provided with a corrosion protection of Ti
99.8-Pd and Hastelloy C4, respectively, has not shown any changes on the surface
of the plating materials by corrosion attacks in rock salt or rock salt plus brine.
Neither on the mechanically finished surface nor on the hot-rolled and electron
beam welded sheet metal surface were any signs of corrosion observed. Even the
crack produced by a steel needle in order to simulate severe conditions due to
handling of the containers did not stimulate a corrosion attack. Figures 13 and 14
show optical micrographs of the plating materials Ti 99.8-Pd and Hastelloy C4
after testing in rock salt and rock salt plus brine.

4. STRESS CORROSION CRACKING TESTING OF CARBON STEELS
(ENRESA/INASMET)

The resistance of three preselected carbon steels to stress corrosion cracking is
being examined in the MgCl,-rich Q-brine (26.8 wt.% MgCly; 4.7 wt.% KCl; 1.4
wt.% MgSO4; 1.4 wt.% NaCl; 65.7 wt.% H;0) by means of the slow strain rate
technique (SSRT). The steels to be investigated are the low-alloyed steels TSt E 460
and 15MnNi 6.3 and the unalloyed fine-grained steel TSt E 355. The steels have
the following compositions in wt.%:

TSt E 460: 0.18 C; 0.34Si; 1.5Mn; 0.51 Ni; 0.15V,; bal. Fe
15MnNi 6.3: 0.17 C; 0.22 Si; 1.59 Mn; 0.79 Ni; bal. Fe
TSt E 355: 0.16 C; 0.41 Si; 1.5 Mn; bal. Fe.
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The experiments are performed in Hastelloy C-276 autoclaves at strain rates of
10-4-10-7s-1, temperatures of 25°C, 90°C and 170°C, and an argon pressure of
13MPa. In order to be able to interpret the results obtained in the brine,
additional comparative investigations are carried out in argon as the inert
medium. Besides specimens made of the parent materials, also MAG (Metal
Active Gas) welded specimens simulating a possible container closure technique
are being tested.

Experimental results obtained for the three steels at 170°C have already been
reported in previous work [6,11]. In the period under review, stress corrosion
cracking studies were conducted on unwelded and MAG welded steel specimens
at90°C.

4.1. Materials and experimental

The parent materials of TSt E 355 and TSt E 460 were hot-rolled and annealed
plates, while for 15MnNi 6.3 forged and annealed disks were used. For the steels
TSt E 355 and TSt E 460, a ferritic microstructure with perlite bands typical of the
rolling process was observed. A grain size value of 10 according to ASTM E- 112
was measured for both steels. For the forged steel 15 MnNi 6.3, a ferrite-perlite
microstructure of a duplex grain size with an average value of 9 (according to
ASTM E- 112) was observed. For the MAG-welding of the steels, filler materials
(Griduct SV-8 for TSt E 355 and Thyssen Union K-5 for TSt E 460 and 15MnNi 6.3)
were used. The mechanical properties of the parent materials are given in Table
V.

For the slow strain rate tests, round specimens of 6 mm diameter were machined
and finished with 1000 grade emery paper. The TSt E 355 and TSt E 460 specimens
were machined in transverse direction to the rolling direction of the plates, those
of 15MnNi 6.3 in the radial direction of the forged disks. The specimens were
located in the Hastelloy C 276 autoclaves with one end being attached to a fixed
frame and the other to the pull rod. Fittings made of ZrO; ensured the electrical
insulation of the specimens. Then, the autoclave was filled either with Q-brine or
argon, closed, pressurized and heated. Once the testing temperature and
pressure were reached, the specimens were pulled until fracture at the selected
actuator displacement speed.
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Load, position, time and temperature data were continuously logged by the
microprocessor that controls the testing machine. After each test, the elongation
(E), reduction of area (R.A.), energy, yield strength (Y.S.), maximum load, and true
stress at fracture were calculated. To evaluate the resistance of the steels to stress
corrosion cracking, metallographic and scanning electron microscopic (SEM)
examinations of the fracture specimen surfaces were performed in addition to
the tensile experiments.

4.2 Results

The results of the siow strain rate tests obtained for the unwelded (parent
materials) and MAG-welded steel specimens in argon and Q-brine at 90°C and
variable strain rates (10-4-10-7 s-1) are given in Figs. 15 through 18. All values are
the average of at least two experiments. The values of the yield strength and
maximum load in Q-brine are very close to those in argon. However, a clear
decrease of the elongation, reduction of area, energy and true stress at fracture
~occurs for all steels in Q-brine at 90°C in comparison to argon. This finding is in
good agreement with own previous results at 170°C [6] and those reported by
Westerman et al. [7]. Nevertheless, the loss of ductility of the steels at 90°C is
lower than that at 170°C. The results obtained for the MAG-welded steel
specimens show that the reduction of ductility in Q-brine compared to argon is
very similar to that observed for the parent materials.

In the metallographic examinations of steel specimens tested in Q-brine, a non-
uniform general corrosion due to repeated breaking of the corrosion surface
layer was observed for all steels both in the unwelded and MAG-welded
conditions (Figs. 19-20). Secondary cracks typical for stress corrosion cracking
were not observed for the hot-rolled steels TStE 355 and TStE 460 under any of
the test conditions. For this reason, the reduction of ductility of these steels in Q-
brine compared to argon cannot be attributed to stress corrosion cracking. For
the loss of ductility in this brine, another mechanism such as embrittlement may
be responsible. Also in case of the forged steel 15MnNi 6.3, no signs of sensitivity
to stress corrosion cracking were found in Q-brine at 90°C and strain rates up to
10-6 s-1. However, at the slowest strain rate of 10-7 s-1, extensive lateral secondary
cracks indicating stress corrosion cracking were observed, besides a non-uniform
corrosion (Fig. 21).
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To quantify and compare the stability of the steels to stress corrosion cracking in
Q-brine, the crack density on the lateral surface of the specimens, the maximum
crack length and the crack length/width ratio parameters have been measured.
The results obtained for specimens tested in the brine at 90°C and 170°C [6] are
plotted in Figs. 22-24. The parameter crack length/width ratio (Fig. 24) gives an
idea of the sharpness of the crack, and is the most interesting one to quantify the
stress corrosion cracking resistance of a material. According to these data, the
hot-rolled steel TStE 355 is the most and the forged steel 15MnNi 6.3 the least
resistant material to stress corrosion cracking in the brine. Comparison of the
maximum crack lengths brings about the same results.

The fracture surface features observed in the scanning electron microscopic (SEM)
examinations show a change from a fully ductile manner when steel specimens
are tested in argon to a brittle one when the specimens are tested in Q-brine
(Figs. 25-27). The embrittiement of the steels in Q-brine at slow strain rates is
probably due to the hydrogen produced during corrosion, as already discussed in
previous work [6]. It appears that the hydrogen enters the steels in the atomic
form, predominantly in zones of a high stress level and causes a loss of ductility.
However, this is not serious because the residual reduction of area and
elongation at fracture of the steels are still relatively high after testing in the
brine environment.

5. CONCLUSIONS

The 6-month irradiation corrosion studies at 150°C indicate that a gamma dose
rate of 10 Gy/h does not cause an increase in corrosion rate of the fine-grained
steel TStE 355 over that found in the unirradiated brine environment. In
irradiated MgCl;-rich brines, the corrosion rate of the steel is higher by about a
factor of 1.3-1.8 (depending on the brine composition) than in the non-irradiated
brines. As in the experiments without irradiation, no pitting corrosion was
observed for the steel in the presence of radiation.

The results of the in-situ studies show that corrosion of cast steel, Ni-resist D4, Ti
99.8-Pd and Hastelloy C4 in rock salt at temperatures of up to 200°C (normal
operating conditions of a repository) is negligibly small. The same is true for the
above-mentioned materials (metal sheets and tubes) up to 200°C in the two-
phase system of rock salt plus NaCl-rich brine simulating the accident conditions
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in a repository. In rock salt plus MgCl,-rich brine, the non-corrosion protected cast
steel suffers from extensive non-uniform general corrosion. However, the
maximum corrosion rate of about 90 um/a implies a technically acceptable
corrosion allowance for a thick-walled container.

Slow strain rates of 10-4-10-7 s-1 reduce the ductility of the steels (TStE 355, TStE
460 and 15MnNi 6.3) in the MgCly-rich brine at 90°C compared to argon which is
likely due to hydrogen embrittlement. However, this effect does not appear to be
serious and does not cause stress corrosion cracking for the hot-rolled steels TStE
355 and TStE 460. On the contrary, the forged steel 15MnNi 6.3 is susceptible to
stress corrosion cracking in the brine at a rate of 10-7 s-1. In view of these resuits,
hot-rolled carbon steels and Ti 99.8-Pd continue to be considered as promising
materials for long-lived HLW containers.
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Tablel: Compositions, pH values and 03 -contents of the salt brines used in the
laboratory - scale corrosion experiments

Composition (wt.%)
Brine .
NaCl| KCl | MgCl; | MgS04 | CaCly | CaS04 | K504 H>0
1 14147 | 268 14 --- --- 65.7
2 0.31]0.11] 33.03 2.25 0.005 64.3
3 2591 --- 0.16 0.21 0.23 73.5

pH (25°C): 4.6 for brine 1; 4.1 for brine 2; 6.5 for brine 3
0,(55°C): 0.8 mg/I for brine 1; 0.6 mg/l for brine 2; 1.2mg/I for brine 3

Table Ii: Inte?ral weight losses and corrosion rates of the unalloyed fine-grained
steel TStE 355 after exposure to the test brines at 150°C
Without gamma With gamma radiation of
radiation 10 Gy’/h
Test
Brine time
: I(d) Weight Corrosion Weight Corrosion
loss rate loss rate
(9/m2) (um/a) (g/m2) (um/a)
1 100 178.1+ 8.2 87.5+4 367.7 + 6.3 173.5+ 3.0
166 244.5 + 15.0 68.8 + 4.2 430.2 + 51.7 | 124.0+ 149
2 100 516.8+20.3 | 254.1 + 10.0 | 441.6 +149.4 | 208.4 + 70.5
166 605.3+18.4 1703 +5.2 | 766.0+74.0 | 2209+ 21.3
3 100 50.5+5.8 248 + 2.9 449 +5.9 21.2+28
166 68.1+7.1 19.2+ 2.0 508 +6.4 146 +1.8

brines 1 and 2: MgCl;-rich; brine 3: NaCl-rich
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Table lli: Chemical composition of the materials tested in rock salt at rock
temperature (32°C) in an in-situ manner

Composition (wt.%)

Material Ti | pd | cr | Ni [ Mo]| C Si | Mn | Fe
Ti 99.8-Pd
Material No. | Bal. | 0.18 - - - 0.01 - - 0.05
3.7025.10
Hastelloy C4
Material No. | 0.33 - 16.8 | Bal. | 15.9 10.006] 0.05 | 0.09 | 0.05
2.4610
Ni-resist D4
Material No. - - 5.5 | 30.9 - 2.6 1425} 0.5 | Bal.
0.7680

Si-castiron - - - - - 0.72 | 15.0 | 0.62 | Bal.

Table IV: Integral weight losses and corrosion rates of the materials tested
in rock salt at rock temperature in an in-situ manner
(test time : 9 years, T=32°C)

Moterial | Materisl | Weightloss | Corfosion ate
Ti 99.8-Pd w -1 -1
Hastelloy C4 A 13.39+3.1 0.17+0.04
w 28.73:24.4 0.37+0.31
Ni-resist D4 A 7494175 1.14x0.12
Si-castiron A 37.62+11.6 0.60+0.18

1) no corrosion attack; A = as-received; W = TIG-welded
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TableV: Mechanical properties of the parent materials investigated
in the slow strain rate tests

0,
Steel Y-S(-N(l%g)ﬂ’) (UMT,',-; E (%) RA. (%)
TStE3S5 T 419 566 27 61
L 427 568 28 64
TStE460 T 505 633 24 51
L 510 635 26 53
15MnNi 6.3 R 343 545 33 78
Tg 340 484 29 78

T: Transversal; L: Longitudinal; R: Radial; Tg: Tangential; Y.S.: Yield strength;
U.T.S. = Ultimate tensile strength; E: Elongation; R.A.: Reduction of area.
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Brine 3 ( NaCl-rich) X 200

Fig.2: Optical micrographs of the steel TSt E 355
after 166 days exposure to brines at 150°C
and 10 Gy/h
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Fig. 8: Optical micrograph of a cast steel tube
after 5.3 years in-situ testing in rock salt
(0.1 wt.% H>0) at 200°C (x 100)

Fig.9: Optical micrograph of a cast steel tube
after 6.3 years in-situ testing in rock salt
E:lus ;00 ml MgCl5-rich Q-brine at 32°C
X 32
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Fig. 11: Optical micrograph of a Ni-resist D4 tube
.after 6.3 years in-situ testing in rock salt
(0.1 wt.% H,0) at 200°C (x 100)

Fig. 12: Optical micrograph of a Ti 99.8-Pd tube
after 2.8 years in-situ testing in rock salt
plus NaCl-brine at 200°C (x 50)
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Fig. 13: Optical micrograph of the steel tube
plating material Ti 99.8-Pd after 5.3 years
in-situ testing in rock salt at 200°C (x 200)

Fig. 14: Optical micrograph of the steel tube
plating material Hastelloy C4 after 6.3 years
in-situ testing in rock salt plus NaCl-brine at
32°C (x 200)
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Fig.18: Yield strength, maximum load and true stress fracture versus strain rate
for the MAG welded steels TStE 355, TStE 460 and 15 MnNi 6.3 tested at
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Fig. 19: Optical micrograph of a tensile specimen of the
steel TStE 355 tested in Q-brine at 90°C, 13 MPa
and a strain rate of 10-7s-1 (x 100)

Fig. 20: Optical micrograph of a tensile specimen of the
steel TStE 460 tested in Q-brine at 90°C, 13 MPa
and a strain rate of 10-6s-1 (x 100)



-34-

Fig. 21: Opticahl micrograph of a tensile specimen of the
steel 15MnNi 6.3 tested in Q-brine at 90°C, 13 MPa
and a strain rate of 10-7s-1(x 12)
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Fig. 22: Crack density obtained for the steels TStE 355, TStE 460 and
15MnNi 6.3 after slow strain rate testing in Q-brine under
various conditions (T = 90°C, 170°C, w = welded material)
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Fig. 23: Maximum crack length obtained for the steels TStE 355, TStE
460 and 15MnNi 6.3 after slow strain rate testing in Q-brine
under various conditions (T = 90°C, 170°C, w = welded
material)
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Fig. 24: Crack length to wide ratio obtained for the steels TStE 355,
TStE 460 and 15MnNi 6.3 after slow strain rate testing in Q-
brine under various conditions (T = 90°C, 170°C, w = welded
material)
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Fig. 27: Fracture surface of a 15MnNi 6.3 steel specimen
tested in Q-brine at 90°C, 13 MPa, and 10-7s-1
(x 2000)





