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FOREWORD

Many of the problems that occur in the day-to-day operation of nuclear
fuel cycle facilities can be traced to the degradation of the physical and
chemical properties of the materials involved. Moreover, the lifetime of many
key components is limited by the service life of the materials from which they
are constructed. In general, the construction materials used in the nuclear
fuel cycle facilities have performed very well. Nevertheless, failures of
materials have been encountered, especially in the back end of the nuclear
fuel cycle where the synergistic effects of radiation fields and corrosive
chemicals can enhance the corrosion rates of construction materials.
Consequently, it is a common goal of many of the IAEA Member States to improve
the reliability of materials used in the back end of the nuclear fuel cycle.
Progress towards this important goal is accomplished mainly through improved
understanding of the corrosion mechanisms involved.

In order to provide an international forum for the scientists and
engineers working in this field, the IAEA convened a Technical Committee
Meeting (TCM) on "Materials Reliability in the Back End of the Nuclear Fuel
Cycle" in September 1986. The proceedings were subsequently published as
IAEA-TECDOC-421. One of the major conclusions of the meeting was to hold a
second TCM in 1989 to update progress in the field. This meeting was held in
Vienna from 28 November to 1 December 1989, with the participation of
23 scientists and engineers from 13 countries who presented the 14 papers
contained in this Technical Document.

The papers cover the resistance of materials to corrosion in chemicals
and/or under irradiation in three important segments of the back-end of the
nuclear fuel cycle: during the interim storage of spent fuel, in reprocessing
plants and during the final disposal of high level waste. In addition, a
panel discussion was held on each of these three topics.

The IAEA wishes to thank all of the participants in the meeting for
their efforts in preparing this update of the science and technology of
corrosion applicable to the problems encountered in the back end of the
nuclear fuel cycle. The officer of the IAEA responsible for the organization
of the meeting and for the compilation of this document was Mr. J.L. Rojas of
the Nuclear Materials and Fuel Cycle Technology Section,
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING

The degradation of the properties of materials by corrosion in chemicals
and/or under irradiation continues to pose problems for facilities operating
in the back end of the nuclear fuel cycle. This applies to the storage of
spent fuel, the reprocessing of spent fuel and the final disposal of spent
fuel and conditioned high level waste from reprocessing plants. A large
number of special corrosion resistant materials have been developed and
promising new materials are continuingly being evaluated in many laboratories
throughout the world. This Technical Committee Meeting (TCM) was convened to
update corrosion science and technology advances, applicable to the back-end
of the nuclear fuel cycle, that have been made in the laboratories of the
participants since the TCM held in 1986 (IAEA-TECDOC-421).

Although several of the papers presented at this meeting covered more
than one of the options for interim spent fuel storage, reprocessing and
disposal, most of the papers dealt with one or more of the following topics:
• Materials degradation during interim storage of spent fuel,
• Materials degradation in fuel reprocessing plants,
• Materials degradation in various types of geological waste repositories,

and
• General studies of chemical corrosion either in the absence or presence

of gamma irradition.

Interim Spent Fuel

An appraisal of the corrosion state of Magnox fuel from the LATINA power
plant, after 19 years of dry storage in containers at the bottom of a storage
pool, is presented (Italy).

Corrosion studies of clad/wrapper alloys for fuel subassemblies for
prototype fast breeder reactors in simulated wet storage conditions are
presented (India). Ti-modified stainless steel has been evaluated in
demineralized water for four months. No crack growth in precracked specimens
was detected and no crack initiation in C-ring specimens was observed.

Reprocessing

Corrosion studies of commercially available and specially modified
stainless steels in nitric acid are reported in a number of papers (Federal
Republic of Germany, UK, Japan). Some of the first reprocessing plants were
built to reprocess Magnox fuels, and consequently, a great deal of information
on the corrosion of materials in these plants has been accumulated over more
than 35 years.

The original stainless steels chosen for these plants exhibited some
deficiencies in operation such as "end-grain" corrosion and "knife-line"
attack at welds. These materials have been replaced by nitric acid grade
(NAG) stainless steels with carbon contents below 0.03 wt% for new processing
plants. In fact, to achieve absolute integrity with minimum maintenance in
the new THORP plant, BNFL, UKAEA and the British Steel Corporation combined to
perform a corrosion testing programme (Stainless Steel Evaluation Programme)
with very promising results.



Some of the environmental conditions encountered in reprocessing plants,
such as the surface temperature of the materials, the nitric acid
concentration and the concentration of metallic ions influence the corrosion
behaviour. Most of the studies report deficiencies in the corrosion
resistance of stainless steels in the transpassive corrosion regime. Under
these circumstances, alloys based on zirconium and titanium show much better
corrosion resistance.

Many of the lessons learned from the accumulated experience of the
operation of Magnox plants can be applied to the next generation of
reprocessing plants. These include:
• Making sure that laboratory testing accurately replicates the operating

conditions,

• Making sure that the corrosion testing programme covers the complete
range of representative materials to identify the different corrosion
mechanisms, and

• Monitoring in situ corrosion with electronic devices to provide
continuous measurements of the corrosivity of the process and the
corroded state of the components.
Evaluation of corrosion resistant materials for use in the reprocessing

of mixed carbide fuels for a prototype fast breeder reactor is reported
(India). Zircaloy-2 and Ti-5 Ta show promise for the construction of the
electrolytic dissolver and Zircaloy-2 and Ti oxidized in air at 873 K show
good corrosion resistance in refluxing conditions. Corrosion data on low
carbon steels and refractorie used in the treatment of radioactive liquids are
presented and discussed (USSR).

Repositories

Corrosion studies of materials for containers of spent fuel or high level
waste to be placed in three different types of geological repository are
presented and discussed. These are:
• Granitic formations (UK, Argentina),
• Deep rock-salt formations (Federal Republic of Germany), and
• Tertiary clay layers (Belgium).

Mechanisms of corrosion of carbon steels have been investigated and have
led to the development of a model of the process (UK). Sensitivity
investigations with this model underline the need for reliable data on
diffusion coefficients and passive corrosion currents. Studies of galvanic
couples between lead and various promising alloys for the outer container of a
three-barrier containment system are presented (Argentina). Commercially
available lead showed more pronounced localized corrosion than high purity
lead in groundwater containing a suspension of bentonite.

The effects of gamma irradiation on the corrosion rates of fine—grained,
cast steel and low carbon steel in brine at 90°C are reported (Federal
Republic of Germany). The maximum corrosion rates observed under doses as
high as 100 Gy/h, for all the test materials, are considered acceptable for
the long term storage of high level waste. Results of in situ tests of the
corrosion rates of reference alloys, consisting of the corrosion resistant
alloys Ti-0.2 Pd and Hastelloy C4, and the corrosion allowance material,



cast-steel, are presented (Federal Republic of Germany). These tests carried
out in heated boreholes in the Asse salt mine, under simulated high level
waste disposal conditions, show that with technically acceptable corrosion
allowance of 35 to 50 urn, cast steel continues to be an attractive material
for the packaging of high level waste.

Where final disposal focusses on deep tertiary clay layers, the results
of in situ corrosion experiments on reference alloys at various temperatures
are presented and discussed (Belgium). When directly exposed to the solid
clay, the reference alloys Ti-0.2 Pd and Hastelloy 04 present negligible
corrosion rates due to the formation of passive surface layers which protect
the rest of the material. In contrast, carbon steel corroded at a rate of
7.7 ± 0.8 urn with the damage proceeding as uneven general corrosion giving
rise to a morphology of dense but shallow pitting.

Studies of the corrosion of refractory brick materials and electrodes for
a vitrification furnace are also presented and discussed (USSR).

General Corrosion Studies

In austenitic stainless steels, contrary to results published previously,
it is shown that gamma irradiation promotes the initiation of crevice attack
in chloride bearing waters and increases the rate of propagation of crevice
attack (UK). This irradiation enhanced corrosion is related to the generation
of hydrogen peroxide and short lived radiolytic species.

Next page(s) left blank



CORROSION TESTING INTO THE TRANSPASSIVE
POTENTIAL RANGE FOR SELECTION OF
SUITABLE CONSTRUCTION MATERIALS OF
SPENT FUEL REPROCESSING PLANTS

S. LEISTIKOW, R. KRAFT, G. SCHANZ
Institut für Material- und Festkorperforschung II,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

In respect to higher resistance against nitric acid corrosion in
the chemical and reprocessing industry important measures for the
production of improved versions of the commercial austenitic
19Cr11 Ni stainless steel DIN W Mr 1 4306 (AISI Type 304 L) have been
taken. Optimization of the chemical composition in respect to the
main alloy components Cr and Ni, full use of secondary metallurgy
processes to diminish the content of the minor elements C, S, P, Si
and Mo, electroslag remeltmg for better purity and homogeneity,
provided by more favorable solidification conditions Advances in
metallurgy and technology guarantee for numerous industrial
products equal nitric acid corrosion resistance

Here, results of long-term corrosion tests of three versions of
this steel m nitric acid without and with Cr(VI) additions over a
broad potential range are presented Comparing the normal and
special steel versions the results show a similar good corrosion
behavior in the passive range, a quality - dependent remarkable
difference m corrosion resistance in the range of passive-
transpasswe transition and a similar and from the engineering point
of view intolerable high corrosion attack in the transpassive range,
by which also the electroslag remelted steel quality is loosing its
advantages Under those conditions with preference Ti- or Zr-based
alloys have to be applied

Introduction

The commercial version of the low carbon austenitic CrNi steel
DIN W Mr 1 4306 (AISI Type 304 L) is called the normal grade and we
add to its material number the letter n The special nitric acid grade
has an optimized chemical composition to resist corrosion For its de-
nomination we add the letter s to the material number To provide
this special property to the steel the following measures were taken
To achieve a stable, single phase austenitic microstructure the nickel
content was raised up to 11-12% To assure the corrosion resistance
the chromium content was increased up to 19-20% and the content
of the minor elements C, Si, S, P and Mo - being present frequently in
a non-homogeneous distribution m the microstructure was re-
duced by secondary metallurgy processes

The most useful, versatile and cost effective refining process is
electroslag remeltmg It is applied to guarantee for the whole va-
riety of industrial products (plates, sheets, bands, profiles, tubings
and forgings) the desired composition and micro-structural homoge-
neity to withstand corrosion attack by concentrated nitric acid As
denomination of the special nitric acid grade electroslag remelted
product the letters s ESU are added, m which again s stands for
special nitric acid (Salpetersaure) grade and ESU for production by
the electroslag remeltmg (EJektroschlacke-lJmschmelzung) process
Valuable informations on the corrosion behavior of all three steel
versions were published by S Leistikow et al [1] and E M Horn [2],
who showed by exposure during 15 [1] and 50 [2] Huey Test periods
the clear advantage (relatively uniform metal loss at constant low
rate) of the special steel versions

This paper deals with corrosion research (Tab 1) as performed
for the selection of suitable materials in reprocessing of nuclear fuel
by exposure of the three different steel versions DIN W Nr 1 4306 s
ESU, s, n to nitric acid and various Cr(VI)-ion containing nitric acid
solutions in the potential range of passivity, passive transpassive
transition and transpassivity The advantages and limitations of their
application as nitric acid resistant materials are tested as function of
nitric acid concentration, temperature and oxidizing ion content As



ro basis oi reference the capability of the ASTM Standard Huey-Test,
Practice C [3] to differentiate these high quality steels from each
other is going to be experimentally tested and the chances to do it
faster by application of nitric acid solutions containing oxidizing ions
at higher potentials are discussed

Table 1

Tcsts
of DIN W Nr 1 4306 = AISl 304

'"HNOî

Electrochemical

\
Huey Test

ASTM Standard A 262 86

120-C lSx4Sh

Tests similar to Huey

70 108*C 15x48 h

Tests simil

70 90*C

+ Fe(lll) Cr

ar to Huey

« 720 h

(VI) Ce(iv)

Aceotrooic

144mol/1

65%

7mo)/J

36%

7 mol / 1

t- ox Ions

/
tatic Tests

(Ph 0 Thesis Simon)

120'C 1250mV 1 h

|
Potent lostatic Tests

90*C 1200-1350 mV l h

Potentios

90*C 1200 1

* CffVI

atic Tests

350 mV 1 h

Cc(IV)

Experimental

2 1 Test Material

Three versions of the steel DIN W Mr 1 4306 were delivered in
the solution annealed, water-quenched condition as 2-5 mm sheet
material and analyzed to be of the following chemical composition,
given in Table 2 The gram size of the material was about 40-65 ym,
measured as average grain diameter Sheet specimens of 30 x 30 mm
m size were cut from plates and bored through for immersion
testing in the test solution As standard surface treatment electropo-
lishing m a mixture of sulf uric and phosphoric acid was performed to
remove uniformly the original pickled surface without etching it

Table 2 Chemical Composition of Various Austenitic CrNi
Stainless Steels DIN W Nr 1 4306 (AISl Type 304 L)

Material
DINW Nr

1 4306 n

1 4306s

1 4306 s
(ESU)

Chem Composition (w%)

C

0024

0015

0007

Si

060

002

002

Mn

1 44

1 7

1 59

P

0025

0022

0022

S

0 003

0007

0005

Cr

1800

19 11

19 13

Mo

0 17

002

Ni

1023

125

1240

2 2 Corrosion Testing

The exposure of the above mentioned sheet specimens was
performed by 720h immersion tests which were periodically
interrupted according to the ASTM Huey-Standard-Test procedure
after each period of 48 h for weighing and renewal of the test
solution (20 ml/cm2 specimen surface area)

The metal loss was measured gravimetncally and calculated m
relation to the corroded area as rate of metal loss per day (mg/dm^d)
or average loss of metal thickness per year (mm/a) As limitation of
the metal loss rate under Huey-Test conditions for a nitric acid
resistant material less than 0 25 mm/a was assumed Other expe-
rimental details are given in [4]

2 3 Potentials Measurement

The corrosion test program was supported by the following
electrochemical studies Redox potentials of all nitric acid solutions
with and without additions of oxidizing ions were measured before,
during and after corrosion tests Free corrosion potentials of
specimens were registered in time dependence during tests of 24 h
duration

For these studies conventional electrochemical procedures
were adopted and accomodated to the aggressive solutions A
thermostatically controlled Hg/Hg2SCVK2SO4 reference electrode



was used in combination with a salt bridge of saturated
solution in order to minimize diffusion potentials and electrolytes
exchange and to avoid a contamination of the electrode system by
the acid and the oxidizing ions of the cell electrolyte The specimens
were inserted into and tightened against a holder When crevice
corrosion problems of this device couid not be solved, the potential
measurements were confirmed by freely dipping specimens [5]

The free corrosion potentials, measured for three grades (s
ESU, s, n) of DIN W Nr 1 4306 during 24 h tests, are given in Table 3
as averaged values, since the differences were mostly in the order of
only ± 10 mV In the tendency, the best quality material adopted
the highest potential Often many hours were required before
nearly stationary potential values could be measured

Table .3 Results of Corrosion Testing and Free Corrosion
Potential Measurements of DIN W Nr 1 4306 in its
Normal (n). Special Nitric Acid Grade (s) and Electrosiag
Remelted Special (s ESU) Version m Various Nitric Acid
Media

Corrosion Medium

HN03

Cone
Imol/l)

7
7

144

144

7
7

144

144

Tempera
ture

ra

90
108
90

120

70
90
120
120

Cf(VI)
Content
|mg/l)

500
500
50

100

Corrosion Rate

SESU

0005
0014
0019

0 124

042
1 32
1 2
2 0

s

[mm/al

0006

0015

024

262
4 33
753
1 5 4

n

0009

0027

0 74

2 5 6
460
504
136

Free Corrosion Potential

Average Value of the 3 Steels

lmV,,|

1020*30
1050 ±50

1100

1 1 50 ± 50

1215±10
1225*10
1260 + 20
1270 + 30

3 1

Expérimentai Results

Corrosion Tests in Nitric Acid / Potential Range of Passivity

The corrosion test results, as given m Table 3, were achieved by
exposure of austenitic CrNi steel DIN W Nr 1 4306 sheet specimens in

the solution annealed condition to nitnc acid of the following
concentrations and temperatures

• 7 molar, 90°C

• 7 molar, 108°C

• 14,4 molar, 90°C

These media are acting weakly corrosive since the steels remain
still in the passive potential range (1000-1100 mVn) The plotted
curves of corrosion rate versus time of exposure (15 x 48 = 720 h) are
indicating metal losses of 5 to 9 pm/a (Fig 1)

5 J A m/A*t
[mg/om-2'd]

A l/t I
[mm/aj j

J7m HNÖ3)

I O O l D

2 3 4 5 10 11 IS 3 14 15

Fig 1 Corrosion Tests of Various Solution Annealed CrNi Steels
DIN W Nr 1 4306 = AISI Type 304 L m Nitric Acid (c(HNC>3)
= 7 mol/l, 90°C, 720 h)

Table 2 shows that performed as part of our tests DIN W Nr
1 4306 s ESU, s and n specimens came up with similar test results, a
fact which reasonably makes unnecessary the use of improved
versions of that steel in the passive potential range Micrographs of
the corroded steel specimens however show small differences in
surface corrosion The s ESU-version remains after 720 h of testing
superficially still in its initial smooth condition, while the s version
shows the beginning of some surface etching, the n-version its
accomplishment, revealing the austenitic steel grain structure That



obviously indicates the trend of graduated sensitivity in respect to
intergranular corrosion When by stronger nitric acid media higher
free corrosion potentials are effective, the gram boundaries as
follows become the main areas of attack

3 2 Corrosion Tests in Nitric Acid / Potential Range of
Passive/Transpassive Transition

Corrosion tests were performed according to the Huey-Test
procedure during 15 x 48 = 720 h in boiling aceotropic nitric acid

• 14,4 molar, 120°C

by exposure of the three steels in the solution annealed and
sensitized condition The results in Fig 2 (Tab 3) were reported
earlier [1] and are shown here again to give a comprehensive
description of the material behavior

Am/A-t
(mg/dm-2-d) 144m HN03I A l/t ,

[mm/a]

10 11 12 13 14 15

Fig 2 Comparison of Nitric Acid Corrosion of Various CrNi
Stainless Steels DIN W Nr 1 4306 = AISI Type 304 L in the
Solution Annealed Condition during ASTM Standard
Huey Testing (c(HNO3) = 14,4 mol/l, 120°C, 720 h)

The corrosion test results prove that with preference the
special nitric acid grades - especially the electroslag remelted version

can be applied in the solution-annealed condition as corrosion

resistant material in the passive-transpassive transition range of
aceotropic nitric acid

Am/A-t
[œj/dos-2-d] 114 4m HN03I il/'

[mm/a]

1- 3 00

1 2 3 4 5 6 7 B 9 10 1' 12 13 14 15 Pe^od,

Fig 3 Comparison of Nitric Acid Corrosion of Various CrNi
Stainless Steels DIN W Nr 1 4306 = AISI Type 304 L in the
Sensitized Condition during ASTM Standard Huey Testing
(c(HNO3) = 14,4mol/l, 120°C, 720 h)

In the sensitized condition (Fig 3) the three versions react
differently While the s ESU steel version corrosion rate increases
only a little bit and remains constant, the similar s version rate curves
split after 10 periods of exposure into two branches of different
rates and the n version is corroding much faster at an accelerating
rate The potential range of 1150 ± 50 mV was proven to be the best
for testing the steel quality in respect to composition and state of
heat treatment, i e the potential risk of sensitization damage, at a
moderate corrosion rate (metal loss in 15 periods = 8-13 urn)
through medium and long durations (Huey Test) In this way all
deviations from the corrosion standards considering 0,25 mm/a as a
tolerable limit of metal loss were sensitively revealed



33_____Corrosion Tests in Nitric Acid with Cr(VI)-Additions /
Potential Range of Transpassivity

The corrosion tests were performed, according to the Huey
Test procedure, in following nitric acid media with different Cr(VI}-
and Ce-ion additions

• 7 molar, 70°C, 500 mg Cr(VI)/l

• 7 molar, 90°C, 500mg Cr(VI)/l

• 14,4 molar, 120°C, 50 mg Cr(VI)/l

• 14,4 molar, 120°C, 100 mg Cr(VI)/l

• 7 molar, 90°C, 2000mg Ce(IV)/l

Again, the corrosion rate of the three CrNi steels have been
measured as function of time for a testing duration of 15 x 48 = 720
h (Tab 3) Examples are plotted in Fig 4 + 5

400-^

}7m HN03 - 0 5g Cr(VI)/l|

|j~4306s (ESÜI

1 2 3 4 5 6 7 9 10 11 12 13 14 15

Fig 4 Corrosion Tests of Various Solution Annealed CrNi Steels
DIN W Nr 1 4306 = AISI Type 304 L in N'tnc Acid (c(HNU3)
= 7 mol/l) Containing 0,5 g Cr(VI)/l, 90°C, 720 h

CJl

The increase of the free corrosion potential from the passive-
transpassive transition range into transpassivity (here from 1215 to

1270 mVi-0 has caused a remarkable acceleration of the corrosion
rate Under those conditions the use of the electroslag remelted
version of DIN W Nr 1 4306 would be the last choice before
changing over to alloys of totally different base metals With the
same trend, testing under transpassive conditions becomes from the
corrosion mechanism unspecific in respect to the composition- and
sensitization-related intergranular corrosion, the main reason for
standard testing Pronounced wedge-type attack of grain and twin
boundaries besides an early loss of surface grains by undercutting
along grain boundaries are observed In addition, the fast corrosion
reaction rate causes in case of cerium-ion additions to the nitric acid
a decay of the redox potential from 1275 to 1200 mV by Ce(IV)
reduction which totally is being accomplished within 24 h (half of a
period) In spite of periodic renewal of the test solution a rate
limiting effect is being exerted this way on the corrosion of the n-
and s-steel versions (Fig 5)

500 -; Am/A"
I [mg/dm-2'd]

Fig 5

10 11 12

Corrosion Tests of Various Solution Annealed CrNi Steels
DIN W Nr 1 4306 (AISI Type 304 L) in Nitric Acid (c(HNO3)
= 7 mol/l Containing 2 g Ce(!V)/l, 90°C, 720 h)
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3 4 Corrosion Rate as Function of Free Corrosion Potential

In Fig 6 most of the experimental results of Tab 3 are
presented in a special overview The corrosion rates of the DIN W Nr
1 4306 versions as measured by long-term immersion tests are

plotted as function of the free corrosion potential of the various
nitric acid test media m a semi-logarithmic scale The exponential
increase of corrosion rate at free corrosion potentials 1200 mVH
[6] signalizes the limitation of their application as corrosion resistant
material In principle, testing of corrosion behavior has to be done
always as close as possible to the conditions of materials application
If for test acceleration nitric acid solutions of oxidizing ions at higher
potentials are used, there is a risk that other mechanisms than
preferential dissolution at grain boundaries due to sensitization
become vital Under these conditions other inhomogemties, like
segregations, then alter the extent, mechanism and phenomenology
of surface corrosion attack

4 Conclusions

Corrosion tests of three different versions of the CrNi steel DIN
W Nr 1 4306 (AISI Type 304 I) were performed during 15x48 = 720
h in different nitric acid media, representing the potentia! ranges of
passivity, passive-transpassive transition, and transpassivity The
extent of metal corrosion was measured gravimetrically, micro-
graphs were taken of the corroded surfaces and of metallographic
cross-sections

Estimated on the basis of an acceptable corrosion limit, the
special nitric acid grades and especially the electroslag remelted
version are an excellent choice to be applied up to the potential
range of passive-transpassive transition in the aceotropic nitric
acid Testing to differentiate m respect to a risk of sensitization
damage the nitric acid grades from steels of lower quality can be
performed preferably by Huey Testing during medium and long
durations or during short times m the lower range of transpassivity,
likewise by application of electrochemical potentiostatic methods

Acknowledgements

The authors gratefully acknowledge the experimental work of
Mr H von Berg and Mr E Pott



References

[1] LEISTIKOW, S , KRAFT, R., SIMON, R and SCHNEIDER, M
IAEA-TECDOC-421 (1987)

[2] HORN, E.M
Final Report BMFT-FE-KKs, Project No. G 6 2/2,
FKZ 11 G 202 4 (May 1988)

[3] ASTM Standard A 262-86, Practice C (1986)

[4] LEISTIKOW, S., KRAFT, R and SCHANZ, G.
KfK-Report No. 4595 (July 1989)

[5] SCHANZ, G and LEISTIKOW, S
KfK-Report No 4594 (July 1989)

[6] LEISTIKOW, S. and SCHANZ, G
Proc. 9th European Congress on Corrosion, Utrecht, NL,
2-6 October 1989, Vol II. PI-143 (1989)
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Abstract

After discharge from the reactor and transport to
Sellafield, irradiated nuclear fuels are stored in
water-filled ponds prior to being reprocessed.
BNFL has established fuel management strategies
and a pond water chemistry which ensures minimal
corrosion of stored fuels.
The BNFL materials selection policy for its
reprocessing plants has developed from over 35
years experience with Magnox reprocessing. An
extensive R&D programme evaluated materials for
the Thermal Oxide Reprocessing Plant (THORP).
The original stainless steels used in Magnox
plants, 18Cr/13Ni/Nb and 18Cr/8Ni/Ti, have been
observed to have deficiencies in operation such as
end-grain corrosion, knife-line attack at welds,
susceptibility to corrosion in HNO vapours, and
poor resistance to Iodine-vapour corrosion.
Titanium plant has also shown corrosion
performance deficiencies.
For THORP, Nitric Acid Grade (NAG) 18/10L, and 304L
stainless steels have replaced 18/13/Nb and
18/8/Ti, respectively. 310L has been used to
construct fuel dissolvers. In preference to
Titanium, THORP makes extensive use of Zirconium
where minimal corrosion is required, for example,
heat transfer surfaces and de-misting column
packing.
For reprocessing plants, BNFL's materials
selection procedure begins with a Corrosion Audit
where plant designs are submitted to a corrosion
specialist who either selects the appropriate
material or identifies where further R&D or design
changes are required.



CD To augment the materials selection procedures,
BNFL have instituted a policy of remote inspection
and on-line corrosion monitoring for its
reprocessing plants. Facilities for remote repair
are also being developed.
Decommissioning of plant may involve corroded and
degraded structures. Methods have been developed
for the non-destructive examination of concrete
and rebars in order to aid de-commissioning
scheduling.
High-level and intermediate-level radioactive
wastes, arising from the reprocessing operations,
will be stored at Sellafield prior to a final
disposal policy being formulated. Corrosion
resistant container materials have been selected
for all major waste streams.
A concurrent R&D programme is aimed at
understanding the corrosion mechanisms pertinent
to reprocessing plants and seeking improved
methods and materials.

INTRODUCTION

Reprocessing of irradiated nuclear fuel enables
the recovery and re-use of Uranium and Plutonium,
which represent about 99.5-99.7% of the total
content, by weight, of irradiated fuels. In
addition, the'fission product waste, representing
about 0.3-0.5%, of irradiated fuels, is also
separated and concentrated for safe storage.
In England, reprocessing is carried out at
Sellafield in West Cumbria (Fig 1). The site was
first associated with nuclear energy in 1947 when
the Ministry of Supply started to build the UK's
first production scale nuclear reactors and
reprocessing plants at Sellafield. In 1952, the
first Magnox reprocessing plant was completed.
The plant used a solvent extraction process which
has only been changed in detail up to the present
time (Fig 2).
In 1954, the site became part of the United
Kingdom Atomic Energy Authority (UKAEA). In 1964,
a second Magnox fuel reprocessing plant began
operations replacing the original plant. This is
still in operation today. In 1971, British
Nuclear Fuels Ltd (BNFL) took over the Sellafield
site reprocessing and reactor operations from the
UKAEA. BNFL became a public limited company in
1984.

Fig 1 Aerial view of BNFL's Sellafield
reprocessing plant in West Cumbria.
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Fig 2 Spent fuel reprocessing.

To date, more than 30,000 tonnes of irradiated
fuel have been reprocessed at Sellafield. In
general, the corrosion performance of the Magnox
reprocessing plants has been good, although
several deficiencies have been observed.
In 1977, BNFL successfully applied for permission
to construct the Thermal Oxide Reprocessing Plant
(THORP) which is currently under construction and
due for operation in the early 1990s (Figs 3 and
4 ) . A large programme of work was undertaken to
select materials of construction for THORP.
The 1977 Public Inquiry into BNFL's THORP
application, also requested a programme of work
into the corrosion of irradiated fuels during
storage in ponds (pools) prior to reprocessing.
This was started in 1977 and continues up to the
present time.
More recently, work on corrosion within the
chemical reprocessing plants has changed emphasis
towards the development of remote inspection and
repair techniques and corrosion monitoring
devices.
The selection of Sellafield as one of the two
prospective deep disposal repository sites in the
UK has produced more work on corrosion of disposal
container materials - both in the context of site
storage and ultimate disposal in a repository.
Work has also been initiated to aid the
determination of the corroded and degraded state
of structures prior to their eventual
de-commissioning.
Finally, the above corrosion work is supplemented
by a basic research and development (R&D)
programme into corrosion mechanisms which could
cause corrosion at reprocessing sites and into the
investigation of advanced materials and techniques
which might have applications in the future.
STORAGE OF IRRADIATED NUCLEAR FUELS PRIOR TO
REPROCESSING.

Prior to reprocessing, all irradiated fuel
delivered to Sellafield is stored for some time in
water filled ponds (pools) to allow decay of
short-lived radio-isotopes and to provide a buffer
between reactor discharge and reprocessing
schedules. BNFL operates a Post Storage
Examination (PSE) programme which, essentially,



Fig 3 THORP under construction at Sellafleid.

Fig 4 The present facade of THORP.
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monitors the degree of corrosion experienced by
the fuels, allowing the company to make
predictions of storage life and to optimise pond
water chemistry by means of corrosion inhibitors
to maintain corrosion control. A complementary
programme of basic research and development (R&D)
is undertaken to develop an understanding of
corrosion mechanisms affecting stored fuels. BNFLcollaborates closely with the UK Generating Boards
(UKGBs) and UKAEA on this topic. Addison and
Shawfl] have reviewed the topic in detail.
The ponds at Sellafield are reinforced concrete
structures built with an xabove ground' philosophy
(Fig 5). BNFL do not, in general, use metal clad
ponds as the modern concretes employed have been
shown to have negligible corrosive ion leaching
and permeability016H to water. Where anion leaching
has been judged to be undesirable, the concrete
walls of the pond have been painted. Sellafield
currently uses a policy of once-through pond-water
purging and subsequent discharge to sea because of
the abundant supply of excellent quality raw-water
(about 6ppm chloride, no hardness) in the English
Lake District. Incoming water is de-ionised and
filtered and outgoing water is, generally, passed
through a Site Ion-Exchange Plant (SIXEP) to
minimise discharge of radio-active species to the
sea.
Magnox Fuel Storage
Magnox reactors are Uranium metal fuelled,
gas-cooled, graphite moderated thermal reactors.
The uranium fuel is clad in a Magnesium alloy
(Magnox Al-80). This fuel is generally stored for
short periods (a few hundred days) at Sellafield
prior to reprocessing.
The first Magnox storage pond at Sellafield was
filled with untreated lake water (6ppm chloride,
pH7). Magnox corrodes according to the overall
reaction:-

Mg + H20 -> Mg(OH)2 -f H (1)
During storage in pH7 water, part of the
inhibiting Mg(OH) fi-la dissolves to buffer the pH
at about 10.4. Further corrosion was much slower
and this pond was suitable for short-term storage.
R&D work has shown the benefits of higher pH and
low levels of chloride and sulphate ion on
controlling corrosion of the Magnesium alloy

Fig 5 The Pond Hall
Handling Plant.

of Sellafield's Fuel



IV)ro cladding. Tests showed that, at pH13, the
Magnesium alloy corrosion rate is very low (0.05
mdd) and independent of chloride ion concentration
up to about 30ppm. In the currently operational
Magnox fuel storage pond at Sellafield, the Fuel
Handling Plant (the FHP, Fig 5) , Magnox fuel is
stored in stainless steel containers in pH13 water
with low chloride and sulphate levels. The
container water is isolated from the bulk pond
water by a gas barrier underneath the container
lid. No corrosion problems have been experienced
in this regime.
Advanced Gas-cooled Reactor (AGIO Fuel Storage
The second generation of British commercial
reactors is based on the AGR design where uranium
dioxide fuel is clad in 20Cr/25Ni/Nb stainless
steel (Fig 6) . AGR fuel is currently stored at
Sellafield in ponds prior to the operation of
THORP in the 1990s.

TOP MACE

Fig 6 Schematic of an Advanced
Reactor fuel element.

Gas-cooled

Demineralised water was chosen originally for
storage of AGR fuels at Sellafield. Experiments
had shown the corrosion rate of un-irradiated
20Cr/25Ni/Nb stainless steel in water to be less
than 0.5pm/y - thin layer activation (TLA)
measurements suggest that the absolute rate might
be two orders of magnitude less.
However, it was found that irradiated 20Cr/25Ni/Nb
could be sensitised to corrosion in water after it
was irradiated in specific temperature ranges in
an AGR. Although similar to classical sensitation
of stainless steels, Radiation Induced
Sensitisation (RIS) is an extremely complex
phenomenon. A reasonable degree of understanding
of RIS has been developed within the nuclear
industry in the. UK and computer models are
available for predictive studies.
Because of the recognised risk of fuel corrosion,
the condition of AGR fuel elements has been
subject to continuous monitoring in a PSE
programme started in 1977. It was also considered
prudent to develop corrosion inhibitors in case
corrosive attack (ISA) proved an operational
problem. Laboratory experiments proved NaOH to be
amongst the best inhibitors, which was an
extremely operationally fortuitous result because
of its established use with Magnox fuels.
Investigations determined the NaOH concentrations
required to arrest propagating IGA as a function
of chloride concentration. This identified pH11.4
as sufficient to arrest any corrosion in
de-ionised water. Consequently, AGR fuel is
stored in the FHP at Sellafield in stainless steel
containers with free mixing of container water
(initially about pH13) with pH11.4 pond water.
PSE has detected no significant corrosion of AGR
fuel pins in the FHP.
Water Reactor Fuel Storage
Addison[2] has reviewed the topic of Water Reactor
Fuel Storage at Sellafield.
Water reactors generally use uranium dioxide fuel
clad in a Zirconium alloy (Fig 7) . Spent fuel is
transported in Multi-Element Bottles (MEBs) to
Sellafield and these are stored in ponds
containing de-mineralised water. MEBs contain% Boral' dividers as neutron absorbers to prevent
criticality - *Boral' consists of boron carbide
particles in an aluminium matrix clad with pure
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Fig 7 Schematic of a Pressurised Water Reactor
element.

aluminium. As continued integrity of *Boral' is
essential, a corrosion surveillance programme and
assessment was carried out to monitor its
integrity. No significant corrosion was observed.
As a large quantity of Water Reactor fuel is
stored at sellafield, it is considered prudent to
monitor the condition of the fuel to ensure
compatibility with reprocessing. This monitoring
includes destructive methods such as metallography
and in-situ methods such as under-water colour
television systems. To date, no evidence of
in-pond corrosion of water reactor fuels has been
observed at Sellafield.
BNFL participates in the co-ordinated
international research programme BEFAST II
(Behaviour of Fuels after extended Storage).
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Through an extensive R&D programme extending from
1977, co-ordinated in the UK with the UKGBs and
UKAEA and, internationally via BEFAST II, BNFL has
established fuel management and storage regimes
ensuring minimal corrosion of stored irradiated
nuclear fuels prior to reprocessing.

CORROSION CONTROL WITHIN THE REPROCESSING PLANTS

Reprocessing Plant Materials
Shaw and Elliott have reviewed the range of
corrosion resistant materials used to construct UK
reprocessing plants[3].
Because the reprocessing of irradiated nuclear
fuels utilises nitric acid as the aqueous solvent,
stainless steel was a natural choice for
construction of the first Magnox plants at
Sellafield. Stainless steel is readily
'passivated' in nitric acid - that is, it forms a
chromium rich oxy-hydroxide surface layer which
thermodynamically isolates metal and acid.
When the first Magnox plant was constructed in the
early 1950s, steelmaking practice could not
produce stainless steels with carbon levels below
about O.lw/o. At this level, during hot-working
or welding, carbon reacts with chromium to form a
complex carbide, M23C6. (where M = Fe, Ni, Cr) ,which leaves the grain boundaries depleted in
chromium. In hot corrosive media, the stainless
steel is subject to inter-granular attack (IGA).
To combat this, niobium or titanium was added to
react preferentially with the carbon.
in the early 1950s, two steels, !8Cr/l3Ni/Nb
(18/13/Nb) and 18Cr/8Ni/Ti (18/8/Ti), were tested
by exposure to boiling solutions of inactive
simulated reprocessing liquors. 18/13/Nb corroded
at half the rate of 18/8/Ti. 18/13/Nb is fully
austenitic (face centred cubic crystals) whereas
18/8/Ti is austeno-ferritic (it contains a
proportion of body-centred cubic ferrite). It
seemed logical to ascribe the comparatively poor
corrosion performance of 18/8/Ti to ferrite.
18/13/Nb, which was only made to special order,
was chosen for Primary Magnox plant areas (which
are not accessible for maintenance or repair) and
the commercially available 18/8/Ti (AISI Type 321)
was chosen for Secondary areas where repair was
possible.
Corrosion performance of the Magnox plants, to
date, has been very good vindicating the choice of
stainless steels as reprocessing plant materials.
However, certain deficiencies were apparent with
both steels. Because of its metallurgical
structure, 18/13/Nb is very difficult to weld - a
niobium rich eutectoid is the last structure to
freeze on grain boundaries and the metal often
cracks on the point of solidifying. In very



ro corrosive situations, 18/13/Nb suffers * end-grain
corrosion' which is a preferential attack parallel
to the hot-working direction on tubes, plates, and
forcings. Above 70°C in nitric acid, weldments of
18/8/Ti suffered preferential corrosion in the
heat affected zone (HAZ) caused by solution of
titanium carbo-nitrides.
When THORP materials were being considered in the
mid-1970s, steel manufacturing processes such as
Argon Oxygen De-carburisation (AOD) were in common
use and, in general industry, niobium and titanium
stabilised steels were being progressively
replaced by the low-carbon type 304L
(18Cr/10Ni/<0.03w/o C). In 1977, 18/8/Ti was
replaced by 304L as the Secondary plant material.
Absolute integrity and minimum maintenance are
paramount requirements for Primary THORP plant and
a more cautious approach was taken in replacing
18/13/Nb. BNFL, UKAEA, and the British Steel
Corporation collaborated in a programme of
corrosion testing - the Stainless Steel Evaluation
Programme (SSEP) - where a large range of
stainless steels were extensively tested in nitric
acid solutions. At the same time, BNFL and BSC
embarked on a fundamental study of the importance
of individual elements in determining a stainless
steel's resistance to nitric acid corrosion[4].
The SSEP showed that the commercial steel, type
310L (25Cr/20Ni/0.02% C) had best resistance
whilst, amongst the 304L compositions, ultra-pure
steels with very low carbon contents had best
corrosion resistance. The latter observation was
confirmed in the research study by Beckitt,
Bastow, and Gladman[4]. A surprising result was
the very low carbon levels required to avoid MC
formation (Fig 8). Another unexpected result was
the effect of boron. 30ppm boron is typical in
stainless steels and at these levels in ultra-pure
304L, a Cr2B Phase precipitated on grain
boundaries with disastrous results on corrosion
testing. Silicon and phosphorus also had an
effect, seemingly by increasing the thermodynamic
activity of carbon.
In 1982, BNFL replaced 18/13/Nb as a Primary THORP
material with an ultra-pure 304L designated Nitric
Acid Grade (NAG) 18/10L. Carbon levels are
typically less than 0.015 w/o, boron is less than
10 ppm and the silicon and phosphorus levels are
closely controlled. Fuel dissolvers in THORP will
be heated by high-pressure water so the very

O.O1 0.02 0.03

Effect of carbon content on corrosion of
304L in the boiling nitric acid (Huey)
test.

corrosion resistant type 310L was chosen for
these. Where no corrosion can be tolerated, for
example, thin heat-transfer surfaces or demisting
column packing, a Zirconium alloy is being used.

THORP will be constructed from NAG 18/10L where
access for repair is not readily available, from
304L where repair is possible, from 310L in the
case of fuel dissolvers, and from Zirconium alloy
where no corrosion can be tolerated. A small
amount of a special 27Cr/31Ni/3.5Mo/lCu stainless
steel is being used in the dissolver off-gas
system where Iodine deposition may occur.



OPERATIONAL EXPERIENCE AS A SOURCE OF CORROSION
DATA - THE MAGNOX FUEL DISSOLVERS

BNFL now has over 35 years experience of operating
reprocessing plants. It is important to emphasise
the value and necessity of collecting corrosion
data from operational plants. Many selection
processes for candidate materials for use in
nitric acid use an 'acceptance' test - generally
some modified form of ASTM A262 - Practice C (Huey
test) and/or a performance' test which aims to
simulate, in a laboratory or rig, the conditions
to be met in operation. BNFL's experience with
corrosion of Magnox fuel dissolvers has shown how
important it is that acceptance/performance tests
are supplemented by actual plant experience.
The first stage in the reprocessing of Magnox
nuclear fuel involves dissolving irradiated
uranium metal fuel rods in nitric acid. This
operation is carried out on a continuous basis in
stainless steel dissolvers. After ten years
operation (on load) one of the Magnox dissolvers
failed by an intergranular corrosion mechanism
which led to local penetrations at pipe branches
in the top dished-end.
Dissolver Design
The dissolver was fabricated from 18/13/Nb.
Welding was carried out using manual metal arc
with Type 347 electrodes.
The Magnox dissolver design is a double dished-end
cylindrical vessel 4.9m high, and 2.2m diameter
with a working capacity of 6m , Fig 9. The wall
thickness is 32mm below the liquor surface and
19nun in the top dished-end. Numerous branches
enter the top dished-end in the form of
set-through forgings and set-in pipes. The lower
half of the dissolver is fitted with a jacket for
steam heating and watercool ing purposes.
Off-gases from the reaction pass through a
vertical watercooled condenser located at the
centre of the top dished-end. Uranium fuel is fed
through 230mm diameter branches on the side of the
vessel which are fitted with specially designed
charge tubes to guide the fuel rods into the acid.
Process Chemistry
The operating liquor is nominally 3M HNO + 300g/l
Uranium as uranyl nitrate at a température of
105'C. Dissolution of uranium in nitric acid is
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Fig 9 Schematic of a Magnox fuel dissolver.



roen exothermic and produces nitrogen oxides according
to the following reactions;

Ü + 4HN03 = 2H2° + 2N°
3)or U + 8HN03 = U02(NO ) + 4H2O + 6NO

To maintain fumeless operation, oxygen is added at
the condenser stage to convert nitric oxide to
nitrogen dioxide which refluxes back to the
process by way of the condenser as nitric acid
after adsorption into the cold aqueous phase.
Make-up acid (6M) is fed down the condenser at a
rate of 1.2M /hr.
Inspection Data
The Magnox dissolvers are inspected regularly by
methods outlined in more detail later in this
Paper.
The Magnox spent fuel dissolver operated between
1964-78 and processed 14000 tonne of uranium fuel.
Television surveys of the vessel interior in 1971
and 1973 gave no indication of severe corrosion
damage. Later examinations in 1976, 1977 and 1978
however, revealed severe corrosion damage to some
components in the vapour/condensate regions
especially on wrought products such as forgings
and set - in pipe branches. Below the surface of
the liquor, the main shell appeared to be
comparatively unattacked. The dissolver was taken
out of service at this time because twelve local
penetrations had occurred at branches. After a
2-3 year decontamination campaign, radiation
levels had been reduced to a low enough level to
allow man entry.
The hands-on inspections confirmed the findings of
the television inspections in that the corrosion
damage had been more severe in the
vapour/condensate regions of the dissolver.
Ultrasonic wall thickness surveys indicated that
general corrosion rates on plate materials had
been 0.3mm/yr in these regions compared with
<0.2mm/yr below the surface of the liquor. In
general, the seam welds below the liquor surface
had exhibited good corrosion resistance, the
corrosion rates being comparable with the adjacent
plate material. A seam weld in the vapour regions
showed signs of enhanced attack with local metal
loss 2-5mm deeper than the adjacent plate surface,
Fig 10. Forgings displayed a range of corrosion
behaviour ranging from a moderate amount of damage

to virtual destruction of the component. Fig 11.
Also, the set-in pipe branches exhibited severe
corrosion damage as shown in Fig 12. These
components were clearly suffering from 'end-grain'
corrosion. It was estimated that once end-grain
corrosion had initiated penetration rates had been
of the order of 20-40mm/yr.
Corrosion Environment
The corrosion environment inside a dissolver could
now be separated into two main regions, ie below
the liquor surface and in the vapour regions.
Below the liquor surface, the vessel would have
been in contact with a solution of 3M HNO +
300g/l uranyl nitrate + fission products at 105°C,
sometimes under heat transfer conditions.

X
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Fig 10 Corrosion of a seam weld in the Magnox
fuel dissolver vapour space.



Fig 11 Severe corrosion of a forging in the
Magnox fuel dissolver vapour space.

Fig 12 Corrosion of set-in branches in the
Magnox fuel dissolver vapour space.
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rooo In the vapour regions, the environment is more
complex, consisting of water and nitric acid
vapours, and NO gases. As the vessel was
unlagged, nitric acid would have condensed on the
vessel walls and then run down into the liquor.
In stagnant areas it is possible that high
MOlarity condensate films could have remained on
the metal surface for long periods. As corrosion

proceeded, these films would become rich in redox
ions, such as Felll, which could raise the
corrosion potential into the transpassive range
thus resulting in enhanced corrosion rates. A
computer model has been developed to simulate this
corrosion using the rate of wetting of the surface
as the variable (Fig 13). This successfully
predicts the 'breakaway' corrosion effect in a
qualitative manner.
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Fig 13 Modelling the corrosion rate in Magnox
dissolver vapour space as a function of
wetting rate.
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A number of lessons have been learned from the
above experience. Firstly, it is important when
testing candidate materials for a particular
application to replicate the plant operating
conditions accurately, or else design decisions
can be made on the basis of misleading
information. To illustrate the point, initial
bench-top corrosion tests carried out on 18/13/Nb
plate specimens in dissolver simulate, had given
corrosion rates of 0.04mm/yr for the fully
immersed specimens and 0.004mm/yr for the
specimens in the vapour. The large discrepancy
between these data and the corrosion rates
observed in the dissolver can be explained on the
basis that the tests were short-term (<1000 hrs),
and, in the case of the vapour specimens, their
surfaces had not been wetted by refluxing acid.
In view of the wide variation in corrosion
resistance observed between the various 18/13/Nb
product forms, it is important that any corrosion
test programme should cover the complete range of
representative materials, plate, forgings, etc,
ensuring that the susceptibility to localised
corrosion effects are tested.
Finally, a number of approaches can be adopted to
lower the incidence of end-grain corrosion.
Firstly, exposed end-grain can be eliminated by
design where possible, eg substitute pulled
branches for set-in pipe branches and the
resultant pipe to branch butt weld will not have
any exposed end-grain. Secondly, use low carbon
nitric acid grades of stainless steel for plant
operating in hot nitric acid environments. And
thirdly, overlay exposed end-grain with weld
metal. This can delay the initiation of end-grain
corrosion thus increasing the plant life. Another
dissolver has been procured which incorporates
many of these suggestions.
The Corrosion Shuttle
In view of the above experiences of the
discrepancy between acceptance/performance
corrosion tests and operational performance in
Magnox fuel dissolvers, a 'corrosion shuttle'
carrying test coupons of various materials has
been lowered into the vapour space of an
operational dissolver (Fig 14).
Corrosion coupons of the stainless steels 310L,
304L, NAG 18/10L and 18/13/Nb and Titanium and

Zirconium have been exposed in the vapour region
of a Magnox fuel dissolver since 1984. Coupon
examination and weight loss determinations have
been carried out at shutdowns during 1985, 1987
and 1988. Zirconium and Titanium are the most
resistant materials with zero corrosion rate. The
corrosion rate of commercial 310L type steels was
<0.1ram/yr and did not show any localised corrosion
on the end-grain. The corrosion rate of NAG
18/10L was 0.12 to 0.16mm/yr, but end-grain
corrosion produced dimensional losses equivalent
to 0.2 to 0.6mm/yr and maximum localised
penetration up to 2mm/yr.
CORROSION AUDITS

When complete, THORP will have over 1000 stainless
steel vessels and in the order of 300 km of
stainless steel pipe work with 120,000 welds. At
the outset it was decided that every vessel design
would be examined, in detail, by a corrosion
specialist. Clearly, with a task of this
magnitude a formal, rule-based scheme is required,
so BNFL developed a Corrosion Audit scheme[5].
At the start of a Corrosion Audit, the design
engineer supplies the following information:-

(i) Process and Vessel Data Sheets
(ii) applicable Standards and Design Codes

(iii) a description of the vessel's function.
In response, the corrosion specialist supplies the
following:-
(iv) the appropriate material and corrosion

allowance
(v) any design changes which would improve

corrosion performance
(vi) where any further R&D is required.

The Corrosion Audit scheme has been particularly
useful on item (vi) - where the information
available is insufficient. It quickly became
apparent that there was no information available
on the effect of heat transfer on corrosion[6] or
the effect of radiation[7] and major studies were
launched on these topics.
It also became apparent that that the same type of
logic network was being applied to each Audit so
the rules that had evolved were formulated into a
successful Expert System[8]. An example of a
dialogue with the Expert System is shown in
Appendix 1.
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Fig 14 The vCorrosion Shuttle' in place in
vapour space of a Magnox fuel dissolver.
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IN-PLANT CORROSION MONITORING

On-line corrosion monitoring is now a well
established practice in many non-nuclear process
industries. Basically, corrosion monitoring
involves the attachment or insertion of electronic
devices onto or into plant which either provide a
continuous measurement of the corrosivity of the
process or the corroded state of the components.
On-line corrosion monitoring was pioneered by the
major chemical process industries but their use is
spreading progressively in off-shore, refinery,
aerospace and civil engineering applications.
Early corrosion monitors were developed to allow
operators to schedule cost-effective shut-downs
and to avoid corrosion failures which could have
disastrous consequences. Following
well-publicised off-shore disasters and accidental
environmental pollution, corrosion monitors are
increasingly being fitted to allow operators to
demonstrate safe operating conditions to
regulatory bodies.
Commercial corrosion monitors which measure
* on-line' are generally of the resistance or
electro-chemical probe type and are inserted into
plant via a penetration. BNFL began developing
corrosion monitors for its own plants about five
years ago. It was realised, very quickly, that
commercially available monitors were inadequate
for BNFL's purposes - they were neither
sufficiently radiation hard nor chemically robust.
Perhaps, more importantly, they would need to
breach the primary containment of the radio-activeliquors.
Two devices, based on ultrasonic methods, have
been developed.

The Solid Coupled Probe (SCP)
The SCP (Fig 15) is an entirely inorganic
ultrasonic transducer which is welded to the
vessel to be monitored. It consists of an
inorganic piezo-electric crystal which is brazed
to a stub wave-guide. An inert gas filled cover
is welded over the crystal. The ultrasonic pulse
is stimulated by an electric pulse transmitted
down a ceramic insulated, stainless steel sheathed
cable. The ultrasonic pulse is a compression wave
and any shear-waves generated are attentuated by
grooves machined in the wave-guide. SCPs have

been successfully demonstrated on inactive plant
at Sellafield with an observed accuracy of better
than 0.01mm in measuring wall thickness.
Four SCPs are to be fitted to a new Magnox
dissolver at Sellafield and twelve fitted to
various THORP vessels. As the SCPs are totally
inorganic and can operate from -200°C to greater
than 350'C, no degradation mechanism is
anticipated throughout the life-time of THORP.
Electro-magnetic Acoustic Transducers (EMATs^
Conventional ultrasonic devices involve the use of
a couplant - usually water, grease, oils or gels.
EMATs are ultrasonic devices which do not require
couplants. However, to be of use on Sellafield
plants, they must be placed with the aid of
manipulators and, because manipulators are high
capital cost equipment, EMAT development has not
progressed to the same extent as SCPs.
Basic R&D is, however, being progressed with a
type of EMAT known as a Lamb-wave device [9],
Lamb-waves travel along the surface of structures
being reflected back from defects remote from the
generator. They offer the prospect of locating
structural defects in locations where compression
wave ultrasonic devices cannot reach. Lamb-wave
EMATs are at the stage of laboratory development.

Conventional corrosion monitoring methods have
been found to be inadequate for the highly
radioactive and corrosive conditions within
reprocessing plants. A totally inorganic
ultrasonic device has been developed (the SCP)
which is welded onto the outside of the vessel to
be monitored. In general, ultrasonics appear to
offer the best prospects for corrosion monitoring
of reprocessing plants.
REMOTE INSPECTION AND REPAIR

The importance of in-service inspection for plant
surveillance, provision of data and fault
investigations has increased markedly in recent
years, and a remote inspection strategy has
evolved at Sellafield to meet these needs.
StewartflO] has recently reviewed this topic.



CON) A wide range of radiation levels are encountered
at Sellafield, the plant being classified in broad
terms as follows:-

(i) Highly Active - inaccessible except for
remote equipment ;

(ii) Medium Active - accessible in protective
clothing often after some decontamination;

(iii) Low Active - generally accessible with
protective clothing,

(iv) Inactive - accessible with normal
industrial safety precautions,

The use of remote inspection and repair techniques
is mainly associated with the Highly Active areas
although the reduction in allowable personnel
radiation dose levels is changing previous
definitions. The following case histories are
described:-

(i) Routine Surveillance - Dissolver Cell
(11) Life Expectancy Monitoring - Dissolver

Vessel
(iii) Remote Repair - Dissolver Vessel.

Pig 15 The Solid Coupled Probe (SCP).



Routine surveillance of the Dissolver Cell
Remote television surveillance of active cells is
carried out annually to monitor plant and
equipment and to identify any deficiencies caused
by unexpected behaviour. The dissolver cell is a
typical example consisting of a shielded
containment with 1.5m thick concrete walls. The
cell contains about 80 stainless steel vessels of
various size, interconnected with about 6000m of
pipework. The cell is sub-divided into
compartments and access holes are strategically
sited at various levels and vary in size from 100
to 200mm diameter. The routine surveys are
carried out using commercially available
television cameras fitted with remotely controlled
iris, zoom and focus facilities. The findings are
video recorded for assessment and archiving. A
simple deployment system involving light-gauge
stainless steel tubes is used, with manual
manipulation to the required locations.
The main problem in performing cell inspections is
the location and number of access points and the
complexity of the in-cell pipe-work. The views
are sometimes obstructed by pipe-runs and it is
not possible to deploy a standard remotely
controlled manipulator system. For certain
applications, eg dissolver vessel dome surveys,
the use of a custom-designed manipulator is
justified, but generally the manoeuverability and
flexibility of the manually operated systems is
favoured.

COCO

Regular television surveillance of active cells is
playing an increasing important role in
revalidating the integrity of the Sellafield
Magnox Reprocessing Plant. Although most of the
findings reveal no untoward or unexpected
behaviour, they do give confidence to operators
and licensing authorities that the design and
operating safety rules are being met.
Life Expectancy Monitoring of the Dissolver
Two dissolver cells were built to guard against
any unexpected damage even though the original
laboratory corrosion test indicated negligible
corrosion in the simulated dissolver liquor. The
first dissolver vessel operated from 1964 to 1978
when it was taken out of service because of the
extensive corrosion damage to the above liquor
components, described previously.

A second dissolver was modified to mitigate
against the features responsible for the failure
of the first vessel before it was commissioned in
1978. Inspection access was improved by the
installation of two 150mm dia x 10m long
standpipes from the dissolver dome to the working
level. Periodic television surveys are carried
out at regular intervals during plant outages (at
least annually) to monitor the corrosion damage
and to determine remaining life expectancy The
radiation level inside the vessel after wash-out
is 1-2 Gy/hr and so standard 'newvicon' tubed
television cameras can be used. The deployment
and control systems are similar to those described
in the previous section. This system allows
coverage of about 80% of the above liquor region.
The corrosion damage observed to date is as
predicted.
To improve the range and quality of the
inspections, two custom-developed inspection
manipulators have been built for dissolver
surveys. These manipulators have remotely
controlled rotation, translation and extension
functions and one has been fitted with an integral
endoscope for detailed examination of small bore
attachments (Fig 16).

Remote repair of the Dissolver Vessel
To provide assurance against premature failure of
Magnox fuel dissolvers, a remote inspection and
repair system is being developed.
The general arrangement details of the repair
manipulator is shown schematically in Fig 17. The
manipulators will be loaded via existing
inspection standpipes from containment boxes.
Individual inspection and work performing packages
will be fitted to the main manipulator using glove
ports in the containment boxes. The main work
performing units will include the following:-

(i) television cameras and introscope for
detailed visual examinations;

(11) ultrasonic heads for thickness and ovality
measurements and for volumetric NOT of the
repair walls;

(111) machining heads for surface preparation;
(iv) remote placement of inserts (caps or

sleeves);
(v) remote TIG welding heads.
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Fig 16 Dissolver Inspection Manipulator (DIMAN2).

Fig 17 A Magnox fuel dissolver repair
manipulator.

The welding parameters will be established by
inactive trials and the manipulator operations
will be fully tested in a full size mock-up.

Environmental considerations and safety standards
are becoming more stringent. The implications are
that future inspections will be more comprehensive
and searching and this will require more
sophisticated equipment and techniques. The
experience gained by current plant inspections
will be invaluable in determining the inspection
strategies for the future.
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For the THORP complex all high and medium active
cells will be fitted with standard access plugs at
strategic locations in the concrete walls or
roofs. The standardised design will allow the
deployment of multi-purpose inspection
manipulators with inter-changeable modules.
Similar size (150mm bore) inspection standpipes
will be fitted to selected vessels on the basis of
corrosion failure risk.
This inspection policy has given impetus to the
development of equipment that will enable remote
inspection of plant previously considered to be
inaccessible. The developments currently underway
include manipulators, pipe crawlers, miniature
television and non-destructive testing techniques.

CONTAINERS FOR DISPOSAL OF NUCLEAR WASTES

High-level waste (HLW) and intermediate-level
waste (ILW) resulting from the reprocessing
operations at Sellafield will be incorporated into
insoluble solid blocks cast inside corrosion
resistant containers. The present intention is
that HLW containers will be stored at Sellafield
for periods up to 50 years. They will then be
committed to some form of further disposal, the
details of which have yet to be finalised.
Sellafield has been identified as one of two sites
in the UK for the location of a prospective
underground disposal repository (Fig 18). ILW
will be stored at Sellafield until a repository is
ready.
HLW
High level liquid wastes, containing over 97% of
the radioactivity arising from the reprocessing of
irradiated nuclear fuel assemblies, after
concentration by reduced pressure evaporation, are
held in dedicatee? high integrity stainless steel
tanks. Because of the liquor's concentration and
activity, cooling is necessary to remove the heat
generated by radioactive decay. Self-evaporation
of the liquid waste during storage necessitates
continuous and careful control of the
concentration to avoid crystallisation and the
liquor is agitated to prevent settling of
suspended solids.
This method of storage, which is successful and
safe, has been used for 20 years, but is
nevertheless costly.

Biosphere

Drums
in overpack

Geosphere

Overpack Vault
in backfilled

vault and
sealed

Fig 18 Schematic of an underground disposal
repository.



COO) A vitrification process to incorporate
highly-active wastes into Borosilicate glass has
been selected by BNFL to provide the optimum
long-term storage method. Highly-active liquid
wastes will be fed from the storage tanks and
processed through a specially designed evaporator
and calciner to produce a powdered solid waste.
This powder will be mixed with glass-forming
chemicals and vitrified in a heated crucible. The
vitrified waste will be cast into steel containers
which will be permanently closed by a remotely
operated lid welding machine.
The steel containers will be held in air-cooled
stores for at least 50 years by which time the
heat generated by radioactive decay will have
reduced to levels which will permit simplified
disposal.
The material chosen for HLW vitrified product
containers is type 309 stainless steel which was
seen to combine the necessary mechanical creep,
oxidation, and environmental corrosion resistance
properties. The material policy for final
disposal is not yet formulated - overpacking in a
further corrosion resistant container has not been
ruled out.
ILW
Intermediate level solid wastes arise from a
variety of sources in the reprocessing of
irradiated nuclear fuels. The wastes include
Magnox swarf, graphite and stainless steel from
the AGR fuel assemblies, Zircaloy hulls from water
reactors, together with sludges and ion exchange
resins. Typically, ILW would have an activity
content of not less than 3TBq/tonne alpha and
lOTBq/tonne beta/gamma.
ILW will be encapsulated in a solid ceœent natrix
or block cast inside an austenitic stainless steel
container. In addition to the effect of fission
product ions, the influence of thiosulphate ions
(derived from blast furnace slag in the concrete)
temperature, pH, and the thermodynamic activity of
oxygen on corrosion have all been studied.
Through life costing considering initial material
cost, the probability of initiation and
propagation of localised corrosion inside and
outside of the container, and the possibility of
brittle failure, led to the selection of an
austenitic stainless steel in competition with
various alternative materials.

Low level wastes
Low level solid wastes arising from reprocessing
operations are suitable for disposal in specified
shallow land burial sites such as the BNFL
disposal area at Drigg in West Cumbria. The waste
includes paper, platic sheeting, containers,
towels, protective clothing and scrap metal.
The waste was previously buried in a trench with a
clay base. LLW is now buried in concrete lined
vaults excavated some 8m in depth to the
underlying impervious boulder clay. The intention
is that the waste is containerised and the vaults
eventually capped. Two types of corrosion studies
are being undertaken at Drigg:-
(i) to study and monitor the corrosion of

metallic components in the waste,
(ii) to develop corrosion measurement and

monitoring techniques which could be applied
to a deep repository.

It has not proved possible to use one container
for all waste streams - each waste facility needs
its own container consistent with its own
requirements and environments. The materials
selections for all containers for the major waste
streams at Sellafield have been made although some
assurance-type basic R&D is still underway.
Work has been initiated to develop on-line
corrosion monitoring and measurement devices for
waste stores - particularly, the deep repository.
DECOMMISSIONING

Although rouch has been discussed about the process
plants at Sellafield and their constituent
metallic materials, concrete remains the main
structural material. Concrete, particularly
re-inforced concrete, is used for the combined
purpose of a structural material and for radiation
shielding.
During life and at the decommissioning stage, some
amount of degradation of both concrete and rebars
is to be expected. End-of-life examination of
structures is regarded as a particularly important
development area which will enable decommissioning
schedules to be drawn up. For example, after
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withdrawal from operations, some structures might
last for a further hundred years-or-so whilst
other structures might require immediate
demolition. BNFL have been developing devices and
techniques for concrete structure examination for
several years.
As has been found elsewhere, the most useful
technique for overall structural assessment is a
skilled visual examination of the structure,
supported by whatever other inspection technique
is appropriate and applicable to that particular
structure. In recent years, ultrasonic methods
have been generally useful, with potential mapping
and high energy radiography having occasional
special benefit . Simple devices such as
tell-tales and the more sophisticated metrology
systems can sometimes be very useful in providing
confirmation that the natural and inevitable
faults in concrete sructures are static and of
long standing rather than recent and significant
changes.
BNFL has provided support for ultrasonic method
development for several years, resulting in
developments allowing better detection of cracking
and better measurement of wall thickness.
Attention in ultrasonics is now directed towards
better assessment techniques for the data
generated by low frequency scanning. Availability
of powerful computing facilities within BNFL has
allowed development of methods for whole-structure
monitoring based on the relationships between
structural integrity and natural resonance of the
structure. There has been liaison with
manufacturers of the 'Linac' and 'Minac' devices,
since the time when those devices became small
enough to allow application for plant examination.
Construction of special test structures has
allowed systematic investigation of benefits and
limitations of potential mapping methods.
Opportunities for assessment of accuracy of
potential mapping predictions has been allowed by
the decommissioning of redundant structures.
External developments in such as the Tapping
methods and Thermography are watched closely. The
most promising current external development is
considered to be Impulse Radar.
BASIC RESEARCH AND DEVELOPMENT

BNFL has always undertaken basic research and
development in corrosion to support both its
operational plants and its immediate plant

projects. Generally, these have been in the
nature of studies aimed at gaining a better
understanding of the corrosion of stainless steels
either in a nitric acid or a water environment.
As mentioned above, some research has been
undertaken on the development of corrosion
monitoring devices. Some of the published work is
referenced in this Paper.
More recently, BNFL has initiated a policy of
undertaking basic R&D which is not directed
towards the aim of a particular plant or project

generally called 'pré-compétitive' research.
The actual frame-work of this programme is not
fully established but two current projects are
worthy of mention.
Time-of-Fliqht Detection (TOFD) of Pitting
There are no available commercial corrosion
monitors or NOT devices which will detect
localised corrosion - and little prospect of
anything emerging in the near future.
Time-of-Flight Detection (TOFD) ultra-sonic
methods are being evaluated by BNFL to assess
their prospect for detecting pitting corrosion.
Theoretically the method is quite simple. An
ultra-sonic signal is sent between a separated
ultra-sonic generator and receiving device. A
fiducial signal travels along the metal surface.
If a pit intervenes then a secondary signal arises
which may be located and sized by differences in
time-of-flight between the fiducial and secondary
signals (cf submarine echo-sounders).
Surface Engineering by Lasers
Stainless steels and certain other Fe, Ni, er
alloys resist corrosion because of the presence of
chromium rich oxy-hydroxide 'passive' surface
layers which thermodynamically isolate the metal
from its environment. By analogy, the passive
film thickness on a 1mm thick piece of stainless
steel is equivalent to a post-card on the top of a
ten-storey building.
In situations where very high corrosion resistance
can be achieved by exotic alloys, there would seem
to be a great economic benefit to be achieved in
coating a cheap sub-strate (for example mild
steel) with a highly corrosion resistant alloy.
Waste disposal containers are an obvious
application. Although many techniques exist for
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surface engineering and modification, laser energy
techniques appear to hold a lot of promise for
reprocessing plants and the nuclear industry, in
general, - principally because laser energy
(light) is transmitted through the ether,
ultimately and, therefore, offers prospects as a
remote technique.

BNFL have initiated R&D into several aspects of
surface engineering by lasers:-

(i) repairing corrosion damage by re-melting,
(ii) repairing corrosion damage by re-cladding,

(iii) surface alloying - highly corrosion
resistant alloys laid down on surfaces of
cheaper substrates,

(iv) re-melting to modify surface properties.
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APPENDIX 1. Typical dialogue with the BKFL Expert System for the
selection of stainless steels for use in nitric acid.

COMMANDS HELP/MORE/LAST/EXIT/CUR/RULECUR/STATUS/SOURCE/?<term>
Press < RETURN > to continue else enter a command...

Welcome to the BNFL expert system covering the determination
of corrosion allowances for stainless steels In nitric acid
plant. Do you wish to consider some aspects of corrosion and
mechanical damage before assessing the corrosion allowance?
Answer (Y/N)

> y
Information on aspects of corrosion and mechanical damage can be
found in Section 23 of the Vessel Design Manual (VDM). This
documentation can be retrieved from the database by typing
SOURCE

In order for this expert system to advise you on a corrosion
allowance I need to determine whether certain conditions are met
Are ALL of the following conditions satisfied In the design
under consideration (Y/N)?

(1 ) The design is NOT a Group 1 vessel
(2) AISI304L or NAG 18/10L Is being considered
(3) No novel processes are to be operated
(4) The solutions are not plutonium based or contain a

substantial proportion of plutonium
(5) Liquids or boiling solutions only are being considered
(6) The structure will not operate under cyclic or pulsed

loading

Answer (N)o If ANY ONE of the above does not apply
Answer (Y)es only if ALL apply
Answer (Unk)nown If you are at all unsure

For more Information on (1)-(6) type MORE
> y

> ? group_1
Group 1 vessels are defined In Vessel Categorisation and Design
Manuals by H Battenbo 1982. Such vessels should be referred to
M&FTD
> ? plutonium
If the solution is plutonium based or contains plutonium It could
affect the corrosion performance of the structure. Therefore seek
advice from M & FTD as this may be an Important consideration



What is the desired operational lifetime in years?
>25

You should note that the criteria for corrosion allowance used In
this expert system include a 20 year operational lifetime. Values
less than or greater than this Will influence the corrosion
allowance required. Get advice from the relevant department if
you are unsure of the Implications of this constraint.

What is the nitric acid mdarity ?
> more
You should give a numerical answer between 0 and 16
> 10

Is the metal acting as a heat transfer surface (Y/N) ?
> n

What is the solution temperature ( degrees C ) ?
>70

For the acid concentration and temperature you have Indicated a
corrosion allowance will be required. I will now attempt to infer
the correct allowance

CO
CO

For the acid concentration and temperature you have indicated a
corrosion allowance of 1mm Is appropriate

I will now summarise my conclusions based on the information
you have provided and on the inferences I have made.

for the acid concentration and temperature you have indicated:

(1 ) A corrosion allowance of 1 mm is required
(2) AISI304L should be specified
(3) A Corrosion Audit is not required

Indicate which of the following products you are considering:

(1) AISI 304L pipe
(2) AISI 304L butt welding pipe fittings
(3) AISI 304L plate
(4)AISI304Lforgings
(5)AISI304Lbar
(6) AISI 304L sections

Answer by typing the appropriate number(s). Separate multiple choices
by commas. If none of the above apply type NONE
> 1,3,5
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Abstract

The paper considers the long term corrosion of carbon steel
containers for heat generating nuclear waste in a granitic
repository. Under such conditions carbon steel may exhibit
general, localised or passive corrosion behaviour depending on the
exact composition! and redox potential of the groundwater
contacting the containers. Localised corrosion is of most concern
because it has the fastest propagation rate. It is well
established, however, that such localised corrosion is only
possible when the environment is sufficiently oxidising to
maintain a positive potential gradient between the cathodic
surface and the corrosion sites. This requires that species with
oxidising potentials greater than water need to be present This
fact provides a basis for estimating the periods during which
containers may be subject to localised and subsequently to general
corrosion, and hence for making an overall assessment of the metal
allowance required for a specified container life A model for
the diffusion transport and chemical/electrochemical reaction of
oxygen and radiolysis products has been developed, and a
sensitivity analysis has shown that the period of possible
localised attack is strongly dependent on the passive film leakage
current, the radiation dose rate and the diffusion coefficient

Introduction

Conceptual plans for the disposal of heat generating nuclear
waste in geological formations generally include the provision of
a container, which is intended to isolate the waste for the order
of 500 to 1000 years The use of carbon steel for this purpose,
in preference to more strongly passivating metals, has the
attraction of avoiding the difficult task of demonstrating long
term corrosion resistance It does, however, require knowledge

of the types of corrosion which will occur, and of their rates of
propagation, so that an appropriate corrosion allowance can be
specified

In previous publications the principal forms of corrosion
considered to be feasible in a granitic repository were listed as;
uniform (general) corrosion, localised attack, stress corrosion(12)cracking and hydrogen embrittlement ' More recently it has
been concluded that stress corrosion can be avoided by stress

(3 4)relieving the containers ' , and that hydrogen embrittlement
should not be a problem providing that weld heat-affected-zones

(35)are softened by heat treatment ' As a consequence attention
has been focussed on the development of mechanistic models to
predict the long term rates of uniform and localised(6)corrosion

Localised corrosion processes normally propagate
substantially faster than uniform corrosion, and therefore will
account for a large fraction of the overall corrosion allowance.
If this is not to be over-conservative, it is important to have
realistic estimates for the rate of localised attack , and for
the portion of the container life during which such corrosion is
feasible. This paper describes a mechanistically based approach
for evaluating the second of these factors.

Mechanism of Localised Corrosion

Firstly it is important to be clear about what is meant by
localised corrosion in the context of container corrosion, since
the literature contains many examples where this term is used to
describe points of maximum penetration on an essentially uneven
general corrosion front In the present instance localised
corrosion refers to isolated penetrations, which propagate at a
relatively fast rate as a consequence of being driven by a large
cathodic area tie the classical small anode large cathode
situation) With carbon steels such attack, in the form of
crevicing or pitting, occurs in passivating solutions contaminated

— — ( ft 7 ̂with aggressive anions such as Cl or SO '

The mechanism whereby localised corrosion initiates on
passive surfaces of metals such as carbon steel and stainless
steel continues to be the subject of considerable debate(9)



However, something approaching a consensus has been achieved
concerning how pits and crevices remain stable and propagate. The
essential features are'

(a) At the end of the initiation phase the environment in the
localised corrosion site has become sufficiently acidic to
cause the metal to corrode actively

(b) The surface external to the localised corrosion site provides
a significant component of the cathodic current required to
support dissolution within the site.

(c) The flow of current between the corrosion site and the
external cathodic surface is partly associated with the
migration of anions such as Cl , SO and OH into the site.

(d) Migration of Cl and SO." results in the formation of Fed
and FeSOA, which hydrolyse to produce HC1 and HjSO^. This
maintains the acidity of the active site, thus sustaining the
localised corrosion process.

This view has been supported by direct measurements of the pH in
localised corrosion sites. In the case of carbon steel these are
in the range 4-6 ' ' ' ' ' , which is in good agreement(15)with theoretical estimates based on the hydrolysis of FeCl.
Electrode potentials within localised corrosion sites have also
been measured, and have been shown to be more active than the
surrounding cathodic surface, when this has a rest potential
representative of oxic conditions or is polarised to an equivalent
level ' ' ' ' . Using the data from these measurements the
approximate conditions within a localised corrosion site have been
indicated on the potential-pH diagram for the Fe-H.O system in
figure 1.

In practice the open surface pH and potential conditions
associated with localised corrosion will change depending on the
relative concentrations of passivating (eg HCO, , CO ~) and- = (2)aggressive (eg Cl , SO ) anions . This means that the
possibility of localised corrosion can only be assessed once the
repository environment has been fully characterised. In fact even
then there will be some uncertainty since the corrosion of the
containers may itself alter the environment as time passes
Consequently it will be extremely difficult to totally rule out
the possibility of localised attack initiating

-1 2 -
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FIGURE 1 P O T E N T I A L - p H DIAGRAM FOR THE Fe-H20
SYSTEM SHOWING THE CONDITIONS WITHIN A LOCALISED
CORROSION SITE AND THE BULK SURFACE R E S T
POTENTIAL UNDER A N A E R O B I C C O N D I T I O N S

In contrast, the mechanism for propagation outlined above
indicates one fundamental limitation, which is that the process
will cease when the external metal surface is no longer cathodic
de positive) to the localised conosion sites. Without a supply
of cathodic current from the external surface all the cathodic
current required to sustain dissolution will have to be generated
within the active site. This in turn will consume acidity, which
will no longer be regenerated by hydrolysis, because there is no
potential gradient to drive further migration of Cl or SO ions
into the local site. The consumption of acidity will cause the
pH, and eventually the potential, in the corrosion site to
readjust to that of the external surface, and the enhanced
corrosion within the site will cease These observations provide
a basis for predicting the maximum period for the propagation of



localised corrosion irrespective of the chemistry of the
repository environment. To apply this principle requires a
capability of predicting the rest potential of the open (cathodic)
container surface as a function of time in the repository

Factors whicn determine the rest potential of a carbon steel
surface are illustrated by the reaction current versus potential
diagram in figure 2 The solid lines indicate the rate of the
anodic (corrosion) reaction which, with increasing potential, will
either go through an active to passive transition (1) or remain
active over the full potential range (2). The broken line
depicting the cathodic reactions assumes that in a repository the
reactants will be oxygen, oxidising radiolysis products and water.
Furthermore it is assumed that the kinetics of water reduction
will be activation controlled whereas that of the more oxidising
species will be limited by diffusion. The electrode potential of
the steel is determined by the charge neutrality requirement that
the algebraic sum of the anodic and cathodic reaction currents is
zero. Figure 2 shows that at low and zero concentration of the
oxidising species this condition is only met at the points marked
A, where the main cathodic reaction is water reduction. However,
when oxidising species are present in greater concentrations the
rest potentials may be at points A or B depending on the rate of
supply of oxidising species and the corrosion behaviour of the
metal.

When part of the cathodic current is supplied by water
reduction the metal rest potential must lie below the equilibrium
potential for this reaction The location of these rest
potentials (A) for granitic environments, which typically have
pH's from 6-10, are indicated by the broad line in figure 1
Comparison of these values with those existing within pits shows
that under such conditions the external surface is anodic, and
therefore not capable of supporting localised corrosion. The
corollary to this is that localised corrosion will only be
feasible when the rest potential is at point B. Figure 2 shows
that the two requirements for this are:

(a) That the metal passivates or is at least strongly protected
by a surface layer.

(b) The cathodic current, balancing the passive corrosion
current, is supplied totally by the reduction of oxidising
species more powerful than water

The second of these requirements, continuing to assume
diffusion control, can be expressed by the inequality

(1)

z
UJ

o
CL

-Reaction rate under diffusion control
Rate falls with decreasing bulk 02 concentration

BlUpper rest potential condition)

CONTINUED
ACTIVE CORROSION

-X. _ _ _ _ _ _ _ 2 H20 * 2e ——>20H20H" + H2

A (Lower rest potential condition)

REACTION CURRENT DENSITY

FIGURE 2 SCHEMATIC REPRESENTATION OF THE VARIATION OF THE
RATIO OF THE ANODIC AND CATHODIC REACTIONS ON CARBON STEEL



where I __ is the passive corrosion current density, F FaradaysCORRConstant, n. and J the valence and flux of the oxidising species,i iand the summation covers the Î oxidising species in the system.

The time at which this inequality ceases to be satisfied
marks the time at which localised corrosion ceases to be
feasible.

(a) The air trapped in the back-filling material.

(b) Dissolved oxygen in the groundwater permeating the
repository.

(c) Oxidising species produced by y-radiolysis of the
groundwater.

Exceptions

Some exceptions to the above analysis exist in the literature
and therefore their relevance needs to be considered. One
important example is the localised attack of the boiler tube
steels in highly deoxygenated water. This occurs due to the
concentration of salts in pores and fissures in an otherwise
protective layer; a process which is driven by the high heat

-t».CO

flux in the walls of the tubes. The flux from heat emitting waste
containers is much lower than for boilers (eg 100-200 W m c.f.
800 x 10 W m ) , and therefore this mechanism should not be
operative in a repository.

Another claimed exception is based on a situation in
which most of a container is covered by a protective layer, but
FeSiO, forms as a corrosion product in macroscopic crevice
regions. Because of the low thermodynamic equilibrium for FeSiOj
formation, the external surface remains cathodic to the crevice
even in the total absence of oxygen ' . This mechanism seems
highly dubious, however, since no explanation is given as to why
FeSiO should be the corrosion product in the crevice but not
elsewhere. Certainly there is no reason why silicate should
concentrate in crevices since in granitic groundwaters it exists
as SiO, which being uncharged is not subject to migration

?19)forces

Model Development

Designs of repositories for disposal of heat emitting wastes
in granitic rock are typified by that developed in Sweden
(figure 3) . Essential features are that the containers will be
placed in bore-holes drilled in the floor of horizontal tunnels,
and that the bore holes and tunnels will be backfilled with a low
permeability material such as bentonite. In such a repository
there will be 3 sources of oxidising species available to sustain
localised corrosion:

t, Om

-3 7m ——————--l

Container— —

Bentonite
backf i l l i ng

___Repository
t unne l

entoni te «
sand f i l l i n g

Bore hole in floor
of Repository tunnel

FIGURE 3 T Y P I C A L WASTE EMPLACEMENT ARRANGEMENT
IN A R E P O S I T O R Y B A S E D ON A TUNNEL DESIGN



Although the flow of water through granite is variable
because of channelling through cracks and fissures, the low
permeability backfill will smooth the flow to the containers It
is therefore reasonable to assume an average flow rate (estimated
to be •v 0.2 litres m yr ) when assessing the significance
of water flow as an oxygen transport process Assuming the water
to be saturated with oxygen at atmospheric pressure (^ 0 25 moles
m ) the rate of supply to a container (typically 4 m length, l m
diameter) will be equivalent to a cathodic current of ̂  2 x 10 A
m , which is small compared to even the passive corrosion current
(see later). Furthermore, because of the low permeability of the
backfill, convective transport should be negligible despite the/ i n \heating effect of the waste . It is therefore assumed in this
model that the mass transport in the bore holes occurs solely by
diffusion.

Before describing the formulation of the model it is
informative to calculate the maximum period of passivity
neglecting mass transport restrictions. This can be done crudely,
by assuming that the main source of oxygen is the air trapped in
the pore space of the tunnel backfill. If the length of tunnel
per container is 6 m and the cross section area is 14 9 m , then
the quantity of oxygen available will be 14 9 m x 6 x 0.33 x 8.3
gm moles. Where 0.33 is the porosity of the backfill and 8 3
moles m is the concentration of oxygen in air By dividing this
figure by the rate of consumpton by corrosion de area x I )
the maximum passive period can be estimated. Assuming an I of_3 _2 pass10 Am the maximum period is 212 years rising to 2120 years for
an I of 10 A m Such long timescales would clearly requirepassvery large corrosion allowances to cover the risk of localised
corrosion penetration. This underlines the importance of taking
account of mass transport limitations.

The model which has been developed consists of a simplified
one dimensional system bounded by the top of the container and the
floor of the repository tunnel (figure 3) . The system is further
defined as follows:

(a) Time zero is taken as the time at which the repository
becomes flooded with groundwater.

(b) Initially an even distribution of natural oxygen exists in
the water filling the backfill porosity. This is assigned a
concentration of 8.9 moles m , which assumes all the air

filling the backfill dissolves into the water when flooding
occurs

(c) No exchange occurs between the backfill and the walls of the
bore hole

(d) The concentration of oxygen at the floor of the repository
tunnel remains constant at 8 9 moles m This recognises
that there is a much greater volume of backfill in the
tunnel, and that this is likely to be of lower grade material
of higher permeability.

(e) The flux of oxidising species at the container surface
remains equal to the corrosion current until the
concentration gradients can no longer sustain this position

The governing equation for such a system, which considers
diffusion transport as well as the production and consumption of
species by chemical and radiolytic reactions is

dt
32Ci +
3x

R (2)

where D is the intrinsic diffusion coefficient and C thei iconcentration of species i and a is the porosity of the backfill
(taken to be 0 33) The terms R R etc represent the rates of
the chemical and radiolytic reactions which either produce or
consume species i.

The primary radiolysis products are e , H , H , OH, H, H,0,aq £. £2.and HO- the radiolytic production rates of which can be calculated
from relationships of the form

V
100 N,

(3)

where the constant G is the number of radicals or molecules
produced by 100 eV of radiation, f is the radiation dose rate in
eV m sec and N is Avogadro's constant. The established
values of G for the primary products and their diffusion
coefficients in water at 25°C are listed in Table I.



Table I
G Values and Diffusion Coefficients of Radiolysis Products

consumed by reactions 3, 11, 12, 13, 14, 15 and 16. Each of these
ctions needs to be represented by an R term in the governing

equation (2) for OH
term would be

For example for reaction 12 the reaction

eq
H+

H

«2
OH

H202
H02

G
(molecules per 100 eV)

2.7
2.7

0.61
0.43
2.86
0.61

0.03

(m2 sec l)
4 5 x 10~9

9.0 x 10~9

7.0 x 10~9

5.0 x 10~9

2.8 x 10~9

2.2 x 10~9

2.0 x 10~9

R = 1.2 x 10 [OH] [HO ] (5)

In addition to the reactions occurring within the backfill
oxygen and the oxidising radiolysis products will be consumed by
cathodic reduction on the container surface.

4e - 40H

H 02 + 2H + 2e - 20H

0 + 2H 0 + 3e ~ 40H

f 3e - 30H

OH + e - OH

(6)

(7)

(8)

(9)

CIO)

The radiation dose rate (y) from the waste will vary with
distance from the container due to attenuation by the backfilling.
It will also decline with time because of the decay of the
emitting elements. This was accommodated in the model by
adjusting f using the expression

r(t,x) = ro exp (-t/T) exp (-x/L) (4)

Ol

where the time t is equivalent to an average half-life for the f
emitting elements of 30 years, and L, the relaxation length of the
backfill, was taken to be 0 16 m

The primary products are known to participate in secondary
reactions with each other , whose chief effect is to re-form
water if the system is homogeneous and closed, but if a species is
removed the system tends to replenish the species towards its
former concentration. Among new species formed in the secondary
reactions are 02 and 0,,. A list of these reactions and their
rate constants is given in Table II. By way of example Table 2
shows that the radical OH is produced by reactions 4, 9, 18 and

The anodic oxidation reaction at the metal surface was
assumed to be

Fe - Fe2+ 2e~ (11)

which is followed by the formation of Fe(OH)_ in an equilibrium- 2 2+reaction with OH , such that the concentration of Fe in solution
is limited by the solubility product of Fe(OH)0. In addition the2+ 3+oxidation of Fe to Fe by reaction with the oxidising
radiolysis products is accommodated through the reactions.

OH + Fe2"*" - Fe3"1" + OH" (12)

+ Fe2+ - Fe3+ + HO^ (13)
+ Fe2+ - Fe3"1" + OH~ + OH (14) (14)

The Fe produced reacts to form Fe(OH)„, which, because of its
low solubility, is assumed not to undergo any reverse reduction
reactions at the metal surface.

The model was employed, as in reference 23, in a sensitivity
study, by setting values of the passivation current density, the



Table II
Reactions of Radiolysis Products

Reaction

1. e" + H20 — H +"OH

2. e" + H+ -> H

3. e" + OH - OH"

4. e" + H.O. - OH + OH"aq 2 2
5l eaq + H02 " H02

6. e
a
 + °2 ~* °2~

7. (2H,0) + 2e" - H, + 20H~
£ 3Q i.

8. (H20) + H + e" -* H + OH~

9. (H20) + e~ + H02~ - OH + 20H"

10. (HO) + e" + 0," - OH" + HO ~2 aq 2 2
11. OH + OH - H-0.

1 L

12. OH + H02 - 02 + H20

13. OH + 02" "* °2 + OH~

14. OH + H ~ H20

15. OH + H2 - H + H20

16. OH + H202 - H02 + H20

17. H + H - H2

18. H + H202 - OH + H20

19. H + H02 - H202

20. H + 02~ - H02~

21. H + 02 - H02
.

22. H02 « H + 02

23. H02 + 02" -» 02 + H02"

24. H02 + H02 - H202 + 02

25. H+ + OH" *-> H20

26. OH" + H202 «-» H02" + H20

27. H+ + H02" -» H202

Rate Constant

16/2.0 x 104

2.

3.

1.

2.

1.

5.

2.

3.

1.

4.

1.

1.

2.

4.

4.

1.

9.
2.

2.

1.

8.

1.

2.

1.

1.

2

4 x

0 x

3 x

0 x

9 x

0 x

5 x

5 x

8 x

5 x

2 x

2 x

0 x

5 x

5 x

0 x

0 x

0 x

0 x

9 x

5 x

5 x

7 x

438

0 x

io7
io7
io7
io7
io7
io6
io7
io6
IO5

io6
io7
io7

io7
io4
io4
io7
io4
io7
io7

io7
r 7

10/5.0 x 10

io4

io3
X 108/2.6 X 10~5

105/1.022 x IO4

x 107

3 ~1 -1 -11. Rate Constants are m mol sec and sec for second and
first order reactions respectively.

2. Molecules in brackets are part of stoichiometry of the
reaction but are not included in the rate equations.
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diffusion constants and the dose rate, and determining the
resulting duration of passivation [NB Only the intrinsic
diffusion coefficient for oxygen in bentonite is known. Values
for other species were obtained by scaling their known values in
water by the ratio of the bentonite.water diffusion coefficients
of oxygen]

The application of equation (2) to each of the species listed
above generates a series of simultaneous differential equations
which can be solved numerically by means of the Harwell

< ??)FACSIMILE/CHEKMAT programmek . To use FACSIMILE the space
represented by the backfill was split into a series of 40 boxes
The mass flux of species per unit time into box j+1 due to
diffusion is given by

(15)

where h is the width of the box. Transport is therefore taken
into account by adding J + /V to — j
J ,/V from . ' • Where V and V .i.J+1 j dt j j+1boxes .

— and subtracting
are the volumes of the

The boundary condition used at the metal surface was that,
per unit area, the oxidising species were consumed by cathodic
reaction de reactions (6) to (10)) at rates whose sum balance the
presumed passive (anodic) corrosion current density Furthermore,
the relative magnitudes of the individual reduction current
densities were set in proportion to their molecular fluxes at the
surface. This means that if surface removal rates are designated
R (moles per unit area per unit time) then their sum meets the
requirement

I =P (16)

The condition of passivation by 0, and H.O. is allowed to
prevail until, for either species, its rate of replenishment at
the metal surface by diffusion from the bulk is not sufficient to
maintain its contribution to the cathodic current At this stage
the value of R for the species in question is set to zero and
the reduction current of the other species increased to balance
the passive corrosion current. When the rate of replenishment of
the second species also ceases to be sufficient to balance the
passive corrosion current the passive period is considered to be
finished

Results

The model has been used to calculate the passive period,
which is equivalent to the maximum time for which localised
corrosion is feasible, for passive corrosion currents ranging from
10 to 10 Am. These calculations were made assuming a
diffusion path length (distance from top of container to floor of
tunnel) of 0.5 m, and the results are illustrated in figure 4 for
initial radiation dose rates of 0, 10 and 10 Gy h . As would
be expected the passive period falls with increasing corrosion
current reaching negligible times with currents exceeding 10 A
m . At zero dose rate the results are in good agreement with an(23)earlier modelling study at Harwell , but the results with
radiation are significantly different. This previous work
predicted that the passivation period would be increased
substantially (the results for an initial dose rate of 35 Gy h
are reproduced in figure 4) with initial radiation dose rates of 1
and 35 Gy h The difference arises because the earlier study
only considered the production of oxidising radiolysis products
and not the parallel production of reducing species or their
recombination reactions. Clearly the more rigorous treatment of
the radiation chemistry of the system developed in this paper is
essential if reliable estimates of the passive period are to be
made

-t».
--J

where I is the passive corrosion current density, F is Faradays
Constant and n is the valance of species i In fact initial
trials with the model showed that only 0 and HO made
significant contributions to the cathodic current
0

Consequently
2 , H02 and OH were neglected from the electrochemical reactions

in the calculations described herein.

Figure 4 also shows that radiation dose rate has little
effect on the passive period except at the lower limit of the
range of corrosion currents investigated Here increasing initial
dose rates of 0, 10 and 10 Gy h produce passive periods of
143.3, 146 5 and 202 2 years respectively.
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The model has also been used to investigate the effect of
diffusivity in the backfill. Figure 5 shows the relationship
between passive period and corrosion current for oxygen diffusion
coefficients of 1 2 x 10~12, 1 2 x 10~U and 1 2 x 10~10 m2 sec"1
with a radiation dose rate of 10 Gy h . [NB It will be
recalled that the diffusion coefficients of other species were
scaled with reference to oxygen]. This shows that the result is
significantly sensitive to the diffusion coefficient,

Discussion

This study has demonstrated the importance of taking account
of mass transport limitations when assessing both the form and
rate of corrosion of carbon steel containers in a geological
repository. The sensitivity of corrosion behaviour to the
diffusivity of the backfill and to the passive corrosion rate have
also been illustrated, and has directed supporting experimental
work to making reliable measurements of these parameters.

Although the model is essentially complete its application
should strictly be limited to 25°C, which is the temperature at
which the radiation chemistry data of Table II were obtained.
However, these rate constants are so fast that the reactions
probably do not limit the system in any way, in which case
behaviour at other temperatures may be gauged with appropriate
combinations of diffusion coefficient and passive corrosion
current

To illustrate the benefit of this analytical approach the
maximum period for localised corrosion will be estimated for a
radiation dose rate of 10 Gy h (the initial surface dose from a
carbon steel container of 100 mm wall thickness) at 25 and 90°C
At the lower temperature the diffusion coefficient will be 1.2 x
10 m sec and the passive corrosion current about 5 x-4 -210 Am. The latter is probably a conservative estimate- 2 - 2because the literature reports values of ̂  10 Am for pure
HCO, and CO, solutions ' . For these values figure 4 gives
a maximum passive period (localised corrosion feasible) of
5.3 years. At 90°C the diffusion coefficient increases to 1.2 x
10 m sec , and, although data are not available, it is
probable the corrosion rate also rises. For the purpose of this
example it is assumed to be 10 m sec . For these values
figure 4 gives a passive period of about 65 years. Clearly these
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times are very small compared to the lifetime required of the
containers or the maximum passivation time calculated by
neglecting mass transport, which was described earlier.

The significance of this reduced period for localised
corrosion can be gauged from the following expression, which
relates pit depth to time in hours and to the probability of
occurrence (recognising that pit growth has a statistical
distribution)(7)

(17)

where x is the corrosion depth having a probability P,(x) of beingAexceeded in area A, k. and k, are constants and p is the pit
density, k.and k have been determined for the pitting corrosion
of carbon steel at 90°C to be 9.5 x 10 and 1.28 x 10 and p is
about 1.1 x 10 m .

-2 2For a probability of 10 and container area of 14 m ,
substitution of the above maximum times into (13) yields maximum
penetrations (or corrosion allowances) of 18.7 mm and 91.2 mm
respectively If the maximum period based on the mass balance
calculation (212 years) is used the maximum penetration is 235 mm.

It should be stressed that the above calculations are only
illustrative, ana that a final assessment awaits additional
experimental data, particularly for the steady passive corrosion
rates. Nonetheless it does serve to illustrate the benefit to be
gained in terms of a reduced corrosion allowance, by adopting this
approach to estimating the maximum period for localised attack
In practical terms this would mean a reduction in material and
manufacturing costs, as well as simplifying the closure welding of
thick walled containers. It will also reduce the weight of the
containers which will benefit handling and transportation
underground

One further advantage is that, because of the reduced
localised corrosion time, the necessary allowance can be estimated
with confidence from experimental results, without the need to
support long term extrapolations with elaborate mechanistic models
of corrosion propagation.

<D



Ölo Conclusion

1 A mechanistically based approach has been developed for
estimating the maximum period during which, carbon steel
containers for heat generating nuclear waste, may be subject
to localised corrosion in a geological repository.

2. A mathematical model, based upon this mechanistic argument,
which takes account of mass transport and radiolytic
reactions in the backfill has been constructed

3. Sensitivity analyses with the model have shown that the
maximum period for localised attack increases significantly
with diffusion rate, but falls with increasing passive
corrosion rate.

4. Illustrative calculations have shown that the maximum periods
for localised attack are likely to be of the order of 5.3 and
65 years at 25 and 90°C. This compares to an estimated time
of 212 years if mass transport and radiolytic reactions are
neglected.

5.

6.

Because the localised corrosion period is so curtailed the
allowances for localised penetration will be of the order of
18.7 mm and 91.2 mm at 25 and 90°C respectively. If the
non-mass transport limited time de 212 years) had been used
the estimated allowance would have been 235 mm.

The theoretical analysis has highlighted the need for
reliable values for the diffusion coefficients and passive
corrosion currents. Experimental studies are presently
underway to measure the latter parameter.
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TESTING OF SOME REFRACTORY AND ELECTRODE
MATERIALS FOR LIQUID ACTIVE WASTE
VITRIFICATION FURNACES

G.B. BORISOV, A.S. POLYAKOV, Z.S. KHASANOV
A.A. Bochvar's All-Union Scientific Research

Institute of Inorganic Materials,
Moscow, Union of Soviet Socialist Republics

Abstract

Corrosion testing of the electrode and refractory brickwork of a vitrification furnace is
descnbed The furnace is part of a pilot plant for the vitnfication of liquid active waste in borosihcate
glass containing high levels of iron and sulfur The electrode is made of im dioxide and provided with
an uncooled metallic lead, while the refractory brickwork is composed of zirconium and chromium
oxides

The follovd-ng nateriala v/ell-knovm for their liigh glass-
resistance are under teats aa possible nateriala for tlie bath
of the pilot-conmercial vitrification furnace:
- zirconium and aluminium oxides baood on fusod refraotoriea
(bakor - 33, 41);

- chroniun and aluminiun oxides (XAU, 30)
that in Europe are called ER-1681,1711, ER-2161,

respectively. Llolybdenun ia accepted ao an eloctrode natcriol
for a vitrification furnace. Tho availability of forrua (III)
and sulphur (sulphate—ion) agressive to molybdenum required more
corrosion reaistont materials to be used as electrodes. In the
tests of pilot vitrification furnaces having tin dio3J.de rod
electrodes and a ohraniunalumozirconiuia refractory (jCAU,-30)
brickwork none disadvantages were revealed:

- thermal cracking of long tin dioxide rods due to current
load variations;



Ülro - unreliable operation of a watorcooled current lead;
- strong corrooion of refractory (ZAU -30) bricks joints,

by molten glass.
It was suggested that the cause of the interjoint corrosion

of the refractory brickwork was insufficient grinding of the bncAs
and the absence of a mechanical brace usually used to compress
the bricks at their outlet fron the furnace. As for as the general
corrosion of the electrodes and tho bricks is concerned the high
glass resistance waa conflmed for a tin dioxide and chromium
oxide base refractory.

The electrode was designed consisting of tin dioxide bricks
with an uncooled current lead.

The work was continued on the lines:
- testing a new design of a tin dioxide electrode;
- comparative testing chanotte, bakor-33, XAU.-30 refractori-

es the assemblage of which was accomplished by tho pre-grinding
and mechanical bracing of bWi^S.

Tho furnace where tho comparative testing of refractories
v/es conducted comprises (fig.l)j

- a bath with the working volume of 14.5 1 (7.3x1.05x1.00 dm)
assembled from the indicated refractory bricks;

- unit of a continuous discharge of molten glass;
- tin dioxide base olectrodo with a notollic current leading

rod grûnd to the former from the outside (seo fig.1). The tin
dioxide electrode has one or tv/o current leading rods.

The development of the electrode unit was preceded by the
choice of a current lead material. The major requirements placed
on the current lead material were:

- n-in-tpinm possible contact interaction between a current
load material and tin dioxide under conditions of the electrical

current of the density 1.0 A/cm .heating to 1000°C and the pressure
by the netal on tin dioxide of 6.5 UPa;

- heat resistance up to 1100"C.
The investigations into the contact interaction resulted in

the choice of a nickel base alloy as a current lead material,
ïablo 1 presants tho data on the contact interaction between tin
dioxide and some nickel alloys.

The testa were conducted with feeding a suspension of a node!
solution and a borosilicate flux; the suspension containing up to
10/î iron oxide and 1.0/i oulphate-iou. The molten borosilicate
glass was continuously discharged.

-———————— ———0^0————— -

1 - brickwork bath
2 - electrode

3 - current leads
4 - discharge unit

FIG. 1. Schematic diagram of a LAW vitrification furnace for testing refractory and electrode
materials.



Table 1. Contact Interaction between Tin Dioxide
tmft Nickel Alloys

2ypo of. Testing Current Tcaporature, °C Uodo o£ iatex-contact time, denaity of •—•—————————— action ia contactpair h contact „ contact electrode aone
pair,A/cm

Tin dioxideLionel-metal 50
(70>-Hi

llonel - metal0.9 900 840 oxidizes to
fona a scale

Tin diosido- Alloy does notHi baae alloy oxidize but(7cr,J-lJi 50 0.9 980 040 ointero r/ith tin15-17;J-Cr dioxide, retainsthe balance- its initial
2i appearance

Sable 2 tabulated tiie electrical parameters of the electrodes
and the temperature of tlio corroaiofl tests«

Table 2. Electrical Parameters and Tasting Temperature

Ulectrico.1 current diatribut- Current Yoltege Tempera- Slectrioion over electrode current density of turo of pov/er in
leads, A of elect- electro- melt, glass,——————————————————————— rode, dea, °C kWElectrode I Electrode 2 A/Cm2 y

laft right left rightcurrent current current currentlead lead lead lead
97.0 3.0 93.0 2.0 0.55 135.0 1150
171.0 9.0 172.0 8.0 1.0 105.0 1150

13.5
19.0

Tiie nickel-baao alloy rod electrodea opera i/cd for 2500 h
without a failure. The opecific feature of the operation of a
brick electrode with tv/o rod current leada is in the fact that
nore than 94̂ » of the total current gooo throush one of tho rods.
She oayjce of the current non-unifoimity la likely to be a diffe-
rence iu tho electrical resistance of the contacta, in thia
inotance the other rod would bo a stand-by.

The node of tho corrosion of the electrodes and the bricks
is shov.-n in fig. 2.

A - A 6-5

3ri
r-r

-•-,•53

_£•£

FIG. 2 Mode of electrode and brick corrosion.

01

The furnace waa periodically disconnected, emptied from molten
glass and then the corrosion or the electrodea and the bricks was
determined from the corrosion extent at the level of the glass and
below it.



CTi The values of the bi-ick corrosion io given ia table 3»

Table 3. Comparative Corrosion of Bricks in Molten
Boroailicate Glass

Brick Corrosion, nn/2500 h

High aluni m chanotte

Bakor-33
XAU -30
SiiOp
(discharge unit)

20-25
10-14
3-4
1-2

After testing for 2500 h the electrode corrosion near the
food of the suspension to the furnace ia 4-9 mm; the corrosion of
the opposite one is 1-5 mm. The high corrosion of tin dioxide in
the feeding ia due to the reactive canponento of waste not incor-
porated into the glass. It can be aeen fron table 3 and fig.2
that ia the oerieo of the tested refractories» chemotte -
bokor 33 - XALl-30 the latter is the most résistant to the molten
borosilicate glass with high contents of iron and sulphur.

The following features of the brick behaviour were revealed!
- as compared to Bakor and chamotte XAU, -30 haa a low thermal

stability which was indirectly found from the number of cracks at
the working surface of the bricks. The chamotte bricks had prac-
tically no cracka;

- despite the grinding and mechanical bracing of the bricks
corroaion took place along tho brick joints and resulted in the
molten glass penetration deep into the interjoint space.

The highest interjoint corroaion was observed at the tin
dioxide electrode - XAU -30 brick joint; the least corrosion is
observed in case of the chamotte bz/t/öS which ia likely to be explai-

ned by the leakage of electric currents going through more
eleotrio conductive XAU -30 (see table 4).

Table 4. Specific Electrical Resistance of Bricks

Specific electrical

at temperature, "C

1100

1450

ZAU-30

00.0

47.0

Bricks

B-33

100.0

205.0

Chamotte

747.0

721.0

Thua, the tests of the LAV/ vitrification furnace to produce
borosilicate glaaa ahoweds

- the general serviceability of uncooled metallic current
leads to tin dior1.de electrodes;

- the high glass resistance of bricks from Bakor and XA.LJ -30
under significant interjoint corrosion between XAtt -30 and tin
dioxide electrodes.

la this connection futher investigations and testa are re-
quired to make an ultimate choice of a refractory and electrode
for a bath of a LAW vitrification furnace.



THE INFLUENCE OF RADIATION ON CREVICE CORROSION
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Abstract

An investigation of the influence of f-radiation on the
localised corrosion of stainless steels in chloride containing
solutions is described. Contrary to earlier published results it
has been observed that irradiation promotes the initiation of
crevice attack in chloride bearing waters, which would not cause
attack under inactive conditions, ^-radiation also increases the
rate of propagation of crevice attack. It is concluded that the
effect of radiation is related primarily to the production of a
net surplus of oxidising radicals and molecules in solution,
which increases the rest potential of the steel.

(3 4)potentials ' These observations imply that radiation will
increase the propagation rate of established pits, and in this
they appear to contradict the findings of Byalobzheskn

The position relating to the influence of radiation on the
initiation of localised corrosion is also somewhat unclear.
Studies in France have shown that a-radiation causes an
increase in pitting breakdown potential However, a statistically
based investigation in the authors laboratories using f-radiation
has suggested that this beneficial effect is only operative when,
without radiation, the breakdown potentials would be relatively
negative . Under less aggressive conditions, producing more
positive breakdown potentials, no effect is detectable A
similar, but non-statistical study in f-radiation was in
general agreement with the latter observation, but no increase in
pitting breakdown was recorded

This paper describes the results of an experimental
investigation of the initiation and propagation of crevice
corrosion in Type 304L austenitic stainless steel, and discusses
how this gives a clearer understanding of the effect of radiation
on both pitting and crevice corrosion

EXPERIMENTAL

Materials

CJl01

INTRODUCTION

The influence of radiation on the corrosion processes
occurring on stainless steels in chloride containing waters have
been the subject of periodic study for over 30 years. The early
work in the field has been reviewed by Byalobzheskn who
reported an inhibiting effect of ^-radiation on crevice corrosion
of a !Khl3 ferritic stainless steel in 3% sodium chloride
solution. This was attributed to radiolytic production of
oxidising molecules and radicals within the crevice, which
counteracted the deaeration and acidification processes considered(2)to be responsible for such corrosion . In contrast, later
studies on pitting corrosion using potentiodynamic techniques came
to the general conclusion that radiation increased the rest
potentials of stainless steels by 200 to 300 mV whilst having
little effect on the pitting breakdown or repassivation

All tests were carried out on Type 304L austenitic stainless
steels The following is a typical analysis (w/o)

C 0.011, Cr 18 2, Ni 9 3, Si 0.43, P 0 024, Co 0.16, Cu 0 21,
Mo 0.38, S 0.01, Mn 1 41

Experimental Arrangements

(a) Crevice corrosion tests using plate specimens

These were essentially a reproduction of the Byalobzheskn
crevice corrosion experiment replacing the ferritic steel by an
austenitic steel (304L) Crevices were formed by clamping two
coupons (50 x 24 x 4 mm) together using polythene clips The
coupons were separated by 10 mm square mica shims at each corner
or by 0.1 ram high 10 mm square upstands machined at each corner

(1)
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The specimens were grit blasted and prepassivated in 25 v/o nitric
acid at 20°C The tests were carried out in 3% NaCl solution at
22 + 3°C Test solutions were covered by air in the unirradiated
tests and by argon/20% oxygen in the irradiated tests (This was
to avoid the radiolytic generation of oxides of nitrogen which
could have influenced the cororsion processes) The free
corrosion potentials of the specimens were monitored via lacquered
rods screwed into one of the coupons The radiation level used
was approximatley 10 Gy/hr f radiation from a cobalt 60 source

(b) Crevice corrosion experiments un which the corrosion
currents flowing were measured by zero resistance anmeter
(ZRA)

These experiments utilised a crevice specimen developed by
Tube Investments Research Laboratories (TIRL) and British Nuclear
Fuels (BNFL), Figure 1 The specimen consists of a plug and
socket arrangement The socket is a cylinder with a tapered
interior, the plug is a cylinder with a tapered exterior de a
hollow cone) The plug has six axial grooves cut part of the way
down it The crevice is formed by shrinking the plug in liquid
nitrogen and push fitting it into its socket A tight crevice is
formed as the plug expands Liquid access into the crevice area
is achieved via the six grooves This arrangement has been found
empirically to be highly susceptible to crevice corrosion which
initiates at the base of the grooves The area of the two
internal surfaces forming the crevice is approximately 60 cm
Electrical contact is made via a Type 308 stainless steel rod
welded to an integral spur on the crevice socket

The cathode, coupled to these crevice assemblies, was either
the stainless steel vessel used as the corrosion cell, a set of
stainless steel tube sections surrounding the crevice, or both
These gave surface areas of 2570, 1100 and 3670 cm respectively
These were linked to the anode via a zero resistance ammeter
Experiments were carried out either in demineralised water
containing 10 ppm Cl , in a natural potable water containing 6 ppm
Cl , or in natural water fortified to 10 ppm Cl y-radiation
fields of up to 10 Gy/hr were used with a gas purge of Ar20%0,

(c) Flowing water experiments

In these experiments the solution was moved at a controlled
rate through corrosion cell allowing measurement of free corrosion

6 slots at 60°
4mm ball nosed
end mill 10 mm
long to runout

FIG 1 Crevice corrosion specimen

potentials both in the radiation field and downstream from it
(Figure 2) The cell was a tubular glass vessel of 90 mis
capacity fed by a centrifugal pump Flow rates from 1 to 10
mis/rain would be achieved The experiments carried out here were
in 300 ppm Cl waters The solution in the reservoir feeding the
once through1 flow system was aerated, but unlike the static test
there was no overgas in the electrochemical cell



EXPERIMENTAL RESULTS
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on FIG 2 Schematic diagram of the revised flow cell design

1. Crevice Corrosion Tests on Plate Specimens

The unirradiated specimens of both types of plate crevice
showed no visible signs of corrosion The irradiated specimens
did show rusting especially around the creviced area formed by tne
mica spacers. The corrosion was confined to minor etching of the
specimen surface in the crevice region. The rest potentials of
the unirradiated specimens were in the range 0 to +50 mV SCE for
practically all of the 1500 hour test period. In contrast one of
the irradiated specimens had a potential of < -150 mV for most of
the test period and the other for most of the first ten days of
the test All the specimens showed considerable pulsing of the
rest potential for significant portions of the test period
(Figures 3,4).

2. Crevice Corrosion Tests Monitored by ZRA

The effect of the cathodic area on the crevice corrosion rate
was assessed by connecting an actively corroding crevice to the
various cathode arrangements described in the experimental
arrangements section. In this way a range of cathode to crevice
areas of 18:1, 43:1 and 61:1 was attained. The effect of the
cathodic area is shown in figure 5. These tests were carried out
on a corroding crevice in 10 ppm Cl solution purged by Ar-20% 0.
at 22°C rfith a gamma radiation dose of 2 x 10 Gy h . It can be
seen that the crevice corrosion current is dependent on the
available cathodic area. At cathodic to anodic area ratios of
greater than about 40:1 the dependence becomes less pronounced.
As a consequence of this finding all further crevice corrosior
testing employed area ratios greater than 40.1.

A farther set of tests in 10 ppm Cl solution was carried out
using a ratio of 43:1 at 30°C. Three specimens were exposed to a
dose rate of 10 Gy h and three to a dose rate of 10 Gy h .
Figure 6 shows typical plots of cell current and corrosion
potential as a function of time. In both cases frequent current
spikes were recorded until a steady rise in current and a fall j.n
potential marked the onset of stable crevice corrosion after 12-16
days Tne crevice corrosion current tends to fall with time ana
in fact the lower dose rate specimens shown in figure 6 eventually
passivated after 115 days The results from these experiments are
summarised in Table I. In general the initiation times are
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FIG. 3. Variation of rest potential with time for crevice specimens in 3% NaCI solution with
irradiation.
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FIG. 4. Variation of rest potential with time for crevice specimens in 3% NaCI solution without
irradiation.
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FIG 6 Typical examples of the variation of cell current and couple potential with time for
crevice experiments in 10 ppm Cl~ at 30°C
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similar, but the integrated charge passed over the first 45 days
after initiation was greater at the higher dose rate This was
observed as a general trend for the corrosion currents to be
higher at the higher dose rates

Similar tests were also carried out using a natural water
containing 6 ppm Cl , and also with the same water with its
chloride level increased to 10 ppm The results from these tests
are summarised in Table II together with further crevice corrosion

tests in demineralised water + 10 ppm Cl . These demonstrate that
as well as increasing the propagation rate of active crevices as
shown in Table I, radiation also increases the likelihood of
initiation. In the natural water crevice corrosion was only
initiated at the highest radiation dose used, 10 Gy/hr With the
chloride level raised to 10 ppm, crevice corrosion did not
initiate in a period of up to 90 days in the absence of radiation
at temperatures between 30 and 90°C However, initiation was



eno Table 1
Summary of Results from Crevice Tests in 10 ppm Cl Solution at 30°C

Radiation
Dose Rate

(Gy h'1)

103
"
"

10
"
"

Initiation
Time

(days)

38
16
13

17
15
16

Integrated
Charge Over

(Coulombs)

-
45.4
50.2

29.4
32.7
31.0

Total Test
Time

(days)

102
106
122

87
122
112

Total Metal Lost Through
Corrosion

Gravimetric
Estimate

(mg)

57.0
47 0
39 8

21.4
17.2
26.4

Estimated from
Integrated Charge

(mg)

44.6
36.0
30.8

12.3
10.5
18.1

Ratio of
Electrochemical to

(%)

78.0
76.7
77.4

57.6
60.8
68.7

Table 2
Comparison of Crevice Corrosion Test Results for 304L Steel

from Irradiated and Unirradiated Experiments

Unirradiated

Solution

Natural water, chloride
increased to 10 ppm

Demin water + 10 ppm Cl

Temp
°C

30
60
90

60

Observation

NC
NC
NC

NC

Irradiated

Solution

Natural water (Cl 6 ppm)

Natural water, chloride
raised to 10 ppm

Demin water + 10 ppm Cl

Temp
°C

20-22

30

20-22
30
30

Dose Rate
Gy h"1

10
100
1000

1000
200
28
2.8

200
10

1000

Observation

NC
NC
Corr (2/3)

Corr (1/1)
Corr (2/2)
Corr (1/2)
Corr (1/2)

Corr (1/1)
Corr (3/3)
Corr (3/3)

NC - no corrosion
(n/m) - indicates number corroded (n) of total tested (m)



found in 50% of similar specimens under irradiation in the range
2.8 to 28 Gy/h and in all specimens subject to 200 or 1600 Gy/hr
This effect was even more pronounced in demineralised water +
10 ppm Cl where radiation induced crevice corrosion in all
specimens, at dose rates down to 10 Gy/h, whereas it did not occur
in the absence of radiation.

3. Flowing Cell Experiments

Tests on the effect of flow on rest potential were carried- 3 - 1out in a solution of 300 ppm Cl in water at 23°C and 10 Gy h
The îree corrosion potentials of stainless steel electrodes were
monitored in the radiation field and downstream of the radiation
field. The results of this monitoring are given in figure 7. It
can be seen that radiation caused a rise in the rest potential and
that this rise was greater the lower the flow rate. No
significant change in rest potential was found downstream of the
radiation field at any given flow rate although differences may
just be beginning to emerge at the slowest îlow rate employed,
0.8 cm /mm.

DISCUSSION

The results of this study demonstrate that f-radiation dose
rates of between 10 and 10 Gy/hr promote the initiation of
crevice corrosion on austenitic stainless steel. The rate of
attack is also increased. The attack at 10 Gy/hr is approximately
double that at 10 Gy/hr.

Some apparent contradictions in the overall picture of
localised corrosion remain. The reason for the difference between
our own and the Russian studies is unresolved. Although our flat
crevice experiments used a similar specimen design, chloride level
and radiation level, it was not possible to use the same steel
since no detail was given of this other than its normal
composition. If the steel was in the martensitic form, then its
corrosion behaviour would depend critically on the heat-treatment.
For instance tempering can give rise to chromium carbide formation
and chromium depletion of the matrix leading to a loss of
passivity. It is apparent from the weight losses quoted that the
steel used in the Russian study was undergoing significant
corrosion whether irradiated or not, le it appears never to have
been in a fully passive state, and it is doubtful if it should be

regarded as a stainless steel It is also unclear what cover gas
was used in the Russian work, and this may be important in the
corrosion process . The experiments are therefore not directly
comparable.

In earlier experiments where radiation fields were removed
from corrosion cells an immediate change in rest potential was(47) o ffound ' . In contrast the flowing cell experiments show no
significant change in corrosion potential as the water leaves the
radiation field. This is probably linked to the cell design.
This differs from the other experimental cells used in static
tests in having no cover gas at or in the vicinity of the
radiation field. The presence and type of cover gas is probably
critical in determining the effect of radiation on the corrosion
potential although the mechanism by which this occurs is not
well understood.
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O>ro Pitting studies in the authors' laboratories have shown that
about 30% of 30AL specimens held in a Stern-Makndes type of
compression mounting had anomalously low pitting potentials
These low pitting potentials were eliminated under irradiation and
were attributed to crevice corrosion at the mount (The effect
was not noted in a similar study but this was probably due to
an insufficient number of specimens being tested to show up the
phenomenon)

In order to understand the difference between this apparent
inhibition of crevice corrosion and the clear acceleration
demonstrated in the present study, it is necessary to consider how
the radiation is affecting the process, and in particular to
appreciate the crucial importance of the cathodic area as shown in
figure 5.

The initial effect of radiation in water is to generate a(8)range of oxidising and reducing species If hydrogen can
escape from the bulk the principal long lived species remaining is
hydrogen peroxide, which renders the solution more oxidising and
raises the free corrosion potential of the steels in it. (Within
the crevice the effect would not be so pronounced because the
escape of reducing species such as H would be limited by diffuse
out of the crevice Consequently a significant concentration will
remain to counteract the effect of the H.O.) The increased rest
potential of the stainless steel will lead to an increased leakage
current, and in the case of tight crevices where the oxidising
effect within the crevice is most limited, the initiation of
crevice corrosion (This explains the increase in severity of
attack on the tight TIRL/BNFL crevice type as compared to the flat
crevices)

Once crevice corrosion has initiated, the available cathodic
area and the potential it achieves is crucial to the ability of
the crevice to propagate In the case of the TIRL/BNFL crevice, a
large cathodic to anodic area is available to supply cathodic
current, and maintain a high mixed potential of the anode and
cathode, forcing the crevice to propagate In the case of
crevices with a small cathodic area there is insufficient cathodic
current to balance the anodic reaction, and the crevice tends to
passivate. This was observed in earlier work on irradiated
Stern-Makrides specimens where the rest potential was found to
pulse as successive initiation events occurred (Figure 8)

1-300 r-

+200

+100

-100

-200
-* 1 hour «-
I________l_____ I________I________I

FIG 8 Segment of the potential-time trace obtained with irradiated test 7 illustrating
potential pulses

The consequences of this are now better understood During
the course of a potentiodynamic polarisation test to determine the
pitting potential, any crevice corrosion which initiates at the
mount during the polarisation process will be sustained by the
virtually unlimited supply of cathodic current provided by the
potentiostat This accounts for the 30% of low pitting potentials
found in the unirradiated experiments

During the parallel irradiated experiments to determine tne
pitting potential, no polarisation was applied to the specimen
until the free corrosion potential had stabilised, a process of
many days As the potential gradually climbed under irradiation,
any vulnerable crevice sites at the specimen mount would initiate,
but having virtually not cathode to maintain them would have
gradually repassivated once the vulnerable site within the crevice
had dissolved This process effectively removes all the crevice
corrosion initiation points before polarisation starts, and
therefore in these experiments radiation appeared to have the



effect of inhibiting crevice corrosion In fact if a sufficiently
large cathodic area had been available to the crevice, it would
have been expected to propagate during the initial process of
irradiation prior to polarisation

In contrast to the finding that /-radiation has no effect on
the pitting potential, other studies have found a fall in the
pitting potential of a stainless steel under a-radiation This
probably relates to the experimental set up used In this work
the a-radiation was directed into, and in the main, stopped by the
oxide film on the stainless steel As such the effect of
radiation on the oxidising potential of the solution would be
expected to be secondary to the changes in the oxide film
characteristics.

It is now possible to offer a general description of the
effects of /-radiation on pitting and crevice corrosion in
austenitic stainless steel. The initial effect of /-radiation is
to generate a mixture of oxidising and reducing species in
solution. The loss of hydrogen eventually leads to a. net
oxidising effect brought about by the generation of stable
hydrogen peroxide, and, depending on the cover gas, various short
lived species. This net oxidising effect leads to an increase in
the free corrosion potential of open surfaces of steels. (The
shift in the oxidising potential of the solution within a crevice
will not be so pronounced as the loss of reducing species from the
crevice will be limited by diffusion) This shift of the
corrosion potential may be enough to initiate crevice corrosion,
and, provided a sufficient cathodic area is available, to
propagate it. The propagation rate increases with radiation dose
as the HO level increases, the reduction of HO, being the
principal cathodic reaction.

The effect of radiation on pit initiation in the austenitic
stainless steels tested is negligible since the free corrosion
potential of the steel remains about 300 mV less than the pitting
potential Since the corrosion potential of the steel is probably
determined by the discharge of OH radicals resulting from the
decomposition of H_0 :

OH . + e~ = OH~ads

OlCO
H,0, = 20H ,2 2 ads

the concentration of H~02> and therefore the radiation dose, is
unimportant in determining the corrosion potential once a
sufficient supply of OH radicals is available to produce an

(8)adsorbed layer
level is critical to the propagation mode of localised corrosion

However the HO level and hence the radiation

The effects of radiation on pitting in 304L steels would
hence be expected to be seen in the propagation mode only For
example if pitting were initiated by some other means such as a
large increase in chloride level then irradiated waters could
sustain corrosion if the chloride level fell again.

CONCLUSIONS

1, /-irradiation promotes the initiation of crevice corrosion in
austenitic stainless steels in chloride bearing waters which
would not cause such attack under inactive conditions

2. /-irradiation increases the crevice corrosion propagation
rates of 304L stainless steels in chloride bearing waters.

The corrosion effects of /-irradiation on chloride bearing
waters relate primarily to the generation of hydrogen
peroxide However, short lived radiolytic species can also
have an influence on the corrosion process.
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CORROSION PERFORMANCE OF MATERIALS USED FOR
SPENT FUEL REPROCESSING PLANT EQUIPMENT

S. TAKEDA, H TAKEDA, S. HAYASHI
Reprocessing Technology Development Division,
Power Reactor and Nuclear Fuel Development Corporation,
Tokai-mura, Ibaraki-ken,
Japan
Abstract

Stainless steel and some valve metals such as titanium
or zirconium were selected as candidate materials for
reprocessing plant equipment because of their high corrosion
resistance due to stable oxide f i l m , ^ttiong the candidate
materials, stainless steel is the most advantageous
material taking into consideration its low cost, wo r k a b i l i t y
and w e l d a b i l i t y , and it is the most popularly used material
for reprocessing application. However, in the highly
oxidized states, stainless steel does not show sufficient
corrosion resistance. That is, the corrosion potential
shifts from the passive region to the trans-passive region
where severe grain boundary corrosion occurs. Valve metals
such as titanium or zirconium, on the other hand, show good
corrosion resistance even in the h i g h l y oxidized state due
to a very broad passive region.

Factors previously known to affect the corrosion behavior
of materials include material conditions such as elemental
content, w e l d i n g condition, and produce history. Certain
environmental conditions such as material surface
tempeiature, n i t r i c acid concentration, or metal I'c ion
concentration also influence material corrosion behavior.
Some FPs or nuclides were found to affect corrosion
behavior. Their influence varies widely among material
types, and stainless steel and titanium e x h i b i t opposil
corrosion phenomena when exposed to FPs or nuclides.
I.INTRODUCTION

In the Tokai Reprocessing Plant, a total amount of about
400tons of spent nuclear fuel has been processed up to now
since 1977 During these plant operations several problems
w i t h the m a i n process equipment, which influence the
plant a v a i l a b i l i t y , have been experienced due to the
corrosion of stainless steel [1] .
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In order to raise the r e l a t i v e l y low a v a i l a b i l i t y , research
and development concerning anti-corrosive materials which
contribute to prolonging the l i f e t i m e of equipment was
performed in p a r a l l e l w i t h other countermoves such as
development of maintenance technology or l i f e t i m e
prediction. Corrosion behavior of materials in reprocessing
solution is determined by two separate groups of factors.
One is the material conditions whuh includes elemental
content, crystalline structure, heat treatment and so on.
The other group, which is focused on in this paper, is the
environmental conditions to which the material is exposed.
Clearly understanding the environmental influence on
materials is important in order to know the corrosion
behavior of materials. Almost all of the corrosion problems
which occured in the Tokai Reprocessing Plant were caused by
wet corrosion assuming the fora of grain boundary corrosion
by n i t r i c acid. This wet corrosion, namely oxidation of
materials, consisted of redox reaction which can be adjusted
electrochemical 1 y between metals and solution.

2. HATER l ALS USED IN TOKAI REPROCESSING PUNT
Tokai reprocessing plant has adopted the so-called purex

process l i k e most other commercial reprocessing plants.
Because the purex process uses n i t r i c acid as the s a l t i n g
reagent, equipment f a i l u r e by corrosion must be considered.
As well known, austenitic stainless steel shows good
corrosion resistance which is indebted to a stable
passivation f i l m in n i t r i c acid solution- The Tokai
Reprocessing Plant m a i n l y uses the various kinds of
austenitic stainless steel except under special conditions
such as the p l u t o n i u m concentration evaporator(Table 1).

3.CORROSION BEHAVIOR OF MATERIALS IN N I T R I C A C I D
Stainless steel and some valve metals such as t i t a n i u m or

z i r c o n i u m are selected as candidate m a t e r i a l s for
reprocessing plant equipment because of their high corrosion
resistance. Among the candidate materials, stainless steel
is the most advantageous material taking into consideiation
its low cost, w o r k a b i l i t y and w e l d a b i l i t y .

However, in the h i g h l y oxidized states, stainless steel
does not show sufficient corrosion resistance . That is, the

Table 1 Materials used for mam equipment

EQUIPMENT

Dissolver (RIO)

Dissolver (R11)

Dissolver (R12)

UNH Evaporator

UNH Evaporator

Pu Evaporator

Acid Recovery
Evaporator

Acid Recovery
Distillator

HAW Evaporator

MATERIALS

URANUS 65

URANUS 65

NAR310Nb

SUS304L

Ti

Boiler Ti
Column Ti 51 a'

1st URANUSS5

2nd CRONIFER2520ND

3rd NAR310Nb

4th Ti-5Ta

Boiler SUS31ÜS
Column SUS304L

URANUS65

REMARKS

installed
additionally
1st step
concentration
2nd step
concentration
'previously
SUS304L

corrosion potential shifts from the passive region to the
Irans passive region uhere severe grain boundary corrosion
occurs(Fig. 1 ).

V a l v e metals such as t i t a n i u m or 2irconiuni, on the other
hand, show good corrosion resistance even in the h i g h l y
oxidized states due to a very broad passive region .

Some environmental conditions such as surface tempeiatuie
of materials, concentration of n i t r i c acid, and
concentration of m e t a l l i c ion affect the corrosion behavior
of materials as w e l l as mat e r i a l s c o n d i t i o n .
The higher the concentration of n i t r i c acid becomes, the
higher the corrosion rate of stainless steel shows.
Temperature increases accelerate the corrosion rate in
proportion to the Arrenius equation. B o i l i n g phenomenon
accelerates corrosion compared w i t h u n b o i l i n g conditions at
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, 50/fm .
(a) surface observation (b) cross-sectional observation

Fig.l Grain boundary corrosion of TYPE 304L stainless steel

the same teraperature(Fig.2). The reason is suggested that
the b o i l i n g phenotaenon breaks the passivation f i l m on
metals. Some metallic ions whose redox potential is equal
to or greater than that of n i t r i c acid accelerate the
corrosion rate of stainless steel (Fig.3). That is, the
corrosion potential of the materials in the solution
containing such metallic ions is brought higher than in pure
n i trie acid solution.

4.CORROSION PERFORMANCE OF MATERIALS
IN REPROCESSING EQUIPMENT

4-1.INFLUENCE OF RADIATION
Generally,in the reprocessing process condition dose rate

of neutron is quite lower than in the reacter f i e l d .
Irradiation (a, ß , r effluent) is almost non-effective on

the m e t a l l i c crystalline structure. Therefore, only an
indirect influence which originates from changes to the
solution by irradiation must be considered.

Table 2 shows the effect of irradiation on n i t r i c acid
solution. Rest potential of a platinum electrode in n i t r i c
acid shifted to less noble direction by r -ray (6"Co)
irradiation depending on dose rate- It is supposed to shift
the corrosion potential of actual use materials to less
noble direction by irradiation.

Behavior of chromiuni(VI) ions which is known as an
accelerator of corrosion rate of stainless steel in n i t r i c
acid solution under the influence of r -ray irradiation is
shown in Fig.4. Concentration of chroraium(VI) in the
solution reduces in proportion to the dose rate by being
reduced from chrotniura(VI) to chromiura(ni). This would cause
a drop in material corrosion potential.
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Fig.2 R e l a t i o n s h i p between metal surface temperature and
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L
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Fig.3 Weight loss of TYPE SlONb stainless steel after
24hrs immersed corrosion test in n i t r i c acid w i t h
various metal 1ic ions

Table 2 Influence of y-ray irradiation on rest
potential of platinum electrode in 4NHN03.

Dose Rate (C/kg)

2 . 5 8 X 1 0 2

2 . 5 8 X 1 0

2 . 5 8

Variation of Potential

great decrease

slight decrease

no change

67
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4-2.INFLUENCE OF FISSION PRODUCTS
Some m e t a l l i c ions accelerate the corrosion rate of

stainless steel and .suppress the corrosion rate of titanium
and its a l l o y [2] . Corrosion behavior of some roateiials
were tested electrochemical Iy in actual waste which contain
fission products without nuclide(Fig.S).

Titanium 5% tantalum alloy and zirconium m a i n t a i n a broad
passivation region around the corrosion potential, but the
corrosion potential of TYPE 3041 stainless steel locates on
the passsive/transpassive transition region. Immersed
corrosion tests supported electrochemical test results as
shown in Fig.6.

4-3.INFLUENCE OF PLUTONIUM
The redox potential of plutonium is quite high (Pu3'/Pu"*:

+0.97V vs NHE, Pu4*/Pu022*:+l.04 V vs NHE), therefore it is
expected that the corrosion rate of stainless steel is

accelerated by the pl u t o n i u m ion the same as other redox
systems l i k e Crs*/Cr3'. Fig.7 compares the anodic
polarisation curves of TYPE 304L stainless steel w i t h
various concentrations of p l u t o n i u m in n i t r i c acid at
the b o i l i n g point. In this case more than ca.10 g/l of
p l u t o n i u m concentration at a b o i l i n g point corrosion
potential exists on the transpassive region where severe
g r a i n boundary corrosion occurs. Results of immersed
corrosion tests were in accordance w i t h this resuIt(Fig.8).
Valve metals l i k e t i t a n i u m 5% tantalum a l l o y or zirconium
showed perfect corrosion resistance due to its broad
passivation region.

10

o
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>ï
| 0 1
CD
O

o 0 01

Ti-STa

500 1000 1500

Potential (mV vs SCE)

F ig .5 Po la r i za t i on curves in actual so lu t ion at b o i l i n g
point
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4-4. CORROSION BEHAVIOR OF MATERIALS IN DISSOLVED SOLUTION
Fig.9 shows the variation of the corrosion potential

under dissolving rea.ction. A beaker scale experiment was
performed using spent fuel from Joyo which is an
experimental fast breeder reactor. The dissolution ratio
was monitored by detecting krypton gas. The corrosion
potentials of each sanple at the end of dissolution are
quite higher than the potentials only in pure n i t r i c acid.
The acceleratlve effect on stainless steel would be supposed
by this result. Fig.10 shows the corrosion rate of some
materials obtained by inmersed corrosion tests at the
b o i l i n g point using FBR spent fuel. Stainless steel shows
quite high corrosion rate. On the other hand, valve metals
l i k e 2irconium, titamura or t i t a n i u m 5% tantalum al l o y show
good corrosion resistance.

Fig.7 Anodic polarization curves of TYPE 304L stainless
steel in various cone, of plutonium nitrate

O)CO
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5.CONCLUSIONS
Corrosion performance of materials used in reprocessing

plant equipment was discussed mainly focusing on radiation
and co-existing chemicals. In the case of material selection
for actual use, it is important to consider the corrosion
behavior of materials in actual conditions. Stainless steel
shows sufficient corrosion resistance under pi->cess
conditions when not exposed in highly oxidative states. At
more highly oxidative states, valve metals such as
zirconium, titanium or titantu« 5X tantalun alloy are more
r e l i a b l e to use than austenitic stainless steel. For actual
use it is important to evaluate the cost, workability,
w e l d a b i l i t y and other factors collectively in addition to
the corrosion performance.
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Abstract

Mixed carbide of uranium and plutonium has been chosen as
the fuel for the first core of Fast Breeder Test Reactor,
installed in the Indira Gandhi Centre for Atomic Research.
Reprocessing of this fuel is one of the vital steps to prove
the viability of the fuel cycle. The head end treatment
process introduces constraints in the reprocessing of
carbide fuel when compared to the commonly used mixed oxide
fuel. Three head end processes, namely direct oxidation,
pyrohydrolysis and direct dissolution in nitric acid with
oxidation of organic acids were considered for study for
exercising the choice. The paper briefly describes the three
processes. In each process probable material of construction
and related problems are discussed.

The direct dissolution method with conventional thermosyphon
dissolver and its limitations are discussed. Other
techniques to improve the dissolution as well as oxidation
of organic acids are discussed. Brief description of
corrosion studies relating to each step is highlighted. The
paper discusses merits of each of the processes based on
material considerations. The merits of direct dissolution
with oxidation of organic acids are described.



K) The Fast Breeder Test Reactor (FBTR) in the Indira Gandhi
Centre for Atomic Research uses mixed carbide fuel of
uranium and plutonium (30%UC-70%PuC) for the first time in
the world for its fuel core. Fast Reactor fuel cycle will be
closed only if reprocessing of this mixed carbide fuel is
done successfully. Once the head end step of getting the
fuel into the solution of nitric acid medium is achieved
further steps can be estabilished in the Purex process
developed already for mixed oxide fuels. For this the
conventional Purex process with necessary changes in the
head end step will be adopted. Head end process of the mixed
carbide fuel is different from that followed for the mixed
oxide fuel as the dissolution of the carbide in the nitric
acid produces soluble organics which will interfere in the
further processing steps like solvent extraction and
stripping. Hence the three head end processes, namely direct
oxidation, pyrohydrolysis and direct dissolution in nitric
acid with oxidation of organic acids are the candidate
processes considered. After a study of all the three
processes we have chosen the dissolution cum electrolysis
for oxidation of organics resulting from the dissolution of
carbide fuel for the reasons described below. For the three
processes the material of construction and related problems
are also discussed.

1. Pyrohydrolysis: In this process the mixed carbide fuel
is converted into oxide and the resulting product is
dissolved in nitric acid. For conversion of the mixed
carbide into oxide superheated steam at 1023'K is passed
over the mixed carbide fuel. The material of construction to
be used for this high temperature process is Inconel 600 or
AISI 310 SS because of the thermal cycling and hydrogen
embrittlement. Also the hydrogen evolved during the process
is hazardous and needs careful handling. Argon atmosphere
may be maintained to avoid this problem.The dispersion of
the powder all around fay the stream makes the process messy.

2. Pyrolytic oxidation: This involves conversion of mixed
carbide into oxide in the argon-0- or C0,-argon atmosphere
at 723'K. The oxide powder formed will be subsequently
dissolved in nitric acid. There will be loss of oxide powder
carried away into the offgas system as the product is free
flowing powder. Also the Pu rich oxide phase will be
difficult to dissolve. For this method Inconel 690 will be
the suitable material of construction.

In the two processes described so far seaprate equipment
for calcination and dissolution operations are required with
different materials of construction and an additional step
of transferring radioactive solid material from calciner to
the dissolver is involved. Also a seaprate super dlssolver
is necessary for dissolving the Pu rich solid phase
generated during pyrolytic oxidation and the insoluble
fission products using, HNO--+HF mixture.

3. Direct dissolution «1th simultaneous oxidation of
organics: In this method the chopped fuel pins are dropped
in a perforated basket and the basket is lowered in the hot
limb of the Electrolytic Dissolver (fig.l). The additional
operation of the transfer of oxide powder from the calciner
to the dissolver necessary in the other methods is avoided
here. When the carbides are dissolved in nitric acid about
45% of the carbide carbon is present in the dissolver
solution as oxalic acid, mellitic acid and unknown organics
which may probably be poly hydroxy carboxylic acids as
observed by infra red analysis and equivalent weight

2determination . Refluxing with nitric acid solution
containing soluble organics (45% of the carbide carbon)
decomposes gradually to about 10% in 28h whereas the Electro
Oxidative Dissolution Technique(EODT) developed by us
destroys the organics to 0.2% in 6h time.
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FIG. 1. Electrolytic dissolver.
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Corrosion studies under Electrolytic Dissolution Condtions:
Conventional thermosyphon dissolver (flg.l)with the
provision for insertion of the electrodes and the diaphragm
will serve the purposes of dissolving the carbide fuel as
well as destruction of the soluble organics generated during
the dissolution. A single equipment is sufficient for this
method whereas in the other two processes separate equipment
are required for calcination and dissolution. Since a highly
anodic environment is occurring in the EODT method, AISI
304L shows a very high corrosion rate in the transpassive
state. Hence, other structural materials such as Zircaloy-2,
Ti-5%Ta, Mr oxidised Ti at 873'K have been studied for
assessing the corrosioa rates ia concentrated aitric acid
containing 72 gpl uranium at different temperatures in an
electrolytic cell.

Experimental:
The corrosion studies under electrolytic conditions were
carried out in a simple cell(fig.2). It is a two compartment
cell in which the electrodes are separated by a procelain
diaphragm. Platinum gauze was used as anode and titanium
coil inside the procelain tube was used as cathode. This
experiment was done in a well ventilated fumehood so that
the oxides of nitrogen and C0„ produced were swept away. The
temperature of the solution was maintained by circulating
hot water from a thermostat through the jacket of the
electrolytic cell. Agitation of the solution was done using
magnetic stirrer. The specimens to be tested were suspended
on the hooks stemming out of a stout glass stand kept
immeresed in the solution.

Results and discussion:
The results are presented in Table 1. Here the Plus(+) sign
means increase in the weight of the specimen probably due to
oxide formation. We observed that the oxide is quite
adherent and not spalling off. Alloying titanium with 5%
tantalum improves the corrosion resistance of titanium. From
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T A B L E _ i

CORROSION DATA OF SAMPLES UNDER ELECTROLYTIC

DISSOLUTION CONDITIONS USING Pt ANODE

( UC CONCru 72 g U/l IN 15.89 M HNO3(CON.) )

No.

I.

II.

III.

IV.

V.

Temp./
°C

85
85
85

85
85
85

65
65
65

«5
65
65

90
90

Potential/
(V)

3.5
3.5
3.5

3.5
3.5
3.5

3.5
3.5
3.5

«.55
f.55
4.55

2.5
2.5

Current/
(A)

1-2

1-2

1-2

1

1

1

1
1
1

1

1

1

1

I

Time/
(h)

12
12

12

7.0
7.0
7.0

7.0
7.0
7.0

9.0
9.0
9.0

8.0
8.0

Specimen

Zircaloy-2
Ti-5% Ta
Pure titamum

Zircaloy-2
Ti-5% Ta
Pure titanium

Zircaloy-2
Ti-5% Ta
Pure titanium

Zircaloy-2
Tj-5% Ta
Pure titanium

Zircaloy-2
Ti-5% Ta

Corrosion
rate/

(mpy)

0.6
+0.9
+28.5

+5.5
1.5
5.0

+3.0
+ 1.5
5.0

1.5
1.3

+4.5

+ 18.0
+4.0

-he Table 1 the corrosion rate of Zircaloy-2 is from 0.6 to
IS.Ompy and for Ti-5%Ta alloy it varies from 0.9 to 4.0 mpy
depending upon the temperature. Pure titanium shows high
corrosion rates of 4.5 to 28.5 mpy. From these data it is
recommended Zircaloy-2 and Ti-5%Ta are more corrosion

resistant than pure titanium. It is observed that under
electrolytic dissolution conditions (UC 72 gpl,15.89M nitric

acid) AISI 304L SS shows corrosion rate of about 1500 mpy.
Thus pure titanium showing corrosion rates of 4.5 to 28.5
mpy is preferred to AISI SS 304L.
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Corrosion studies under Refluxing conditions:
Corrosion studies of the above mentioned materials were
carried out under refluxing conditions in the nitric acid
medium having UC concentration of 72 gpl.

Experimental:
The refluxing experiments were carried out in the vessel
shown in fig.3. Reflux condenser containing glass beads was
provided with cooling jacket to reflux back nitric acid
fumes. Heating was effected through a resistor coil encased
in a double walled quartz tube. The specimens to be tested
were suspended in the medium as mentioned in the
electrolytic cell.

Results and discussions:
The results are shown in the table 2. This indicates that
Zircaloy-2 shows corrosion rates of 2.0 to 16.0 mpy whereas
Ti-5%Ta alloy shows very high corrosion rates of 13.0 to
87.0 mpy and Ti air oxidised at 873"K shows lower corrosion
rate of 1.25 to 7.5 mpy depending upon the temperature.
From these data it is recommended that for refluxing of
carbide in cone.nitric acid Zircalloy-2 and air oxidised Ti
at 873'K are suitable candidate structural materials.

In the electrolytic dissolution, apart from the structural
materials the corrosion behaviour of electrode materials are
also to be taken into consideration. The titanium coil used
as cathode does not show any significant change. The
suitable anode material is platinum. In our laboratory study
pure platinum could be used however for the plant
applications use of pure platinum is too expensive. The
Mixed Oxide(Ru02+Ti02+Pt02) Coated Titanium Anode(MOCTA)
developed in our centre was substituted for the costly
platinum anode in our experiments. The MOCTA. was found
suitable for use as anode in the dissolver solution when

34- 4+cerium redox couple (Ce /Ce )was used as the intermediate.

Initially the anode was not working beyond 338"K. The
composition of the coating was modified so that it could
work up to boiling conditions in the nitric acid medium.
Results of the tests on the performance of the MOCTA in the
Uranium carbide(UC) solution and in the dissolution of

CLASS BEADS

CONDENSER

.HEATING ELEMENT
IN THE DOUBLE WALLED
QUARTZ TUBE

]>»——LID WITH
r i/.c JOINT

STIRRING BAR

GLASS STAND
WITH HOOKS.

FIG. 3. Refluxing system.
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CORROSION DATA OF SAMPLES UMHER RCFLUXING CONDITION

( UC CONCENTRATION: 72 K U/I IN 15.89M HNO?)

No.

I.

U.

III.

IV.

V.

Temperature/
°C

82

82

82

82

82

62

62

62

62

62

62

87

87

87

Time/
(h)

11.5

11.5

11.5

6

6

7

7

7

9

9

9

8

8

8

Specimen

Zircaloy-2

Ti - 5% Ta

Air oxidised Ti
(600°C)

Zircdloy-2

Air oxidised Ti
(600°C)

Zircaloy-2

Ti-5% Ta

Air oxidised Ti
(600°C)

Zircaloy-2

Ti - 5% Ta

Air oxidised Ti
(600"C)

Zircaloy-2
Ti-5% Ta

Air oxidised Ti
(600°C)

Corrosion

rate /(mpy)

+2.0

+87.0

+7.5

+3.5

+2.0

+4.75

+ 17.0

1.25

+5.0

+ 13.0

2.6

+ 16.0

+24.0

+2.5

chopped pieces of unirradiated mixed carbide fuel pin for
FBTR are given in Tables 3 and 4 respectively. Suitable
mixed oxide coating to be given on titanium for use as anode
in the dissolver solution when silver redox couple

+ 2+(Ag /Ag ) used is being developed.

Electroplated titanium with platinum of various thickness(3.
5 & 7.5micron) obtained from Central Electro Chemical
Research Institute, Karaikudi were tested in the
electrolytic cell containing 13N nitric acid with 0.1N AgNO,
and in the simulated dissolver solution (Table 5) containing
all the fission products, corrosion products and the
actinides. Here vanadium was substituted for Pu since their
standard electrode potentials are almost same(around 1.00V).

The Ft gauze was removed at 6h intervals from the test
solution,washed thoroughly, dried in air oven at 398"K and
placed in the dessiccator and weighed to constant weight.

T A B L E 3

Expanded Ti electrode coated with 4Û/6O RuO2 - Ti02 - Pt02
HNO3 12M Uranium=72 gm/l i t re

Electrolysis Time=lO hours

Temperature
(Deg C)

Current
(Amp)

Appl ied Voltage
(Volts)

60

70

80

90

10O

no

115

O.5
1 .0

0.5
l.O
1.5

O. 5
1.0
1.5

O. 5
1.0
1.5

O. 5
1.0
1.5

O. 5
l .O
1.5

O.5
1.5

2.O
3.O
4.3

3.5
4.5

2.25
3.0
4.5

2.0
3.0
4.5

2.0
3.0
4.5

2.0
3.5
5.0

2. O
5.0



T A B L E 4

Volume of anolyte = 500 ml of 13N HN03 with 0 . I M Ce

Volume of catholyte= SCO ml of 13N HN03

Concentration of Plutonium= 35 gpl

Concentration of Uranium= 15 gpl

TimeHrs.

1605
16241S3O185O
210O
1 1 3d
1205140O
143O
1500
16OO
1B15
2O3O
1200
1223
140O
17451VOO
2O30
1130
1455153O

Electrolysis Solution TemperatureVolt ftmp Deg C

3.00
3.OO3.005. OO

1.0
l.O1.02.O

35
117
1 12
116Electrolysis Stopped.*

5. OO
5.OO5.OO5.50
5.50
5.50

2.O
2.O
2.O
2.O
2.O
2.O

Electrolysis Stopped.*
5.50
5.5O
5.50
5.50

2.O
2.0
2.0
2.O

30
110
116
115
114
114
115

60
116
116
116
116Electrolysis Stopped.*

5.50
5.5O

2.O
2.0Electrolysis Stopped.*

30
116

* With a view to check the performance of the anode even
in cases of interruption of electrolysis.

Total number of hours the electrode was tested in the
dissolver solution is 26.5 hours

The electrode is of one sq.in. size expanded form of
titanium. The weight losses observed when tested in the
electrolyte(13N HNO,+0.1N AgN03> as shown in the Table 6.
The wight losses in this case is very low.

T A B L E - 5
C O N C E N T R A T I O N O F C H E M I C A L

S P E C I E S E X P E C T E D T O B E P R E S E N T
I N T H E D I S S O L V E R S O L U T I O N O F

F B T R F U E L , A N D T H E I B
R E D O X P O T E N T I A L S

SI- Element Concentration Redox potentials
No.

1.

2.

3-
4.

5-
6.

7-

1.
2.
3-

Note:
(1)

in
Dissolver Redox Series
solution
(gm/1)

U 22 785 U02/U022+
11+ 2+U /U0_

Pu 50.185 PuO / PuO *
Pu3' / Pu41

Ce 0.978 Ce3* / Ce4+
I 0.0219 I~ / I0~

I_/IO,~
Pd 0.389 Pd/Pd2+

Ru 0.837 RuO / RuOy
RuOjj / HRuO-

Ag 0.1m
Ions
dissolved

by
corrosion

Fe 0.1671) Fe24VFe3+

Ni 0.062 Ni/Ni +
Cr 0.620 Cr / HCrO„
HNO 13M 3H++NO" + 3e

HN02 + H2

The E° value for plutonium redox
close to that of vanadium. Hence,

E° (V)

0.221
0.333
1.095
0.967
1.610
1.085
1 178
0.987

1.533
1 660
—

0.771
-0.250
1-350
0.934

,0

couple are very
vanadium nitrate

is used instead of plutonium Similarly Americium

(2)
(3)

is substituted with cerium
150 days cooled FBTR fuel of burn-up 100,000 MWd/1
Radioactive Isotopes are replaced by the in-active
forms.
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T A B L E - 6

CORROSION RATES OF THE PLATINUM ELECTROPLATED
ON TITANIUM ANODE

Conditions: 13m nitric acid, 0.1m silver- nitrate, two
coropartmental cell, boiling point, 0.5 Amp. and 2 volts

si. Time after
No. . start of

Electrolysis

1.
2.
3-
4.
5.
6.
7.
8.

h

0
7
10
16
21
24
30
37

Weight of
the

platinum
plated anode

g-

3.69143
3.6901)1
3-69131
3.69132
3.69045
3-69022
3-69027
3-69018

Change in weight
of the anode

»g.

—
1.02
+0.9
+0.01
0.87
0.23
+0.05
0.09

Note:
(1) The plus sign indicates increase in the weight

of the anode, probably due to oxidation of titanium
exposed to the electrolyte.

(2) Since anode is 1" x 1" expanded metal form, current
density and corrosion rate in mpy could not be
given_Changes in weight are very low.

The weight losses observed in the simulated dissolver
solution are given in Table 7. Significant weight losses
were observed as compared to the other electrolyte. Further
testing of the electrodes for its service life and
polarisation studies employing constant current were carried
out . The block diagram of the instrument used in the

T A B L E 7

CORROSION RATES OF THE PLATINUM ELECTROPLATED ON

T I T A N I U H ANODE

CONDITIONS» 13 M Ni t r ic Acid, O.l M Sliver Nitrate,
Simulated Fission Products, Two Compartmental Cell, Boi l ing
Point, 0.5 Amp. and 2 Volt.

SI.
No.

1.
2.
3.
4.

Time after start
of theElectrolysis(t)

O
1
7
15

Weight of thePlatinum plated
(g)

4.329O6
4.325BO
4.32151
4.36273

Change in theWeight
(mg)

——
3.26
4.29

+41.22

\i> The t i tanium expanded metal immersed in the
electrolyte turned black. Some material might have plated on
that.

polarisation studies are given in fig 4. The results of the
polarisation curves are shown in fig 5. The electrode
potential rise was observed after 7h in the nitric acid
medium containingonly 0.10M silver nitrate. When the current

was increased to 2.0amps. the electrode potential has
increased after 4.5h. On repeating the rise was observed
after 3.75h at the same current(2.0 amps.). In the simulated
dessolver solution the electrode potential has increased

after 10.5h of electrolysis. This result is not shown in the
fig.5. The platinum electroplated titanium electrodes are

2+still generating Ag ions in the nitric acid medium and

simulated dissolver solution after 37h and 15h respectively.
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Conclusions

1. Zircaloy-2 and Ti-5%Ta are the suitable materials of
construction for the electrolytic dissolver to be used in
the head end step employing the direct dissolution with
simultaneous oxidation of organics.

2. Zircaloy-2 and titanium air oxidised at 873'K show very
good corrosion resistance to the refluxing conditions
occurring in the destruction of organics generated during
the dissolution of mixed carbide.

3. Platinum anode used in the EODT technique for the
dissolution of mixed carbide fuel can be substituted with
MOCTA or electroplated titanium with platinum.
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EXPERIENCE IN THE INTERIM DRY STORAGE OF
MAGNOX FUEL ELEMENTS IN THE EUREX PLANT

G. ALONZO, A. HALL, F. POZZI, M. RASPOLLINI
EUREX Plant,
ENEA,
Saluggia, Italy

Abstract

Scope of the present report is to describe the storage
pool of the EUREX reprocessing pilot plant, the problems that
arose twenty years ago regarding the storage of six tonnes of
MAGNOX fuel elements from the LATINA power plant and the
reasons the EUREX management chose to store the fuel dry in
the EUEEX pool.

The report also describes the storage system realized,
the surveillance and monitoring adopted to control the status
of the storage system itself, the problems experienced during
the storage period and the their solutions, the estimate of
the stored fuel status, the development and realization of
the equipment and systems needed to transfer the fuel
elements from the storage system to the transport flask for
Sellafield, the experience gained in these transfer
operations, and the results of the inspection of the dry
stored fuel.

Finally, consideration is payed to design improvements
to the storage system, to the economic implications of the
whole storage experience and to further possible
applications.

1 . DESCRIPTION OF THE EUREX PLANT AND BELATED STORAGE
POOL

EUREX is located in Saluggia, Northen Italy, and is the
Italian pilot plant for reprocessing irradiated fuel
elements.

The plant consists mainly of a multipurpose head end, of
tuo liguid-1iquid extraction cycles and of a simple
concentration tail end; the storage pool, the solvent
recovery system, the uaste tank farm and the utilities are
other important parts of it.
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The storage pool consists of 3 interconnected basins-
tuo of thera (5,57 m deep) are for the actual storage of fuel
elements, the third one (7,57 m deep) is used for the
handling and loading of the transport flasks (Fig. 1); its
total volume amounts to 700 m3 .

The pool is located in building 100 of the EUREX plant
and is provided with an area for loading/unloading the flask
carrier, and with the relevant auxiliary systems of a storage
pool as water supply, pool water purification, ventilation,
electrical pouer, radiological monitoring, flask handling
(bridge-crane), etc.

It is worth remembering that the storage pool has been
recently equipped with a neu uater purification system of
improved design and capacity, named SIDAP.

Moreover, for the TRALAT Project (see Par. 5), the
storage pool has been provided with a number of facilities
and equipment.

Since the commissioning of the EUREX pool in 1965, HTR
and pouer reactor irradiated fuel elements have been stored
in it.

2. STORAGE OF THE LATINA FUEL

2.1 Introduction
During 1969 some 504 spent fuel elements of the HAGNOX

type from the LATINA power station had to be stored at the
EUREX plant.

The EUREX staff decided to realize for the LATINA fuel a
sort of dry storage at the bottom of the cool, in order to
minimize the corrosion of Magnox fuel and avoid the cross
corrosion with the Aluminiun clad of the previously stored
HTR fuel.

At that time it was generally accepted that the
reprocessing of the LATINA fuel would take place in not more
than 4 or 5 years: for this reason a simple and cheap system
had to be the answer to this storage problem.

To this purpose the LATINA fuel elements were put, 10
per container, in 51 containers from which water could
subsequently be removed.

2.2 The storage container and its loading
The LATINA storage container is a vertical cylinder with

reinforced bottom and flanged top (see Fig. 2) that can hold
up to a maximum of 10 fuel elements; it is sealed by means of

a bolted lid; the lid is fitted with two dip tubes at whose
outer ends (nozzles) are firmely at\d tightly inserted two PVC
hoses.

The container is made of carbon steel internally plated
with polythene; the lid and the dip tubes are in stainless
steel and the internals for positioning the fuel elements are
in MOPLEN (isotactic polythene)

The containers - after their loading uith the spent fuel
j.n the working basin (Fig. 1) and the fastening of the lid -
were emptied of water and flushed with dry air through the
hoses.

As final result of this procedure the fuel in the
containers was kept blanketed in air at a pressure a little
higher than that of the water column above the lid (to avoid
water entering the containers).

2.3 Storage arrangement of containers
In the storage basin the 51 LATINA containers were

arranged in nine groups, each including 6 containers, labeled
from "S" to "21" (the first group only included 3
containers).

Each group of six LATINA containers was linked (vented)
to a first manifold by means of the (-) PVC hose of each
container in the group; the (+) hoses of the same group were
connected to a second manifold (see Fig. 3); so that there
were 9 manifolds of the first type and 9 of the second type.

Each valve on the (-) hoses is kept open during storage
so that through the relevant manifold the pressure inside the
containers of a group may be measured and the gas sampled for
Kr85, or the containers may be connected to the ventilation.

Each valve on the (*) hoses is kept closed, through the
relevant manifold and by opening the valves, if necessary,
pressure may be restored or the inside of the containers
swept by fresh gas.

By opening or closing these valves it is possible to
include or to exclude one or more containers from the
operation under way (measuring, sweeping and so on), by such
means in 1976 the blanketing gas (air) was replaced by
nitrogen in all the 51 containers (see also Par. 3.1)

2.4 Surveillance and monitoring
At the very beginning surveillance was kept at a minimum

consisting in a weekly inspection to control the visual
status of containers and hoses and to verify the pressure
level of the air inside them
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Fig. 1 Layout of the EUREX storage pool
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Fig 2 Dimensional sketch of the LATINA storage container



00 A year later - when the apparatus and procedure for
•^ measuring the Kr85 concentration in the container atmosphere

became ready - a monitoring programmme was started on a
montly basis for kripton and on a weekly basis for pressure,
and records of both data were kept.

Since November 1979 - i.e. after the first leakage (see
also paragraph 3) - the pressure monitoring was carried out
on a daily basis.

It is worth mentioning that an indirect monitoring of
the storage pool aas already taking place at the time of
arrival of the LATINA fuel: in fact the pool water was being
monitored monthly by means of gamma soectrometry and the
ambient air of the pool too on a daily basis by means of
gross alpha and gross beta/gamma counting

2.5 Non systematic measurements
Other measurements have occasionally been done to assess

the status of the stored fuel.
These were mainly

8 concentration of H2 in each group, during 1975;
9 concentration of Kr85 in each container, during 1983; ft
level of residual water inside each container, at same date.

Last, some significant measurements have been done on
the occasion of flooding of certain containers (see next
paragraph), mainly the concentration of CS134/137 in the
flooding water and also the pH, the U, Pu, Hg concentration,
and so forth.

3. STORAGE EVOLUTION (EXPERIENCE)

3.1 Replacement of the gas blanket
In 1975 - following the slow but continuous increase of

the kripton concentration in two or three groups of LATINA
containers and the assessment of hydrogen in the blanketing
air - it was decided to employ dry nitrogen as inert
atmosphere inside all the containers.

As a consequence of this replacement the increase of
kripton concentration in the gaseous blanket was strongly
reduced.

3.2 Loss of containment and its restoration
3.2.1 Since 1979 - i.e. 10 years after the beginning

of storage - 11 losses of containment have occurred and in

some cases the actions adopted in order to restore tightness
have modified the original arrangement described in Par 2.

Loss of containment has always been detected at an early
stage by the pool water monitoring; only after weeks, or even
months, it was possible to detect the defective group through
the pressure monitoring and finally to discover the container
by noticing a bubble stream from it when repressurizing the
group.

Based on visual inspection the losses can be divided
into two categories'
a> loss from the (+) hose, specially near the nozzle,
b> loss from the lid-flange gasket or near a bolt,
the former having taken place in 8 containers («50, »38, 849,
»40, »18, »43, »8, 811 and »15) and having been the first to
occur, the latter having been present in 3 cases (»40, »2 and
»6) and only since 1984

3.2.2 As seen above, loss of containment of the first
type has occured more frequently; the blame may be put on the
hardening of the PVC hose connected to the (*) dip tube.

Very probably contamination of the inner wall of the t *)
hose occurred at the time of arrival of the LATINA fuel when
emptying the storage containers of their water; the
consequent irradiation has played a decisive role in the hose
hardening because - at the moment - no (-) PVC hose (in which
no radioactive water flowed) has broken.

The sequence of operations adopted for the restoration
of tightness in the aforesaid containers has evolved
(simplified) with the experience acquired, nevertheless it
consists of two or more of the following steps-
a - flooding the container with démineraiised water, via the

(+) dip tube (not applied further after the first few
interventions)

b - hose(s) disconnection ana suostitution
c - sampling of the water content (if any)
d - emptying the container into the pool or a plant tank (as

above)
e - residual water level measurement (as above)
f - connection of (-) hose to the group or to an individual

manifold
Only in case of the first defective container (» 50),

after step b, it uas decided to put it inside a larger one,
specially designed.

3.2.3 Loss of containment of the second type may be
due to lid bolts working loose because of bolt corrosion
and/or of lid gasket hardening.



Due to this, bolt tightening has never been tried and
the restoration of containment has been obtained through the
following intervention step,
a - disconnection of container (-) dip tube from the group

manifold and connection to an individual one
b - reduction of the blanketing gas pressure down to water

head or at least to the complete disappearance of bubble
loss (4 8 -5 m of water head)

c - inner pressure continuous monitoring (control, recording
and alarm)

4 . EVALUATION OF THE FUEL CONDITION

4.1 Assumptions
Based on the monitoring data and on the geometry of the

containers and sampling system cfor monitoring), a rough
estimate of the corrosion of the stored fuel was undertaken.

The main assumption for the estimate uas a uniform
distribution of Kr85 (and of other F.P.s) inside the uranium
matrix of the irradiated fuel element - which is a
sufficiently true hypothesis in case of Hagnox reactors. If
this is the case, any disgregation of the uranium matrix
liberates a strictly related amount of Kr85 tand of other
F.P.s) .

Due to the leak-tightness of the storage containers, the
tuo only causes for the changing of the Kr85 concentration
during the interval between two samplings were the U matrix
corrosion and the Kr85 decay.

00Ol

4.2 Corrosion assessment from monitoring data
4.2.1 Figure 4 gives a representation of the behaviour

of Kr85 at the sampling time and during the interval between
tuo successive sampling operations; by these correlations it
is possible to quantify the amount of Kr85 due to corrosion,
if any

A time dependent conversion factor - derived uitn the
help of a run of the ORIGEN code with the relevant
irradiation data for the LATINA fuel - transforms this amount
of Kr85 in the related amount of corroded uranium

Finally, summing up the amount of corroded uranium all
over the intervals since the very beginning of the storage
period gives a quantified estimate of the total corroded
uranium per each group of six containers

4.2.2 A further time dependent conversion factor
similar to the one in Par 4.2.1 - gives the amount of Csl37
associated to the corroded uranium.

A" A'fti*i

- A

SAMPLING i SAMPLING i+l

art

A

A*°
I

A

Aa°c =
corr

A

Kr85 activity in a group of containers before sampling

Kr85 activity sampled out from the group

Kr85 activity in the group after sampling

Kr85 activity decay in the interval between successive samplings
Kr85 activity formed due to corrosion between samplings

Fig 4 Conceptual representation of the Kr85 behaviour

For the sake of simplicity and due to the very high
mobility of the caesium nuclide, it is assumed that all of
the free caesium inside a container is solubilized by water
as soon as flooding takes place.
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4.2.3 The amount of uranium and caesium produced -

according to the estimate for groups of 6 containers - has
been proportionally partitioned among every container of the
same group on the basis of the amount of Kr85 measured
for every container in 1983 (Par 2.5).

As a consequence of this approximation, the estimated
reliability of the degree of corrosion per single container
is rouch louer than that estimated for every group.

4.3 Estimate of the exposed surface
4.3.1 Appraisal of the corrosion state has been done

for the "safety report" on the basis of the £X.EOS.ed surfac_e.
The main assumption for this further estimate was a

constant specific corrosion rate of uranium in water or steam
of 10 mg/d/dm2 (at 25°C) to compare with the actual corrosion
rate of a container, found out averaging the values for the
container itself referred to the last storage year (ten to
twelve values are the basis for the average).

The ratio of corroded uranium per container to the
corrosion rate at 25°C gives the exposed surface of the fuel
in the single container and is reported in Tab. 1 as a
percentage of the bare element surface.

Some values of the exposed surface are larger than 100'/.,
thus showing the possible presence of a deep sponge corrosion
of the uranium matrix, what seems to be confirmed by actual
observations (see Par. 7.1).

That estimate is conservative -from the point of view of
the safety analysis -because the specific corrosion rate is
fairly constant at temperatures lower than 25°C ana slowly
increases at higher temperatures (35 mg/d/dm2 at 55°C)

Due to this further approximation, the estimate of the
exposed surfaces is less accurate than that of the corroded
uranium.

4.3.2 It is worth remembering that all the evaluation
efforts were aimed at better understanding the past behaviour
of the fuel in the storage containers and at safely
predicting its real behaviour during the handling operations:
for this reason conservative choices have been made whenever
there were any uncertainties.
5 . TRANSFER TO SELLAFIELD

5.1 The TRALAT project
In 198-4, after 15 years of storage, it was decided not

to reprocess the fuel at the EUREX plant and to transfer it
to the BNFL plant at Sellafield, UK.

Table 1

Estimated exposed surface of the LATINA containers

gruppo

Z1

Z

Y

cont.

1
2
3
4
5
6

7
8
9
1 0
1 1
1 2

13
1 4
1 5
1 6
1 7
1 8

exposed
surface

10,68
53,08
5,17
8,72
1 ,78
2,81

0,37
0,42
1 ,39
0,61
0,11
0,43

6,33
2,16
1,43
0,85
4,7
0,7

gruppo cont

X 1 9
20
21
22
23
24

W 25
26
27
28
29
30

V 31
32
33
34
35
36

exposed
surface

5,51
6,51
2,01
0,12
0,36
2,01

7,71
7,15
8,37

156,62
9,36
9,33

10,97
0,8
0,96

13,11
2,35
7,95

gruppo cont

U 37
38
39
40
41
42

T 43
44
45
46
47
48

S 49
50
51

exposed
surface

10,34
145,57
14,84
8,74

10,95
122,48

30,83
4,64
7,84

57,95
8,69

41,27

124,96
128,95
81,93

NB - the exposed surface is re/erred to the surface of the bare fuel element

For the transfer of the fuel EUREX Division of the Fuel
Cycle Department of ENEA, responsible for the management of
the EUREX plant, set up the TRALAT (TRAnsfer of LATina fuel
elements) Project with the following two main objectives:

the design and construction of the facilities and
equipment necessary to handle the LATINA fuel,
the handling of the LATINA fuel and the loading of the
same in the transport flask, first step for the shipment
of the fuel to Sellafield
The first objective has been carried out entirely; all

the necessary equipment and facilities have been installed
and EUREX's personnel has been trained for their operation.
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The transfer of the fuel to Sellafield is now underway
and 3 flasks of the & envisaged for the whole operation have
been shipped: the first shipment took place in October-
November 1988; the last one is currently expected to be
carried out before December 1990

5.2 The TRALAT activities at shipment
5.2.1 The TRALAT activities at flask shipment ( 90

LATINA fuel elements each) may be separeted in two parts,
both including a set of homogeneous operations:
8 handling of the fuel since removal from the storage area

up to the transfer into the flask's basket (skip) and
related operations,

S handling of the flask including its loading with the
skip full of fuel and related operations.
5.2.2 For the phase handling of the fuel the following

operations are done (see also Fig. 5):
a> the sliding equipped basin (S.E.B.) is moved to position

1 , the skip positioned in it and SIDAP is turned to treat
the water of the working basin (U.S.) and, mainly, that of
the S.E.B.; all this step is terminated by the transfer of
9 LATINA storage containers to the U.S.;

b> the containers, one at a time, are moved to the S.E.B.,
are then flooded by démineraiized water, ventilated,
sampled and, if necessary, flushed via connection with the
hoses to the SaG (interconnecting glove box);

c> when the container in the S.E.B. is full of fresh water
(practically not contaminated), its lid is removed and the
fuel elements are carried one by one into the skip;

d> after the translation of the fuel elements, solid waste
from foregoing operations are put in the auxiliary
container, the empty storage container is closed with the
lid and taken away from S.E.B. in order to start a further
fuel translation cycle with the next LATINA container

During the fuel handling phase the containers positioned
in the U.B. are opened according to an. extimated rising
degree of deterioration and all the operations are monitored
and recorded by means of an underwater closed circuit TV
system.

5.2.3 For the phase handling of the flask the
following operations are done (see also Fig. 6):
e> the S.E.B. is moved to position 2 and SIDAP is set to work

on equalizing the contamination levels inside and outside
the S.E.B. ;

f> the flask is taken away from the carrier, unbolted inside
the tilting decontamination station (D.D.S.) and cleared
from the lid; finally it is lowered at the bottom of the
U.B. by means of the bridge-crane assisted by the
telescopic safety holding device (S.H.D.);

g> the skip, with the 90 LATINA fuel elements, is loaded into
the flask, the flask is closed and preliminary
decontaminated just above the pool water level;

h> the flask - after the tightening of the lid's bolts, the
doping of the transport water and the external
decontamination done inside the D.D.S. - is radiologically
controlled and then tied down on the carrier.

After radiological controls on the carrier the flask is
ready to start on its journey.

6. INSPECTION AND OTHER MEASUREMENTS DURING FLASK LOADING
ACTIVITIES

6. 1 Followup of the shipment activities
Mainly to follow up the carrying out of the TRALAT

shipment activities - with special care for the opening of
every storage container - but also to have an indirect
assessment of the actual status of corrosion of the stored
fuel, the following monitoring programme was set up:
* daily sampling of water in the storage basins, in the

U.B. and in the S.E.B. for Cs137 analysis;
* sampling of the water in the LATINA container when

flooded and before its opening, always for Cs13,7;
* controlling and recording of the SIDAP operating

parameters ;
* continuous monitoring of the contact exposition rate of

the shielded cationic resin cartridge of SIDAP;
* hourly measurement of the exposition rate over the water

surface in the S.E.B., in case of high contamination;
* sampling and level recording of the content in the catch

tank collecting the water flushed out through the
containers, in case of high internal contamination.
After flask departure and when the whole amount of

activity released into the S.E.B. and U.B. have been captured
by SIDAP, the cation bed cartridge is mapped for exposition
rate .

No mention is here made of the radiological monitoring
programme applied during TRALAT activities

6.2 Inspections
It was also decided to keep qualitative records of the

status of external and internal surfaces of containers, of
bolts, of internals and of every single fuel element by
direct visual inspection.

In the case of the fuel elements it was further possible
to keep full record, scanning them by means of the underwater
TV camera set.
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COo At the end of the wnole TRALAT campaign it is foreseen
to haue a thorougn examination of every part of containers,
not excludind destructive assays

6.3 Corrosion assessment (by visual inspection of the
fuel elements and by Cs137 activity balance)

6.3.1 Based upon the experience of the BNFL
researchers and technical responsibles for fuel handling, the
following scale has been adopted in order to represent the
degree of corrosion:

exp surf.
0

" 0
< 5
< 1 5
< 5 0
1 00

("10)
("1 0)
( "1 0 )
( " 2 5 )

( "100)
(1 00)

description
0 zero corrosion
L light clad corrosion
M clad corrosion, some small holes in clad
S severe corrosion, holes in clad
V very severe, limited loss of clad
B bare fuel element

For the sake of simplicity the EUREX plant has adopted
the values in parenthesis in describing the corrosion state
of each single fuel element; the preliminary assessment of
their corrosion state is done by the operators when moving
them to the skip.

These values are revieued by means of the records of the
underwater TV camera and finally assessed and registered by
the plant staff before the flask departure.

Last column of Tab. 3 reports the actual exposed surface
of the opened containers as average over the assessed values
of each element originally stored in it.

6.3.2 An estimate of the activity released by each
container into the S.E.B. and the U.S. is obtained
integrating the time-dependent profile of Cs137 concentration
and taking into consideration the influence of SIDAP on water
activity

The order of magnitude of this estimate is indirectly
controlled against the activity fixed in the SIDAP cartridge
what in turn is appraised from the mapped data of the
exposition rate.

If it is the case, even the contribution of the activity
flushed out from the container is considered.

The Cs137 activity evaluated in such a way is reported
in Tab. 2 with reference to each shipment and is compared in
Tab. 3 to the amount of each container estimated from the
storage data (Par. 4).

7. RESULTS OF THE PERFORMANCES AND RELEVANT DISCUSSION

7.1 Performance of the storage
According to EUREX's evaluation (see Tab 1) 12 out of

the total of 51 containers had an exposed surface greater
than IT/., at the end of a storage period 19 years long;
moreover 9 of them were among the last 15 containers (i e.
among the fuel elements arrived the last)

Nowaday, after the shipment of the fuel elements from 25
containers ("50% of the total) a first balance of the storage
experience can be drawn by examining the data gathered in
Tab. 3.

Keeping in mind what is mentioned in Par. 4.2, Par. 4.3
and Par. 6.3 and based upon the observations made by means of
inspection it can be said that:
- the qualitative assessment by direct inspection of the

exposed surface in a container often appears to be heavily
influenced by the aspect of the worst element,

- the activity found (in flooding, eventually flushing and
opening the storage containers) is louer or much louer than
expected except in 3 out of 25 cases; this seeras to confirm
the conservativeness of the estimates;

- the expected activity, even if it is larger o much larger
than that found, is approximately proportional to the
found activity;

- the very severe corrosion is normally found at the louer
part of the stored element; this is particularly true when
residual water was still present in the container;

- the severe or very severe corrosion is also apparent when
fuel elements had been badly desplittered; in fact
mechanical separation of the splitters, if not correctly
done, damages the clad of the fuel elements and induces
corrosion of the uranium metal beneath it; on the contrary,
the uell preserved elements were all correctly
desplittered;

- the handling of the elements heavily corroded releases a
cloud of black fines and sharply increases the uater
contamination; there is evidence of sponge corrosion;

- the apparent absence of any macroscopic effect of
irradiation on the container internals made of plastic
materials has no exception up to now.

7.2 Performance of the shipment operations
7.2.1 The crew which is responsible for of each TRALAT

shipment operation is composed of 9 persons, including the
Supervisor, the submersed TV camera operator and the 2 health
physicists; the work of the creu is assisted and supported by
the other plant Services for maintenance, analyses, data
processing, etc.



Table 2

Sortie significant shipment data

shipment date of no. of no. of
shipment containers fuel

from EUREX involved elements

5-d ic-88 8 80

18-ap r -89 9 90

7-g iu-89 8 80

duration of ac t i v i t y
operations at the released

EUREX plant a s C s 1 3 7
working days GBq (Ci)

40

30

32

' 1000 27,00

989 26,70

65 1,70

including 3 days for the cleaning of the operating area
2 partially filled storage containers

It is interesting to note that shipments' schedule has
been mantained even in the case of the first shipment unen
alternate dates had been foreseen, thus demonstrating that
sufficient flexibility had been built into the Project to
face and solve the problems normally encoutered in these
activities.

7.2.2 Tables 2 and 3 give the most significant data
referring to the first 3 shipments from EUREX olant and show
the amount of activity dealt with each time.

The Key to the satisfactory performance of the TRALAT
Project has been up to nou - apart from the the skill and
hard uork of all the persons involved - the double
confinement criterion adopted for opening the fuel storage
containers (see Fig. 5) and the great overcapacity of SIDAP.

Table 3
RECORD OF THE FUEL CONDITION AT DEPARTURE

(after 19 years of storage)

exp. surfaceshipro.

I

II

III

cont .
no .

24
6

1 7
47
30
36
46
29

35
33
39
40
34
41
23
48
42

1 1
12
1 8
44
22
45
27
51

activity
F (mCl)

1
100
40
9
0,07

8.000
30.000

20

50
3
9

600
1 .000

6
20

2.000
200

1 0
6
2
40
2
4
0,8

50. 000

as Cs137
E/F

4 . 000
30

200
500

200.000
1
0 , 7

800

80
500
300

5
20

350
40
1 0

1 00

40
300
1 50
40
90

900
5. 000

0 , 3

L
L
L
L
L
H
S
L

0
L
L

L-M
V
L
L
S
H

L
L
L
M
0
L
0
S

10
10
10
10
10
10
32 ,
1 0

10
10
10
10
1 1
10
10
10
10

10
10
1 0
10
1 0
1 0
10
48

Notes

only 6 el.

- F stands for "found" in container when flooded and opened,
- E stands for "expected",
- exposed surfaces are assessed by visual inspection (see

also par. 6)



CO(U 7.3 Discussion
A certain number of assessment may nou be made:

a> this way of storing fuel elements of the Magnox type seems
actually feasible and effective on the basis of the
observed exposed surfaces,

b> a better choice of construction materials for the
container and hoses uould improve at least one order of
magnitude the containment performance;

c> a geometrically improved design of the container uould
certainly get rid of the residual uater in a more reliable
way and could receive a larger number of fuel elements in
a more compact array;

d> a storage pool expressly designed and equipped uould
simplify operations and drastically reduce the manpower
required

EUREX's management and staff are confident that the
THALAT campaign uill be concluded on schedule, and that the
performances obtained up to nou uill be confirmed in the
future.

They also believe that the end of the TRALAT campaign
uill probably give further support to the results and
suggestions found up to nou.

CORROSION STUDIES ON CLAD/WRAPPER MATERIALS
FOR FUEL SUBASSEMBLIES OF A PROTOTYPE
FAST BREEDER REACTOR IN SIMULATED
INTERIM WET STORAGE CONDITIONS

J.B. GNANAMOORTHY, R.K. DAYAL,
H.S. KHATAK, U. KAMACHI MUDALI
Indira Gandhi Centre for Atomic Research,
Kalpakkam, Tamil Nadu,
India

Abstract

In the proposed Prototype Fast Breeder Reactor (PFBR) at Kal-

pakkam, it is planned to store the irradiated core-subassemblies in

a water pool for an interim period before they are sent for post-irradia-

tion examination (PIE) or fuel reprocessing. Depending upon the sche-

dules for PIE or reprocessing, these subassemblies will be required

to be stored for a prolonged period, possibly extending beyond one

year. Therefore, the compatibility of the subassembly structural mate-

rials with respect to pitting, crevice corrosion and stress corrosion

cracking has to be taken into account to avoid loss of integrity of

the subassemblies and the fuel pins therein. The structural materials

of the proposed PFBR subassemblies will be made of a Ti-modified

stainless steel (ss), type 316LN and type 316 ss (with 20% cold work).

Laboratory corrosion studies on these materials in different heat

treatment conditions were carried out in DM water at 328K. The

specimens were also tested after sodium exposure. Using C-ring speci-

mens and precracked WOL specimens of sensitized 316 ss, the suscepti-

bility to stress corrosion was evaluated in the same medium. Details

of the results of these tests and the future experiments planned are

discussed in this paper.
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INTRODUCTION
The first liquid metal cooled fast breeder reactor

in India, called the Fast Breeder Test Reactor (FBTR)
which is designed to produce 40 MW thermal power and 13
MW electrical power, was made critical in October 1985,
with a limited core. As a follow-up to this test
reactor, a 500 MWe Prototype Fast Breeder Reactor
(PFBR) is proposed to be constructed by the turn of
the century. Detailed design of PFBR has been completed
and the project report is nearly ready.

The Prototype Fast Breeder Reactor will be a pool
type sodium cooled reactor. The minimum temperature of
the sodium in the primary pool during normal operation
is expected to be about 650K, while the mean above-core
temperature will be about 800K. The fluence level is

23 2expected to be around 2 x 10 n/cm . Ti-modified
stainless steel, similar to 09 alloy (ASTM A711), has
been chosen as the material for the hexagonal wrapper
and the cladding in the fuel subassemblies of PFBR.
This choice is based on the material's better
resistance to irradiation swelling and higher creep
strength compared to the cold worked type 316 stainless
steel. Some of the subassemblies will be made from type
316 ss with 20% cold work, with the alloy composition
the same as that used for FBTR. The feet and heads of
the PFBR subassemblies will be made of type 316LN
stainless steel.

The designers of PFBR have proposed to store the
non-leaking irradiated core subassemblies in a water
pool after cleaning the adherent sodium with a jet of
argon or nitrogen containing water mist. Depending on
the schedules for post-irradiation examiation or fuel
reprocessing, these subassemblies will be required to
be stored for durations ranging from 5 years to 10
years. The decay heat from the gamma activity of the
irradiated subassemblies, after a residence time of
about 2 years in the core and a cooling time of 6
months of internal storage, is expected to raise the
temperature of the pool water from about ambient (303K)
to about 328K. It is very important that the structural
materials of the subassemblies have adequate corrosion
resistance so that there is no loss of integrity of the
subassemblies and the fuel pins because of pitting,
crevice corrosion or stress corrosion cracking. This
paper reports the results of the investigations
conducted so far on the corrosion of the three
structural materials with different heat treatments, in
water at 328K.

EXPERIMENTAL
Materials tested

The nominal chemical compositions of the Ti-
modified stainless steel, modified type 316 s.s. and
type 316LN s.S. are shown in Table 1. The heat



CD treatment conditions in which these materials were-P».
tested are given in Table 2.

Test conditions
oRectangular specimens (with about 40 to 70 cm of

total area) of the three materials in the different
heat treatment conditions were exposed to demineralized
water maintained at 328 jf 1K for a total period of
about 100 days. At intervals of about 30 days the
samples were removed from the water bath and the
changes in weight were recorded.

For assessing the stress corrosion susceptibility
of the materials, modified type 316 s.s. samples
sensitized at 923K/20h were taken as a representative
of the most susceptible material. Compact-tension (CT)

specimens (fig 1) of the sensitized 316 ss. were
precracked and wedges were introduced into the openings
of these specimens, such that the following stress
levels resulted in the specimens:

Kj Net section stress
(MPa m) (MPa)
31.3 465
14.0 203
15.8 236

These WÛL specimens were exposed to DM water at 328K

for 120 days.

C-r ing specimens of 316 s.s sensit ized at

923K/20h, w i th stresses of 50, 100 and 150 MPa, were

also exposed to DM w a t e r at 328K for 120 days .

Table 1

Nominal chemical composition of the materials tested (in wt%)

I'atenal Cr Ni Mo Mn Si Ti N Mb Ta Co Cu As B AI Fe

1 Ti-modified

s s

2 t-odified
316 s s

3 316LN s s

0 035 13 5 U 5 - 2 0 - 1.65 - 05 5XC - 0 01 0 02 0 005 0 05 0 02 0 005 0 04 0 03 10 - 0 05 Bal
0 05 - 14 5 15.5 2.5 2 35 - 0 75 7.5XC max max max max. max max max max 20ppm max

0 05 15 56 12 59 2 29 1 77 0 03 01 0 011 0.026 0 043 0 01 0 02 0 005 OU Q 03 12ppm 0 05 Bal
max max max max max. max

0 024 - 17.0 12.0 23 16
0 03 - 18 -12.5 - 2 7 - 2.0

0.5 0.05 0.01 0 03 0 06 - 0 05 0.02 0 25 10 Q 03 20 0 05 Bal
max. max max max o 08 max max. max max max max max
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Table 2
Heat treatment conditions in which the materials were tested

Material Pretreatments

1. Ti-modified s.s.

2. Modified 316 s.s.

3. 316LN s.s.

1. 20% CW
2. SA*
3. 20% CW + sensitized 923K/50h

1. 20% CW
2. 20% CW + sensitized
3. Na exposure 823K/15QOh
4. Na exposure 723'</7100D^

1. SA
2. Sensitized 923K/50h

* CW - Cold Worked
# SA - Solution Annealed

RESULTS AND DISCUSSION
In all the cases of immersion tests, the specimens

showed weight loss. The corrosion rates in all the
cases are given in Table 3. However, all the corrosion

ISO

7 - 5
+ O-15

N O T E S

1 AH d i m e n s i o n s ore in mm
2 Al l d i m e n s i o n s and t o l e r a n c e s

are as per A S T M E 399
3 R a d i u s a t n o t c h b o t t o m s h a l l

be 0- 1 mm or l e s s

B w i t h i n ± 0 - 3 m r nL

5 B, B 2 w i t h i n ± 0 . 1 5 m m

FIG. 1. Compact tension specimen.
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Corrosion rates (in mdd) after 3 months' exposure in
DM water at 328K

Material Corrosion rate (mdd)

1 .

2.

3.

4.

5.

6.

7 .

Modified 316 ss exposed to Na
at 823K/1500h
Same as above but
at 723K/ 11000h
Modified 316 ss -
worked
Ti-modified 316 ss
worked
Ti-modified 316 ss
annealed

Na-exposed

20% cold

- 20% cold

- solution

316LN ss - solution annealed
Ti-modified 316 s.s - 20%

0

0

0

0

0
0

.08

.29

.13

.21

. 12

. 19

cold worked and sensitized
at 923K/50h
Modified 316 ss -20% cold
worked and sensitized at
923K/50h
316LN ss-20% cold worked and
sensitized at 923K/50h

0.04

0.22

1.66

rates fell within the classification of outstanding
corrosion resistance. During the 4 month exposure in DM
water at 328K, no crack growth was observed in the
precracked specimens and no initiation of cracks in the
C-ring specimens. The stress corrosion tests are being
continued for longer exposures.

FUTURE PLANS OF EXPERIMENTATION
1. Crevice corrosion tests Immersion tests in DM

water at 328« will be carried out with all the
specimens wrapped with s.s. wires.

2. The immersion tests will be repeated with DM water
saturated with oxygen, by bubbling air or oxygen
into the water. This is with a view to simulating
the radiolytic decomposition of water by the gamma
rays from the irradiated subassemblies.

3. The immersion tests will be repeated with the
addition of NaOH to DM water to make it up to a pH
of 9.5. The addition of NaOH is expected to
represent a condition of the cooling medium in the
crevices of the subassemblies where sodium
cleaning had left remnants of sodium or sodium
hydroxide.

4. The immersion tests will be carried out in the
presence of a gamma field of strength equivalent
to the one that will be present in the
subassemblies during the storage period.



INVESTIGATIONS INTO THE EFFECT OF GAMMA
RADIATION ON CORROSION OF HIGH LEVEL WASTE
STEEL CONTAINERS IN SALT BRINES

E. SMAILOS, G. HALM, W. SCHWARZKOPF, R. KOSTER
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

Previous corrosion studies performed on a number of mate-
rials have shown that unalloyed steels are promising materials
for long-term resistant packagings to be used in disposal of
heat-generating radioactive wastes in rock-salt formations. For
this reason those steels are the subject of more detailed inve-
stigations. This paper reports about studies into the influence
of gamma radiation exerted by high-level waste (HLW) on the cor-
rosion behaviour of three steels for HLW packagings in disposal
relevant media at 90°C. The steels selected, fine-grained steel,
cast steel and low-carbon steel, were examined in the welded and
unwelded conditions at dose rates of 1 Gy/h and 10 Gy/h, which
are relevant for the thick-walled packaging discussed, as wel l
as at the higher dose rate of 100 Gy/h. The corrosion media were
a single-phase Mg C^-nch brine and the rock salt/brines two-
phase systems which may be of relevance in certain accident sce-
narios in a repository.

CO
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Under the test conditions neither gamma irradiation nor
welding exerted a noticeable influence on the corrosion behav-
iour of the steels. The maximum corrosion rates of 50(jm/a-60ijm/a
of the steels were intercomparable and approximately the same in
all test media. These values imply an acceptable corrosion al-
lowance for a long-term HLW packaging. Furthermore, the s tee ls
were resistant to pitting and crevice corrosion as wel l as to
stress-corrosion cracking. On the basis of these results, unal-
loyed steels continue to be considered as promising packaging
materials and wil l be further investigated.

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 engineered barriers. Un-
der this multi-barrier concept C l ] , studies are being performed
on the development of a long-term resistant packaging for heat-
generating wastes (vitrified high-level waste and spent fuel) .
This packaging is to serve as a barrier during the high-tempera-
ture phase (> 100°C) which lasts a few 10^ years in the disposal
area. To achieve this goal, the packaging material must meet the
requirement 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, like
a brine inflow through an Anhydrite layer.

Previous extensive laboratory-scale corrosion investiga-
tions [e.g. 2] of a number of materials have shown that unal-
loyed steels are promising HLW packaging materials because only
general corrosion has been observed so that their long-term cor-
rosion behaviour can reasonably be predicted In addition, the
steel corrosion rates obtained so far make the corrosion a l low-
ances acceptable for a thick-walled packaging. To characterize
in more detail the corrosion behaviour of the steels, additional
investigations are being performed.

An important aspect of the corrosion studies on the steels
is the investigation of the influence exerted by gamma radiation
from HLW on their corrosion behaviour in disposal-relevant sal t
brines. Such invest igat ions are important because the radiolyt ic
products formed by the effect of radiation on salt brines, e g.
H202, CIO", C 1 0 3 ~ [ 3 ] , might influence the corrosion process.
Preliminary studies [4] performed at 90°C at a gamma dose rate
of 1000 Gy/h (105 rad/h) based on the actual design of a thin-
walled 5 mm thick HLW canister have shown for unalloyed steels
much higher corrosion rates in salt brines than in the absence
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of irradiation. For a packaging acting as a barrier in the re-
pository a wall thickness of about 100 mm is needed for reasons
of mechanical stabi l i ty against the rock pressure of 36 + 5 MPa
[5: at 1000 m depth in the disposal area. In this case the ex-
pected dose rate on the surface of the packaging will be lower
than 10 Gy/h.

In this work the corrosion behaviour of three preselected
unalloyed steels has been studied at realistic dose rates of 1
Gy/h and 10 Gy/h for the thick-walled packaging discussed, as
well as at the higher dose rate of 100 Gy/h. The corrosion media
were a single-phase brine and the rock salt/salt brines two-
phase media.

2. STEELS INVESTIGATED AND TYPES OF SPECIMEN

The composition of the three steels investigated is given
in Table 1. Fine-grained steel and low-carbon steel were exam-
ined as hot-rolled and normalized sheet metals, whereas cast
steel was tested in the as cast condition. The fine-grained
steel was selected as reference steel and investigated more pro-
foundly because of its higher strength and better weldability
compared with the other two steels.

All steels were examined for general and pitting corrosion.
In case of fine-grained steel the susceptibility to crevice cor-
rosion and stress-corrosion cracking was studied in addition.
Furthermore, the influence of Tungsten Inert Gas Welding (TIG)
and Electron Beam Welding (EB), as potential container sealing
techniques, on corrosion of fine-grained steel was investigated.

To determine general corrosion, plain specimens of 40 mm x
20 mm x 4 mm and 40 mm x 10 mm x 10 mm (cast steel), respectiv-
ely, were used. In the examinations 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 influence of

welding on the corrosion of fine-grained steel, some of the
plain and U-bend specimens were provided with TIG and EB welds.
The crevice corrosion specimens consisted of two plain specimens
connected by a screw of the same steel material. All specimen
types were also evaluated for the susceptibility of steels to
pitting corrosion.

3. TEST CONDITIONS

Two corrosion scenarios were considered:

- Intrusion of large amounts of an MgC^-rich brine (Q-brine)
into the HLW boreholes during the initial phase of d isposal ,
i.e., while the annular gap between the HLW packaging and the
borehole wall is still open. In this case an all-brine environ-
ment is present. MgC12-nch brines are present in far distant
areas in the repository and might inflow into the boreholes in
accident scenarios.

- Intrusion of smaller amounts of salt brines (MgC^-rich and
NaCl-rich) into the HLW boreholes at a later time of disposal,
i.e., after the rock salt has already come into contact w i th the
HLW packaging due to the thermally induced borehole convergence.
In this case a two-phase corrosion medium consisting of rock
salt/brine is present. NaCl-rich brines, which are present in
limited amounts as inclusions in rock salt can migrate thermally
from the immediate zone of the boreholes to the containers dur-
ing normal operation of the repository.

The composition on the brines used and the values measured
of the pH and saturated 02-concentrations have been indicated in
Table 2. The Q-brine was prepared by dissolving NaCl, KC1,
MgS04 7H20 and MgCl2 6H20 in demineralised water. The NaCl-rich
brine was prepared by dissolving rock salt from the Asse salt
mine in demineralized H20. The most important constituents of
Asse rock salt (g/1) are:
Na+:357.3; K+:5.6; Ca2+:21.7; Mg2+:2.0; CT:563.4; S02-4:49.9.



Table 1: Chemical compositions of unalloyed steels tested
in corrosion experiments

Steel Composition (wt.%)
Si Hn Fe

Fine-grained steel 0.17 0.44 1.49 0.021 0.004 Bal.
Material No. 1.0566

Low-carbon steel 0.1 0.27 0.66 0.018 0.001 B a l .

Cast steel 0.16 0.61 1.51 0.024 0.014 B a l .
Material No. 1.1131

Table 2: Chemical compositions of salt brines used in
corrosion experiments

Ions/elements

Na+

K+

Mg2+

Ca2+

Sr2+

B
Al
Zn+Fe+Li+

cr
S024

Asse rock-salt brine1)
(g/l at 25°C)

136.75
1.48
0.34
1.40
0.01
0.007
0.003

< 0.001
201.9

5.19

Q-brine2)
(g/l at 55°C)

7.1
31.8
91.9

_

-
-
-
-

297.3
14.4

COCO

T) pH (25°C) = 6.1 + 0.2;
saturated (^-concentration (25°C) = 5.8 mg/1.

2) pH (25°C) = 4.9 + 0.2;
saturated (^-concentration (25°C) = 3.7 mg/1.

In order to simulate the conditions of an intrusion of lar-
ge amounts of brine into the HLW boreholes a specimen surface to
brine volume ratio (S/V) of 1 cm /5 ml was selected. This resem-
bles approximately the case of total filling of the existing gap
between the HLW packaging and the borehole wall with brine. For
the simulation of the case that rock salt plus smaller amounts
of brine are present as corrosion medium, an S/V ratio of lent'/
1 ml and an l^O-content of rock salt of 10 wt.% were selected.
Investigations with smaller amounts of brine are experimentally
not practicable.

Low-carbon steel and cast steel were investigated only in
the Q-brine at relevant dose rates of 1 Gy/h and 10 Gy/h for the
thick-walled packaging discussed. The reference fine-grained
steel was investigated in this brine also at 100 Gy/h and, addi-
tionally, in the rock salt/brines two-phase media (1 Gy/h and
10 Gy/h).

The test temperature was 90°C and the maximum test duration
1 year. At this temperature it was possible to carry out the ex-
periments at normal pressure because it is sufficiently well be-
low the boiling point of the brines. Experiments at the maximum
HLW disposal temperature of < 200°C according to the German
borehole concept are in preparation.

4. EXPERIMENTAL PROCEDURE

The corrosion experiments under gamma irradiation were per-
formed in the spent fuel element storage pool of KFA Julich. The
radiation source were spent fuel elements of different degrees
of burnup with a similar gamma energy spectrum to 10 years old
vitrified HLWC C6j (Fig.l). The experimental set-up is shown
schematically in Fig.2. The material specimens and the corrosion
media (brine and rock salt with brine additions) were contained
in tubular vessels made of Duran glass. The glass vessels were
placed in a circular configuration in heated cylindrical stain-
less streel containers (irradiation containers).
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Fig. 2 Experimental set-up for corrosion studies under gamma irradiation at 90 C
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Fig. 4 General corrosion rates of fine-grained steel
in Asse rock-salt/Asse rock-salt brine at 90°C
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Fig. 5 General corrosion rates of fine-grained steel
in Asse rock-salt/Q-brine at 90°C with and
without gamma irradiation

are lower than the values without irradiation (40 pm/a-80 pm/a).
This effect is possibly due to the formation of denser corrosion
inhibiting oxide layers under irradiation which were observed in
the metallographic examinations

In the two-phase corrosion media rock salt/brines (Figs 4
and 5) the dose rates of 1 Gy/h and 10 Gy/h do not influence
noticeably the corrosion rate of fine-grained steel, as is the
case in the single-phase Q-brine The final corrosion rate of 30
pm/a of this steel in Asse rock salt/Q-brine is very close to
the value in Q-brine In Asse rock salt/Asse rock salt brine un-
der irradiation the steel corrodes after 1 year at a lower rate
(10 pm/a) than in the Q-brine

The metallographic examinations and the surface profiles of
corroded specimens exhibited a similar corrosion behaviour of

the steels under irradiation (1 Gy/h - 100 Gy/h) in all test
media The corrosion attack was, as in the absence of irradia-
tion, mainly uniform, but specimen zones with non-uniform corro-
sion attacks were identified too. This non-uniform corrosion is
attributed to inhomogeneities in the composition of steels How-
ever, the measured maximum rates of penetration in such deeper
corrosion zones attained only 50 pm/a - 60 pm/a and were roughly
identical in all media These values are very close to those ob-
tained without irradiation and imply a technically acceptable
corrosion allowance for a long-term HLW packaging Moreover, the
steels were resistant to pitting and crevice corrosion and to
stress-corrosion cracking in all test media Welding did not
exert a noticeable influence on their corrosion behaviour Figu-
re 6 shows by way of example optical micrographs of fine-grained

steel after 1 year immersion in the three test media at 90°C and
10 Gy/h.
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Fig. 6 Optical micrographs of fine-grained steel after 1 year
immersion in various corrosion media at 90°C and agamma dose rate of 10 Gy/h
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6. CONCLUSIONS

The corrosion results under gamma irradiation in the
single-phase Q-brine and in the rock salt/brines two-phase media
at 90°C confirmed the finding of previous investigations that
unalloyed steels are promising materials for long-term resistant
HLW packagings. Dose rates between 1 Gy/h and 100 Gy/h or weld-
ing (TIG, EB) do not influence noticeably the corrosion behav-
iour of the three steels investigated in the media above.

Under the test conditions the maximum corrosion rates of
the steels of 50 pm/a - 60 |jm/a were intercomparable and approx-
imately the same in all media. These values, which are very
close to those obtained without irradiation, imply acceptable
corrosion allowances of about 15 mm to 25 mm for the containers
discussed here with service lives of 300-400 years. On the basis
of the results obtained so far pitting and crevice corrosion or
stress-corrosion cracking are not expected to occur.

Further corrosion studies on the steels are in progress.
They focus above all on the c îar i f îcat îo f ) of the ro)e which high
temperatures (< 200°C) play during corrosion under gamma irra-
diation and on the influence of impurities present in salt, es-

o_
pecially of S , on corrosion.
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IN SITU DAMAGE RATE EVALUATION OF
OVERPACK MATERIALS IN DEEP ARGILLACEOUS
HLW DISPOSAL ENVIRONMENTS

H.A.W. TAS, W. DEBRUYN,
J. DRESSELAERS, P. VERMEIREN
SCK/CEN,
Mol, Belgium

Abstract

The Belgian research program on final disposal of
high level waste (HLW), focuses on deep tertiary clay
layers as most promising host medium. For fail-safe
isolation of the HLW from the biosphere during the initial,
most hazardous period, application of a metallic overpack
is foreseen. A wide range of materials has been submitted
to screening tests under simulated repository conditions,
and, based on the outcome, two corrosion resistant ma-
terials and one corrosion allowance material were chosen as
reference construction materials.

In order to evaluate the resistance of these ma-
terials under realistic exposure conditions, corrosion
experiments are performed in the 225 meter deep underground
laboratory constructed under the Mol site Two types of
experimental devices are in service. In a first type,
corrosion coupons are mounted on an internally heated
tubular holder and are directly exposed to the solid clay.
In a second type, a purge gas is used to extract corrosive
constituents from the clay, which are subsequently led over
a number of metal coupons The experimental devices are
operated at 15, 90 and 170 C for exposure times up to
50,000 hours.

OCJl

Recently a test tube in direct contact with clay at
90 C has been overcored after an effective exposure time of

2.3 years, and the metal coupons analyzed. The corrosion
resistant materials had accumulated little damage ; the
corrosion allowance material had suffered limited but very
reproducible damage. In the present paper the observed
corrosion rates and underlying mechanisms will be dis-
cussed

1. INTRODUCTION

The Belgian R & D program on the disposal of high
level radioactive waste (HLW) focuses on the qualification
of stable argillaceous formations as disposal environment,
because they have a number of inherent attractive charac-
teristics and are sufficiently abundant to cover the
Belgian needs.

Insertion of the primary conditioned-waste-
contaming canister in a second container (overpack) is
considered, because in this way the material and its
condition can be optimized for maximal and/or predictable
long-term corrosion resistance. Overpack integrity is
projected for over 500 years.

In a panel discussion, held as part of a previous
IAEA Technical Committee Meeting [ 1 ), it was stated that
prediction of long-term corrosion is a key problem for the
development of HLW containers, particularly since a number
of complicating factors must be taken into account such as
the presence of a gamma radiation field, galvanic coupling
of different materials and changes of the geological
environment as a function of time and location. Particular
attention has to be paid in this respect to possible
transitions from uniform general corrosion to localized
forms of corrosion. As a result of the panel discussion it
was recommended to perform tests in realistic environments
corresponding with normal and accidental conditions, to
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qualify and apply corrosion monitoring techniques for
corrosion evaluation under real repository conditions and
to develop corrosion and near field evolution models

The Belgian experimental program for the quali-
fication of an overpack for long-term HLW containment in
clay formations complies with the preceding recommen-
dations. The emphasis in the program is indeed on in situ
corrosion testing and monitoring and on in situ control of
the near field chemistry. Initial "field" experiments were
performed in a near surface clay quarry at Terhaegen [2].
At present an underground experimental gallery is avail-
able, which has been constructed in the tertiary clay
layers under the Mol site at a depth of 225 meters [3]

Based on a broad laboratory material screening
program [4, 5] and in agreement with the CEC, three re-
ference materials were chosen for extensive in situ
testing. Ti/0.2Pd and Hastelloy C-4 were chosen as re-
ference corrosion resistant materials and a low carbon
steel as corrosion allowance reference material.

2 EXPERIMENTAL . IN SITU CLAY CHARACTERIZATION AND
MATERIAL TEST FACILITIES

Eight major probes have been installed in the clay
surrounding the underground experimental gallery at the Mol
site. Each probe contains an important number of coupons
of candidate overpack materials and vitrified simulated
waste samples. The probes are operated at different
temperatures. The highest test temperature (170°C) does
not correspond with projected repository conditions, which
will be well below 100°C, but has been chosen from a safety
viewpoint

Two types of test devices have been developed as
discussed in extenso elsewhere [5] One type allows to
expose materials directly to the solid clay, the other type
serves to expose materials to a humid clay atmosphere, i e.
a carrier gas loaded with volatile species extracted from
the clay through a one meter long porous stainless steel
plug

The main operation characteristics of the eight
probes are given in table I Recovery of material coupons
for corrosion damage evaluation requires an overcoring
operation for type 1 probes Special equipment has been

Table I : In situ near field characterization and
material testing probes

Probe
type (*i

1

1

2

2

2

2

Temp

14"C

90°C

14°C

90°C

90°C

1 0°C

Environment

solid clav

solid clay

humia He

humid He

mmid air

humid He

Coupon
recoverv
overcoring
after 0̂,000 h

overcoring
after 5̂,000 h

after 0̂,000 h

after 50,000 n

0 3/2/5 years

0 3/2/5 vears

0 D/2/5 years

0 3/2/5 vears

*Jear field control

Eh at prooe surface
ori ana Eh at 1m
-emp at co icons and at 1 m

En at prooe surface
DJ and Eh at 1m
temo at coupons and at 1m

pH and Eh at 1 m
terno at couoons and at 1 ra

pH ana Eh at 1 -n
temp at coupons and at 1 m

temp at coupons

temp at couoons

temp at coupons
pH, Eh and temp at I m

(*) 1 TuDular coupon holder, length 5 m heated by retractable internal
heat source, material coupono weldeo rings, externally mounted and
contacting the solid clav

2 Tubular probe with porous end plue, tengch 5 in, annular internal
heat source, coupons inside furnace purge gas for extraction of
volatile species from the clav ana transport over coupons



developed to recover samples and the contacting clay ("near
field environment") in one operation [6]. This allows to
also analyse the "near field" with respect to its chemical
condition and to generate data on the migration of cor-
rosion products. In type 2 probes material coupons can be
removed and replaced after different exposure times.
However, the test environment will vary with time, since
the amount of species extracted from the clay is expected
to decrease from initially high values to lower values
after longer operation of the probe.

Temperature of the coupons is monitored continuously
for all probes. Temperature at about 1 meter distance of
all type 1 probes and one type 2 probe is also measured
throughout the test. The pH and redox potential of the
clay are monitored in the vicinity of all type 1 probes and
one type 2 probe. The choice of electrodes and their
configuration have been described in more detail elsewhere
[7].

In addition several probes were introduced in the
underground clay, for direct corrosion rate monitoring [8J.
Linear polarization resistance probes (LPR) and electric
resistance probes (ER) of different corrosion allowance
materials and corrosion resistant materials were included
in the test program for evaluating the potential of these
methods not only for corrosion rate data generation but
also for repository surveillance purposes.

3. RESULTS

Continuous downhole pH- and Eh- measurements of the
clay environment and in situ corrosion rate monitoring data
have been reported and discussed earlier [7 and 9 re-
spectively]. In this paper we will concentrate on the
first 90C direct contact with clay corrosion tube, which

was overcored and recovered after 2.3 years exposure at the
target temperature regime . The metallic corrosion spe-
cimens mounted on the test tube and the solid clay con-
tacting these specimens have been analyzed The chemical
and metallurgical techniques applied and the results
obtained are given below.

3.1. Analysis of the clay samples

Because of its compactness, the clay could be removed
from each individual metal sample as an integral slab.
Sampling of these clay slabs was done by means of a micro-
tome. Each sample was analyzed by ICP/AES for the deter-
mination of concentration profiles of alloy elements not
normally present in the clay or present in concentrations
above clay "background", this as a function of the distance
from the original metal/clay interface.

The concentration profiles near Ti/0.2Pd and
Hastelloy C4 surfaces did not reveal any interaction of the
alloys with the clay environment. The mean iron and
manganese migration from the carbon steel surface can be
translated into a "diffusion" coefficient of 1.6 x 10~H
CIT//S.

3.2. Analysis of the metal samples

To obtain information on the overall corrosion
kinetics, weight change measurements were performed;
post-corrosion examination by optical microscopy, metallo-
graphy, scanning electron microscopy, Auger analysis, X-ray
diffraction and electron microprobe were used to identify
the effects of localized corrosion and to gain insight in
the corrosion mechanisms responsible for the material
degradation.
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3.2 1. Overall corrosion kinetics

Each individual metal specimen was weighed after
ultrasonic cleaning and subsequent chemical etching. The
calculated relative weight changes (AG/S with G the weight
and S the surface) and the corrosion rates (vc ^
C-steel, Hastelloy C4 and Ti/0.2Pd are given in table II.

From these results it is obvious that the corrosion
rates of Ti/0.2Pd and Hastelloy C4 are negligible. For
C-steel we obtain, based on a double sided Student's T
statistical approach with a probability level of 0.95, a
corrosion rate of (7.7+ 0.8) pm/a.

3.2.2. Corrosion mechanisms

A number of analytical tools was used to verify the
nature of the corrosion damage.

Optical microscopy showed no visual difference
between exposed Ti/0.2Pd and Hastelloy C4 specimens and
unexposed ones. No traces could be found of any in-
teraction between these materials and the clay environment.
After ultrasonic cleaning, C-steel samples appear to be
covered with a reddish layer, as opposed to the greenish
aspect of undisturbed clay. The texture of the affected
layer is similar to the texture of the undisturbed clay.
The ironoxide containing layer is not strongly adherent to
the specimen surfaces. After chemical etching three
different degradation mechanisms are obvious : 1) uneven
general corrosion or undeep pitting 2) localized deep
pitting and 3) multiple lateral pitting.

The uneven general corrosion is illustrated in figure
1 ; the pit depth did not markedly increase over the
experimental exposure period considered. Four isolated

deep pits were identified in one single carbon steel
specimen; the phenomenology of each of these pits is
similar : a relatively shallow pit with a depth of about 40
-50 urn containing a deep pit at one singular spot of its
bottom area. Maximal depth of these deep pits reaches 135
urn. Different areas of extended lateral pitting were
detected on each of the carbon steel specimens. These
areas extend typically over 2 to 3 cm . Maximal depth of
this form of localized attack is 240 Mm. All depths
mentioned above were determined with optical microscopy
and/or profilometry.

Table II : Overall corrosion rates of materials exposed
in-situ in direct contact with clay during 2.3 years at
90C.

Sample Material AG/S AG/S
number (10~̂  mg.cnT^) (10~2 mg,Cm~

ultrasonically chemically
cleaned

1
22
23
24
25
2
18
19
20
21
26
27
28
29

Ti/0.2 Pd
Ti/0.2 Pd
Ti/0.2 Pd
Ti/0.2 Pd
Ti/0.2 Pd
Hast. C4
Hast. C4
Hast. C4
Hast. C4
Hast. C4
C-steel
C-steel
C-steel
C-steel

9.
0.
8
0

19.5
4.
9.
0.
4.
0.
4.
9.

-71.
+81.
+142.
-121.

9
8
0
9
0
9
8
1
2
1
8

etched

9
0
19
4
9
-0
4
-0
4
9

-1288
-1423
-1486
-1351

.7

.0

.1

.7

.9

.3

.6

.1

.6

.1

.7

.1

.6

.9

ĉorr
2) (Mm.a-1)
chemically
etched

0
0
0
0
0
0
0
0

.1

.0

.2

.0

.1

.0

.0

.0
0.0
0
-7
-7
-8
-7

.0

.1

.9
2
.5
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Fig. l : Uneven general corrosion by pitting of C-steel

Some of the corrosion phenomena could be more clearly
perceived by scanning electron microscopy. Figure 2 shows
the cross-section of the oxide layer grown on carbon steel.
The unprotectlve nature of this layer is obvious from its
porous structure. The localized forms of corrosion dis-
cussed above are illustrated in figures 3 and 4,

In order to gather information on the composition of
the oxide and/or sulphide layers developed on carbon steel,
X-ray diffraction analyses were performed of the reddish
product layers. The results are summarized in table 3.

The ironoxide products detected in the corrosion
layer reveal Fe^ as primary ion produced in the anodic
corrosion reaction. A reaction mechanism based on the
gradual deshydratation of Fe(OH)3 can account for the three
main interaction products detected.

Figure 2 : Cross-section of the oxide layer grown on
carbon steel as revealed by SEM.

Figure 3 : Localized deep pitting on carbon steel as
revealed by SEM.



Figure 4 : Multiple lateral pitting on carbon steel as
revealed by SEM.

Fe(OH)3 --> FeOOH -t- H20
2FeOOH — > Fe203 . H20

— > Fe023 H0

It should be noted that X-ray diffraction failed to
reveal any sulphides. The X-ray diffraction results do not
allow to conclude whether the product is a clay/ironoxide
mixture or a "new" modified clay developed through an ion
exchange mechanism.

In order to gather more precise information on the
composition of the reaction layers on Hastelloy C4 and
Ti/0.2Pd, Auger analyses were pursued.

On Ti/0.2Pd the resulting spectra indicate the
presence of a relatively complex surface layer which does

Table 3 : X-ray diffraction analysis of the clay-metal
interaction layer developed on C-steel.

Sample
number

28

29

Component
detected

Y-Fe203
FeOOH
Y-Fe203.H20
a-Si02

Y-Fe203
FeOOH
Y-Fe203.H20
a-Si02

Intensity
(C/s)

492
374
276
235

582
327
245
740

clay-reference a-Si02 11810
CaC03 916
Illite/montmorillonite 784

not correspond with plain Ti02. Ti02 is the most probable
and in literature generally accepted product formed under
aqueous corrosion conditions on titanium alloys. Probably
a mixture of oxides (TiO, Ti02, Ti203) did develop or a
complex oxide incorporating other elements such as e.g. Si.
Depth profiling by sputtering did indeed reveal a Si-pro-
file. In a paper dealing with the corrosion of titanium
alloys in water and water saturated bentonite, Mattsson
[10] observed the formation of a thin Ti203 sublayer in
direct contact with the metal surface; the oxide layer
thus consisting of a top layer of Ti02 with a sublayer of
Ti203. Whether both of these mechanisms are active under
our experimental conditions is not clear. The film
thickness of the oxide layer as determined through
sputtering is 0.1 pm.



At the surface of Hastelloy CA specimens high oxygen,
chromium and molybdenum concentrations are found. Chromium
and molybdenum form stable oxides, known to contribute to
the formation of protective oxide layers The thickness of
the layer is limited to only 60 A.

Cross-sections of Hastelloy CA, Ti/0.2Pd and C-steel
have been analysed with the electron microprobe technique.
The reaction layers on both corrosion resistant materials
were too thin for performing element mapping. On carbon
steel Si, Al, S and Ca are found to be distributed in a
random fashion over the-surface layer. Elements such as Ca
and Si clearly originate from the clay environment and
demonstrate that clay elements are actively involved in the
formation of the steel surface reaction layer.

A. DISCUSSION

In this section, the corrosion results, obtained for
carbon steel, Hastelloy CA and Ti/0 2Pd directly exposed to
in-situ clay during 2.3 years at 90C are summarized and
discussed.

Hastelloy CA has a negligible corrosion rate. No
particular interaction between the alloy and the clay
environment is perceptible. The metal surface is covered
with a 60 A thick protective reaction layer consisting of
chromium and molybdenum oxides

Ti/0.2Pd also has an extremely low corrosion rate
The reaction layer is relatively thicker (0.1 iim) and
somewhat more complex : an important amount of Si from the
clay environment is present in the oxide scale, while the
primary composition of the scale is most probably based on
a mixture of oxides (Ti02,

Carbon steel has an overall corrosion rate of (7.7 +
0 8) pm/a The damage proceeds as uneven general corrosion
giving rise to a morphology of dense but undeep pitting

Two localized corrosion mechanisms are active : deep
pitting and lateral pitting, the maximal depth of this
damage is 135 pm and 2AO pm respectively for the exposure
time considered. The oxide layer on carbon steel (no
sulphidation detected) is porous and thus non-protective;
chemically it consists of lefl-^, which could be detected in
combination with its precursors £6203̂ 20 and FeOOH. This
oxide layer interacts with the contacting clay . the
mechanism might be "migration" or the formation of a
"modified clay" based on an ion exchange mechanism.

The formation of Fe203 points to relatively oxic
exposure conditions. On the other hand oxygen, introduced
into the clay environment when drilling the hole to install
the experimental set-up, is known to react quickly with the
sulphides present (pyrite) resulting in the formation of
sulphates Therefore, the question arises whether the
observed corrosion damage had not accumulated exclusively
during the period (A months) the clay with entrapped
oxygen - needed to establish firm contact with the sample
surfaces after corrosion rig emplacement After esta-
blishment of steel/clay contact corrosion rates may have
dropped to extremely low values

Additional experimental evidence for this hypothesis
of a limited active corrosion period are • a) the rela-
tively low pitting rates observed and b) the extremely low
general corrosion rate measured in situ on cast iron
ER-probes [9].

An answer to this question may become available when
the second 90C direct contact with clay test-tube will be
overcored after an exposure time of 50,000 hours
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CORROSION PROBLEMS AND CORROSION
PROTECTION OF MATERIALS USED IN
LIQUID RADIOACTIVE WASTE TREATMENT

G.D. IANKIN
Chemical Machine Building Institute,
Sverdlovsk,
Union of Soviet Socialist Republics

Abstract

General corrosion problems and the corrosion protection of matenals used in treatment
facilities for liquid radioactive waste are discussed In particular, the paper deals with corrosion
problems of candidate matenals for the electrode and refractory bnckwork of an electnc furnace for
the vitnfication of liquid active waste

At present there is a lot of liquid high- and intermediate
level radioactive waste types different in their composition
which are formed at secondary fuel production and processing,
uranium ores processing, chemical treatment, reprocessing, nuc-
lear fuel elements production, during nuclear power plants ope-
ration and after the equipment decontamination.

The most developed processing operations for liquid radio-
active waste treatment are the following: evaporation, sorption
and membrane methods of purification from radionuclides; evapo-
ration concentrate bituminization or concreting; vitrification
and disposai in geological repositories.

The safety and operating resource of nuclear equipment ars
defined to a great extent by corrosion resistance of the consG-
ruction materials. The general corrosion problems and e or r o so on
protection methods as applied to the equipment for liquid ûigh-
level radioactive waste treatment being formed at doivent extrac-
tion of valuable components are given in the report. These aolu-
tions are aggressive under nigh-temperature conditions because
of the presence of Cl-, Pe-. JP- anö Cr-iona in Cnem and may re-
sult in the apparatus failure.

The evaporation process of liquid end sortions with nitric
acid recovery of up to 8-10 Moi/1 in evaporators envolves severe
corrosion damages. The evaporator comprises a heating chamber, a

separator and connecting circulation tubes. In the upper part of
the separator 6 sieve trays with, overflow thresholds are dispo-
sed for secondary steam purification from drop entrainment, The
trays represent perforated in the middle part discs tighthy wel-
ded to the case (Fig.l)„

In 1984, in 16 months of operation tnp evaporator separator
failed because of through-cracks in the bottom in thermal effect
zone. Ths separator was made oi steej l^X^HlOT, The whole of
the matezial was controlled at the beginning according to the
"DY" method (boiling in 65%-nitj'ic ucid, 5 cycles per 48 hours).

Fig.1. Evaporator diagram:
1 - separator; 2 - tray; 3 - heating chamber; 4 - heating tubes;

5 - circulation tube.



After the bottom replacement the separator was working one year
more and was stopped again because of the cracks formation on
the case. In 1986, in 28 months of operation the cracks were
found in the welding joints at the zone of a stiffening rib wel-
ding near the third separator tray from the bottom. As a result
of knife-line attack of the welding joint at the point of over-
flow tube welding to the tray a through-crack was formed. All
the welding joints in the separator solution part happened to be
pickled-out.

In 1986, in two years of operation two evaporators were
shut down because of the knife-line corrosion on the joint of
the compensator welding of one of the units to the circulation
tube.

In the course of operation corrosion rate of the material
(steel 12X18H10T) for heating chambers and separators was deter-
mined to be 1.5-2.0 and 0.16 mm/a respectively. Such a corrosion
level limits considerably the operating resourse of the instal-
lations.

It should be noted, however, that supporting rings made of
alloy 4ÔXHM and welding joints onto which the hard-facing with
the wire made of the alloy 4&XHM was performed, were in satis-
factory condition.

The results of stand corrosion tests for steel 12X18H10T in
comparison with that for maid austenitic steel 02X18H11 and al-
loys 06XH28MDT and 46XHM under the operating conditions of the
evaporator which evaporates natric acid with the molar concent-
ration of 9 Mol/1 at a temperature of 118°C and at the environ-
mental pressure are given in Table 1.

As seen from table 1, under the operating conditions of
heat exchange tubes the steels tested (except the alloy 46XHM)
have high corrosion rate and can't be used as construction ma-
terial. Steel 02X18H11 can be used for the separator and heat
exchange tubes, if the evaporation temperature is up to 100°C.

The experimental investigations showed that at the evapora-
tion of liquid end solutions the presence of ferric iron affects
the corrosion rate of construction materials (Table 2 and 3).

The investigation complex into the corrosion resistance ol
construction materials for the end solutions evaporation equip-

ment showed that one may recommend steels 03X18H11, 03X23H6,
02X18H11, titanium, alloy 46XHI (Table 4) for the equipment ma-
nufacture.

High-level radioactive wastes are concentrated mainly by
means of evaporation, because high radiation level eliminates
the use of other methods. Therefore equipment corrosion when
using sorption and membrane methods is not considered in this
report.

Table 1
Corrosion test results

Apparatus unit

Separator solution part...
The first tray from the

The third tray ...........

Cor:

12X18H1ÛT

0.80
0.45

0.24
0.13
0.08

rosion rat

02X1 8H11

0.45
0.28

0.13
0.09
0.03

e, mm/a

06XH281IDT

O T*i

0.16

0.07
0.07
0.03

46XHM

0.12

0.06
0.04
0.03

Table 2
Corrosion test results of steel 12X18H10T and alloy 46XHM in
boiling solution at a pressure of 0.45 MPa in the evaporator.

Solution temperature is 95°C, duration - 100 hours

Solution, g/l

HN03 - 500
NaNOj - 50
Fe3+ - 30
HN03 - 500
NaNO~ - 150
Fe3+ - 4-5

Point of sample disposition

Heating tubes
Separator (solution part)
Circulation tube
Heating tubes
Separator (solution part)
Circulation tube

Corrosion rate,
mm/a

46XHM
0.60
0.05
0.30
0.10
0.05
0.05

12X18H10T
2.2
0.3

0.73
-
-



Table 3

Corrosion rate (ran/a) of the alloy 46XHM m boiling nitric acid
solutions with the addition of ferric iron

Molar
concentration

of HN03, Mol/1

1
3
?
10
12

Molar concentration Pe(lII), Mol/1

0.054

0.01
0.02
0.04
0.09
0.12

0.270

0.03
0.05
0.09
0.18
0.29

0.890

0.07
0.13
0.3
0.5
0.7

1.786

0.2
-

0.72
1.05
1.44

Table 4

Chemical composition of the materials (weight %)

01

Materials

12X18H10T

08X18H10T

02X18H11

06XH28MDT

46XHM

03X1 8H11

03X23H6

XH65MB

10X17H13M2T

1 0X1 7H1 3M3T

C, not
higher

0.12

0.08

0.02

0.06

0.03

0.03

0.03

0.03

0.10

0.10

Si, not
higher

0.80

0.80

0.80

0.80

0.80

0.04

0.15

0.80

0.80

Mn, not
higher

2.0

2.0

2.0

0.8

-

2.0

2.0

1.0

2.0

2.0

Or

17.0-19.0

17.0-19.0

17.0-19.0

22.0-25.0

43.0-46.0

17.0-19.0

22.0-24.0

14.5-16.5

16.0-18.0

16.0-18.0

Ni

9.0-11.0

9.0-11.0

10.5-12.5

26.0-29.0

OCH

10.5-12.5

5.3-6.3
OCH

12.0-14.0

12.0-14.0

Ti

5 c-0.8

5 c-0.7

-

0.5-0.9

-

-

-

—

5 c-0.7

5 c-0.7

Mo

-

-

-

2.5-3.0

1.0-1.5

-

-

15.0-17.0

2.0-3-0

3.0-4.0

Fe

OCH

OCH

OCH

OCH

OCH

OCH

Not
higher

1.0

OCH

OCH

Other
elements

Cu
2.5-3.5

W
3.0-4,0



—L Bituminization and concreting are also applied for low- and
CD intermediate-level wastes. But corrosion problem is not a defin-

ing one for these processes. For example, steel 12X18H10T has
high corrosion resistance under all experimental conditions for
wastes bituminization from atomic power plants.

The production of phosphate and boroailicate glasses in the
vitrification units is one of the trends in the processing of
high-level radioactive wastes in the USSR. The melting process
is developed at the experimental installation 311-100 and pilot
plant 30-500 for treatment of actual high-level solutions fluxed
with phosphoric acid. Corrosion damages were observed on both
installations. This was the cause of the melter 3(1-500 shut-down.

Cross section of the experimental melter 311-100 with the
capacity of 100 1/h on simulated solutions containing 400 g/1 of
salts, or of 25 kg/h on glass is shown in fig.2. The solution
was prepared so aa to provide phosphate glass production of the
following composition, weight %: Ka20 - 22-26; A120, - 21-25;
P20c - 47-53; Fe20-j - up to 1.5- The temperature of glass melt-
ing zs 950-1150°C.

The melter represents a rectangular basin with refractory
brickwork lining. There are two zones, a melting one and an ac-
cumulation one with the length of 2400 mm and 300 mm respective-
ly and with the width of 800 mm, between which an overflow is
disposed. The electrodes are made of molybdenum. Stainless steel
is used as construction material for current leads, cups and
electrode jackets.

There were obtained interesting results on the behaviour of
the materials from which the electrode units, a discharge device,
gas exhaust and also the refractory materials of the melter
brickwork were made. These data as a whole define the equipment
operation resource.

Corrosion resistance of different refractory materials in
the composition of the melter brickwork proper as well as those
being introduced into the glass melt for investigation purposes
are given in Table 5.

10

Pig.2. Electric melter:
1 - melter brickwork; 2 - melting zone; 3 - overflow, 4 - over-
flow water-cooled tubes; 5 - accumulation zone; 6 - glass mass;
7 - melter arch; 8 - plug; 9 - tray; 10 - gas exhaust, 11 -

electrodes.

Table 5

Reference corrosion of refractory samples in glass melt

Bakor (Si02+Al20,+Zr02) ............

Chromealumozirconium refractory
(Cr203+Al20.j+Zr02 ) ..............

Corrosio

Meting zone

44
18
2

a rate, mm/a

Overflow

12
6

Less than 1



-Ni

The brickwork at the molten glass level was mostly corro-
sion damaged. In ao doing the brickwork in the melting zone
corroded 1.5-2 times as high as in the overflow and accumulation
zone. Probably this may be accounted for by the fact that the
foaming layer, being formed at the surface of the melt while do-
sing the solution and the glass maas proper in the upper layers
of the melting zone posess increased chemical activity. Bakor
blocks turned out to be 3-4 times more corrosion resistant than
the chamotte blocks situated nearby. The melter arch made of
high-temperature concrete with alumophosphate binding didn't
undergo significant changes during operation.

The investigations-showed that molybdenum corrosion in the
phosphate glass melt is in direct relation to the contents of
Hi-, Fe-oxides and sulphate-ion. Sulphate-ion causes the grea-
test corrosion damages. The average corrosion rate of molybdenum
electrodes amounted to 5 mm/a; for this time their height de-
creased in the melting zone for 60/6 and in the accumulation one -
for 40/&. The characteristic condition of the electrodes after 6 ,
years of operation is shown in fig.3.

Electric melter 3I1-EC- 100 of the same output was shut down
after two years of operation as ingress of water from the cool-
ing system of the current leads into the molten glass mass was
found. In this melter the electrodes made of tin dioxide were
fully cracked. But the electrodes themselves haven't corrosion
effects of glass as evidenced by high chemical stability of tin
dioxide to the phosphate glass. It was found that some part of
the current leads at the point of electrode fastening was dama-
ged by glass melt which resulted in the metal dissolution on
various depths - from a partial dissolution of the fastening
nut to its complete' dissolution up to the failure of the upper
part of the cup for electrode fastening. On the average the me-
tal corroded to the depth of 20-30 mm. In three of the eight ex-
treme current leads which are disposed nearer to the glass melt,
blow-holes were formed as a result of corrosion in the upper
part of the cup and cooling water began entering the melter
that resulted in its shut-dowa. One of the cups was tested with
the help of colour defectoscopy and cracks were found on the in-
üer walls which, however, were not through.

Pig.3. Electrode condition after 6 years of operation.

The serviceablity of the melter for waste vitrification de-
pends also on the right choice of construction material for gas
treatment equipment: gas duct, bubbler-condenser, -hydroseal.
Steam-gas mixture, passing through the gas duct, is at a tempe-
rature of 300-700°C and contains nitric- and carbon oxides, sus-
pended solid salt particles in gas and calcinate sublimates. Un-
der these conditions steel 12X18H10T is not a reliable material,
the more so that condensation of steam-gas phase occurs on the
water cooled section of the gas duct. While inspecting the gas
duct (in the installation 311-100) pits were found over the whole
surfac-e of the water cooled tube made of steel 12X18H10T. The
pits were the greatest in the lower part of the gas duct circum-
ference, where condensate movement is the moat intense. These
data confirm the test results of the samples made of steel
12JH8H10T 233 the gas duct: steel corrosion In the lower and up-



^ per sections amounts to 0.7 and 2.0 g/m h respectively. One may
00 recommend the alloys XH65MB, 06XH28MDT, 46XHM as a construction

material for the gas duct. At the installation 3H-BC-100 the gas
duct of the melter was made of the alloy 46XHM and visible cor-
rosion damages were not found on it.

Under the operating conditions of the bubbler-condenser
(condensate contains 1.5-2 Mol/1 of HNO-j, up to 1 g/1 of Cl-ion,
0.2 g/1 of P-ion and 0.2 g/1 of SO -ion) corrosion rate of steel412X18H10T in steam-gas phase is negligible; its maximum value2amounts to 0.002 g/m h. Corrosion rate in condensate doesn't
exceed 0.01 g/m2 h. The bubbler, made of steel 12X18H10T, was
operated not more than 8 years and corrosion damages were not
found. They were not also found on the overflow device made of
steel 12X18H10T.

On the basis of the results obtained at the optimization of
the installation 30-100 the pilot installation 311-500 was desig-
ned with the ceramic melter whose basin is made of alumozirconi-
um bakor-30. Molybdenum was the construction material for elect-
rodes and steel 12X18H10T - for current leads. After a year of
operation the melter was shut down as a result of the failure of
water cooling system of the current leads, feeding the electro-
des. At present complex investigations into the causes of corro-
sion damages are carried out.

For the increase in the nuclear equipment operating reso-
urce the following procedures are recommended:

- wide application of corrosion-protection facing with more
corrosion resistant alloys (03XH28MDT, 46XHM etc);

- introduction of remote inspection methods for corrosion
wear of the equipment;

- carryxng-out inlet control of the chemical composition,
tendency to intercrystalline corrosion permitting to choose
qualitative metal;

- the use of more corrosion resistant construction materi-
als (03X18H11, 03X23H6, 06XH28MKC, 46XHM);

- the application of new designs;
- the elimination of Cl-ion accumulations;
- the use of inhibitors;

- the reduction of the quantity and duration of washings
and their accomplishment with less aggressive desorbing solu-
tions.

The efficient method of the apparatus corrosion protection,
especially in the welding joints is the facing of corrosion pro-
tection coating from the more corrosion resistant material both
on the units being newly fabricated and on those being repaired.
In must be performed on the welding joints and surface sections
which are exposed or were exposed during operation to knife-
line-intercrystalline- or increased total corrosion in the zone
of thermal effect as well as to the corrosion along the joint
segregation zones.

Corrosion protective surfacing is recommended to be perfor-
med on the apparatus made of steel 03X18H10T, 12X18H10T,
10X17H13M2T, 10X17H133M3T.

The wire made of the alloy 46XHM, of 2, 3 and 4 mm in dia-
meter and rods with the cross section of 2x2 mm and 2x3 mm are
used for this purpose. The investigations into the corrosion be-
haviour of the operating equipment showed that this method was
of great success.

Obtaining data on the corrosion behavious of the operating
equipment is an urgent task. In connection with it special ins-
truments - corrosion testers (corrosimeters) are developed. At
present corosuneter KORT-I is tested in the solutions on nitric
acid base with F-ion. The operating principle of this instrument
is based on the measurement of the corrosion system polarization
resistance. The main advantage of this instrument as compared
to the other known is that it determines polarization resistance
exactly at the corrosion potential.

The stand tests showed that the use of the corrosimeter
type "KORT" gives a possibility of obtaining data on the corro-
sion behaviour of construction materials and applying the ins-
trument for remote observation of the equipment corrosion wear.

Other methods of corrosion protection are not considered
in this report. But it may be said in conclusion that the intro-
duction of such efficient anticorrosion measures as the applica-
tion of corrosion-protection hard-facing, heat treatment, inlet
control, the use of mild steels and new construction materials,



methods and techniques of welding joints control allowed to in-
crease considerably the operating resource of the nuclear pro-
duction equipment.
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DISPOSAL CONDITIONS IN ROCK SALT FORMATIONS
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Kernforschungszentrum Karlsrahe GmbH,
Karlsrahe, Federal Republic of Germany

Abstract

This paper reports about in-situ corrosion studies on se-
lected materials for long-term resistant high-level waste (HLW)
packagings acting as a barrier in a rock salt repository. The
materials (Ti 99.8-Pd, Hastelloy C4 and f ive iron-base mater-
ials) were investigated in heated boreholes in the Asse salt
mine under simulated HLW disposal conditions prevailing in nor-
mal operation of a repository and in certain accident scenarios.

The experiments under normal operating conditions were per-
formed at temperatures of 120°C to 210°C (vertical temperature
profile in the boreholes) without and with gamma irradiation
(3 10^ Gy/h, Co-60 source) within the framework of the German/US
Brine Migration Test. In these experiments only small amounts of
migrated brine inclusions (NaCl-rich) from the rock salt were
present as corrosion medium. In the experiments carried out un-
der simulated accident conditions with intrusion of larger
amounts of NaCl brine into the HLW boreholes the influence was
examined of selected characteristics of container manufacturing
(e.g. electron beam welding) on the corrosion of cast steel. For
this purpose, an electron beam welded cast-steel tube was stored
in a heated borehole (vertical temperature profile 90°C - 200°C)
and the annular gap between the tube and the borehole wall was
filled with Nad brine.

<0

The low amounts of brine thermally released under the con-
ditions prevailing in the Brine Migration Test did not cause

noticeable corrosion of the materials. The cast-steel tube test-



roo
ed in considerable amounts of NaCl brine was subjected to gener-
al corrosion at a maximum corrosion rate of 120 pm/a. This im-
plies a technically reasonable corrosion allowance for a long-
term HLW packaging Pitting and crevice corrosion as well as
stress-corrosion cracking did not occur in cast steel, and elec-
tron beam welding did not exert a noticeable influence on cor-
rosion.

1. INTRODUCTION

In order to qualify corrosion resistant materials for heat-
generating waste (high-level waste (HLW), spent fuel) packagings
acting as a long-term barrier in a rock salt repository, the
corrosion behaviour of preselected materials is being investiga-
ted in laboratory-scale and in-situ experiments. In the labora-
tory-scale studies essential parameters of the material/corros-
ion system, like composition of the corrosion medium, tempera-
ture, gamma radiation and pressure, are being investigated sys-
tematically. Salt brines are considered as corrosion medium.
These may be present due to the thermal migration of brine in-
clusions in salt rock and have to be also considered in accident
scenarios like a brine inflow through an Anhydrite layer.

Materials found promising in laboratory-scale corrosion
studies for a long-term resistant packaging are being tested ad-
ditionaly under simulated disposal conditions in the Asse salt
mine (in-situ experiments). The in-situ experiments allow the
determination of the integral effect of disposal boundary condi-
tions on the corrosion behaviour of the materials. Furthermore,
various accident conditions are being simulated in these experi-
ments, e.g. by variations in the composition and amount of at-
tacking salt brines.

This paper reports about in-situ corrosion studies on se-
ected iron-base materials, Ti 99.8-Pd and Hastelloy C4 under
simulated HLW disposal conditions prevailing in normal operation
of a repository and in certain accident scenarios. The investi-

gations focussed on the unalloyed steels (fine-grained steel,
cast steel) because they have proved to be the most promissing
packaging materials in the previous laboratory-scale experiments
Ce g. 1] .

The experiments under normal operating conditions were per-
formed in the frame work of the German/US Brine Migration Test
[2] in heated cased boreholes at high temperature with and with-
out gamma irradiation In this case only limited amounts of
thermally migrated brine inclusions from the rock salt to the
HLW containers are expected as corrosion medium. In the experi-
ments performed under simulated accident conditions with intru-
sion of larger amounts of brine into the HLW boreholes the in-
fluence was examined of selected characteristics of container
manufacturing (e.g. sealing technique) on the corrosion of cast
steel. For this purpose, an electron beam welded cast-steel tube
was examined in saturated NaCl brine at high temperature.

2. CORROSION STUDIES ON SELECTED HLW PACKAGING MATERIALS IN
ASSE ROCK SALT/SMALL AMOUNTS OF NaCl RICH BRINE

The experiments were performed in the framework of the Ger-
man/US Brine Migration Test in the Asse Salt Mine under condi-
tions prevailing in normal operation of a repository.

2.1 Materials investigated and types of specimen

The chemical compositions of the materials investigated
- Ti 99.8-Pd, Hastelloy C4, fine-grained steel, cast steel, no-
dular cast iron, Si-cast iron and Ni-Resist D4 - are shown in
Tab 1. The materials Ti 99 8-Pd and Hastelloy C4 were investi-
gated as delivered (hot-rolled sheet metals, annealed, descaled)
without any subsequent surface treatment. Ti 99.8-Pd, as a re-
sult of the manufacturing process, exhibited an approximately
200 - 400 pm thick deformation layer which was covered by a uni-
form oxide layer (50 - 100 nm thickness). Before corrosion test-
ing the specimens made of fine-grained steel (hot-rolled and



Table 1 Chemical composition of the materials used in the in situ corrosion studies

Material Composition (wt %)

Cr Nl Ho Tl Pd C Si Ml Nb Ho Fe

Ti 99 8-Pd
(DIN no 3 7025 10) - - Bal 0 17
Hastelloy C4
(DIN no 2 4610) 16 8 Bal 15 9 0 33
Fine-grained steel
(DIN n o 1 0566) - - - - -

Cast steel
(DIN n o 1 1131) - - - - -

Nodular cast iron
(DIN n o 0 7043) - - - - -

Ni-resist D4
(DIN no 0 7680) 5 5 30 9 -
Si-cast iron -

0 01

0 006

0 17

0 16

3 7

2 6

0 72

-

0 05 0 09 -

0 44 1 49 -

0 61 1 51 -

1 83 0 21 -

4 25 0 5

15 0 0 62 -

0 04 0 01 0 001 0 05

0 05

Bal

Bal

Bal

Bal
Bal

not existing or negligible

ro

annealed sheet metal), cast steel and nodular cast iron were
freed from the adhering oxide layer and cast skin, respectively,
by milling. The material specimens made of Ni-Resist D4 and Si-
cast iron were investigated in the as-delivered condit ion, i.e.,
with a surface ground all round.

All materials were examined for their resistance to general
corrosion (weight change) and local corrosion. Plane specimens
with the following dimensions were used: Ti 99.8-Pd, Hastelloy
C4 and fine-grained steel 40 mm x 20 mm x 3-4 mm; Si cast iron
36 mm x 18 mm x 5 mm; and the rest of cast materials 40 mm x 10
mm x 10 mm.

The materials cast steel, nodular cast iron, Ni -Res is t 04
and Si-cast iron were investigated exclusively in the as del iv-
ered condit ion. For the most promising HLW packaging materials
unalloyed steels, Ti 99.8-Pd and Hastelloy C4 the inf luence of
welding on their corrosion behaviour was also studied with a
view to container welding in later application. For this purpo-
se, specimens were examined with a TIG (Tungsten Inert Gas) we ld
bead applied. In order to test the suitability of Hastelloy C4
as a container material for direct filling of HLW glass, some of
the specimens were subjected to thermal treatment either before
or after welding. This simulated the loading of the bottom and
lid welds in practical application. The thermal treatment of the
specimens was described in an earlier publication [ 3 3 .
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All material specimens were cleaned in alcohol in an ultra

sonic bath before they were stored After storage the specimens
were freed from the adhering salts and corrosion products using
suitable pickling solutions and then their corrosion attack was
determined

The weight change of the specimens after corrosion was de-
termined by gravimetry The depth of any local corrosion attacks
was determined with an electronic depth gauge as well as by sur-
face profllometry and metallography.

2 2 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 cas-
ing material was a refractory steel with Inconel 600 clad as a
corrosion protection The longitudinal section of one of these
boreholes is shown in Fig 1 The approximately 5 cm wide annu-
lar space between the casing and the borehole wall was filled
with A1203 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 a gas flow (N2) was perma-
nently passed through the annular space and in the test sites 1
and 3 only at the end of the test. This gas flow carried to the
cooling trap the water released by migration into the borehole
With these conditions for the tests the initial phase of dispo-
sal was simulated, i e., the period of maximum three years [4]
until closure of the annular gap between the HLW package and the
borehole wall A detailed description of the test set-up is gi-
ven in [5]

The specimens were located at the borehole wall The posi-
tion of the specimens and the corrosion conditions in the bore-
hole are shown in Fig 1 The maximum temperature of 210°C at
the borehole wall conforming to the German disposal concept was

B r i n e M i g r a t i o n
120 HO ml pH 2 3 6 6
B r i n e C o l l e c t i n g l i m e 863 d
A f t e r H e a t i n g 1240 1590 ml I sea 1 Sect ion

GâS Components Vol X
H2 0 2 31
°2 0 21 18 2
C0j o 01 10 o
CO 0 01 0 51

Epoxy and Urethan Castino

P i p i n g •* Measuring Grid
ca 4 m I n c o n e )

Borehol c Wa 1 1 4m

Thermal S h i e l d

A n n u l u s 160/61 I
Start C o n d i t i o n
N _ A t m o s p h e r e

3 0 I02 Gy/h

Al-03 Spheres 0 10 mm
200 000 P i e c e s 6 3 m*

0 135-

S a l t Wt
Hal te NaCl ' 92
P o l y h a l i t e

Andhydrite CaS04
Hater Content
(Absorbed Water)

I
96 6

,9 6;

0 17
0 01

5 18
0 I

Fig 1 Schematic vertical section of the test assembly
with indication of the corrosion conditions



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 individual materials are given in
Tab.2. The maximum gamma dose rate was 3 10^ Gy/h and the calcu-
lated maximum rock pressure was 28 MPa. The maximum testing pe-
riod 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 speci-
mens were exposed to a steam atmosphere with salt constituents.
Besides, gases emanating from the rock salt participated in the
corrosion process in addition to gaseous products generated dur-
ing corrosion of the materials and radiolysis of the brine. The
measured values of the volume and composition of the brine and
gas, as well as the temperature profile and the pressure buil-

ding up shown in Fig. 1 are maximum and minimum values applica-
ble to all four boreholes. They were determined by the Institut
fur Tieflagerung, Braunschweig. Detailed information about the
development versus time of the measured values is given in [5]
which includes also information about the distribution of the
specimens in the boreholes.

2.3 Results and discussion

The materials tested corroded at extremely low rates under
the in-situ testing conditions, both in the presence and in the
absence of gamma radiation. No noticeable influence has been ob-
served of TIG welding or thermal treatment of Hastelloy C4 on
the corrosion behaviour of the materials. The weight losses of
the materials determined by gravimetry and the corrosion rates
calculated from them have been entered in Tab. 2. Some specimens

Table 2 Weight loss and corrosion rate of the materials used in the in-situ
corrosion experiments with and without gamma-irradiation

N>CO

Material

Ti 99 8 - Pd
Hastelloy C4
Fine-grained steel
Cast steel
Ni-resist D4
Nodular cast iron
Si-cast iron

Test
temperature

(°C)

210
210
150
150
150
120
120

without gamma - irradiation
(exposure time 900 d)

Weight loss
(g/m2)

+
+

17 79

22 72

5 43
+

29 31

Corrosion rate
(pm/a)

+
+

0 95
1 18
0 29

+

1 72

with gamma
3 10

(exposure
Weight loss

(g/m2)

1 4
19 19
?00 06

9 49
3 23

13 26
+

- irradiation
2 Gy/h
time 700 d)
Corrosion rate

(um/a)

0 16
1 18

13 68
0 63
0 22
1 01

+

+ Specimens not retrievable or mechanically damaged



did not lend themselves to gravimetric 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. 2 that the corrosion rates of all materials
not exposed to irradiation are less than 2 pro/a and that, except

o
for fine-grained steel, gamma radiation of 3 10 Gy/h has not
resulted in an increase of 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, A1203 spheres etc.).
Therefore, only a very low amount of brine was avai lable for the
corrosion attack of the material specimens with a maximum sur-
face of 250 cm2 .

The higher corrosion rate determined for fine-grained steel

exposed to irradiation (about 14)j m/a) is probably not caused by
the effect of radiation. This assumption 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 in-
crease in the corrosion rate is probably attributable to the
fact that after the heater had been shut down because of plug-

ging 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 additional period of about 12 months (i.e., the time in-
terval between shut-down of the heater and specimen retrieval)
at a mean temperature of about 70°C.

The metallographic examination of the specimens has shown
that, with the exception of fine-grained steel exposed to irra-

diation, all the other materials undergo uniform corrosion under
the in-situ conditions. Figures 2 and 3 show by way of example
micrographs of Ti 99.8-Pd, Hastelloy C4 and fine-grained steel
before and after storage. In case of fine-grained steel a non-

uniform corrosion attack with a maximum penetration rate of
about 25 pm/a was observed which is attributed to corrosion by

non-condensed brine as already discussed.

The comparison of the results from in-situ corrosion expe-
riments with those from laboratory-scale studies clj shows:

- The corrosion rates of the iron base al loys investigated in-
situ with limited brine amounts have been much lower than
those obtained in laboratory-scale experiments with brine in
excess.

- For Ti 99.8-Pd and Hastelloy C4 only negligible differences
have been found between laboratory and in-situ results of cor-
rosion rates.

- The very pronounced local corrosion attacks on nodular cast
iron, Ni-Resist D4, Si-cast iron and Hastelloy C4 (only at
200°C and under irradiation at 1000 Gy/h), respectively, ob-
served in the laboratory-scale experiments have not occurred
under the in-situ conditions due to the limited brine amounts.

3. CORROSION STUDIES ON AN ELECTRON BEAM WELDED CAST STEEL

TUBE IN ASSE ROCK SALT/LARGER AMOUNTS OF NaCl BRINE

3.1 Material composition and specimen shapes

The chemical composition of the cast steel (GS16Mn5) and
the dimensions of the specimen are shown in Fig. 4. The specimen

consisted of nine tube sections (50 mm length, 45 mm outside
diameter, 20 mm inside diameter) and a bottom part which were
joined by electron beam welding to simulate a container closing

technique. This gave a tube of 500 ram total length. Normalized
cast steel bars were used as the initial material for tube manu-
facture. After welding the tube was subjected to thermal treat-
ment for two hours at 700°C in order to simulate the cooling
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Fig. 2 Optical micrographs of in-situ corrosion specimens
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Fig. 3 Optical micrographs of in-situ corrosion specimens
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45 mm dia.

Material GS16Mn5 cast steel
Material no.: 1.1131

Composition (wt.X):
0.16 C
0.66 Si
1.51 Mn
0.013 P
0.011 S
Bai. Fe

'Simulated container
closing technique
(electron beam welded)

Fig. 4 Chemical composition and dimensions of cast steel specimen

conditions applicable to the seam of a thick-walled container.
More detailed information on tube manufacture can be found in
[1].

3.2 Test conditions and experimental set-up

The corrosion behaviour of the cast-steel tube was tested
under the conditions of hypothetical inflow of large amounts of
NaCl 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 cast-steel tube
(700 cm2 surface) was placed into a heated vertical borehole of
2 m depth at the 775 m level of the Asse mine (see Fig. 5), and
the 1 mm wide annular gap between the tube and the borehole wall
was filled with 100 ml saturated NaCl brine (26.9 wt.% NaCl,
73.1 wt.% HZ0) . This gave a ratio of specimen surface to brine

volume (S/V) of 7 cm" 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 (conforming to
the German disposal concept) was set with a heater.

Figure 6 shows the radial temperature distribution between
two boreholes in the center of the heated zone. The vertical
temperature profile developing during the experiment at the con-
tact surface between the tube and the borehole wall is shown in
Fig. 7. The maximum temperature of 200°C occurred in the center
of the heated zone, and the minimum temperature of 90°C occurred
in the upper tube zone. The temperatures were measured with

Rock salt •
Cast sea! •
Primary seal ———

Convection stopping
Welded tubes ———

Heater-

775 m level

Guide and
guarde tube

-Ceramic insulation
Tube for
- sampling
- brine filling

Thermocouples

— Crushed rock salt

Fig. 5 Vertical cross-section of test assembly
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Fig. 6 Radial temperature distribution between twoboreholes in the center of heated zone

[mm]
Primary seal
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Temperature (°C]
T[°C]

Fig. 7 Vertical temperature distribution on the
welded tube wall

NiCr-Ni thermocouples. In order to avoid invalidation of the re-
sults of corrosion measurements due to corrosion induced by con-
tact between the thermocouples and the tube surface, the measur-
ements were performed in reference boreholes of identical expe-
rimental set-up The pressure in the annular gap of the real
test borehole 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 boiling point of
the salt brine of 140°C. This means that the water contained in
the brine evaporated at points of elevated temperature and re-
condensed at the upper cooler end of the tube (90°C).

The tensions prevailing on the tube surface were measured,
like the temperature, in reference boreholes using strain gau-
ges. 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 results obtained in an identi-
cal preliminary test [1] complete closure of the 1 mm wide an-
nular gap should have taken place after approximately twelve
months.

3.3 Post-test investigation of the cast-steel tube

After a testing period of eighteen months the cast-steel
tube was retrieved by overconng. The obtained drilling core
(l m length, 120 mm outside diameter) had been cut into two
halfshells (Fig. 8) and a visual inspection was made of the tube
and the drilling core. Subsequently, the loosely attached cor-
rosion products were removed mechanically from each tube section
and the tube bottom and examined by X-ray diffraction analysis.
Then, the tube was pickled in the Clark solution (37% HC1 +
Sb20j + SnC^) and cleaned with alcohol in order to remove the
salts and corrosion products left. After cleaning the tube was
subjected to post-test examinations for corrosion attacks by
measurement of pitting depths, by surface profilometry and by
metallography.
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(1.5 a in rock salt + 100 ml added Nad brine at 90°C-200°C)



3.4 Results and discussion

Visual inspection of the drilling core cut into two parts
showed that black and rust-brown corrosion products were uni-
formly distributed on the steel tube and the borehole wall which
indicates that iron oxides had been formed. The 1 mm annular gap
between the tube and the borehole wall which existed at the be-
ginning of the test had completely closed. Damp and shining zon-
es of the cutting face of the drilling core are a proof that the
Nad brine added had not been completely consumed by corrosion.
Below the ceramic insulation in the cooler upper part of the tu-
be (T = 90°C) dissolutions of salt were clearly visible which
were attributed to condensation of water vapour.

The surface profiles (Fig. 9) and the metallographic sec-
tions (Fig. 10} of specimens taken from three characteristic
temperature zones (90°C, 140°C, 200°C) of the cast-steel tube
have shown that corrosion attack was partly non-uniform and
different in extent. Besides specimen areas where uniform cor-
rosion had taken place, there were those which had suffered from
deeper corrosion attacks. The corrosion attack was greatest for

10,,» b) »/-

a) Before exposure

b) Center of heated zone (200° C]

c) Top of welded tube (90° C)

Fig. 9 Surface profiles of cast-steel specimens beforeand after 1.5 a in-situ storage

• Base material

1 a] Top (90° C)

!- EB-weld

- Base material

E b) Bottom (140° C)

- Base material

c) Center of heated zone (200° C)

Fig. 10 Optical micrographs of cast-steel specimens from
different temperature zones of the tube after
1.5 a in-situ storage

the specimens from the cooler upper part of the tube (T = 90°C)
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 140°C and 200°C in the
vapour space the penetration rates were much lower, namely 20
Mm/a, and différend slightly from each other. Pitting and crev-
ice corrosion in the sense of an active-passive corrosion ele-



ment 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.

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 NaCl incorporated in the corrosion
layer. The identified oxides were: FejO/j, FejOj, a-FeO(OH) and
•y-FeO(OH). The ferric oxides and hydroxides present in addition
to FejO^ found by Westerman et al. :6] are attributed to the
presence of some oxygen in the in-situ experiment. No relation-
ship has been found to exist between the composition of the cor-
rosion products and the temperature of the specimens.

4. CONCLUSIONS

The in-situ corrosion studies performed under the condi-
tions prevailing in the Brine Migration Test have shown that
little amounts of thermally migrated NaCl-nch brine from the
rock salt do not corrode noticeably the packaging materials in-
vestigated. This is true above all for Ti 99.8-Pd and Hastelloy
C4 which undergo passive corrosion and in which local corrosion
could be caused already by minor amounts of brine. Furthermore,
a gamma dose rate of 3 10 Gy/h or TIG welding does not influ-
ence the corrosion behaviour of the materials.

The in-situ corrosion results on the cast-steel tube have
shown that an HLW packaging made of this material is capable of
providing long-term corrosion protection for HLW forms even in a
hypothetical accident scenario with intrusion of considerable
amounts of NaCl brine into the boreholes. This result is in good
agreement with the laboratory results obtained so far. The maxi-
mum corrosion rate of 120 pm/a of the cast-steel tube occurred
under the selected test conditions at the cooler upper end where
the evaporated water from the brine may condense. Corrosion rat-
es of this magnitude imply technically acceptable corrosion al-

lowances of about 35 mm to 50 mm for the containers discussed
here with service lives of 300-400 years. Furthermore, no pit-
ting and crevice corrosion or stress-corrosion cracking occurred
on the cast-steel tube and the electron beam welding did not en-
hance noticeably the corrosion compared to the base material.

Further in-situ experiments on unalloyed steels, Ti 99.8-Pd
and Hastell oy C4 are under way. They include above all the in-
vestigation of the combined influence on corrosion of other
boundary conditions for disposal {e.g. intrusion of MgC^-rich
brines into the HLW boreholes) and of further parameters se-
lected for container manufacture.
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GALVANIC CORROSION EVALUATION OF HIGH ACTIVITY
NUCLEAR WASTE CONTAINER METALS COMPONENTS
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Abstract

The conceptual design for the feasibility study of an
underground repository in Argentina for the final disposal
of high activity nuclear waste was set.

The container for such reprocessed and vitrified wastes shall
have three metallic layers a stainless steel inner layer,
an external one of a metal to be selected and a thick lead
intermediate layer (100 mm wide) preselected due to its good
radiological protection and corrosion resistance. Surrounding
the container, a bentonite and sand mixture will be used as
backfill ing of the rock hole.

In the probable event that a small break in the metal of the
container external layer would cause the simultaneous
exposition of the intermediate lead layer and the external
metal to the media, the corrosion behaviour of lead-metal
galvanic couples in the repository simulated media (groundwater
and 10 % bentonite suspensions) was studied.

In order to select the metal of the container external layer,
60 days galvanic couples tests of lead-titanium, lead-AISI
304 stainless steels and lead-SAE 1010 and SAE 1020 carbon
steels were performed at 75°C

Those test results showed the convenience of using carbon
steel as an external container layer.

Finally, the lead-carbon steel galvanic couples behaviour
in groundwater was studied considering the following variables:

- Lead-carbon steel galvanic couple rate area from 1:10 to
1 40.

- Carbon content effect in steel corrosion kinetic.
- Decreasing temperature effect on lead-carbon steel galvanic

couple polarity inversion in groundwater.
- Sea water different concentrations effect in lead-carbon

steel galvanic couple corrosion kinetic at 75°C.
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1. Introduction
In the feasibility study for an underground repository

in Argentina, the conceptual basis for the final disposal
of high activity nuclear waste was set [1], as well as the
biosphere isolation according to the multiple barrier concept
or to the engineering barrier system The container for such
reprocessed and vitrified wastes shall have three metallic
layers a stainless steel inner layer, and external one of
a metal to be selected and a thick intermediate lead layer
(10 cm width) preselected due to its good radiological
protection and corrosion resistance. Surrounding the container,
a bentomte and sand mixture shall be used as backfilling
of the rock hole. The bentomte is a clay that, duly hydrated
and compacted, shall retard as long as possible the arrival
of the groundwater to the container. If that occurs, owing
to its ionic interchange properties, it shall retard the
radionuclide dispersion into the biosphere [2, 3] Maximum
temperature of the external surface of the container is
expected to reach 75°C Fig. 1 shows the container design
and in Fig. 2 it is observed one sealed storage hole in the
repository.

As design limit, the container shall act as an engineering
barrier, granting the isolation of the rachonuclides forapproximately 1000 years. Lead corrosion behaviour in
groundwater and other corrosive environments has been studied
[4, 5]. High purity lead showed a good corrosion behaviour
in natural groundwater, corrosion rate being of the order
of microns per year (0,0013 mm a"1 at 75°C). This good
corrosion behaviour in groundwater is due to the presence
of a basic lead carbonate passivating film on the lead surface

Lead corrosion is affected principally by contamination
and types of salts present in the environnent. Chloride
corrosion influence depends on its concentration Very diluted
chloride concentration (5x10"^ M) gives a lead corrosion
kinetic as high as found with distilled water (0 56 mm-a"!
at 75°C). Nitrates and acetates induced high lead corrosionrates too.

Groundwater bentomte suspensions tests showed that
bentomte acts as a buffer keeping corrosion rates at
acceptable levels even in more aggressive environments such
as distilled water.

In the probable event that a small break in the metal
of the container external layer would cause the simultaneous
exposition of the intermediate lead layer and the external
metal to the media, the corrosion behaviour of lead-metal
galvanic couples in the repository simulated media
(groundwater and 10% bentomte suspensions in groundwater)
were studied with the purpose of selecting the metal of the
container external layer 60 days galvanic couples tests

of lead-titanium, lead-AISI 304 stainless steel and lead-
SAE 1010 and SAE 1020 carbon steels were performed at 75°C.

Preliminary titanium-lead and AISI 304 stainless steel-
lead galvanic couples tests have been carried out in
groundwater and 10% bentomte suspensions in groundwater
[6]. Those tests showed that titanium and AISI 304 stainless
steel behaves always as a cathode in the galvanic couple,
promoting the galvanic corrosion of lead.

Quarz Sand
and Bentomte

Steel
8= 10

Stainless Steel
e-10

Dimmensions in milimeters

Fig. 1 Container for high level radioactive waste design.
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Quartz und 80—90 %
Bentonite 10-20 %

Quaru sand 85 %, bentonite 15 %

Lead 100 mm

Chromium-Nickel steel 3 mm

Vitrified waste

Lead

— Quartz sand 90 %, bentonite 10 %

Fig. 2. Sealed final repository. Tunnels and storage holes
are completely filled with a buffer material
consisting of quartz sand and bentonite.

Taking into account that AISI 304 stainless steel can
also suffer localized corrosion, such as crevice corrosion,
stress corrosion cracking and pitting in presence of low
concentration of contaminants, as chlorides, and that the
use of titanium is recommended for very aggressive
environments, which is not the present situation, both metals
were discarded and this study was oriented to the corrosion
behaviour of carbon steel.

2. Experimental
High purity lead (99.999%), commercial lead (99,9%), SAE

1010 and 1020 carbon steel were used for galvanic couples
tests. Chemical composition of these metals are showed in
Table I.

Carbon steel rectangular samples of 8 to 160 cm2 and 1-
2 mm thickness, according to area relationship were used
in the tests. Lead samples had an exposed area of 4 to 8
cm2 and the same thickness as carbon steel samples.

TABLE I

Composition of Galvanic Couple Metals

Lead samples. Spectrographic analysis

[g/100 g] Sn Zn Ag As Bi Cu Sb Hg

High purity lead •< 0.005 - - - < 0.001 <TO.OU05 - 0.0001
Conraercial lead 0.001 0.0006 0.0019 <0.005 0.01 -

Steels samples. Chemical analysis

[g/100 g] Si N1 Mn Fe Cr

AISI 304 0.66 10.2 0.87 - 19.5 - 0.055 0.02
SAE 1010 - - 0.19 - - 0.018 0.035 0.05



Carbon steel samples were polished with 600 emery paper
and pickled in 10% ^04 solution at 50-60°C during 3 minutes,
washed with distilled water, dried and kept 2 hours in
disecator before being weighed at the beginning and at the
end of the test, in order to determine corrosion kinetics
by weight loss. Lead samples were polished with 600 emery
paper, and before starting each testing they were immersed
for 24 hours in ammonium acetate saturated solutions. These
samples were weighed also at the beginning and at the end
of the test.

For each galvanic pair, a lead was soldered at the terminalof each sample and then both samples were mounted in a two
branches glass tube and fixed with epoxi resin. The galvanic
pair was placed in a 1.500 ml cell containing the test
solution. Then the cell was immersed in an oil bath at
constant temperature.

Electrode potential against a calomel reference electrode
and galvanic current of the metal couple was measured every
24 hours, following AST« standard G 71-81, during 60 days
tests. A Keithley multimeter model 177 Microvolt OMM was
used for this purpose.

Tests were performed at 75, 50, 45, and 40°C. The test
solution was either synthetic groundwater, a suspension of
10% bentonite in groundwater, or synthetic sea water prepared
according to ASTM standard D 1141-75 (1980). This synthetic
sea water was used at 100%, 50% and 25% concentration by
dilution with distilled water.

The synthetic groundwater was prepared taking into account
the main anions present in the natural groundwater found
in the rock at 500 meters deep in the site chosen for the
repository, located in Sierra del Medio, Chubut, Argentina.

Chemical composition of natural groundwater and tests
solutions are shown in Table II. Bentonite analysis is given
in Table III.

Type of electrochemical attack on samples was observed
by Scanning Electron Microscope (SEM) techniques.

3. Results
To caracterize the corrosion behaviour of lead-carbon

steel galvanic couple in groundwater, the following variables
were studied:

3.1. Influence of bentonite and lead impurities on lead-carbon
steel galvanic corrosion behaviour in groundwater

Current density and electrode potential versus time for
high purity lead-SAE 1010 carbon steel and commercial lead-
SAE 1010 carbon steel galvanic couples in synthetic
groundwater at 75°C, are shown in Fig. 3 and 4.

TABLE II

Ground Hater Chemical Compositions

PH
Calcium
Magnesium
Sodium
Potassium
Carbonate
Bicarbonate
Sulphate
Chloride
Fluoride
Ni t ra te
Free Carbonic Anhidride
Sulphide
Boron

NG

7.8
8.20
4.40

95.00
2.70
0

250.00
11.00
21.00

2.30
5.10
2.00
0.25
0.08

SG
mg.L'l

8.0
8.28
2.05

80.20
0.80

199.00
18.80
14.50

0.39

U
01

Non detected: iron, manganese, arsenic, lithium, copper, lead,
vanadium, zinc, phosphate, ammonium, nitrite and silicon.

NG: Natural ground water
SG: Synthetic ground water
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TABLE III

Bentonite Spectrographlc Analysis

(microA/cm2) E mV(SCE)

Magnesium
Iron
Silicon dioxide
Aluminium
Phosphates
Sulphates
Carbonates
Organic Carbon
Lead
Barium
Chromium
Silver
Calcium
Magnesium
Titanium
Vanadium
Copper
Sodium

9/100 g

0.85
4 3

54.1
14.2
0.15
0.32

0.034
0.026

<0.01
< 0.003
< 0.003
< 0.001

e» 0.3
0 003-0.01

~ 0.3
~ 0.03
~ 0.003
~ 1

- -200

- -400

- -600

-800
10 20 30 40 50 60 70

t (days)
! vs t —— E vs t

Fig. 3. Current density and electrode potential versus time
for high purity lead-SAE 1010 carbon steel galvanic
couple test 1.10 area relationship, in synthetic
groundwater at 75°C.

In both cases an inversion of current polarity is detected
after 48-72 hours from the beginning of the test, lead
behaving as anode to the end of the test.

Etching, a non uniform corrosion attack, is seen in high
purity lead, Fig. 5, and commercial lead, Fig. 7. SAE 1010
carbon steel surface presents pitting, a type of localized
attack, after both tests, Fig. 6 and 8.

The behaviour of high purity lead and commercial lead-
SAE 1010 carbon steel galvanic couples in 10% bentonite
suspension in synthetic groundwater is seen in Fig. 9 and
10. In these tests no inversion on current polarity is
detected, lead behaving always as a cathode to the end of
the test.

Commercial lead, Fig. 13, presented a more pronounced
corrosive attack than high purity lead, Fig. 11, at the end
of the test, while SAE 1010 carbon steel, Fig. 12, showed
also an intense localized attack.

Lead corrosion rate in synthetic groundwater and 10%
bentonite in synthetic groundwater tests at 75°C are shown
in Table IV. Lead corrosion rate is higher in synthetic
groundwater compared with that measured in 10% bentonite
suspension in synthetic groundwater. Commercial lead has
a higher corrosion rate than high purity lead.
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Fig. 4. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:10 area relationship, in synthetic
groundwater at 75°C. Fig. 5. High purity lead surface Scanning Electron Microscopy

(SEM) picture at the end of lead-carbon steel
galvanic couple test, 1:10 area relationship, in
groundwater at 75°C (800X).

3.2. Increase of lead-carbon steel galvanic couple area
relationship from 1:10 to 1:40

Current density and electrode potential versus time for
commercial lead-SAE 1010 carbon steel tests with 1:10, 1:20
and 1:40 area relationship, in synthetic groundwater at 75°C,
are shown in Fig. 14-17.

There is a galvanic current increase with the increase
of area relationship from 1:10 to 1:40. Lead-carbon steel
area relationship increase does not affect current polarity
inversion phenomenon.

Lead corrosion rate is at least twice when lead-carbon
steel galvanic couples area relationship increases from 1:10
to 1:40. Maximum lead corrosion rate measured by weight loss
was 0.259 mm/year, Table V.

Fig. 18-21 show lead surface SEM pictures after the tests.
In groundwater galvanic couple tests at 75°C, where lead
behaves as an anode, localized corrosion in lead grain
boundaries was observed; this attack being more pronounced
for 1:40 lead-carbon steel area relationship, Fig. 20-21.

Text cont, on p. 147.



Fig. 6. SÄE 1010 carbon steel surface SEM picture at the
end of lead-carbon steel galvanic couple test, 1:10area relationship, in groundwater at 75°C (400X).

Fig. 7. Commercial lead surface SEM picture at the end of
lead-carbon steel galvanic couple test, 1:10 arearelationship, in synthetic groundwater at 75°C
(800X).
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Fig. 8. SÄE 1010 carbon steel surface SEM picture at the
end of lead-carbon steel galvanic couple test, 1:10
area relationship, in synthetic groundwater at 75°C(400X).
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Fig. 9. Current density and electrode potential versus time
for high purity lead-SAE 1010 carbon steel galvanic
couple test, 1:10 area relationship, in 10% bentonite
suspension in synthetic groundwater at 75°C.
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Fig. 10. Current density and electrode potential versus timefor commercial lead-SAE 1010 carbon steel galvanic
couple, 1:10 area relationship, in 10% bentonitesuspension in synthetic groundwater at 75°C.

Fig. 11. High purity lead surface SEM picture at the endof lead-carbon steel galvanic couple test, 1:10
area relationship, in 10% bentonite suspension in
synthetic groundwater at 75°C (400X).
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Fig. 12. SAE 1010 carbon steel surface SEM picture at the
end of high purity lead-carbon steel galvanic couple
test, 1:10 area relationship, in 10% bentonitesuspension in synthetic groundwater at 75°C (400X).

Fig. 13. Commercial lead surface SEM picture at the end oflead-carbon steel galvanic couple test, 1:10 area
relationship, in 10% bentonite suspension in
synthetic groundwater at 75°C (400X).
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TABLE IV

High purity and commercial lead corrosion rate
in galvanic couples at 75°C,

1:10 lead-steel area relationship

synthetic
groundwater

10% bentonite
in synthetic
groundwater

steelin
galvanic
couple

SAE 1010
SAE 1010*
AISI 304
SAE 1010
SAE 1010*
AISI 304**

lead corrosion rate
mm . year-1

by galvanic
current

0.079
0.127
0.127

-
-

0.017

by weight
loss

0.093
0.123
0.153

-
0.009
0.041

* Commercial lead
** 1:1 lead-steel area relationship
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Fig. 14. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:10 area relationship, in synthetic
groundwater at 75°C.
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Fig. 15. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:20 area relationship, in synthetic
groundwater at 75°C.
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Fig. 16. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:40 area relationship in syntheticgroundwater at 75°C.
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Fig. 17. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:40 area relationship in synthetic
groundwater at 75°C.

TABLE V

Lead-SAE 1010 carbon steel galvanic couples
corrosion rate in synthetic groundwater at 75°C

Galvaniccouple

Pb
SAE 1010

Pb
SAE 1010

Pb
SAE 1010

Pb
SAE 1010

Arearelation
ship

1
10

1
20

1
40

1
40

0A. cm"2

2 x 10"6

1.9 x 10"6

5.0 x 10"6

5.1 x 10"6

Corrosion rate
mm . year'1

by galvanic
current

0.060

0.057

0.150

0.150

by weight
loss

0.100
0.070

0.056
0.111

0.259
0.114

0.180
0.138
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Fig. 18. Commercial lead surface SEM picture at the end of
commercial lead-SAE 1010 carbon steel galvanic couple
test, 1:40 area relationship, in synthetic
groundwater at 75°C (200X).
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Fig. 19. Commercial lead surface SEM picture at the end of
commercial lead-SAE 1010 carbon steel galvanic couple
test, 1:40 area relationship, in synthetic
groundwater at 75°C (400X).
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Fig. 20. Commercial lead surface SEM picture at the end of
commercial lead-SAE 1010 carbon steel galvanic couple
test, 1:40 area relationship, in syntheticgroundwaterat 75°C (200X).

Fig. 21. Commercial lead surface SEM picture at the end ofcommercial lead-SAE 1010 carbon steel galvanic coupletest, 1:40 area relationship, in synthetic
groundwaterat 75°C (400X).
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3.3. Effect of steel carbon content on steel corrosion rate
Commercial lead-SAE 1020 carbon steel galvanic couples

in synthetic groundwater, Fig. 22 and 23, and in 10% bentonite
suspension in synthetic groundwater at 75°C, Fig. 24 and
25, show a similar behaviour to that found with lead-SAE
1010 galvanic couples in the same environments. There is
the same current polarity inversion phenomenon as found with
SAE 1010 carbon steel in synthetic groundwater.

An increase of carbon content in steel has very little
influence on corrosion rate of steel in the galvanic couple.
In average this value is 0.11 mm/year for SAE 1010 carbon
steel while for SAE 1020 carbon steel is 0.13 ran/year, TableVI.

For commercial lead-SAE 1020 carbon steel galvanic couple
tests in 10% bentomte suspension in synthetic groundwater,
lead behaved as a cathode to the end of the test, being its
corrosion rate very low (about 0.013 mm/year).

Fig. 26 and 27 show lead surface SEM pictures after the
tests. Lead corrosion kinetic seems to depend on grain
orientation, Fig. 26. A sort of irregular attacks on lead
surface was detected also in galvanic couple tests in 10%
bentonite suspension at 75°C, Fig. 27.

3.4. Effect of test temperature on galvanic couple currentpolarity inversion
Commercial lead-SA£ 1010 carbon steel galvanic couple

tests in synthetic groundwater were performed at 50, 45 and
40°C in order to correlate the temperature influence oncurrent polarity inversion.

Current density and electrode potential versus time curves
at 50, 45 and 40°C are seen in Fig. 28-30, with the
temperature decrease, the time for current polarity inversion
increases. At 40°C no polarity inversion was observed, lead
behaving as cathode to the end of the test.

3.5. Effect of sea water contamination on the corrosion
behaviour of galvanic couple

The effect of groundwater contamination with sea water
on galvanic couple corrosion behaviour has been studied,
taking into account an eventual geological change on the
repository site.

Synthetic sea water composition, according to ASTM standard
D 1141-75(1980) is shown in Table VII

Fig. 31-34 show high purity lead and commercial lead-SAE-
1010 carbon steel galvanic couple tests, area relationship
1 1 in 100%, 50% and 25% synthetic sea water, at 75°C.

In all cases it was observed that there is no current
polarity inversion, lead behaving always as a cathode to
the end of the test. Table VIII shows SAE 1010 carbon steel
galvanic corrosion rates in these tests. Differences observed
in the carbon steel corrosion values, obtained by galvanic
current and by weight loss, probably are due to local
corrosion cells on the steel surface.

These corrosion rate values are higher than those obtained
with the same type of galvanic couples and the same area
relationship in synthetic groundwater (0.195 mm/year by weight
loss). In this case there was a current polarity inversion,
steel behaving as a cathode. There is not significative
corrosion rates differences comparing the values obtained
with synthetic sea water and those obtained with 50% and
25% concentrations.

4. Discussion
Higher lead corrosion rate was found when lead is

galvamcally coupled to carbon steel in synthetic groundwater
at 75°C, about 0 1 mm.yl, comparing it with the corrosion
rate found without any galvanic couple at the same temperature
(0.003 mm.yl) L5]. This higher corrosion rate is due to
the phenomenon of current polarity inversion that takes place
a few hours after the beginning of the test, lead acting
then as an anode to the end of the test. That polarity
inversion at 75°C, is due to the formation of a passivating
magnetite film (F63Û4) on the carbon steel surface [6], which
behaves as a noble metal galvanically coupled to lead.
This phenomenon does not occur at room temperature and in
10% bentonite suspensions in groundwater tests at 75°C,
bentomfe buffer properties probably interfere with some
of the reaction steps of magnetite formation.
The higher corrosion rates and grain boundary localized attack
detected in commercial lead, galvamcally coupled to carbon
steel, is probably due to impurities present at the grain
boundaries. It is a very known fact that impurities or
depletion of one alloy component in grain boundaries (such
as in austemtic stainless steels heat affected zone), promote
intergranular corrosion

Text cont on p 156
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Fig. 22. Current density and elecrode potential versus time
for commercial lead-SAE 1020 carbon steel galvanic
couple test, 1:10 area relationship, in syntheticgroundwater at 75°C.
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Fig. 23. Current density and elecrode potential versus time
for commercial lead-SAE 1020 carbon steel galvanic
couple test, 1:10 area relationship, in synthetic
groundwater at 75°C.
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Fig. 24. Current density and electrode potential versus time
for commercial lead-SAE 1020 carbon steel galvanic
couple test, 1:10 area relationship, in 10% bentonitesuspension in synthetic groundwater.
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Fig. 25. Current density and electrode potential versus time
for commercial lead-SAE 1020 carbon steel galvanic
couple test, 1:10 area relationship, in 10% bentonitesuspension in synthetic groundwater.

149



TABLE VI
Lead-SAE 1010 and Lead-SAE 1020 galvanic couples

corrosion rate in synthetic groundwater
and 10% bentonite suspension in groundwater at 75°C.

Lead-Carbon steel area relationship 1:10

synthetic
groundwater

10* bentonite
in synthetic
groundwater

galvanic
couple

Pb
SAE 1010
Pb
SAE 1010
Pb
SAE 1020
Pb
SAE 1020
Pb
SAE 1020
Pb
SAE 1020

J
A . cm"2

4.3 x 10"6

2.0 x 10

2.8 x 10"6

' 2.5 x 10"5

5.6 x 10"7

3.9 x 10~7

Corrosion rate
mm . year

by galvanic
current

0.129
0.042
0.060

0.084

0.075

0.0065

0.0045

by weight
loss

0.123
0.168
0.100
0.070
0.140
0.154
0.111
0.155
0.011
0.057
0.016
0.121

Fig. 26. Commercial lead surface SEM picture at the end ofcommercial lead-SAE 1020 carbon steel galvanic coupletest, 1:10 area relationship, in synthetic
groundwater at 75°C (200X).
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Fig. 27. Commercial lead surface SEM picture at the end of
commercial lead-SAE 1020 carbon steel galvanic coupletest, 1:10 area relationship, in 10% bentonitesuspension in groundwater at 75°C (200X).

Pb/SAE 1010 1:10

. AS 50'C

• E YS \

o i vs 1

-0,5

-0,6

-0.7 .

-3,8 -

I 0

j————l————i_____i_
S O

Fig. 28. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvaniccouple test, 1:10 area relationship, in syntheticgroundwater at 50°C.
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Fig. 29. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvaniccouple test, 1:10 area relationship, in syntheticgroundwater at 45°C.
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Fig. 30. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:10 area relationship, in synthetic
groundwater at 40°C.
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TABLE VII

Synthetic sea water composition

According to ASTM Std. D 1141-75 (1980)

NaCl

MgCl2

Na2S04

CaCl2

KC1

NaHC03

KB r

H3B°3
SrCl2

NaF

pH

24.

5,

4,

1.

0

0

0

.53 g.l-1

.20 g.T1

.09 g.l"1

.16 g.T1

.69 g.T1

.20 g.l"1

1

.10 g.l

0.027 g.l"1

0

0

8

.025 g.l"

.003 g.l"1

.2
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Fig. 31. Current density and electrode potential versus timefor high purity lead-SAE 1010 carbon steel galvanic
couple test, 1:1 area relationship, in synthetic
sea water at 75°C.
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Fig. 32. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:1 area relationship, in syntheticsea water at 75°C.
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Fig. 33. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:1 area relationship, in 50% synthetic
sea water at 75°C.
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Fig. 34. Current density and electrode potential versus time
for commercial lead-SAE 1010 carbon steel galvanic
couple test, 1:1 area relationship, in 25% synthetic
sea water at 75°C.

TABLE VIII

Lead-SAE 1010 Carbon Steel Galvanic Couples Behaviour
in Synthetic Sea Water at 75°C

Synthetic
Sea Water

50%
SyntheticSea Water

25%
Synthetic
Sea Water

Galvanic
couple

high purity
Pb SAE 1010
high purity
Pb SAE 1010
commercial
Pb SAE 1010
commercial
Pb SAE 1010

commercial
PB SAE 1010
commercial
Pb SAE 1010
commercial
Pb SAE 1010
commercial
Pb SAE 1010

t
days

56

56

49

49

53

53

53

53

J
(A.ctTT2)

6.9xlO"5

7.5xlO"5

l.lxlO"4

o.lxlO"5

7.7xlO~5

7.3xlO"5

6.7xlO"5

6.4xlO"5

Carbon steel
(mm.

by gal vamc
current

0.101

0.109

0.160

0.088

0.112

0.106

0.093

0.093

corrosion rate
year"1)

by weight
loss

0.370

0.352

0.364

0.341

0.482

0.413

0.412

0.287
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Ü1O)
Kinetic of cathodic reaction, such as oxygen reduction,

increases with a bigger cathodic area (passivated carbon
steel), in this way lead corrosion rate in lead/carbon steel
galvanic couple tests increases with the increase of area
relationship. This will be the case if an eventual small
break occurs on the container external steel layer

No current polarity inversion of lead/cabon steel in
different synthetic sea water concentrations tests was found.
As it was expected, the carbon steel corrosion rate in this
environment is much higher, 0.4-0.5 mm y~l, than in synthetic
groundwater for the same temperature and area relationship,
0.2 mm y"1 [4]. SAE 1010 carbon steel immersion tests in
groundwater at 75°C has given a corrosion rate of 0.05 mmy-1 [4].

Carbon steel pitting localized corrosion occurs in
oxygenated sea water. Normally there is no oxygen present
in deep groundwaters, but if there is an eventual oxygenated
saline water contamination, carbon steel penetration rate
will be very high.

Results of this study show that lead localized corrosion
attack is the most dangerous situation for the high activity
container integrity, and this phenomenon may occur by galvanic
corrosion.

In this case we can suppose the worst situation in the
repository with the following variables acting
simultaneously: that bentomte is not more in contact with
the container carbon steel external wall, that there is no
temperature decrease in the container with time, that carbon
steel external wall will remain as a cathode on the whole
period of time and that a small break on this external wall
exposes lead and carbon steel simultaneously to groundwater
at 75°C.

In this case carbon steel wall will act as a cathode ana
lead will corrode fay galvanic corrosion. Lead penetration
rate for 1:40 area relationship will be, in average, 0.22
mm/year. Taking a 100 mm lead thickness wall, this corrosion
rate will take 454 years to penetrate the entire thickness
of the lead wall. This value does not comply with the
container design life (1000 years).

It should be pointed out that lead penetration rates were
calculated by weight loss, supposing a generalized corrosion
process. For commercial lead it was found localized attack,
which gives higher penetration rates. Therefore commercial
lead must be ruled out for this purpose.

High purity lead in galvanic couple with carbon steel in
groundwater at 75°C has a corrosion penetration rate of about
0.1 mm yl, giving a much longer life time of the lead sheet,

ensuring that the vitrified waste be enclosed for at least
1000 years.

In the eventuality of saline waters (dilute sea water)
or sea water contamination of the repository, there will
be no current polarity inversion in lead/carbon steel galvanic
couple, carbon steel acting as an anode for the different
temperatures tested. In this case, when the external carbon
steel layer has corroded away and the entire lead sheath
is exposed to this environment, it will be very important
to assess the maximum lead corrosion rate penetration. It
has been found a lead penetration rate of 0.005 mm y I in
0.5 M Nad solution (similar to NaCl concentration in sea
water) at 75°C [4].

More work has to be done on lead localized corrosion not
only in brakish waters or sea water, but also on the effect
of certain contaminants in the environment that accelerates
lead corrosion kinetics.

5. Conclusions

5.1. Very low lead corrosion rates were found in lead/carbon
steel galvanic couple in 10% bentomte suspension in
synthetic groundwater tests at 75°C. Some tendency
to localized corrosion was found in commercial lead.

5.2. Current polarity inversion was detected with lead/carbon
steel galvanic couple in synthetic groundwater tests
at 75°C, lead behaving as an anode to the end of the
test and giving higher corrosion rates than in 5.1.
With the decrease of test temperature, the delay time
for current polarity inversion incrases. This behaviour
was found for both lead qualities tested.

5.3. Commercial lead has a higher corrosion rate and presented
a more pronounced localized attack than high purity
lead.

5.4 Commercial lead corrosion rate is at least twice when
lead/carbon steel area relationship increases from 1 10
to 1:40, giving inacceptable pénétration rates for the
lead sheath.

5.5. An increase of carbon content in steel has very little
influence on steel corrosion rate.

5.6. The behaviour of lead-cabon steel galvanic couples insynthetic sea water shows that there is no current
polarity inversion and that there are higher steel
corrosion rates than in groundwater. Lead behaved as
a cathode to the end of the test.
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