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INTRODUCTION AND OBJECTIVES

K. Nuttall, Director
Geochemistry and Waste Immobilization

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba, Canada

Geological disposal of nuclear fuel waste has been extensively researched
since the late 1970s and is now the preferred concept internationally [1].
The Canadian Nuclear Fuel Waste Management Program (CNFWMP) is focussed on
assessing the concept of disposing of nuclear fuel waste in plutonic rock,
in the Canadian Shield [2J. The reference disposal concept, illustrated in
Figure 1, incorporates a series of engineered barriers to supplement the
natural isolation provided by the geosphere [3]. An important engineered

j
• {S 1 FINE SAND
I f I I
j f CONTAINER

FIGURE 1: Canadian Concept for the Disposal of Nuclear Fuel Waste
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component in the concept is a corrosion-resistant container intended to
provide isolation of the fuel waste from contact with groundwater for at
least 500 years, the period during which most radionuclides decay to
negligible levels. Most of the container designs that have been evaluated
are based on a relatively thin shell, supported internally against the
service stresses by either a packed particulate, a cast-metal matrix or by
internal structural members [4]. The container metals that have been
studied are ASTM Grade-2 and Grade-12 titanium, Inconel 625 (all passive
materials), and copper and carbon steels.

The methodology developed in Canada to assess the long-term safety of the
disposal concept is the Systems Variability Analysis Code (3YVAC), a
probabilistic code that incorporates submodels for the vault, geosphere,
and biosphere. A realistic model for the vault must include a mathematical
description of the container failure rate. It is expected that the
container lifetime will eventually be limited by corrosion or other
localized degradation processes. Thus a major objective of our corrosion
program is to develop sufficient understanding of degradation processes to
provide a defensible basis for predicting the container failure rate.

The focus of the first Workshop on Corrosion Performance of Nuclear Fuel
Waste Containers held in Ottawa in 1983 [5] was on reviewing the scope and
future direction of AECL's corrosion research program and evaluating the
research activities then in place or planned. The successful interaction
at that forum provided valuable guidance not only for the CNFWMP but also
for the corrosion research programs of other countries represented at the
Workshop.

Since 1983, there have been some significant advances internationally in
our knowledge and understanding of container corrosion under conditions
relevant to nuclear waste disposal. It was appropriate, therefore, to
convene a second Workshop in Canada to review these developments. The
timing of the Workshop is particularly important for the CNFWMP as the
Concept Assessment phase of the program approaches its scheduled completion
in 1991, with the submission of documentation describing and assessing the
disposal concept.

The broad objective of the Workshop is to review the technical merits, and
particularly corrosion performance, of the three main container material
options: titanium and its alloys, copper and its alloys, and iron and
carbon steels. With the ir.ore mature status of the corrosion programs in
Canada and in other countries, it was also appropriate to pose some
specific, as well as some generic, questions to the Workshop. These were
presented in the letter of invitation to attend the Workshop and are
reproduced here for completeness:

(1) Can we predict with defensible accuracy, the lifetime of
container materials in a variety of vault environments?

(2) Is there a limiting range of conditions (e.g., T, 7 dose,
salinity) beyond which a specific container material cannot be
used, and can we define these conditions?
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(3) Do we have the necessary corrosion rate data and/or mechanistic
models required to make these predictions?

(4) Can we justify the use of titanium on the basis of propagation
rate measurements for crevice corrosion, or do we need to prove
initiation cannot occur?

(5) Will the pitting of copper be significant? Will it only occur in
the presence of sulphide, and how much sulphide is required?

(6) How thick, a carbon steel container would be required? Can it be
faoricated and stress-relieved?

(7) Are radiation fields of any consequence at the dose rates
expected?

In the following proceedings, all of these issues, and many others, are
addressed in detail either in the individual presentations or the
succeeding discussions. Many of the presentations are accompanieo by
comprehensive lists of references where much supplementary information can
be found.

REFERENCES

1. OECD/NEA, "Nuclear spent fuel management: Experience and options,"
Paris (1986).

2. W.T. Hancox, "Safe, permanent disposal of used CANDU fuel," CNA/CNS
1988 Annual Conference, Winnipeg, June 12-15 (1988).

3. P. Baumgartner and G.R. Simmons, "Disposal centre engineering for the
Canadian Nuclear Fuel Waste Management Program," Radioactive Waste
Management and the Nuclear Fuel Cycle, 8 (2-3), 219-239 (1987).

4. K. Nuttall et al., "The Canadian container development program for
fuel isolation," In Scientific Basis for Nuclear Waste Management,
VI, Proceedings of Materials Research Society Conference, Boston,
1982 November (1983), pp.677-684.

5. K. Nuttall and P. McKay, "The corrosion performance of nuclear fuel
waste containers," In Proceedings of a Workshop held in Ottawa,
November 21 -22j 1983, Atomic Energy of Canada Limited Technical
Record, TR-340 (1985).

Unrestricted, unpublished report available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontario KOJ 1J0.
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2.1 IN SITU TESTING OF TITANIUM AND MILD STEEL NUCLEAR WASTE
CONTAINERS AT THE WIPP SITE

M.A. Molecke
Sandia National Laboratories

Albuquerque, New Mexico, U.S.A.

In this presentation, I would like to give you an overview of some of the
Waste Isolation Pilot Plant (WIPP) in situ tests on the corrosion of
materials for high-level-waste containers. Specifically, I would like to
discuss the materials titanium and mild steel. I am responsible for the
in situ testing program and for overseeing laboratory research on the waste
package program. The program is divided into two parts:

(i) A laboratory program on waste-package interactions and
technology;

(ii) An in situ program on corrosion, metallurgy, geochemistry and
related topics.

I will say very little about corrosion because Rob Sorensen will follow me
and give you a summary of our laboratory research on titanium alloys, in
particular on ASTM Grade-12. I'm going to spend most of the time talking
about the testing of simulated defense high-level-waste packages, which has
been going on since 1984 at the WIPP facility in southeastern New Mexico.
The WIPP facility will be the repository for defense transuranic waste.
Starting in about 1991, the site may be used as a test facility for actual
defense high-level wastes (DHLW), i.e., in the form of reprocessed waste,
not spent fuel.

I would like to begin with a brief description of the WIPP project and the
purpose behind it. The WIPP project was established for the express
purpose of providing a research and development facility to demonstrate the
safe disposal of radioactive wastes resulting from the defense activities
and programs of the United States. The project is exempted from regulation
by the Nuclear Regulatory Commission (NRC). The overall structure of the
WIPP experimental program is shown in Figure 1.

The WIPP facility is in the southeastern corner of the State of New Mexico,
about. 59 to 60 km east of Carlsbad, Figure 2. The underground facility is
shown in Figure 3. Note the dimensions of the facility. I will talk
primarily about the high-level-waste tests taking place in rooms Al and B.
Both of these rooms are approximately 100 m long by 5.5 m x 5.5 m.
Facility construction started in 1980. The surface construction is
essentially complete, including the waste-handling facility and the
transportation reception area. The facility is expected to begin accepting
transuranic waste this October. There will be a 5-year period of
retrievability. After 5 years we expect to have a full-scale transuranic
repository. As shown in Figure 3, we have four shafts down from the
surface. Three of them are shown in the figure. The last one is under
construction. The site is expected to accept waste for approximately 20 to
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FIGURE 1: Overall Structure of the WIPP Experimental Program
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FIGURE 2: General Location and Control Zones of the WIPP Site

25 years. The underground section is approximately 650 m below the
surface, but is still above sea level. It is in a fairly pure halite
deposit, as shown in Figure 4. The deposit is ~ 1000 m thick, starting at
about 300 m below the surface and penetrating down to about 1400 m. Most
of it is very pure sodium chloride (> 90%).
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The Sandia waste-package research programs and their interrelationships
with other testing programs are shown in Figure 5. The waste-package
performance program is described in Figure 6. In the past, our program has
been mainly laboratory research, starting in about 1976. However, over the
past several years, we have concentrated more on underground testing than
on laboratory experiments. We have progressed from laboratory tests, to
larger-scale tests conducted in cooperation with Battelle North West, to
underground tests in a potash mine in New Mexico in the early '80s. Since
1984 we have been working predominantly on this defense high-level-waste
test. By 1991 we expect to be performing our tests on actual defense high-
level wastes, in addition to those on transuranic wastes.

FIGURE 5:

SNL
LABORATORY PROGRAMS

CORROSION, (1976 - )
METALLURGY,

BACKFILL R & D

IN SITU TEST DESIGN
AND SUPPORT

PNL-SANDIA
HASTE rACKAOI

MATERIALS
INTERACTION!

TEST

(1980 - 81)

SNL
FIELD TESTS

WPMT IN SENM
(19B1 - 83)

DIRECT,
FORMAL

WIPP IN srru
TECHNOLOGY EXPERIMENTS

WASTE PACKAGE
PERFORMANCE

SIMULATED-DHLW
(1984 - 9 1 1

WIPP IN SITU
MIIT

(INTERMEDIA T t
SCALE)

(1984 - 8 7 )

WIPP IN SITU

ACTUAL DHLW TESTS
( 1 9 8 9 - 2014)

Sandia Waste-Package Research Programs: Time Progressions and
Interfaces

Our objective is to evaluate the performance of the waste-package material
in terms of its durability and integrity in an in situ repository which
closely resembles the proposed facility. The tests are being performed
under both near-reference and accelerated salt repository conditions. In
the salt bed we have a number of full-sized containers (~ 60 cm in diameter
and 3 m tall). Several of these are filled with defense high-level waste
glass (non-radioactive) supplied by the Savannah River Laboratory. We also
have some small glass pellets (~ 0.5 cm by 0.5 cm) outside the containers
in the buffer/backfill material. In our case, this backfill material is
either a bentonite/sand mixture or crushed salt. In other tests we have
metals and glasses directly exposed to brine. We are studying:
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the corrosion and metallurgy of the canister and overpack
materials;

(ii) the feasibility and performance of the backfill materials; and

(iii) the near-field effects such as brine migration.

We will compare the results of these tests with the results of our
laboratory experiments in an attempt to model such processes and to make
predictions on long-term behaviour. In the light of these tests, we will
refine our procedure and our instrumentation systems, prior to starting a
further series of tests on actual defense high-level wastes.

WASTE PACKAGE INTERACTIONS
WASTE PACKAGE PERFORMANCE PROGRAM

P PHOJECTI

OMKMUCIIM

CMWCN

FIGURE 6: Waste-Package Performance Program

We have two separate types of waste-package design: one is a titanium
Grade-12 canister that we developed at Sandia in the early '80s; the other
was provided by the Office of Nuclear Waste Isolation (ONWI) also back in
the early '80s. We also have some other non-reference overpack designs.
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We are studying primarily the corrosion and metallurgical alteration of
these containers. We are looking at the backfill behaviour, geochemical
alterations, thermal conductivity, and the feasibility of using a specific
container design in our repository. We are also studying effects such as
brine inflow.

We have two separate test rooms, as shown in Figure 7. In room B we have
two rows of waste containers and in room A we have one row. The basic
geology of the site is also shown. The salt bed is basically sodium
chloride. The major impurities include polyhalite and anhydrite as well as
some magnesium-containing materials. In room B, Figure 8, there are 12
containers, indicated by the open squares- Containers 1 to 8 contain
1500-W electrical heaters. Containers 9 to 12 are filled with the non-
radioactive defense high-level-waste glass.

WPP
CANISTER/
HEATERS

DEPTH
(ft) (m)

2080 "I
.-635

2090 -

2100

2110"

-645
2120"

2130 -

2140 -

2150

2160 -

2170 "

2130 -.

640

- 650

_ - 655

660

665

LEGEND

ARGILLACEOUS
HALITE

ANHYDRITE

HALITE

HALITE WITH
30% POCYHALITE

HALITE WITH
10% POLYHALITE

CLAY SEAM
I Nat
I Utk

FIGURE 7: Location of Test Rooms in the Halite Deposit at the WIPP Site
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FIGURE 8: Layout and Dimensions of Room B

Figure 9 shows the two basic types of container. The dimensions of the
Grade-12 titanium container are shown. The domed head is made 18 mm thick
to resist the lithostatic pressure expected as the salt creeps in and
begins impacting the containers. Eight Grade-12 titanium containers are
presently in place in the facility. Two of them contain glass, the others
contain the electrical heaters. The other test containers are the
commercial waste container design (Figure 9), composed of an internal
stainless steel container (provided by Savannah River), plus an 8.6 cm-
thick cast steel overpack. There axe four of these containers: two with
glass inside and two containing 1500-U electrical heaters. The backfill
used with the mild steel is crushed WIPP salt with no particles greater
than about 6 mm. Most are much smaller. The backfill used for the
titanium container is 70X bentonite clay mixed with 30% silica sand.
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FIGURE 9: Schematics of the Two Defence High-Level Waste Packages

Figure 10 shows a more detailed cross section of the titanium Grade-12
container, showing the positions of the thermocouples and pressure gauges.

The thermocouples are located on the salt wall, on the wall of the
container, and across the backfill layer, so that we can monitor the in
situ thermal conductivity and the temperatures for the one container. The
pressure gauges, on the container and on the wall, allow us to measure the
pressures exerted by the backfill onto the container. After about three
years of testing we have seen pressures of about 1000 to 1300 psi (3 to
4 MPa), which is about half of the rock-salt lithostatic pressure. The
pressure is still slowly rising. We also have some non-radioactive glass
pellets outside the container to be representative of the possible
situation where a container has cracked or corroded open after ~ 1000 a,
allowing direct contact with the backfill material at a relatively high
temperature. The temperatures on the surface of the test containers are in
the range of 150 to 190°C directly on the wall, and 130 to 150°C at a
distance of 15 cm, on the rock-salt surface. We emplaced these canisters
in 1984, and at the moment, are in the process of retrieving all of them.
We hope to have all twelve out of the ground by the end of this year. We
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FIGURE 10: A More Detailed Cross Section of the SNL Titanium Grade-12
Design

do not anticipate a lot of corrosion on the titanium. We have injected
100 L of a high magnesium-containing sodium chloride brine into the middle
50% of the canister region to accelerate the corrosion, and thereby
simulate a long exposure period by means of overtesting. This injection
took place after 6 months of heated testing.

The ONWI-design waste package is shown in more detail in Figure 11. The
instrumentation is similar to that used with the titanium-12 canister. In
order to measure pit growth, we have drilled holes in the containers. Some
of these holes go halfway through the steel; some go all the way through.
When we retrieve these canisters later this year, it will be interesting to
see how much they have grown. The overpack is constructed of an A216/WC
cast mild steel, fabricated in Ohio, and the can is made of a 304L
stainless steel, provided by Savannah River. The stainless steel can sits
inside the mild steel overpack with an electrical heater inside of it. Room
A, shown in Figure 12, actually consists of a series of rooms, Al, A2, A3.
Room Al is occupied by waste canisters. These are reference canisters with
a thermal output of 470 W each. These are the same size as in room B. The
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thermal output is what we expect from defense high-level waste. The
temperature at the surface of the canister is ~ 90°C. The rest of the
rooms are also occupied by electrically heated containers, for the sole
purpose of heating the surrounding salt to measure the effects of the heat
on rock geomechanics. A stainless steel tube was installed to help
retrieve the small glass pellets for examination. The stainless steel has
performed very poorly. It has stress corrosion cracked and fallen apart,
and it will be very difficult to retrieve the glass pellets. To retrieve
the pellets, we have had to overcore the stainless steel tubes.

Also in room Al we have a third design of waste container: a right-
circular cylinder overpack design, with a wall thickness of approximately
2.5 cm of mild steel. We have eight of these containers. Half of them
have a 2-mm overlayer of Grade-12 titanium sheet on them for enhanced
corrosion protection. This design is shown in Figure 13. The

:.••.••;•>••.•••(;;••.

WASTE PACKAGE WA6/A1046

470 W HEATER

MILD STEEL CANlSTEB WITH

T< CODE-12 OVEBPACK AND PINTLE

8ACKFILL-BENT0NITE/SAND
LOW-DENSITY (B/S -LD)

• • THtnuocOU*kES

* • MESSUHC O*GE$

FIGURE 13: Cross Section of a Mild Steel Canister with a Titanium Grade-12
Overpack and Pintle
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instrumentation is very similar to the other two containers, the only
difference being that in this case we have the glass pellets directly on
the surface of the container. The temperature at the surface of the
container is about 90 to 100°C. The thermal output from these containers
is also 470 W each, about what we expect in a defense high-level waste
repository in rock salt.

Some of the design and cost details for these containers are summarised
below:

I. Sandia Titanium Grade-12 Canisters

Composition - Ti; 0.24-0.362 Mo; 0.7-0.92 Nij 0.07-0.122 Fe,
0.09-0.152 02. (It should be noted that titanium is not a
critical or limited metal).

The outside dimensions are identical to the DWPF SS-304L
Can (3.0 m x 0.61 m dia.).

The body is 6.4 mm thick with a 19-mm-thick hemispherical-head.

Weight - 2100 kg filled with glass, 230 kg empty.

Welded and inspected per ASME Code VIII, Div.l.

Cost - $11,000 each, fabricated and delivered (8; 8/84).

II. WIPP Room Al Test Canisters

A. Mild steel, schedule 60 pipe canisters (4)

Dimensions - 2.0 m x 0.61 m dia., 25-mm wall thickness;
flat top and bottom-

B. Same, with 2.2-mm titanium Grade-12 overwrap and pintle (4):

Canisters for materials testing only; not reference
design;

Potentially useful as overpacks for damaged cans;

Titanium grade-12 overwrapped version based on previous 0NWI
optional design;

Approximate cost - $4000 (A) and $8,000 (B).

III. ONWI Reference-Desig-n H984) Package

A. SRP/DWPF Glass-Pour Canister:

Stainless steel 304L; 9.5 mm thick, 3.0 m x 0.61 m dia;
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Weight - 1700 kg glass-filled, 500 kg empty;

Cost - $6,500 each (SRL).

B. ONUI Corrosion-Allowance Overpack:

Cast steel, A216/WCA, 8.6 cm thick;

Weight - 5600-7800 kg;

Cost - $23,000 each, fabricated and delivered (4; 8/84).

C. Total ONWT Package:

Cost - $29,000 each;

Weight - 7300-9500 kg total;

Requires repository remote welding assembly;

(WIPP handling difficulties).

The advantages of choosing titanium Grade-12 as the canister material are
many and are listed below:

(1) In our laboratory and previous field tests, titanium-12 has
generally shown superior uniform and localized corrosion
behaviour in salt and brine environments in both the presence and
absence of irradiation.

(2) We now have a large database from these tests, which supports our
300- to 1000-year barrier-integrity criteria. Over the last
eight to nine years we have published ~ 50 papers, listed in the
reference section (Section VII).

(3) The container possesses many assets: it can be glass-filled
easily; it can be used for temporary storage with little fear of
corrosion; it is easy to transport; no repository overpacking is
required.

(4) The container, fabricated and delivered, has a relatively low
cost ($11,000) compared to alternative designs with other
materials.

(5) The availability of titanium, and expertise in its fabrication,
are more than adequate.

(6) The container (glass-filled) is relatively light (titanium
Grade-12, 2100 kg; ONWI-design, 7300 to 9500 kg) and not bulky.

(7) The titanium Grade-12 containers were specifically developed for
salt environments, but could be used in tuff or granite, etc.
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(8) The titanium Grade-12 container has dimensions very close to
those of the DWPF stainless steel canister.

(9) For glass-filled containers, molten glass is poured through an
opening in the top of the canister. The canister is then easily
closed using the technique of Upset Welding developed at the
Savannah River Laboratory. This technique uses a very high
current and a large force to press an oversized plug into the
opening.

(10) In cooperation with the Titanium Metals Corporation of America,
we have undertaken a chemical and a thermal/mechanical
optimization program. The results of the chemical optimization
study have been published, and the chosen composition (0.3 \it.Z
Mo, 0.8 Ni, 0.1 Fe, 0.14 02, balance Ti) is within the ASTM
specification for a Grade-12 material. The results of the
thermal/mechanical optimization program are about to be
published. The technique chosen, the alpha-beta cross-rolling of
plate, involves only a minor modification of the standard
process.

(11) The container is compatible, in terms of size and shielding, with
the proposed shipping and repository handling of the wastes.

Despite our enthusiasm for titanium Grade-12, there remain many unresolved
issues which must be addressed:

(1) The crevice corrosion results of Westerman (R.E. Westerman and
M.R. Telander, Hydrogen Absorption and Crevice Corrosion
Behaviour of Ti Grade-12 During Exposure to Irradiated Brine at
150°C; PNL/SRP-SA-U323) suggest a susceptibility to this form of
corrosion that we have not observed in similar tests at Sandia.
Our upcoming examinations of canisters from the WIPP site will
enable us to see whether the crevices formed with the salt or
bentonite/sand backfill have undergone any significant corrosion
over the three-year period of underground testing.

(2) We need to study the effects of hydrogen absorption in more
detail. So far, we have observed no damage due to hydrogen
absorption, since the process appears to be self-limiting.

(3) The question of smeared iron contamination was brought up by the
Titanium Metals Corporation of America. This is primarily a
concern with Grade-2 titanium. We have seen very little effect
with Grade-12, the measured increase in corrosion being
insignificant.

(4) Further comparative results on titanium alloys and alternative
corrosion-resistant materials, such as Inconel 625 and Hastelloy
C276, would be desirable. We have a substantial corrosion data-
base for titanium-12, but unfortunately, a similar comprehensive
database does not exist for the nickel-based alloys.
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(5) Our in situ tests at the WIPP site (with and without radiation)
are not yet complete.

(6) DUPF decontamination by frit blasting needs to be tested.

(7) Transportation drop-testing of titanium Grade-12 glass-filled
containers needs to be done.

(8) Titanium Grade-12 containers require more radiation shielding
than thick-walled, overpacked containers.

(9) Repository licensing and political impact concerns need to be
resolved. With stainless steel containers it would be the
repository's responsibility to license them. However, with the
titanium grade-12 design, the waste producer (i.e., Savannah
River) would be responsible for the licensing.

In conclusion, I would like to summarize the status of the WIPP program.

1. Room B Tests Turned On 4-22-85.

Eight 1500-W cans and 4 SRP glass-filled;

Brine-injections after 6 months;

3 DHLW container designs;

Test container retrievals in progress;

All tests retrieved in 1988.

2. Room Al Tests Turned On 10-1-85.

Six 470-W test containers;

2 overpack designs;

Backfill and glass retrievals;

Tests to continue till 10-90.

3. MIIT Experiments Turned On 7-22-86.

50 test and 3 "blank" holes in room J;

0.5-year sample retrievals in 2-87;

1-year sample retrievals in 8-87;

2-year sample retrievals in 8-88;

3-week brine-level maintenance;
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Periodic temperature monitoring;

Monthly solution sampling and pH;

Tests scheduled to continue to 8-91.

DISCUSSION

INTERRANTE Is the use of titanium with the Savannah River Defense
Waste a moot point now, since the U.S. has decided to go
with a tuff repository?

MOLECKE Thac may indeed be the case for the solid titanium
canister. The titanium overpack. design may have a better
chance to survive politically. Things change rapidly in the
U.S. nuclear waste program, as I'm sure you are aware.
The last time we had direct dealings with Savannah River
was late 1985 and they expressed a strong preference for
the stainless steel, as opposed to titanium, container.
The fact that we could demonstrate a saving to their
facility of M$100 by using the titanium canister did not
overcome their opposition.

INTERRANTE Are you suggesting that titanium, as an overpack material
is viable for the tuff repository?

MOLECKE Yes. However, given the current state of affairs you have
to assume that the chosen waste container will be stainless
steel, which is inferior to titanium in both tuff and salt
environments. In salt, stainless steel is a terrible
material. It will need an overpack and we are suggesting
that a titanium overpack is a very good idea. However, our
job is to provide data on all materials that are viable.
The political decisions will be made elsewhere.

INTERRANTE Can your suggestion that a titanium overpack is viable be
taken to mean that you consider a titanium canister to be
the best option?

MCLECKE In our view, definitely yes. Both economically and on the
basis of corrosion performance, it has proven to be the
best overall system. Savannah River has taken a provincial
view on this matter. They only want the responsibility of
producing the glass, not the job of licensing the container
and putting it into the ground. Our view is that one
titanium container can do the whole job.

INTERRANTE Are you not disturbed by results which show titanium is
sensitive to localized attack?
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As I said in my talk, there are unresolved issues,
specifically the crevice corrosion data of Westerman (PKL).
We are continuing with our research on that subject, but
none of the results we have obtained at Sandia suggest that
titanium is unsuitable. So far, it has performed better
than any alternative alloy that has been tested. We have a
very large database and, while Ti-12 may not be impervious
to corrosion, it looks very good so far.

I would like to comment on your answer to the previous
question. We need to be a little careful in extrapolating
titanium data obtained in a salt repository to the
prediction of performance in a tuff environment. They are
totally different environments.

I agree that you need to do your own testing. We are
suggesting that titanium looks very good, but it is up to
you to prove that.

Your emplacement hole is vertical. Was the decision to go
horizontal based on mining considerations, or were there
also materials considerations?

The decision was based on mining considerations only.

How did you weld the 8.6-cm-thick carbon steel overpack?

It was a slow procedure using submerged arc welding. The
fabrication facility took 3 days to weld the seam on the
top and the bottom.

What general corrosion allowance do you need with the
carbon steel container?

We don't have any data yet from our in situ tests. The
corrosion allowance obtained from laboratory data has
proven suspect. The value was calculated assuming only
small amounts of brine would be present. That assumption
has proven incorrect. In some of our tests we have
obtained ~ 80 L of brine in 2 years, compared with the
~ 10 L over 1000 years assumed in calculating corrosion
allowances.

You mentioned that you worked with TIMET Corporation to
optimize your alloy composition. How sensitive, in terms
of corrosion and fabrication ease, is this optimized
composition? Can you allow significant deviations from
this composition?

The optimization involves only a very small change in
chemical properties and fabrication procedures from those
commonly used. It is within the allowable compositional
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range for titanium Grade-12 and does not change things very
much.

SHOESMITH Is the optimization predominantly because of fabrication
requirements, as opposed to corrosion requirements?

SORENSEN Yes, the corrosion behaviour really doesn't change. There
is a slight difference in mechanical properties.

BREHM What I really want to know is how sensitive are the
processing and compositional requirements? Will the
specifications have to be very exact?

SORENSEN We don't need to specify a new alloy. The commonly used
Grade-12 titanium is good enough.

MOLECKE In 1984, when we fabricated these containers, we were able
to obtain plate material that was in our optimized range
without any problem.

BREHM Will there be a supply problem when you wish to fabricate a
large number of containers?

MOLECKE No. Titanium suppliers assure us there will be no problem.

GARISTO Do you have any information on the expected frequency of
producing a faulty container?

MOLECKE No. We have looked for pitting, crevice corrosion and
stress corrosion cracking and seen none under reference
conditions.

SHOESMITH I think Garisto is referring to the possibility of
producing a faulty container in the first place-

GARISTO Yes.

MOLECKE I really can't answer that. We have specific inspection
procedures which haven't indicated any problems. When we
retrieve them, I may be able to answer your question.

CROSTHWAITE With your overpack container, do you just wrap the overpack
material around the inner can and seam weld it right over
the body of the inner container?

MOLECKE Yes. We had a prefabricated groove in the steel inner
canister, and we put a strip of titanium behind it so it
didn't affect the weld. There was a flow of inert gas
behind it as they welded.

CROSTHWAITE So you have little contact between the titanium and the
other material?
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They are probably in contact on the sides, but there
appears to be a space at the bottom.

Did you inspect these titanium welds after you made them?

Yes.

What technique did you use?

I'd have to look that up. It has been a while since we did
it.

Did you look, at inserting the steel within a titanium
container as an option to welding?

No.

When you retrieve these containers do you think you will
learn anything meaningful about crevice corrosion? Have
you not optimized the possibilities of crevice corrosion by
strapping it with instrumentation around the outside of the
container?

That is possible. Most of the instrumentation is Inconel
600 or 625. It was strapped on with nylon bands, which we
knew would disintegrate in the heat, but the backfill would
hold the instrumentation in place. The most likely crevice
is the backfill metal crevice, which is the relevant one.



- 29 -

2.2 LABORATORY STUDIES OF THE CORROSION AND MECHANICAL
PROPERTIES OF TITANIUM GRADE-12 UNDER WIPP REPOSITORY CONDITIONS

N.R. Sorensen
Sandia National Laboratories

Albuquerque, New Mexico, U.S.A.

I intend to review some of the laboratory work, that has been performed at
the Sandia Laboratories. We have done very little in the laboratory over
the last few years, our activities being mainly in support of the in situ
program. Most of the work we have done has been performed in brine close
in composition to that observed at the WIPP site.

There are a number of areas I would like to review. The first one is the
effect of gamma radiation. There are two aspects we have investigated:
(i) the effect of gamma radiation on corrosion and mechanical properties;
and (ii) the extent of hydrogen uptake in the presence of gamma
irradiation. Figure 1 snows the effect of gamma radiation on general

0.10

-0.10
6 9

TIME (Months)

12 15

FIGURE 1: Impact of 7 Irradiation (104 rad^h"1) on the General Corrosion
of Titanium Grade-12 in a Brine Solution at 90°C

corrosion, expressed as a weight change, for an exposure period of up to
one year. As you can see, there is no real effect of irradiation on
general corrosion. If we look at the Charpy impact energy, we see a very
slight decrease in mechanical properties with exposure time, Figure 2.
This decrease is probably within experimental error. We see a similar lack
of effect of radiation if we measure the tensile properties using the slow
strain rate technique, Figure 3. If you look at the total elongation, the
uniform elongation, and the reduction in area, you see that, again, gamma
radiation really does not change the mechanical properties4significantly.
All these results were obtained in a radiation field of 10 rad»h at
90°C.
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FIGURE 2: Charpy Impact Energy of Titanium Grade-12 as a Function of
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FIGURE 3: Tensile Properties of Titanium Grade-12 in 7-Irradiated Brine
Solutions (90°C, 104 rad'h"1) Obtained by the Slow Strain Rate
Technique

INTERRANTE There is a significant change. Are you saying that these
changes are insignificant when considering the use of this
material in the construction of a waste container?
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SORENSON That is correct. However, if you look at the scatter in
the data, it's not even clear that there is any
statistically significant change in the mechanical
properties. Also, we can see no structural changes induced
by gamma irradiation when we examine the samples by SEM or
TEM. We have seen no evidence of crevice corrosion or
stress corrosion cracking (U-bend samples) for either
irradiated or unirradiated specimens. This is in contrast
to the published results of Westerman (PNL/SRP-SA-1432J).
His experiments were, however, performed at a higher
temperature (150°C). In the absence of irradiation, our
tests on titanium Grade-12 at 25O°C have shown no evidence
of crevice corrosion after 5 years of exposure. A
significant difference between our tests and those of
Westerman is in the type of crevice used. He used an
alumina crevice spacer, whereas we used metal-to-metal
crevices and metal-to-TefIon crevices. Whether such
differences can account for the observed differences in
behaviour is not clear.

SHOESMITH What is your criterion for saying that you don't have
crevice corrosion? Is it based on a visual examination?

SORENSEN Yes. We look at the sample to see if there is any evidence
of crevice corrosion. With Grade-2 titanium we see crevice
corrosion in several areas. With Grade-12, all we have
seen is a thickening of the oxide within the crevice. We
infer this from the interference colours we see.

SHOESMITH Is the crevice wet before you start?

SORENSEN Yes, it is.

Oriani and co-workers at the University of Minnesota have studied the
effect of irradiation on hydrogen uptake (Y.J. Kim and R.A. Oriani,
Corrosion 43(2), 85-92 (1987)). They observed, Figure 4, that the hydrogen
concentration in the material increased with exposure time irrespective of
whether gamma radiation was present. Radiation actually reduces the extent
of hydrogen uptake. If we look at the open circuit potential of Grade-12
titanium both with and without radiation, Figure 5, we see that the
potential is increased in the presence of radiation. This can be
attributed to the presence of radiolytically produced oxidizing species in
the solution. Figure 6 shows the X-ray diffraction patterns observed on
titanium Grade-12 samples after immersion in brine with and without gamma
irradiation. With gamma radiation present, we see an increase in the
anatase (A) to rutile (R) ratio. The reduction in the amount of hydrogen
uptake, Figure 4, can therefore be attributed to the formation of the more
protective anatase film.
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FIGURE 4: Hydrogen Content of As-Received Titanium Grade-12 as a Function
of Immersion Time in Unirradiated and Irradiated (~ 105 rad'h"1)
Brine (pH = 6.5 to 6.8) at 250°C
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FIGURE 5: Open-Circuit Potential of As-Received Titanium Grade-12 as a
Function of Immersion Time in Unirradiated and Irradiated
(~ 10 rad'h a) Brine (pH = 6.5 to 6.8) at 108°C
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titanium oxide.

IKEDA Were these tests done under naturally aerated conditions?

SORENSEN I don't remember.

Oriani and co-workers also showed that the addition of H202

to their solutions had the same effect as the presence of
radiation.

INTERRANTE When you rely on the presence of an oxide film to prevent
hydrogen uptake, the prediction of long-term behaviour will
be very difficult.

SORENSEN Yes, it will be very difficult to predict the failure mode
for a corrosion-resistant material. That is the argument
used by those who favour the use of a corrosion allowance
material. It also depends on the type of localized attack
your material will support, pitting, crevice corrosion, or
stress corrosion cracking. If we look just at pitting,
there are two important aspects: pit initiation and pit
propagation. Pit propagation can be modeled but pit
initiation is very difficult to model. Consequently, if we
adopt a corrosion-resistant material, we will have to
concede that we cannot model the failure process. However,
we can still understand the mechanisms by which it may
fail, measure their rate, and hence predict a lifetime for
a container.



SHOESMITH Ue think we have a criterion for crevice corrosion. In our
experiments we force initiation of crevice corrosion to
occur, and then demonstrate that it cannot propagate under
certain circumstances. For this to be the case the system
must be naturally repassivating.

SORENSEN Even those experiments will not enable us to predict when
our container will fail.

Since titanium is a known hydride former, the second area that I'd like to
address is environmental cracking by processes such as stress corrosion
cracking or hydrogen embrittlement. Figure 7 shows that anodic
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FIGURE 7: Impact of Anodic Polarization on the Mechanical Properties of
Titanium Grade-12 as Determined from Slow Strain Rate
Experiments; Brine A at 150°C; Strain Rate of 10"7 in»s ~X

polarization does not affect the mechanical properties as determined by
slow strain rate experiments. Both the time to failure (Tf) and the
percent reduction in area (% RA) are independent of the applied potential.
Figure 8 compares the fracture surfaces obtained in air with those obtained
in brine solutions with applied anodic potentials. There are no observable
differences in fracture mode. Consequently, stress corrosion cracking is
unlikely to occur. On the other hand, if we cathodically polarize the
sample to a high enough overpotential in a slow strain rate test, we see a
decrease in both the time to failure and the percent reduction in area,
Figure 9.

The fracture surfaces shown in Figure 10 show that extensive cathodic
polarization induces brittle fracture. Also, secondary cracking is
observed along the gauge length and on the fracture surface.

SHOESMITH Have you measured a threshold potential for embrittlement?

SORENSEN No. The threshold potential is very dependent on the
strain rate used.
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Air -900 mV Ag/AgCl

FIGURE 8: Fracture Surface Obtained in Air (A) Compared to Those Obtained
Under Anodic Polarization in Brine A at 150°C; (B) -900 mV (vs
Ag/AgCl); (C) 800 mV; (D) 0 mV

We have looked at the effect of hydrogen on the microstructure of Grade-12
titanium and we see an interesting change in microstructure with the
addition of hydrogen, Figure 11. Hydrogen goes mainly into the beta phase,
Grade-12 titanium being an alpha-beta alloy. The impurities are contained
almost entirely in the beta phase, shown as the dark phase in these
micrographs. With the addition of hydrogen we see a change in
microstructure from the equilibrium-type microstructure to a microstructure
where we have alternating layers of alpha and beta phase. The beta phase
is actually transformed on the addition of hydrogen. Associated with this
change in microstructure we see a slight decrease in mechanical properties
with the addition of hydrogen. The extent of this effect depends somewhat
on the alloy chemistry. We have measured the change in mechanical
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FIGURE 10: Fracture Surfaces of a titanium Grade-12 Specimen Strained to
Failure at a Cathodic Potential of -1500 mV (vs Ag/AgCl) in
Brine A at 150°C
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FIGURE 11: The Effect of H'H.rogen Content on the Micros trueture of Titanium
Grade-12: (A) 140 ppm H; (B) 225 ppm; (C) 445 ppm; (D) 975 ppm

properties for about 10 different compositions of Grade-12 titanium, and
some are more susceptible to mechanical degradation than others. Figure 12
shows- the time to failure for titanium Grade-12 (heat 5980), the readily
available material. The change in mechanical properties is evident at all
temperatures, from 25'C. up to 150^C and there appears to be no effect of
environment, i.e., it doesn't matter whether the tests are run in brine or
in air. For this particular alloy, very little change in mechanical
properties is observed for hydrogen contents up to ~ 500 ppin. At higher
hydrogen levels, up to 975 ppm in this case, we observe only a small change
in mechanical pioperties, Figure 12. This decrease in time to failure
appears to be associated with th<2 observed change in microstructure to the
transformed beta phase, Figure 11. It would be interesting to see what
effect hydrogen has on the Grade-2 titanium, since that is an alpha alloy.

the hydrogen does not change the deformation
characteristics, only the fracture mode i e the early part of this
shows no effect of hydrogen. However, once
occurs as opposed to continuing deformation

As we can see from Figure 13, y g g
the fracture mode, i.e., the early part of this curve

However, once deformation starts, failure
Note, this effect is only
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FIGURE 12: Time to Failure of Titanium Grade-12 (Heat 5980) Under Slow
Strain Rate Conditions in Air and Brine at Various Temperatures;
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FIGURE 13: Slow Strain Rate Curves for Titanium Grade-12 Containing Various
Amounts of Hydrogen in Air at 25°C and a Strain Rate of
10 in's"1

observed at hydrogen levels > 500 ppm. Figure 14 shows the reduction in
area (from slow strain rate experiments) as a function of hydrogen content
for a series of different Ti-Grade-12 heats. The hydrogen levels were
achieved using gas phase charging at the Sandia Laboratories. We see the
same type of behaviour as before. When we increase the hydrogen
concentration, we observe a decrease in the reduction in area. This
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happens regardless of the alloy. Although different alloys have different
strengths to begin with, all of them behave in a similar fashion.
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FIGURE 14: Reduction in Area (from Slow Strain Rate Experiments) for
Different Titanium Grade-12 Heats (5979 to 5984) Containing
Various Amounts of Hydrogen

In Figure 15, the time to failure as a function of hydrogen content is
shown for two Grade-12 materials, one high in alloying additions and one
low. The high iron/nickel/molybdenum alloy (0.4% Fe, 0.9% Ni, 0.4% Mo,
0.25% 0) is more susceptible to hydrogen, i.e., we observe a decrease in
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FIGURE 15: Time to Failure (From Slow Strain Rate Experiments) for Two
Titanium Grade-12 Specimens in Air and Brine at 85°C as a

-7 -lFunction of Hydrogen Concentration; Strain Rate 10" in#s

mechanical properties at a lower hydrogen concentration than we do with a
cleaner alloy containing less iron/nickel/molybdenum (0.05% Fe, 0.6% Ni,
0.2% Mo, 0.1% 0). The time to failure is also sensitive to sample
orientation, Figure 16. The material appears to be more susceptible to
cracking in the transverse mode. The fracture surfaces of Figure 17 show
evidence of secondary cracking with the transverse section but not with the
longitudinal section.
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FIGURE 16: Time to Failure for Two Sample Orientations of Titanium Grade-
12 as a Function of Hydrogen Content in Air and Brine at 85°C;
Strain Rate = 10 in's"1

A sensitizing heat treatment has very little effect on the mechanical
properties, Figure 18. We have also studied the effect of welding on
mechanical properties. We observe no degradation in mechanical properties
for either TIG- or EB-welded samples when tested in air and in brine,,
Figure 19.

Transverse Sample Longitudinal Sample

Severe Secondarv Crackina No Secondarv Crackina

FIGURE 17: Fracture Surfaces for Two Orientations of Titanium Grade-12
Strained to Failure under the Conditions Noted in the Legend to
Figure 16
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FIGURE 18: The Effect of Sensitizing Heat Treatments on the Mechanical
Properties of Titanium Grade-12 as a Function of Hydrogen
Content; D - 675°C for 0.5 h; <> - 675°C for 4 h;
A - 675°C for 32 h
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FIGURE 19: The Effect of TIG and EB Welding on the Ratio of Mechanical
Properties for Titanium Grade-12 as a Function of Strain Rate in
Brine Compared to Air

Since there are documented cases of pitting of titanium Grade-2 due to
smeared iron contamination, we have looked for a similar effect with Grade-
12. We have observed no degradation in either corrosion or mechanical
properties due to the presence of smeared iron.

SUMMARY

(1) The Effects of Irradiation

(a) Absorption of hydrogen continues with increasing exposure times.

(b) The presence of radiation retards the uptake of hydrogen.
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(c) Radiation increases the corrosion potential.

(d) The oxidizing species formed by the radiolytic decomposition of
water lead to the formation of a more protective film. This film
contains a larger proportion of anatase (compared to rutile) than
that formed in the absence of radiation.

(2) The Effects of Hydrogen Absorption

(a) Hydrogen absorption at levels > 500 ppm causes a change in
microstructure in titanium Grade-12. This change is from the
equilibrium microstructure to a microstructure with alternating
layers of alpha and beta phase.

(b) Severe cathodic polarization causes embrittlement.

(c) High internal concentrations of hydrogen (> 500 ppm) cause a
small loss in ductility.

(d) Titanium-12 is more susceptible to cracking in the transverse, as
opposed to longitudinal, mode.

(e) High levels of Ni, Mo, Fe increase the susceptibility to cracking
as the amount of absorbed hydrogen increases.

(f) All alloys exhibit good resistance to cracking.

(g) No susceptibility to stress corrosion cracking has been observed.

CONCLUSIONS

Our results indicate that titanium Grade-12 is a viable canister material.
We only observe a degradation in mechanical properties with high applied
cathodic currents or very high internal hydrogen concentrations (i.e.,
975 ppm). I should add that it is not easy to force nearly 1000 ppm into
this material. A series of four charging and annealing cycles was
required. Without this repetitive annealing we would simply build up a
layer of hydride on the surface of the material.

GARISTO It isn't clear to me why you use a radiation field of
10 rad»h" . Since we have to extrapolate from short-term
data to make long-term predictions, would it not be better
to use a much higher radiation field to increase the total
dose absorbed by the system. We could then claim that this
was equivalent to a smaller dose accumulated over a much
longer exposure period.

MOLECKE Unfortunately, we don't expect the corrosion rate to be a
linear function of radiation dose rate. The kind of



- 43 -

species produced, as well as their concentration, will vary
with dose rate.

STAHL Someone questioned whether it was important to
differentiate between air-saturated and deaerated
solutions. It will be important because different
radiolytic species will be produced in the two situations.

BREHM At fields as high as 107 rad-h"1, would you not affect the
morphology and electronic properties of the oxide? Will
the film be adherent and protective under these conditions?

INTERRANTE Your results show that hydrogen uptake only influences the
mechanical properties of Ti Grade-12 at high levels. You
claim that such levels would require very long exposure
times. At such long times, would you not expect the
hydride already present to slow down the rate of the
adsorption process? If this is so, are you able to predict
a limiting value for the hydrogen uptake?

SORENSEN I don't think that is the case. There is no evidence to
suggest that the presence of a hydride layer prevents
further ingress of hydrogen. In our charging experiments,
we used high charging current densities. Under these
conditions, we did form a surface layer of hydride. At
lower charging rates, the hydrogen has time to diffuse into
the titanium and you do not observe a surface layer of
hydride. In Oriani's work, for example, there were no
indications that hydride was present. He obtained levels
of 60 ppm after two years of exposure to radiation. His
data are probably the most realistic in terms of hydrogen
uptake. Hydrogen uptake appears to be leveling off, but
unfortunately his exposure times were too short to show
whether a limiting concentration would be reached.

SHOESMITH Does heat treating have any significant effect on the
microstructure or on the distribution of the alloying
elements? If so, do these changes affect the rate of
hydrogen uptake?

SORENSEN When you sensitize by heat treating you decompose the beta
phase and form Ti2Ni.

SHOESMITH Does the Ti2Ni absorb hydrogen as readily as the initial
beta phase? If hydrogen uptake is through the beta phase,
would your heat treatment not lead to less hydrogen uptake?

SORENSEN I don't know.

DEBRUYN I would like to comment on the work of Westerman's that you
mentioned. He observed crevice corrosion under alumina
spacers. We also used alumina spacers when studying
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SORENSEN

KASS

WESTERMAN

SHOESMITH

WESTERMAN

SORENSEN

crevice corrosion of titanium, but did not observe any
metal attack.. Perhaps that is because we used clay water
at 90°C.

There are many differences between Westerman's experiments
and ours. We will attempt experiments to determine which
is the most important variable and what it is that causes
the crevice corrosion in his case.

Did you both use the same water?

No. They are similar, but not exactly the same. That is
one difference between the two experiments. However, there
are others, such as the type of crevice, the temperature,
etc.

What are the differences in the water?

We used a magnesium concentration of about 48,000 ppm,
which makes our magnesium content considerably higher than
in the Sandia experiments. Our sodium, potassium and
calcium levels are about the same.

Is the effect of magnesium to reduce the pH due to its
high-temperature hydrolysis, or does it also destroy the
passive film on the titanium?

For Ti Grade-12, I sv^nect we would have observed similar
behaviour in sodium chloride solutions without any
magnesium. The magnesium content of the brine certainly
affects the corrosion of mild steel, but for titanium we
have no evidence to say it causes crevice corrosion.

There are too many differences in our experiments to
ascribe the effect to any one variable.
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2.3 CREVICE CORROSION AND HYDROGEN EMBRITTLEMENT OF GRADES-2 AND -12
TITANIUM UNDER CANADIAN NUCLEAR WASTE VAULT CONDITIONS

B.M. Ikeda, M.G. Bailey, C.F. Clarke AND D.W. Shoesmith

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba, Canada

In this presentation, I intend to present our results on the corrosion of
titanium Grades-2 and -12 under Canadian nuclear waste vault conditions.
As you are well aware from the preceding presentations by Molecke and
Sorensen, titanium is a passive metal protected from corrosion by a thin
surface oxide film. If this film remains intact, corrosion is expected to
be uniform and to occur at very low rates. If the passive film is broken,
then titanium becomes susceptible to localized corrosion processes, of
which the most likely are crevice corrosion and hydrogen embrittlement. If
a process such as crevice corrosion does occur, the rate is expected to be
much higher than the uniform corrosion rale. Since measured pitting
potentials for titanium are inevitably very high (R.W. Schutz and D.E.
Thomas, in Metals Handbook, Ninth Edition, Vol. 13, Corrosion; ASM
International, Metals Park, Ohio (198?) p. 669), pitting is a highly
unlikely localized corrosion process ai;d we have spent little time studying
it.

Since localized corrosion processes are likely to be the fastest possible
failure modes for titanium containers, we have been studying predominantly
the crevice corrosion and hydrogen embrittlement of titanium Crades-2 and
-12 under the saline conditions anticipated in a Canadian nuclear waste
vault. The objectives of our experimental program are:

(i) The development of a good mechanistic understanding of the
processes of crevice corrosion and hydrogen embrittlement.

(ii) The development of experimental criteria to determine the
conditions under which titanium is susceptible to crevice
corrosion and/or hydrogen embrittlement.

(iii) The measurement of a sufficiently large catalogue of long-term
corrosion rates to justify our mechanistic conclusions.

Bearing these objectives in mind, our experimental approach can be broken
down into three categories:

(a) Short-term electrochemical experiments lasting from a few hours
to a few weeks. The purpose of these experiments is: (i) to
determine corrosion mechanisms; (ii) to determine the
susceptibility of titanium to crevice corrosion under a variety
of conditions; (iii) to determine the extent of hydrogen uptake
under controlled conditions.
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(b) Medium-term corrosion tests lasting from a few weeks to a few
months. These tests are intended to add justification to the
corrosion mechanisms indicated in short-term experiments, and to
enable us to study the impact of parameters such as radiation
fields.

(c) Long-term immersion tests lasting from a few months to a few
years. These tests will provide rates for uniform corrosion,
crevice corrosion, and hydrogen pick-up.

CREVICE CORROSION

Mechanism

Since initiation events for processes such as crevice corrosion are
commonly unpredictable, any experimental approach based on the study of
initiation is probably doomed to failure from the beginning. Consequently,
we have arranged our experiment to force initiation to occur, thereby
allowing us to study the much more predictable propagation step. This is,
of course, a conservative approach.

We are using an electrochemical technique to study the crevice corrosion of
titanium. The cell assembly used is shown schematically in Figure 1. Two

Voltmeter
Zero-resistance

Ammeter

Reference Creviced
electrode electrode

FIGURE 1: Schematic Showing the Experimental Arrangement Used to Measure
the Coupled Current and Potential During a Crevice Corrosion
Experiment

artificial crevices were formed by bolting together two pieces of titanium
separated by a Teflon spacer. The assembly was put together under solution
to ensure that the creviced surfaces (Ti/Teflon) were wet from the
beginning of the experiment. This assembly was then connected through a
potentiostat, used as a zero resistance ammeter, to a titanium cathode of
very large surface area. This arrangement satisfied the requirement of a
small anode area coupled to a large cathode area in order to sustain
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localized corrosion. Since both the creviced electrode and the cathode
were made out of the same material, there was no galvanic driving force
present. The arrangement simply guaranteed the separation in chemical
conditions required to drive the crevice reaction. The coupled current was
measured using the zero-resistance ammeter, and the crevice potential was
simultaneously monitored using a Ag/AgCl(0.1 mol'L" KC1) reference
electrode and a high input-impedance voltmeter. The electrode assembly was
placed inside a Teflon-lined titanium autoclave, as described previously
(P. McKay and D.B. Mitton, Corrosion, 41(1), 52 (1985)).

Figure 2 compares the coupled currents observed for two different samples
of Grade-2 titanium (Ti-2) in aerated 0.27 mol'L"1 NaCl at 150°C as a
function of exposure time. In both cases, current flowed through the
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0.0

-2 (0.02 wt.% Fe)
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Time/h
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FIGURE 2: The Coupled Current for Artificially Creviced Grade-2 Titanium in
Aerated 0.27 mol'L"1 NaCl at 150°C. The scatter represents
results from several experiments: x Ti(0.13 wt.%Fe) four
experiments; + Ti(0.02 wt.%Fe) six experiments

external circuit, indicating that crevice corrosion occurred on both
materials. However, for a Ti-2 sample containing 0.02 wt.% Fe
(Ti(0.02 wt.% Fe)) the currents were much larger than for the Ti-2 sample
containing 0.13 wt.% Fe (Ti(0.13 wt.% Fe)). For both samples the currents
eventually fell to zero. The envelopes plotted show the range of values
obtained from a series of replicated experiments. The micrographs of
Figure 3, taken on cross sections of the creviced electrodes confirm that
the extent of crevice corrosion is much greater on the sample containing
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Ti(0.2 wt.% Fe) Ti(0.13 wt.% Fe)

FIGURE 3: Micrographs of Cross Sections of Crevice-Corroded Grade-2
Titanium Specimens Showing the Different Extents of Corrosion for
the Low-Iron-Containing Material and the High-Iron-Containing
Material. The specimens were exposed to 0.6 mol«L" NaCl for 3 d
at 150°C.
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FIGURE 4: The Coupled Potential for Artificially Creviced Grade-2 Titanium
in Aerated 0.27 mol'L"1 NaCl at 150°C: x Ti(0.02 vt.ZFe) seven
experiments;* Ti(0.13 wt.%Fe) six experiments.
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only 0.02 wt.% iron. For Ti(0.13 wt.% Fe) only minor attack of the
titanium surface was observed, whereas for Ti(0.02 vt.% Fe) a substantial
layer of oxide was observed on the titanium surface.

Figure 4 compares the creviced potentials for the experiments of Figure 2.
Distinctly different behavior was observed for the two samples. For
Ti(0.02 vt.Z Fe) the potential fell to more negative values, indicating an
activation process, i.e., the removal of oxide from the titanium surface
within the crevice, yielding an active bare metal surface. For
Ti(0.13 wt.% Fe) the crevice potential initially moved in a negative
direction (not apparent in Figure 4 because of the condensed time scale),
indicating an initial activation (i.e., crevice initiation). However,
after a few hours the potential shifted to positive values. This shift to
positive values coincided with the fall in the coupled current, Figure 2,
indicating that the crevice had repassivated.

This difference in behavior between the two samples can be explained using
the schematics of the crevice process given in Figures 5, 6 and 7.
Initiation of the crevice corrosion process occurs when oxygen is depleted
within the crevice. When this depletion occurs, the oxide film within the
crevice is removed in the chloride solution and an occluded cell is
established with an active anode within the crevice supported by the
cathodic reaction occurring on the coupled titanium cathode. The reduction
of dissolved oxygen from the bulk of the solution on the titanium cathode
supports the active dissolution of titanium within the crevice, as shown in
Figure 5. Hydrolysis of dissolved metal cations within the crevice leads
to the formation of a tight deposit of hydrated titanium oxide (TiO2»2H2O)

Inside 2T14*
k

2H2O 4OFT

FIGURE 5: Schematic Showing the Various Reactions that Occur Within an
Active Crevice. Note the coupling to an external oxygen
reduction reaction as well as an internal hydrogen evolution
reaction.
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and the production of protoiis. This drives the pH down within the crevice,
leading to proton reduction and further metal dissolution (see Figure 5).
The "overproduction" of protons within the crevice (indicated by the 4H in
the middle of the circle) and the slow transport losses of protons from the
crevice maintain acidic conditions in the occluded cell (creviced) region.
Hence, crevice corrosion is supported by two cathodic processes:

(i) oxygen reduction on the large cathode;

(ii) proton reduction within the crevice.

This last reaction is a short-circuited corrosion reaction which does not
yield a measurable current (i.e., the current does not flow through the
zero-resistance ammeter). The coupled current, Figure 2, is only a measure
of the crevice corrosion supported by the oxygen reduction process. A
point worth noting is that proton reduction within the crevice would be
expected to lead to hydrogen absorption by the active titanium, as
indicated in Figure 5.

When the supply of oxidant within the solution is exhausted, crevice
propagation ceases and the coupled current falls to zero, as observed for
Ti(0.02 wt.f Fe) in Figure 2. Under these conditions proton production
inside the crevice achieves a balance, as shown schematically in Figure 6.
Eventually, the pH within the crevice will rise because of the loss of
protons by transport out of the crevice and propagation will cease.

Inside
crevice

FIGURE 6: Schematic Showing the Various Reactions that Occur Within an
Active Crevice after All the External Oxidant Has Been Consumed

The crevice can be said to remain active, but is starved of the oxygen
required to propagate crevice corrosion. Propagation can be restarted by
adding more oxygen to the autoclave, as shown in Figure 8. The addition of
oxygen led to a surge in the coupled current and an increase in crevice
potential as active metal dissolution was accelerated. Both the current
and potential decreased again as the additional oxygen was used up. From
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0 2 2H2O 4Off

FIGURE 7: Schematic Showing the Various Reactions that Occur Within a
Crevice which Can Repassivate Because of the Presence of Some
/J-Phase Component or TiFe Intermetallics

25 35 50 60
Time I h

FIGURE 8: The Effect of Oxygen Addition on the Coupled Current and
Potential of an Artificially Creviced Ti(0.02 wt. ZFe) Electrode
in Aerated 0.27 mol'L'1 NaCl at 150°C

these results we conclude that, for an active crevice, the extent of
propagation is determined by the supply of oxidant. This was confirmed
from weight-gain measurements on active crevices exposed to aerated or
nitrogen-degassed 2.0 mol'L"1 NaCl at 150°C. Thus, the weight gain
(Ti + TiO2*2H2O) in aerated solution was 461 mg, compared to only 41 mg in
nitrogen-degassed solutions.

For Ti(0.13 wt.% Fe) the crevice initiated but very quickly repassivated.
This can be attributed to the presence of an iron-stabilized /?-phase or
TiFe intermetailic precipitates, which can depolarize the proton reduction
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process within the crevice, thereby inducing crevice repassivation. This
process is shown schematically in Figure 7. Once repassivation had
occurred, crevice corrosion could not be restarted simply by adding oxygen,
as was the case for the active crevice situation described by Figures 5, 6
and 8. In fact, in this case the oxygen in the bulk, solution was not
depleted since little crevice corrosion occurred. For any further crevice
corrosion to occur, another initiation event would be required and
propagation would be prevented by repassivation.

Since very little corrosion occurred in this case, and the crevice is
quickly repassivated, we would expect very little hydrogen absorption. The
presence of /J-phase in this material was confirmed by metallographic
examination and by transmission electron microscopy. To confirm that it is
indeed the presence of the /J-phase that causes the Ti(0.13 wt.% Fe)
material to repassivate, we have heat treated this material to redistribute
the /?-phase more uniformly around the individual a-Ti grains. Figure 9
shows micrographs of the original microstructure and the microstructure
after heat treatment at 860°C for one hour. The original microstructure

93 . 5M 100M

initial material after heat treatment

FIGURE 9: Microstructure of Ti(0.13 wt.XFe) Before and After Heat Treatment
at 860°C for 1 h in Argon

was composed of a series of /?-phase stringers running throughout the
material and isolated precipitates of an FeTi intermetallic. Our TEM
results show that the iron content of the ^-phase was up to 10%. After
heat treatment the /J-phase was more evenly distributed around the a-Ti
grains, forming an envelope around the grains. Another way of varying the
microstructure is to vary the alloy's composition. Grade-12 titanium
(Ti-12) contains a small amount of Ni and Mo, stabilizing the formation of
the /J-phase. The alloy's microstructure is similar to the untreated
Ti(0.13 wt.% Fe) material, but has slightly more /?-phase.
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40

FIGURE 10: The Coupled Crevice Potential and Current for Artificially
Creviced Titanium in Aerated 0.27 mol'L"1 NaCl at 150°C.

solid line Ti(0.13 wt.%Fe) no heat treatment;
long dashed line Ti(0.13 wt.^Fe) heat treated;
short dashed line Ti Grade-12.

Figure 10 compares the crevice potentials and coupled currents for the
untreated and the heat treated Ti(0.13 wt.% Fe) material and Ti 12. An
initial current spike and a negative shift in potential were observed for
the heat-treated material, indicating that initiation of crevice corrosion
still occurred. However, the current rapidly fell to zero as the potential
shifted to positive values. Compared to the untreated material,
repassivation was much more rapid confirming, that the redistribution of
the /J-phase around the a-Ti grains had decreased the susceptibility of this
material to crevice propagation. Increasing the /?-phase content (Ti-12)
also results in rapid repassivation.

Since the chloride concentrations in the Canadian Shield groundwaters vary,
we have investigated the effect of chloride concentration on crevice
corrosion. The extent of crevice corrosion, based on weight-gain
measurements as a function of chloride concentration, is shown in Figure 11
for both the low- and high-iron-containing materials. For
Ti(0.02 wt.% Fe), the extent of crevice corrosion was high over the whole
concentration range (0.27 mol»L" < [Cl~] i 5 mol'L" ). The decrease in
weight gain at higher chloride concentrations may be attributable to a
decrease in 02 solubility at the higher ionic strengths. For
Ti(0.13 wt.% Fe), very little crevice corrosion was observed for
[Cl] < 1 mol'L'1 or for [Cl] > 3 mol'L"1. In the intermediate
concentration range, corrosion was as extensive as for the low-iron
material. Crevice potential measurements tell us that Ti(0.02 wt.% Fe) was
active over the whole concentration range, whereas Ti(0.13 wt.% Fe) was
active only for [Cl'] > 1 mol«L" . Below this concentration the crevice
repassivated. Consequently, we can claim that the increased iron content
has widened the region of crevice corrosion resistance, as indicated in
Figure 11.
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FIGURE 11: The Effect of Chloride Concentration on Crevice Corrosion of
Titanium at 150°C. The crevice corrosion is measured by weight
change. For Ti(0.13 wt.%Fe) repassivation of the crevice was
observed for chloride concentrations less than ~1 mol*L

<& Ti(0.02 vt.XFe) exposed for 165-188 h;
0 Ti(0.13 wt.XFe) exposed for 40-157 h.

-l
NaCl.

Table 1 shows some crevice corrosion rates measured on artificially
creviced Ti(0.02 wt.% Fe) coupons exposed to various brine solutions in the
presence and absence of irradiation. In this case the irradiation source
was a used CANDU * fuel bundle placed close to the immersion vessel. Two
observations are worth nofng: (i) the rate of crevice corrosion decreased
with exposure time, presumably because of consumption of oxidant; and (ii)
the presence of a radiation field did not accelerate crevice corrosion. In
fact, the opposite was observed: the crevice corrosion rate decreased.
This agrees with the results of our electrochemical experiments performed
in the presence of radiation fields. The presence of radiation led to a
decrease in the rate of crevice corrosion. At present, we have no firm
explanation for these observations. However, if we take 20 /im/a as the
crevice corrosion rate after 2304 h (~ 96 d) and assume this rate will not
decrease with further exposure, then we can predict that a 3-mm corrosion
allowance would last ~ 200 to 300 a. It is worth reemphasizing that these
results are for Ti(0.02 wt.% Fe) and that better corrosion performance
would be expected with Ti(0.13 wt.? Fe). Our assumption that the crevice
corrosion rate will not decrease for longer exposure periods is equivalent
to an assumption that the oxidant supply required to drive the propagation
reaction will be maintained indefinitely. This is obviously conservative
since the disposal vault is expected to become more reducing with time.

*CANada Deuterium Uranium
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TABLE 1

CREVICE CORROSION DATA FOR GRADE-2 TITANIUM AT 100 ± 5 C
USING ARTIFICIALLY CREVICED COUPONS. THE RADIATION
DOSE RATE FOR IRRADIATED COUPONS WAS 4.2 ± 0.2 Gv/h

Sample
Number

158a
158b
158
159a
159b
159
average

71a
72a
71-72a
73a
74a
73-74a
average

71b
72b
71-72b
73b
74b
73-74b
average

530/531

Condi tions

unirradiated
1.5 vt.%
NaCl

irradiated
5.9 vt.%
NaCl

irradiated
5.9 wt.Z
NaCl

irradiated
SCSSS slurry

Time
h

857

864

2304

23360

Crevice Corrosion Rate
g/(m »a) (fim'a'1)*

1000
270
1200
340
1100
910

98
300
230
130
120
180

26
31
47
30
71
74

38

220
60
250
75
260
200

180±90

22
67
52
28
16
41

38±19

5.7
6.7
11
6.6
16
17
10+5

8.5

*Average values quoted with the standard deviation as the error

Uniform Corrosion Rates

Table 2 lists uniform corrosion rates for Ti(0.12 vt.% Fe) measured in our
long-term immersion experiments for exposure periods up to a year. There
was no evidence for degradation of welds or for stress corrosion cracking
with U-bend samples. The rates were very low and appear to be independent
of temperature and exposure time. These results indicate that if a
container with a 3-mm corrosion allowance were to fail by uniform corrosion
its lifetime would be > 10 a.
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TABLE 2

UNIFORM CORROSION RATE DATA FOR PLANAR IMMERSION COUPONS EXPOSED TO
SCSSS SIMULATED GROUNDWATER AND 4.5 ± 0.5 Gy/h GAMMA RADIATION

Sample

No.

T-54
T-56
T-57
T-58
T-61
T-61
T-61
T-54
T-64
T-65
T-66

TV-3 2
TW-33
TW-34
TW-35
TW-28
TW-26
TW-29
TW-31
TW-25
TW-30
TW-27
TW-21
TW-23
TW-24
T-13
T-16
T-19
T-34
T-35
T-36

TW-06
TW-03

Sample

Type

coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend

Environment

solution

buffer slurry

solution

buffer

solution

solution

buffer

Temp

°C

100

150

150

100

150

150

Time

h

1168
6490

1168
2336
3504
2336
8769

8769

6490

8769

87869

Corrosion Rate

g/(m2»a)

0.37
0.171
0.196
0.306
0.059
0.029
0.033
0.004
0.239
0.311
0.232
0.263
0.070
0.387
0.695
0.483
0.063
0.142
0.228
0.047
0.249
0.000
0.023
0.083
0.068
0.111
0.129
0.136
0.270
0.305
0.277
0.780
0.702

fim/a

0.08
0.038*
0.043*
0.068*
0.013
0.007
0.007
0.001*
0.053
0.069
0.052
0.058
0.002
0.086
0.15
0.11
0.014*
0.031
0.051*
0.010
0.055
0.000
0.005*
0.018*
0.015*
0.018
0.029
0.030
0.060
0.068
0.061
0.40
0.16

indicates a weight loss

Crevice Corrosion of Grade-12 Titanium

Figure 10 compares the crevice potential and coupled currents for
Ti(0.13 vt.% Fe), heat-treated Ti(0.13 vt.% Fe) and Ti-12 in

-l0.27 mol«L' NaCl at 150°C. For all three materials, the potential
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initially shifted to negative values before eventually achieving positive
values. In all three cases an initial anodic current was observed,
confirming that crevice initiation occurred even for Ti-12, which is
commonly claimed to be "immune" to crevice corrosion under these conditions
of temperature and chloride concentration. However, for both the heat-
treated Ti(0.13 vt.% Fe) and the Ti-12, the currents rapidly decreased to
values close to zero as the crevices repassivated. Consequently, we can
claim that it is not the failure to initiate but the inability to propagate
which gives the two materials their resistance to crevice corrosion.

On-Going Program on Crevice Corrosion

Ue are continuing our studies on the effects of a number of parameters on
crevice corrosion:

(i) The effect of /?-phase stabilizers (Fe in Ti-2; Ni in Ti-12) on
initiation, and propagation or repassivation.

(ii) The effect of brine composition on the propagation rate. So far,
our studies have been confined to simple NaCl solutions whereas
the cation content of concentrated brines may have a significant
effect on resistance to crevice corrosion.

(iii) The effect of temperature over the range 80 - 150°C. Most of our
studies to date have been performed at 150°C, whereas waste
temperatures are not expected to exceed ~ 100°C.

(iv) These laboratory studies are supported by a wide range of
exposure and immersion tests under various conditions of
temperature and chloride concentration. The extent of crevice
penetration (if any) will be measured from these tests and the
results used to predict container lifetimes.

HYDROGEN EMBRITTLEMENT

The second potential failure mode for titanium is hydrogen embrittlement or
hydride cracking. Consequently, we have examined the tensile properties of
both Ti(0.13 wt.% Fe) and Ti-12 using the slow strain rate technique in hot
(up to 175°C) aqueous NaCl solutions (3.5 vt.%). These conditions
represent a severe overtest.

We found that neither Ti(0.13 vt.% Fe) nor Ti-12 failed by hydrogen
embrittlement in these solutions in the absence of an applied cathodic
potential. This is not surprising when we consider the susceptibility
diagram shown in Figure 12 (R.W. Schutz and D.E. Thomas, in Metals
Handbook, Ninth Edition, Vol. 13, Corrosion; ASM International, Metals
Park, Ohio (1987) p. 669) which shows that hydrogen pickup should only be a
problem in neutral chloride solutions at very high temperatures. However,
this figure is based on observed industrial failures and may not apply to
the present circumstances. In an attempt to force hydrogen pickup to
occur, we have performed slow strain rate experiments with cathodic
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FIGURE 12: Schematic Showing the Various Regions of Susceptibility of
Titanium to Crevice Corrosion and Hydrogen Pickup

potentials applied to the tensile specimens. Even under these conditions
failure of Ti(0.13 wt.% Fe) was always ductile, with no evidence for
brittle failure due to hydride formation. For Ti-12, however, a
significant loss of ductility and hydride cracking were observed providing:

(a) the applied potential was < -0.73 V (vs. S.H.E.), and

(b) the temperature was > 120°C.

The loss of ductility for potentials < -0.73 V is illustrated by the data
of Figure 13, which shows a decrease in the percent-reduction-in-area below

-900 -800 -700 -600 FCP

Applied potential/ m V vs. S.H.E.

FIGURE 13: The Effect of Applied Negative Potential on the Reduction in Area of
Ti-12. The experiments were performed in 0.6 mol'L"1 NaCl at 175°C:
A in air; o fast strain rate > 6 x 10" s ; • slow strain rate
k x 10"7 s"1
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this potential providing a slow enough strain rate is used. The effect of
temperature is illustrated in Figure 14 which shows a decrease in the true
fracture stress for temperatures > 120°C at an applied potential of -1.05 V
(vs. Ag/AgCl).
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FIGURE 14: The Effect of Temperature on the True Fracture Stress of Ti-12
-lin 0.6 mol»L" NaCl with an Applied Potential of

-1.05 V vs. Ag/AgCl: o in air; A fast strain rate 1 x 10
slow strain rate 4 x 10" s"

-6 -1

On the basis of these results Clarke et al. (C.F. Clarke, D. Hardie and
P. McKay; Corrosion Science, 26 (6), 425 (1986)) concluded that the
fracture process for Ti-12 depends on the breakdown of the protective oxide
at cathodic potentials and the subsequent penetration of brittle hydride
channels into the underlying metal. Extensive hydrogen pickup by oxide-
covered Ti-12, but especially Ti(0.13 wt.% Fe), appears very unlikely.
There are two possible ways to break the oxide film and hence, facilitate
hydrogen pickup:

(i) by the presence of stress/strain;

(ii) by film dissolution in an acidified active crevice.

The consequences of such film breakdown processes are noted in the block
diagram of Figure 15. As discussed above, breaking the film by
stress/strain only leads to significant hydrogen pickup with applied
negative potentials, and then only for Ti-12, not Ti-2. When film
breakdown is achieved in a crevice, potentials in the region of ~ -0.4 V
(vs. SHE) are attained. Since proton reduction is occurring on an active
titanium surface under these conditions, hydrogen pickup is to be expected.
As illustrated in Figure 15, it is also necessary to consider the
possibility that the crevice passivation process observed for
Ti(0.13 wt.% Fe) and Ti-12, Figure 10, may fail to occur if a sufficient
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FIGURE 15: Block Diagram Showing the Central Role of the Passive Film on
Titanium and the Consequences of Film Breakdown Under Various
Conditions. On the left of the diagram are mechanical film
rupture events, on the right are chemical effects.

rate of straining is maintained. A final possibility is that the
production of hydrogen by water radiolysis will lead to hydrogen pickup.

On-Going Program on Hydrogen Ingress

In an attempt to address some of the remaining issues with respect to
hydrogen pickup and embrittlement, we have a number of experiments in
progress, or planned:

(i) Load cycling at known stress levels is being used to extend the
time available for reaction in an attempt to determine whether
longer exposure periods will promote hydrogen pickup and
embrittlement at temperatures lower than 120°C.

(ii) The influence of creep strain on the extent of embrittlement
during stress cycling is being investigated to determine whether
there is a limiting stress level below which hydrogen ingress
does not occur and whether there is a minimum strain rate at
which repassivation fails to compete with metal exposure.

(iii) The influence of stress cycling at various stress levels on the
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extent of crevice corrosion is being studied to answer the
questions:

(a) Can the presence of stress prevent crevice repassivation for
Ti-12 and Ti(0.13 vt.% Fe)?

(b) How extensive is hydrogen pickup and hydride formation under
active crevice corrosion conditions?

(c) What are the effects of chloride concentration and temperature on
stressed crevices?

SUMMARY AND CONCLUSIONS

1. Propagation, not initiation, is important in establishing
susceptibility to crevice corrosion.

2. Increasing the iron content of Ti-2 from 0.02 to 0.13 wt.%
prevents crevice propagation by causing repassivation in
solutions containing up to 1.0 mol*!/1 NaCl at 150°C.

3. Crevice corrosion initiates on Ti-12, but repassivation is rapid.

4. The supply of oxidant is essential to maintain crevice
propagation.

5. Hydrogen embrittlement is unlikely unless oxide film breakdown
occurs and has not been observed in our work over a wide range of
testing conditions.

6. Film breakdown occurs under crevice conditions, and hydrogen
pickup is to be expected.

7. Film breakdown could occur if the strain or creep rate is fast
enough to complete with repassivation reactions. Such a
situation is highly unlikely.

DISCUSSION

WESTERMAN Did you say that radiation inhibits crevice corrosion?

IKEDA Yes.

UESTERMAN Radiation will promote the production of oxidizing
species in the system, which would tend to promote
crevice corrosion. Why doesn't it?

IKEDA This isn't clear. Let me show you the results upon
which we are basing our conclusions. Bear in mind we
have a relatively low dose rate and, hence, the
radiolysis product concentrations are not very high.
Figure Dl shows the case where we have active crevice
corrosion. When the radiation field (~ 10 rad/h) was
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FIGURE Dl: The Effect of Radiation on the Coupled Potential for
Artificially Creviced Ti(0.03 wt.% Fe) in Aerated
1.0 Mol-L"1 NaCl at 150°C.

(dashed line) 7 radiation present from the start of the
experiment and removed at the dashed-line arrow.
(solid line) 7 radiation introduced at the solid-line
arrows.

introduced after 20 h (solid line, Figure Dl), the crevice
potential was driven to more negative values. Although not
shown, the coupled current decreased, indicating a decrease
in the rate of crevice propagation. Subsequently, removing
the field made little difference to either the crevice
potential or coupled current. If the radiation field was
present from the beginning (dashed line, Figure Dl)
activation was much more rapid and the accompanying current
spike was short and sharp. This behavior suggests that
radiation exerts a reducing effect. If we look at the
effect of radiation on the high-iron-containing material,
Ti (0.13 vt.% Fe), the effect on the potential was the
opposite, Figure D2. In the presence of radiation the
potential rapidly shifted to very positive values,
indicating an oxidizing effect, as you suggest. However, a
much lower coupled current was observed in the presence of
the field, indicating, again, that less crevice corrosion
occurs. Although the effect was different in each case,
for both situations the presence of a radiation field
stifled the propagation of the crevice.

WESTERMAN Your explanation seems reasonable. If you produce an
oxidizing species inside a crevice it would tend to
passivate the crevice. Yet, we see crevice corrosion
taking place in quite high radiation intensities.
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50
Time/ h

FIGURE D2: The Effect of Radiation on the Coupled Crevice Current and
Potential for a Repassivating Crevice Condition (on
Ti(0.13 wt.% Fe)).

(solid line) 7 radiation present throughout the
experiments
(dashed line) 7 radiation absent.

SHOESMITH I think the dose rate is what matters. If the dose rate is
high, then you produce a significant concentration of
oxidizing species outside the crevice. These species can
promote the propagation of the active crevice by reduction
at the external cathodic site. However, if the dose rate
is low, then the concentration of oxidizing species
produced outside the crevice will be insufficient to
accelerate propagation. However, inside the crevice, a
relatively low dose rate may still produce sufficient
oxidant to force repassivation, as observed in Figure D2.
Very little oxidant would be required within the crevice in
order for this to happen because the surface-area-to-
solution-volume ratio is very large. Oxidizing species
produced under such circumstances would very rapidly react
with the titanium surface. What the effect of radiation is
on the active crevice, Figure Dl, remains a mystery.

KASS I think there is some Japanese work on PWR systems
materials which supports that conclusion.

SHOESMITH We still cannot explain the effect of radiation on the
active situation, Figure Dl. It is hard to explain why the
potential shifts in an active direction and yet the current
decreases. The titanium surface would have to be
completely into the active region and the radiation field
affecting the c.athodic reaction.
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Are those experiments reproducible?

We have not done enough experiments to be sure. For the
Ti(0.13 wt.% Fe) case, Figure D2, we have done enough
experiments to know that irradiation always drives the
crevice passive. For the Ti(0.02 wt.% Fe) the results are
not always reproducible. The explanation of the radiation
effect offered above is very speculative.

You went through your experimental design very quickly. I
don't recall whether you discussed the impact of a weld.
Are you studying stress corrosion cracking of welds? The
initiation of a crack in a weld would effectively form a
crevice.

We have studied the stress corrosion cracking of titanium
using U-bend samples in our immersion tests. We have
studied a number of welded coupons in our crevice corrosion
experiments. If anything, they are less susceptible to
crevice corrosion than unwelded specimens. This is
consistent with our results on heat-treated materials,
which show that we obtain a more passive crevice with heat-
treated Ti (0.13 vt.Z Fe).

That effect would be important for the heat-affected zone.
What about the weld material itself?

We haven't studied welding in that amount of detail. We
have studied welded coupons in our crevice experiment and
seen no deterioration of any part of the weld. Our only
work related to stress corrosion cracking is immersion
tests on U-bend samples. With these samples we have seen
no evidence for SCC, only uniform corrosion.

Why do you think a crevice is going to form in these welds?

It is reasonable, based on practical experience, to assume
that there will be residual flaws in welds. You would have
to be extremely lucky in the fabrication process to have no
residual flaws. Such a flaw could form a crevice and under
the influence of residual stresses develop into a crack.

I would like to point out that, in our modelling of
container failure, we do assume that a certain proportion
of the containers will be either defective when they go
into the vault because the final inspection doesn't detect
such a fabrication flaw, or will contain partial flaws
(possibly in welds) which are assumed to fail quite soon
after emplacement. We expect only a small number of
containers to be affected in this manner, since the
inspection techniques are expected to be reasonably
sophisticated.

Even a minor flaw could be the site for the development of
a crevice. The simultaneous presence of residual stresses
would then cause a crack to develop.
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SHOESMITH At present we have insufficient data to reassure you.
However, our planned experiments to look for synergistic
effect between stress, strain and crevice corrosion should
address the problem. We think, such a situation is very
unlikely, however, and has not been observed to date in our
experiments.

GARISTO Do you expect the effect of radiation on Ti-12 to be
deleterious?

SHOESMITH Ti-12 repassivates, after initiation, just as
Ti(0.1 wt.% Fe) did. Consequently, I would expect the
effect of radiation for the two materials to be the same
i.e., I would expect passivation to be reinforced.

GARISTO What do you know about the geometry of the crevice? Is the
geometry important in determining whether repassivation
occurs?

SHOESMITH The micrographs presented by Ikeda show that the oxide
formed due to crevice corrosion leads to the establishment
of a very tight crevice. The artificial crevice we form
initially very rapidly becomes irrelevant. The crevice
that matters is the one formed by the redeposited hydrated
TiO2. This makes it very difficult to say anything about
the geometry, except that it is tight. The properties of
the material itself in conjunction with the properties of
the environment, not the crevice geometry, determine
whether repassivation occurs. As far as the effect of
radiation is concerned, it would be interesting to see if
larger dose rates would reinforce passivation in the same
manner that small ones do.

BREHM How tight is your crevice?

IKEDA If we look at one with the SEM we cannot see a crack.
Unfortunately, we are looking at the crevice after cooling
it down and drying it. We have no way of knowing what the
situation is at temperature or whether the oxide is porous.

INTERRANTE Obviously the effects of microstructure are important in
determining the susceptibility of titanium alloys to
crevice corrosion. Do these microstructures have any
metastability? If so how do you expect the structure of
the materials to change over the long exposure times in the
repository? If they change enough do you have any grounds
for interpreting the behavior of these materials over such
long exposure times?

SHOESMITH Our repository operating temperature is in the vicinity of
100°C. I think microstructural changes are unlikely at
such low temperatures. Temperatures > 700°C are required
to induce the microstructural changes we have been
discussing. There may be cause for concern at 250 to
300°C, the temperatures expected for a repository in tuff
or salt (WIPP).
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INTERRANTE Processes such as diffusion or grain-boundary migration are
alternative mechanisms for changing microstructure or
changing the distribution of chemistry. It is a question
that should be looked at.

SHOESMITH I am not sure how we would look at this question. Our
temperatures are very low as are the radiation fields
expected in our vault; we expect only a few hundred rads
per hour not 10 to 10 rad/h. Do we have enough energy in
the system to drive a restructuring of the material?

IVES In your discussion of your crevice you discussed only
positive ions inside the crevice. You show no negative
ions in your schematic representations. What role is the
chloride playing in your crevice process?

IKEDA Our schematic was only meant to show the essential steps
within the crevice. Chloride ions will, of course, be
transported into the crevice to maintain electroneutrality.
Their presence is essential for the crevice initiation.

IVES You present a model for an active crevice corrosion
situation and one for a crevice which repassivates. Does
the difference in the amount of chloride transported into
the crevice for each situation have any bearing on whether
activation or repassivation is observed?

SHOESMITH For the active crevice, more metal dissolution is
occurring. To maintain electroneutrality more chloride
will be transported into this crevice than into the
repassivating crevice. However, the chloride concentration
is initially ~0.3 mol'L"1. If the pH drops to 1 (i.e.,
10 mol*L" in protons), then a further 0.1 mol*L" of
chloride would be required for electroneutrality. This
isn't a massive chloride increase, i.e. ~ 25%. I don't
think the influence of chloride will be significant in
determining crevice behavior. Ikeda described the effect
of chloride on crevice behavior. To affect the behavior of
Ti(0.13 ut.% Fe), we needed chloride concentrations
> 1.0 mol»L~ . This is unlikely to be achieved by
transport into the crevice.
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2.4 HYDROGEN ABSORPTION AND CREVICE CORROSION
BEHAVIOUR OF TITANIUM GRADE-12

DURING EXPOSURE TO IRRADIATED BRINE AT 15O°C

R.E. Westerman
Battelle Memorial Institute
Richland, Washington, U.S.A.

For the past five years or so, we (PNL) have been working with the
Department of Energy on the evaluation and testing of materials for waste
packages for the salt repository project. The great majority of our work
has been on mild steels. However, we have done some work on the
alternative corrosion-resistant material, titanium Grade-12. Today I will
describe the work that we have done on this alloy in a brine containing a
substantial concentration of magnesium.

There are two sources of brine in a salt repository. One source is known
as a dissolution brine. Such a brine would result from the ingress of
water from an aquifer which dissolves the salt and subsequently comes in
contact with the waste package. The second source of brine, and that is
expected to be the most common in a salt repository, is the one already
present as inclusions in the salt bed. These inclusions could migrate up
the temperature gradient, thereby coming into contact with the waste
package. In a salt repository, the packing material in contact with the
waste package will be crushed salt, as described previously by Molecke.
Once this material gets wet and is compressed against the waste package
(with a density close to 100% of theoretical), it will be at a temperature
of ~ 140°C, the surface temperature of the container. The composition of
the associated brine is expected to approximate close to what is known as
WTPP brine A. As can be seen from Table 1, it contains a very high
concentration of Mg .

We have considered two degradation modes in the case of titanium Grade-12:
(i) hydrogen-induced delayed failure, and (ii) crevice corrosion. Titanium
alloys have a high affinity for hydrogen. For example, some of the
hydrogen resulting from the rea .tion of titanium alloys with water to form
TiO2 is absorbed by the metal. Also, hydriding of the metal can be readily
achieved either by making it the cathodic electrode in an electrochemical
cell, or by exposing it to high-purity hydrogen gas at elevated
temperatures. Finally, it has been shown that titanium Grade-2 and
titanium Grade-12 can both absorb hydrogen directly from an irradiated
(2 x 106 rad'h"1, maximum) low-ionic-strength basaltic groundwater at 250°C
[R.E. Uesterman et al., PNL-4364, Pacific Northwest Laboratory, Richland,
Washington (1982)]. Absorbed hydrogen tends to embrittle titanium alloys.
The extent of embrittlement is highly dependent on (i) the amount of
hydrogen adsorbed; (ii) the composition and microstructure of the alloy;
(iii) the temperature of the mechanical tests; and (iv) the mechanical
loading characteristics (i.e., whether the load applied is static or
dynamic, and if dynamic, the strain rate imposed). Also, should gross
quantities of hydrogen be absorbed, the metal may be converted entirely to
the hydride phase, with consequent disintegration of the structure.
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TABLE 1

BRINE COMPOSITION

Ion

Na+

K+

Mg 2 +

Ca 2 +

Sr2 +

Cl"

SO2"

I

HCOi

Br"

BO 3

Concentration (ppm)

42,000

30,000

35,000

600

5

190,000

3,500

10

700

400

1,200

If the complete conversion of the structure, or parts of the structure, to
hydride is considered improbable, then there are two major modes of
embrittlement that are of concern: (a) tensile embrittlement, and (b)
sustained-load-cracking, more commonly called hydrogen-induced delayed
failure. Tensile embrittlement may be separated into two components:
embrittlement at high strain rates (during impact), and slow-strain-rate
embrittlement. The latter hydrogen-induced failure mode is due to the
growth of sub-critical cracks under a static load at stress intensities
less than Ki C. Such crack growth is attributed to the formation of hydride
phase in the highly stressed region near a crack tip, with the subsequent
fracture of the hydride and advancement of the crack.

The work to be described here was undertaken primarily to determine the
rate of hydrogen adsorption by titanium Grade-12 specimens exposed to
irradiated hydrothermal brines. We performed only a small number of
scoping experiments in inclusion brine at 150°C. The composition of the
0.79-mm sheet stock used in the tests is given in Table 2.
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TABLE 2

ELEMENTAL COMPOSITION OF TITANIUM GRADE-12 ALLOY, wt.%

N

0.008

C

0.021

H

0.005

0

0.13

Fe

0.12

Mo

0.30

Ni

0.67

Ti

remainder

We used a radiation intensity of about 3 x 104 rad'h"1, which is
approximately an order of magnitude higher than that expected in a
commercial salt waste repository (~ 10 rad'h"1 for 10-year-old spent fuel
and a waste-package container just thick enough to resist lithostatic
pressures). We arranged the test specimens in two different ways. In the
first part of the test we simply strung twenty specimens on a vertical
alumina rod of 9.5-mm diameter. The specimens were square, measuring 36 mm
on a side. We separated them with small alumina spacers. The alumina was
a high-purity material. The thickness of the spacers was of the order of a
few millimetres. We placed the assembly in an autoclave at 150°C with
sufficient pressure to suppress boiling.

On inspection, after six months' exposure, we found that two of the twenty
specimens showed marked corrosion. The specimens were partially covered
with a yellowish deposit of titanium dioxide, identified by X-ray
diffractometry. By cutting the specimens in half and abrading away the
hard adherent deposit we could tell that the oxide had originated within
the crevice and simply flowed across the surface of the specimens, forming
an adherent deposit. In all cases the attack of the metal initiated under
the alumina spacer. The corrosion observed underneath the deposited oxide
was of the form expected for crevice corrosion. The depth of penetration
was about 0.1 mm. One of the specimens is shown in Figure 1. We were
surprised by these results. According to Braithwaite and others crevice
corrosion would not be expected to occur in a radiation field because the
surfaces within the crevices would be passivated by the oxidizing products
of water radiolysis.

We decided we would set up a series of creviced specimens and investigate
the matter a little further. A series of plain coupons and creviced pairs
were mounted as shown in Figure 2. The test was run in a static
(unrefreshed) mode, with changes of brine at each specimen inspection. The
"creviced-pair" specimens were removed for examination after 10£ months'
exposure. All of these specimens (6 pairs, both as-received and grit-
blasted) showed some degree of corrosion where they were in contact.
Typical creviced-pairs are shown in Figure 3. A specimen exhibiting what
appeared to be the heaviest corrosion was cleaned by light abrasion with emery
paper. The sites of crevice corrosion attack under the Ti02 layer are shown in
Figure 4. Both shallow and deep points of attack were observed, suggesting
that corrosion occurred at different times at different points within the
crevice. The corrosion appeared to progress along the surface of the material,
but did not penetrate very deeply. The average depth of penetration was
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FIGURE 1: Specimen Showing Crevice Corrosion After Six Months' Exposure to

Brine A (Table 1) and a Radiation Intensity of 3 x 10 rad»h .

Half of specimen (on right) has been abraded to reveal attack

near hole. Specimen was originally 36 mm square, with a 9.6-inm-

diameter hole.

FIGURE 2: Arrangement of Specimens in the Autoclave
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Ti Grade 12 Crevice Pairs
10 1/2 Months, 2x104rad/hr

PBB3, 150°C

FIGURE 3: Separated "Crevice-P.iir" Specimens of As-Received Material,
after 10^ Months' Exposure. Specimens are 36 ram square.
Previously contacting surfaces are shown.



X

fp"-

F 11 i l i H I . > i i f . u l i'.\ i -1.1 i c c • i ' i 1 1 i i •• i i H I /•. I I , u !•' I l i u i i • i ( ' i > i i i •• \ • > ! i I ' l u i i m i ( T i n ')

1 , 1 . ' e l . A l e , ! 1 i l l • . . • • ( I i • . 1 : I , i . I-1 , 1 1 f • I M • ! i . ! .

•'- ! i . i ' .::•. i l : • . i .'• I , i i 1 1 I K i ' n i l : I n : | H I i [ ; n i i . ' I l i i • i r I i . i i •. : -, i > ; J : > < • ! ; i n n . 1 .

• | ' . : c - I i • i i i . . : ' ; ; , i 1 ; ! i i i , ; I I n • : ! > • " I ' c i m l n : . i n i ! n [ 1 i 1 , | | : i h : . - ' • I . i < l > • I . ' 1 i . . n ,

t i n i 1 - . i • , • ; i . i ' l i - 1 I • ' I I M i i n • . l i i i ! ( i i I . i i i . i ! < • I v , V i • i l i d n ' ' r i . i , i i r . u i i I I .' . n l i .-. I i ' i l

• . . 11 ' ; • • i • y j i • i i ' • • ! ! I , ' I I '. v t i n I I . . I I ' l l . ) 1 . : w i n . i i n 1 1 I I n • ( i I i : i ; . . , i i i : > - d ' > ' • I l i e

i 1 1 • • • . i i i i • i • ' . i I 1 1 1 i . I I j i 111 ! i i • i • I i 1 I i i i ! .

i n . . i l 1 1 1 , ' i i n . i • i , i i •••! • , i n . i ; . : , ' i i I : ,:;

~ . •. I , l ! : • I ! V ! ' 1 1 , i l i 1 ! >',< i ) \ ' j i . i I j ' . i i ! ' . ' . ' . I . - . . | i , ! ! ' i I , i | m l ; | , | . • , . , | | |

' • . . ' • ! ••' i I 1 1 , 1 ! i . | i ;•- J J I i " I I I l I i / U i , 1 I n ; . .' .. i . I I • , : i - j i l < i i j l l i < i j I )

i i n • i , i i l i • i i 7 ' i •, , ' - / I i i I ' I I ••••'• . i ' M i l . i - ! I I I ' . . . • i n ! i i i i < " h M i : I . . . i i . J M I I , i I 1 1

.. I i i , 1 1 ', . i : . a ! i I , i 1 i '., 1 1 1 1 1 1 1 1 I i ' . - 1 1 1 -, i | : . . :'. i 1 1 . . •

, i , I . ' i , ' ( ' ( l i I I I I I I h e c ' ,"• i i ' i ; i '•.'.• i I , i " ' i I . 1 - . i i n . " ' .

i ;•. v ) ' . i ' 1 1



- 73 -

There are many questions not answered by this brief scoping study. We
don't know what the effect of the brine composition is. We don't know if
the magnesium content of the brine is important or not. We don't know if
the radiation is important. However, unlike our initial tests when only
two of twenty specimens showed evidence of crevice corrosion, in these
tests everywhere we had two specimens in contact we saw some degree of
crevice corrosion.

Specimens from this test were also analyzed for hydrogen content, since
this was the original aim of the tests. The results of these analyses are
shown in Figures 5 and 6.* The hydrogen adsorption rates found in this;
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If it is assumed that the as-received titanium Grade-12 sheet stock is
of constant hydrogen concentration (estimated at 25.1 ppm) throughout,
then the 95% confidence interval associated with each data point in
Figures 5 and 6 is 5.5 ppm. Each data point represents the average of
duplicate hydrogen analyses obtained from one test specimen.



- 74 -

study were remarkably low, much lower, for example, than those reported by
Schutz and Hall [R.W. Schutz and J.A. Hall, "Optimization of
mechanical/corrosion properties of titanium Grade-12 plate and sheet. Part
I: Compositional effects," SAND-84-7438, Sandia National Laboratories,
Albuquerque, NM (1984)]. The hydrogen absorption appeared to stop after
six months. The creviced pairs showed no enhanced hydrogen absorption.
For the creviced pairs, samples for hydrogen analyses were taken at a
distance away from areas of advanced corrosion. We did not analyze
specimens near areas of active crevice corrosion, so we cannot say whether
enhanced hydrogen absorption occurred as a consequence of crevice
corrosion.

The low hydrogen pickup may be related to the oxygen fugacity in the
irradiated system caused by brine radiolysis. That is, a relatively oxic
environment might be expected to be more resistant to hydrogen absorption
(because of "film healing") than is an anoxic environment, such as the one
employed by Schutz and Hall. There appeared to be little or no tendency
for the metal specimens to absorb hydrogen directly from the irradiated
environment, as previously reported [R.E. Westerman, S.G. Pitman and J.L.
Nelson, "General corrosion, irradiation-corrosion, and environmental-
mechanical evaluation of nuclear waste package structural barrier
materials," PNL-4364, Pacific Northwest Laboratory, Richland, Washington
(1982)]. Instead, the hydrogen appears to have come from the minimal
reaction of the metal with water in forming the oxide tarnish film.

Our observation that crevice corrosion can occur on titanium Grade-12 in
brine environments under certain conditions is consistent with the findings
of several other investigators, although some studies have found titanium
Grade-12 to be free from crevice corrosion. This wide divergence of
experimental results is difficult to explain. If oxygen, or some other
oxidizing species, is required for the crevict "^rrosion of titanium
Grade-12, it is not surprising that studits performed in chloride brines
that are maintained in an anoxic condition (i.e., with free oxygen being
rigorously excluded from the system) do not produce significant crevice
corrosion. Some attack would be expected, however, because of the
difficulty of completely excluding free oxygen from any corrosion test
system, including that entrained in the initial brine charge. Thus, even
an "anoxic" test would be expected to show some crevice corrosion, even if
the attack is limited to very thin interference color oxide films. On the
other hand, the presence of large amounts of oxidant could cause oxygen to
permeate the entire system, even that area within the crevice, and thereby
prevent the formation of the galvanic cell giving rise to crevice attack.
This occurrence would explain the lack of attack reported by Braithwaite et
al., who exposed titanium Grade-12 specimens to brine A (see Table 1)
containing 250 ppm 02 at temperatures to 300°C. It appears reasonable from
the foregoing considerations that crevices of the size generally employed
in experimental studies would be susceptible to initiation and promotion of
crevice attack if the level of oxidant were maintained at some intermediate
value, perhaps near that resulting from air saturation. Interestingly, as
the PNL study clearly shows, irradiation cannot reliably provide an
adequate concentration of oxidizing species inside the crevice to passivate
the metal surface and prevent the initiation of crevice attack. Rather, it
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appears that the oxidizing species formed can participate strongly in the
cathodic reaction without seriously impeding the anodic reaction within the
crevice.

The fact that crevice corrosion has been observed, to some degree or other,
by several investigators over a range of exposure conditions relevant to
those that could exist in a salt repository must be taken into account when
considering the candidacy of titanium Grade-12 as a waste-package overpack
material.

CONCLUSIONS

Titanium Grade-12 specimens absorbed only small quantities of
hydrogen over a period of 18 months in a 150°C brine environment
irradiated at a dose rate of 2 x 10 rad'h"1, with the absorption
essentially stopping after six months. Grit-blasted specimens
absorbed more hydrogen than as-received sheet stock.

Titanium Grade-12 exhibited severe crevice corrosion in a 150°C
brine environment irradiated at a dose rate of 2 x 10 rad'h"1.
Irradiation of the environment and the formation of oxidizing
radiolysis products were not sufficient to maintain the metal in
the crevice region in an oxidized, passive condition.

DISCUSSION

KASS

WESTERMAN

KASS

Is it possible to explain the difference between your
results and the results of others on titanium on the basis
of a difference in oxygen concentrations?

That is obviously one big difference. Rob Sorensen
mentioned that they exposed this material at 250°C, and did
not see any crevice corrosion. We may have hit the optimum
set of conditions at 150°C between the presence of
radiolysis products, crevice temperature, brine
composition, etc.

At 250°C, Sorensen may not have had a sufficient
concentration of oxidant to drive the crevice corrosion?

WESTERMAN Yes, that could be the case. If Sorensen had had a little
bit of oxygen present at 250°C, he may have seen crevice
corrosion.

SORENSEN The effect of surface preparation is also interesting. For
instance, grit blasting the specimens increased the
hydrogen pickup considerably. Westerman's samples were all
exposed in the as-rolled condition. Ours were typically
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WESTERMAN

SHOESMITH

WESTERMAN

IVES

WESTERMAN

KASS

INTERRANTE

WESTERMAN

pickled •'n an HF/HNO3 mixture before exposure. It is not
immediately apparent wha" caused the difference in our
observations.

One deficiency in our tests is the duration. Crevice
corrosion only penetrated to a depth of ~ 0.1 mm. On the
basis of these tests it is difficult to determine whether
the crevice will continue to propagate inwards. However,
penetration of 0.1 mm after 6 months is significant and led
to our recommendation to search for alternative materials.

Did you observe any attack on the Zr/Nb autoclave?

No.

I am not familiar with the details of crevice corrosion
testing. I was surprised to see that there was a
difference in behaviour depending on whether you had a
metal/metal crevice or a metal/alumina spacer crevice. Do
your results suggest that the metal/metal contact is more
likely to lead to crevice corrosion than the metal/alumina
contact?

One big difference is the area of the crevice involved when
you put two coupons together. The exposed surface area
within the metal/metal crevices was large, whereas the
metal/alumina crevices were very narrow. It would be much
easier to maintain the acid conditions required for crevice
corrosion with the large area metal/metal crevices.

In the BWR Industry, we spent a long time trying to decide
whether metal/metal or metal/non-metal crevices represented
the worst conditions for crevice corrosion. In the end we
concluded that the water chemistry was the most important
factor in crevice corrosion. That was why I kept asking
you about the oxygen content.

It still isn't clear to me what happened in your test.
it simply a case of the alumina spacers leading to the
localization of electrochemical effects?

Was

With alumina spacers, crevice corrosion only occurred in
one out of every ten situations. Every so often the
optimum set of conditions for crevice corro.*-' ,n must have
been established, i.e., the optimum amount ">~ electrolyte
in the crevice, the optimum amount of oxidant, etc. We
didn't initiate a crevice very often, but when we did, it
propagated very rapidly. The propagation was across the
metal surface, since the depth of crevice penetration was
always shallow.
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SHOESMITH

WESTERMAN

SHOESMITH

WESTERMAN

SHOESMITH

STAHL

IKEDA

Once crevice initiation has occurred, then repassivation,
according to the mechanism suggested by Ikeda, will involve
the /J-phase component of the material (titanium Grade-12).
Apparently, proton reduction within the crevice is
depolarized by the /5-phase. The pH within the crevice will
be driven up as the protons are rapidly reduced, and this
will facilitate the repassivation. Is it possible that the
presence of a substantial concentration of magnesium in the
brine within the crevice prevents the pH from increasing
due to hydrolysis, i.e.,

.. 2+

Mg + H 20 •* MgOH ir

That is possible. We don't really know what the pH of the
brine is at 150°C.

Eventually you would hydrolyze all the magnesium within the
crevice and then the pH would begin to increase again.
Could this effect explain why crevice corrosion proceeds to
a certain depth and then stops? Is this a possible
explanation for why you observe relatively shallow
crevices?

Are you suggesting that the magnesium is precipitated from
the solution after hydrolysis?

What I am trying to say is that the hydrolysis of the
magnesium is effectively buffering the pH to a lower value
than you could achieve if no magnesium were present.
However, since you are using protons in the internal
cathodic reaction within the crevice, you will eventually
exceed the buffer capacity and then the pH will rise and
the crevice repassivate. In other words, the extent of
crevice corrosion .-. limited by the buffer capacity
provided by the hydrolysed magnesium.

I have a general question. I'm not sure if it is
appropriate. Perhaps some of the previous speakers might
comment. About five years ago, when I was at Battelle, we
did some autoclave tests on titanium and found severe
attack of the titanium exposed to vapour. Has anyone
repeated those kinds of tests?

Recently, we removed some coupons from one of our long-
term experiments which had been exposed in vapour to gamma
radiation levels around 500 rad»h . We observed some
corrosion on all our titanium samples. Unfortunately, some
of these samples were partially covered with copper-
containing deposits. The copper was from copper samples
exposed in the same vessel.
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CROSTHWAITE

With regard to the question of whether metal/metal or
metal/non-metal crevices are more susceptible to crevice
corrosion, we have experienced great difficulty in getting
metal/metal crevices to corrode. We experienced much less
difficulty in initiating crevice corrosion with metal/PTFE
samples.

I would like to ask a question about the radiation fields.
Are the fields being discussed representative of those
expected in a repository, or were these tests performed
under accelerated conditions?

WESTERMAN For a commercial spent fuel package containing 10-year-old
fuel, with a 10-cm wall thickness, the radiation field on
the outside of the container will be of the order of
30 rad'h"1. This is for the design package for the WIPP
project. Consequently, our tesrs were under conservative
conditions with fields an order of magnitude or more
greater than this.

CUNNANE For the overpack containers which are designed with
titanium Grade-12, the wall thickness is much thinner. In
that case the radiation fields will be in the order of
10 rad»h or greater. For that situation these tests
still represent overtest conditions.

CROSTHWAITE Then the fields used in Westerman's tests are very high,
and we don't seem to have discussed the question of whether
the irradiation field strength is a factor in determining
whether or not crevice corrosion will occur on titanium
Grade-12. Yet, you are prepared to recommend, on the basis
of these overtests, that titanium Grade-12 may be an
unsuitable material.

WESTERMAN We did tests on both titanium Grade-2 and titanium Grade-
12 in fields of 10 rad'h"1 in WIPP brine at 150°C, and
observed gross corrosion. Consequently, we performed our
second round of tests in a lower field of 3 x 104 rad'h"1.
However, this is still one order of magnitude higher than
the expected fields in a salt repository. Whether this is
significant in determining whether or not crevice corrosion
will occur is unclear. According to Ikeda, fields of
around 10 rad*h can inhibit crevice corrosion.

IKEDA For our experiments the fields were in the range 10 to
10 rad»h and our immersion tests were performed at
~ 500 rad'h" , which is about what we would expect in a
Canadian waste vault.

LAM A number of years ago, I used titanium autoclaves, and
observed corrosion along the water line. Is there any
evidence for a similar kind of corrosion in any of the
present experiments?
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IKEDA We have not done electrochemical experiments under those
conditions. However, there are some partially immersed
samples in some of our long-term tests. We haven't
examined them yet.

INTERRANTE Regarding Crosthwaite's question on the effect of
increasing the radiation level: it addresses one of the
most fundamental questions that we have to tackle. On the
basis of accelerated tests, do we understand the science
well enough to predict the expected behaviour under
realistic conditions? To claim that our test is a severe
overtest, we must have a pretty good knowledge of the
effects caused by changing the particular parameter we are
interested in. It is, of course, possible that, when we
increase the radiation field, say, in an attempt to perform
a severe test, we will have affected some other parameter
such that the test is less severe. The real question is:
How well can we hope to extrapolate any data obtained in an
accelerated test?

WESTERMAN Your point is well taken. However, I wouldn't call the
work I described an accelerated test. It was really only a
scoping test, which was never followed up in sufficient
detail due to funding restrictions.

INTERRANTE We all suffer from those kind of problems. Surely the
purpose in performing a test with a higher-than-expected
radiation field is that the test would be more convincing
if no effect of radiation was observed. I'm questioning
whether or not we understand the science behind radiation
effects well enough to be able to draw significant
conclusions.

DEBRUYN Our philosophy with accelerated tests is the following: if
we perform a test for one year with a radiation field of
10 rad»h" , then the test can be considered equivalent to
a 100-year test at a field of 10 rad»h . In other words,
the integrated dose is the important quantity. If you
don't see any effect at the high field over a period of a
year, then you can have confidence that no effect would be
observed at the lower dose over a longer exposure period.

INTERRANTE Such an approach simply gives you another data point. That
may make you feel more secure, but it does not provide any
increased understanding of the science behind the effect.
If you use an empirical approach, then you are on extremely
shaky ground when you extrapolate beyond your database.
There is no substitute for a proper study of the basic
science if we wish to justify our arguments in support of
long-term projections.
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SHOESMITH

MARSH

If we summarize the content of this morning's
presentations, it is clear that we are not basing our
arguments on a purely empirical database. The trouble with
a parameter like the radiation field is that it does not
appear to have a simple linear effect. In other words, the
corrosion rate does not simply increase linearly with the
dose rate. At present, we have no real understanding of
the chemical and physical effects of radiation. There may
be a dose-rate threshold above which the corrosion rate and
mechanism are affected and below which there is no
observable effect. In that respect, it may be similar to
the effects of chloride and temperature on crevice
corrosion. Generally, the susceptibility of titanium to
crevice corrosion is expressed in terms of the chloride
concentration required to initiate and propagate a crevice
at a given temperature, and is summarized by indicating
regions of susceptibility on a temperature vs [Cl'J plot.
Such plots are generally constructed from an empirical
matrix of experimental observations. Nevertheless, this
approach is valid in determining the range of conditions;
it is necessary to study it in more detail.

If the conditions achievable in a nuclear waste vault are
outside the range in which you observe a measurable effect
for a specific parameter (such as radiation field), then
you can have some confidence in assuming it is unimportant.
To justify your assumption, you need to understand what
chemical and physical parameters change with dose rate so
that an effect is observable above, but not below, the
threshold value. It is this basic understanding of the
radiation effect which is still missing.

As a strong advocate of mathematical modeling, I would like
to suggest that such an approach should be attempted with
titanium as it has been with steels. The presentations
given so far give us only a qualitative description of the
mechanism of crevice corrosion. It is impossible to
experimentally cover every achievable condition within the
waste repository. The only viable approach, once you
possess a reasonable apprecJation of the mechanistic
details, is to formulate the problem in mathematical terms,
and then test the impact of various variables on your
model.

With radiation, the results presented suggest that high
levels of radiation generate a sufficient concentration of
oxidizing species to drive crevice propagation. At the
other extreme, low dose rates appear to affect only the
chemistry within the crevice and cause repassivation.
Obviously, as discussed already, we don't have a simple
linear effect. There are only two ways to get a
quantitative handle on such an effect. You either perform
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a large number of experiments, or you construct a
mathematical model and test the effect of changing the dose
rate.

SHOESMITH I don't think you can write down a mathematical model for a
system unless you have performed a large number of tests.
Not only do you need a basic understanding of the
mechanism, but you need some measure of the relative rates
of the various steps involved in the overall process. For
a localized corrosion process like crevice corrosion you
have a system with 4 or 5 steps, the relative rates of
which determine whether the crevice propagates or not.
Also, the geometry of the crevice, which will determine the
relative rates of some of these steps, is undefined. These
complications make it extremely difficult to model the
process. As with pitting, many people have spent many
years trying to model such processes. I think it is
unrealistic to attempt such complex modeling within the
framework of a nuclear waste program. Such a model would
require us to make assumptions about materials properties,
buffer/backfill properties, activation and repassivation
processes, and geometry effects.

Any model we develop for the crevice corrosion of titanium
will be semi-empirical at best. I see nothing wrong in
relying on a good, but qualitative knowledge of the
mechanism and then simply basing a model on measurements of
crevice penetration. Providing you know the parameters
which control the penetration, you can measure the
penetration rate as a function of exposure time, and use
such data to predict container lifetimes.

HARSH There are two tiers of mathematical modelling. There's the
model which is a tool for guiding your experimentation.
This is the first stage of model development. Such a model
can be used to indicate which parameters accelerate or
decelerate processes. This is the type of model I was
suggesting. The second stage is a model which predicts
corrosion rates as a function of time. Such a model is
possible for certain systems, but I would accept that for
complex alloy systems it might not be possible. However, I
would think that the first stage of modelling is possible
in this case.

SHOESMITH I would not argue with that point of view.

SHEMILT With the radiolysis effect, to what degree have simulation
experiments, for example, experiments in solutions
containing chemically added hydrogen peroxide, been useful
in elucidating some of the mechanisms?
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SHOESMITH We haven't done any experiments where we added hydrogen
peroxide. However, a large number of experiments of this
kind were performed by Oriani. The conclusion you would
draw from Oriani's work on titanium Grade-12 is that there
are very few detrimental effects of radiation. The
hydrogen uptake is less if you have oxidizing species like
peroxide present. The films on titanium are thicker and
more protective. We have done no experiments with added
peroxide. I don't think such experiments would tell us
anything about the radiation effect. The anode and cathode
are permanently separated. If we chemically added H202, it
would support only the cathodic reaction on the external
surface. Its access to the anodic sites within the
crevice, which appear to passivate in radiation fields,
would be inhibited.

SHEMILT That was why I phrased my question as I did. To what
degree are these simulations of use in elucidating
mechanisms?

SHOESMITH In the specific instance described above, they are not too
useful. However, as Oriani's work shows, experiments of
this type have provided us with mechanistic details we
could not have obtained any other way.

MARSH Ikeda reported crevice potentials. Is this the potential
of the surface external to the crevice or is it the
potential of the surface inside the crevice?

SHOESMITH It id the average potential across the whole surface, both
internal and external.

MARSH Was the external surface laquered?

SHOESMITH No.

MARSH So there was an external cathodic surface on the outside of
the crevice itself besides the counter electrode you
coupled to your crevice?

SHOESMITH Yes.

MARSH You claim that crevice corrosion has stopped when either
the crevice potential achieves a passive value, or the
crevice current falls to zero. If the potential you are
measuring is that of the surface external to the crevice,
then I would expect a passive value. How does such a
measurement tell you that crevice corrosion has stopped?

SHOESMITH First, when the outside of the crevice is passive and the
inside is active, the potential we measure will be more
representative of the active state than the external
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passive state. In many of our experiments we
simultaneously monitor the potential of a second electrode
in our system. This is a planar electrode. The potential
of this planar, non-creviced electrode remains positive
(i.e. passive) even when the potential of the creviced
electrode is much more negative (i.e. active). Since the
outside surface of our creviced electrode will still be
passive we would expect its potential to be positive.
Since our crevice potential measurement yields a negative
(active) value, we must be measuring the potential inside
the active crevice.

To answer your second question, the fact that the crevice
current has fallen to zero is not a sufficient criterion to
say that crevice corrosion has ceased. To fully justify
this claim, we need to show that all the weight changes due
to crevice corrosion occur during the period when current
flow is observed. We have done this by comparing the
weight change which occurs with a sample that actively
crevice corrodes with that observed when repassivation
rapidly occurs. The weight changes observed are in
proportion to the amount of charge (q = current x time)
which passes during the period when current flow is
observed.

IKEDA All our immersion results support our conclusion that
crevice corrosion stops when the oxidant (dissolved 02) is
consumed. In all cases the weight gain for creviced
samples levels off with increasing exposure time.

SHOESMITH Perhaps the best way to put this discussion into context is
to use the mechanism of crevice corrosion presented by
Ikeda. When the measured crevice current falls to zero,
the crevice corrosion reaction is no longer being supported
by oxygen reduction on the large coupled cathode. This
will occur when the concentration of dissolved oxygen in
the bulk, of solution rails to a very low value. If the
solution concentration of dissolved oxygen is low, then
oxygen reduction on the outside surfaces of the crevice
cannot drive crevice corrosion either. When external
oxygen reduction ceases, the overproduction of protons
inside the crevice ceases. Consequently, the pH within the
crevice must rise as protons are consumed by crevice
corrosion and transported out of the crevice by diffusion.
Thus, eventually the pH within the crevice will be too high
to support crevice corrosion via the internal short-circuit
reaction. It may be a little while after the current falls
to zero before the internal proton reduction process ceases
to support crevice corrosion. However, since the crevices
are very tight, with a very high surface area of metal to
crevice solution volume, I don't think this delay before
crevice corrosion ceases will take very long.
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MARSH

SHOESMITH

The photomicrographs you presented showed that crevice
corrosion was uneven inside your artificially constructed
crevice. There are areas where the crevice has penetrated
to significant depths and other areas where very little
penetration has occurred. Under these circumstances you
have crevice corrosion occurring at very small anodic
sites. The total current you measure may be very small
and may be supplied mainly by oxygen reduction on the
external crevice surface not oxygen reduction on the
counter electrode. Under these circumstances you would not
observe a measurable current, but it is still possible that
crevice corrosion is occurring at a small number of anodic
sites. Penetration under these circumstances may be very
localized but also very deep.

In his presentation this morning Brian did not describe the
immersion experiments we have under way to measure crevice
penetration rates. He will describe them later. In the
table of crevice corrosion rates Ikeda presented, we
assumed that the corrosion was uniform within the crevice.
Consequently, the results do not tell us what the actual
penetration rate is. When we examine some of these
crevices we observe individual small crevices and pits
within our artificially formed crevices, as you suggest.
It is the rate at which these individual crevices are
propagating that will determine the penetration rate. When
we attempt to construct a model for crevice corrosion, it
will be based on depth of penetration, not average weight
change, as a function of time. Our approach is based on
the one you used for modelling pitting on carbon steel.
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III. COPPER AND COPPER ALLOYS
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3.1 EVALUATION OF COPPER, ALUMINUM BRONZE, AND COPPER-NICKEL
CONTAINER MATERIAL FOR THE YUCCA MOUNTAIN PROJECT

J. Kass
Chemistry and Materials Science Department

Lawrence Livermore National Laboratory
University of California

Livermore, California, U.S.A.

In this presentation I will discuss our evaluation of the materials copper,
70% aluminum bronze, and 70/30 copper-nickel. Thase are three of the six
materials currently under consideration as potential waste-packaging
materials. I should mention that we are also considering alternatives to
these six materials. This work is part of the Yucca Mountain Project
(YMP), formerly known as the Nevada Nuclear Waste Storage Investigations
(NNWSI) Project.

The expected-case environment in our proposed vault is quite different from
that encountered at the UIPP site or that expected in a Canadian vault.
Our proposed site is under a desert mountain, Yucca Mountain, in southern
Nevada. The repository itself will be located 700 feet above the water
table and 300 to 1200 feet below the surface of the mountain, as
illustrated in Figure 1 [1]. The variations in these numbers are due to
the variations in mountain topography. The expected repository conditions
of temperature, containment period, water composition, radiation fields,
etc., are listed in Table 1.

The temperatures are higher than in other repositories. The centerline
temperatures within the containers are as high as 325°C, yielding a surface
temperature around 250°C at the beginning of the containment period. The
temperature will fall with time, but should remain above the boiling point
(97 C) for many containers during the whole of the required containment
period. However, for some packages, containing older fuel or high-level
defence wastes, the temperature could fall to below 97°C during this
period.

DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
the University of California. The views and opinions of authors expressed
herein do not necessarily reflect those of the United States Government or
the University of California, and shall not be used for advertising or
product endorsement purposes.
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Yucca Mountain
Southern Nevada

I ~700 ft. 1

Water Table
FIGURE 1: Location of the Repository in Yucca Mountain, Nevada

TABLE 1

REPOSITORY REOUIREMEMTS AND CONDITIONS AT YUCCA MOUNTAIN

(a)

0)

(c)

(d)

(e)

Containment Period

Temperature

Water Composition and
Infiltration Rate

Gamma Flux

Lithostatic and Hydrostatic
Pressure

300-1000 years

Nominal: 250°C to 97°C
Some packages 250°C to < 97°C

5 L/a
neutral pH
~ 10 ppm Cl", NOi, 02

~ 20 ppm S0«"
~ 120 ppm HC05

104 to < 102 rad/h

Nominally none
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Since the packages will be placed in a desert environment above the water
table, they will be exposed to very little water. The 5 L/a per container
given in Table 1 is expected to be a very conservative overestimate. So
far, we have not drilled any exploratory shafts at Yucca Mountain, so we
are not certain what the water chemistry will be in the region above the
water table. However, a large number of water samples have been taken from
wells extending below the water table in the close vicinity of the
mountain, including the J-13 well. From these samples the water is
expected to be at about neutral pH with small amounts of Cl", NOj, S04" and
HCO; It will also be air-saturated.

INTERRANTE Is the water flow rate of 5 L/a for the whole repository or
per container?

KASS That value is for each container, but the value should be
considered a very conservative overestimate.

Initially, the gamma flux will be ~ 10 rad/h, but will decay to less than
10 rad/h at the end of the containment period. Water radiolysis will
produce H202 as well as some nitrogen-bearing species. Finally, we don't
expect to observe any significant lithostatic or hydrostatic pressure. Of
course, the actual conditions may differ from these, since the site has not
been completely characterized.

Figure 2 [1] shows the designs for our two basic kinds of containers:

Spent Fuel
Waste Package

Processed
Glass Waste
Package

FIGURE 2: Designs for the Two Basic Kinds of Containers
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(A) The spent-fuel vaste package; and (B) the processed-glass waste
package. The commercial waste package is ~ 2 ft in diameter and ~ 14 ft
high. Some packages will be completely filled with boiling-water-reactor
(BWR) bundles, others with pressurized water reactor (PWR) bundles, and
some will contain a mixture of both. The processed-glass waste package
will consist of solidified waste in a stainless steel package (probably
sensitized), placed within our chosen container material.

So far we have not developed strict criteria for materials evaluation. We
hope to establish such criteria this summer and to submit them for peer
review by midsummer. However, a list of possible elements of the criteria
is given in Table 2.

TABLE 2

POSSIBLE EVALUATION CRITERIA FOR CONTAINER MATERIALS

1.

2.

3.

4.

5.

6.

7.

General Corrosion

Localized Corrosion

Stress Corrosion

Microstructural Stability

Strength and Ductility

Notch Toughness

H2 Embrittlement

8.

9.

10.

11.

12.

13.

14.

Fabricability

Closure

Inspection

Microbiological Corrosion

Performance Predictability

Cost

Experience Base

The three copper alloys under consideration are the following:

(1) Oxygen-free copper (CDA 102), from the corrosion point of view,
has a very successful history stretching over many hundreds of
years. However, if you compare the microstructure of copper from
archaeological finds with that of currently produced copper, it
is difficult to claim they are the same material.

(2) 7% aluminum bronze (CDA 613) was chosen for evaluation because of
its better resistance to oxidation.

(3) 70/30 copper-nickel (CDA 715) has better resistance to most forms
of aqueous corrosion.

The composition of the three alloys is given in Table 3, and the mechanical
properties are summarized in Table 4. Since the aluminum bronze and
copper-nickel have reasonably high strengths (Table 4), the container
thickness would only have to be ~ 1 cm. For the softer pure copper, a
container wall thickness of 3 to 4 cm would be required.
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TABLE 3

ALLOY COMPOSITIONS FOR CANDIDATE CONTAINER MATERIALS (COPPER AND

COPPER-BASE ALLOYSV

Common alloy UNSb

designation designation Cu

Chemical composition

Fe Pb Sn A! Mn Ni Zn Other

CDA 102

(oxygen-free

copper)

CDA 613

(aluminum

bronze)

CDA 715

(70/30

cupronickel)

C10200

C613OO

C71500

99.95

(min)

92.7

(nom)

69.5

(nom)

3.5

(max)

0.4-

0.7

-

0.5

(max)

0.2-

0.5

—

6.0-

8.0

-

0.5

(max)

1.0

(max)

0.5

29.0-

33.0

1.0

(max)

a Compiled from CDA Standards Handbook Data Sheets, Copper Development Association,

Greenwich, CT.

b Unified Numbering System; refer to SAE (1977).

TABLE 4

REPRESENTATIVE MECHANICAL PROPERTIES FOR CANDIDATE CONTAINER

MATERIALS (COPPER AND COPPER-BASF. A) I OY5»

Common alloy

designation/condition

Yield strength8

(ksi)

Tensile strength

(ksi)

Elongation

CDA 102

Hot rolled

Hard

CDA 613

Soft anneal

Hard

CDA 715

Hot rolled

Half hard

10

45

40

58

20

70

34

50

80

85

55

75

45

4

40

35

45

15

a 0.5% extension under load. Compiled from CDA Standards Handbook Data Sheets, Copper

Development Association, Greenwich, CT.
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All three materials are single-phase materials. Phase separation due to
prolonged thermal exposure (or other reasons) would be no problem for pure
copper. However, such a process is possible for the two alloys. Phase-
separated alloys would be expected to be harder and more brittle.

For the pure copper, the presence of internal oxides could pose a problem.
The reduction of such oxides by hydrogen can cause mechanical degradation
by a process known as "hydrogen sickness". An example of such a process,
taken from the literature, is shown in Figure 3 [2]. If you have oxygen-

i';y i t
15/̂ m 15/im

FIGURE 3: Water Vapor Bubble Microstructure and Fracture Surface for
Copper Annealed in Hydrogen at 500°C for Approximately 25 Hours
[2]

free high-conductivity copper with no deoxidizers present, it is possible
to get bubbles formed on the surface as shown. The problem can be avoided
by adding deoxidizers such as Li, Na, Be, Mg, B, Al, C, Si, P, Ca, Mn or
Zn. Internal oxidation at 250°C is unlikely, since the oxygen solubility
and diffusivity (< 10"23 cm2»s"1) are both low.

Figure 4 [3] shows a vertical section of the phase diagram (at 3% iron) for
the aluminum bronze. The 7% aluminum alloy (CDA 613) is single-phased (a)
over the whole temperature range. This is good for the long-term stability
of the alloy! since phase separation is highly unlikely. The iron
precipitates in the a-phase below 1000°C as finely dispersed intermetallic
particles, Fe3Al. These precipitates stabilize and harden the a-phase
alloy at low temperatures but exert no known adverse effects on the
corrosion resistance. Despite this conclusion, the impact of iron
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FIGURE 4: Phase Diagram for the Cu-Al-3.0 wt.% Fe System [3]

segregation may pose a long-term problem. As with the pure copper (CDA
102), the possibility of internal oxidation must also be considered.
However, considering the alloy composition we would not expect such
oxidation to be significant.

The phase diagram for the 70/30 copper-nickel alloy (CDA 715) is shown in
Figure 5 [4]. Again, with this alloy we should be in a single-phase
regime. A miscibility gap has been postulated (Figure 5), but no phase
separations have actually been reported. Obviously, our research will have
to justify that phase separation does indeed not occur. The 0.5 wt% Fe
present in this alloy is added to improve the corrosion resistance. The
iron is not soluble and is dispersed by quenching from 900°C.
Consequently, iron segregation is a possibility. The Mn present is added
as a deoxidant and is soluble at 0.5 wt% in the alloy.
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FIGURE 5: Phase Diagram for the Copper-Nickel System. The miscibility gap
is proposed but has not been experimentally observed [4].

Figure 6 shows the tensile strength of the three materials as a function of
temperature. Plots of the yield strengths have a similar form. There is a

c

'55
c

20-

200 400 600

Temperature (°C)
800

FIGURE 6: Plot of Yield Strength vs. Temperature, Showing Lower Strength
of Pure Copper [5]
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decrease in strength with increasing temperature, particularly for the 1%
aluminum bronze (CDA 613). The pure copper (CDA 102) will also be subject
to creep at ~ 250°C.

We have made some measurements of corrosion rates and oxidation rates in J-
13 well water, with and without gamma irradiation. These rates are listed
in Tables 5, 6 and 7.

TABLE 5

CORROSION RATES IN J-13 WELL WATER AFTEP, 5.000 HOURS' EXPOSURE

Material

CDA102
CDA613
CDA715

100°C
Non-Irradiated

(/im/a)

2.11
1.50
1.02

95°C
Irradiated
(/im/a)

2.03
1.12
2.29

Gamma Flux = 1 x 10 rad/h.

TABLE 6

CORROSION RATES IN WET STEAM AFTER 5.000 HOURS' EXPOSURE

Material

CDA102
CDA613
CDA715

100°C
Non-Irradiated

(/jm/a)

3.15
2.29
0.36

95°C
Irradiated*
(/im/a)

4.09
1.80
5.59

Gamma Flux = 1 x 10 rad/h.

TABLE 7

CORROSION RATES IN DRY STEAM AFTER 10.000 HOURS' EXPOSURE

Material

CDA102
CDA613
CDA715

150°C
Non-Irradiated

(/xm/a)

0.89
0.30
0.29

150°C
Irradiated
(/im/a)

0.46
0.25
1.22

Gamma Flux = 1 x 10 rad/h.
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The gamma fluxes used in these tests were about 10 times as high as those
expected in an actual repository. Consequently, the tests were conducted
with rates of production of radiolysis products about a factor of 10 higher
than those expected under disposal conditions. All the corrosion and
oxidation rates are quite small and suggest corrosion will exert a minor
influence on the integrity of these materials. However, we will still
confirm these rates by a further series of measurements at other
temperatures and radiation doses. The corrosion/oxidation rates for the
Cu/Ni alloy (CDA715) show a marked increase in the presence of irradiation,
although the rates are still acceptable. For some reason, the surface
films appear to be less protective on this alloy under the influence of
irradiation.

Figure 7 [6] shows the effect of gamma irradiation on the corrosion
potential of the oxygen-free copper (CDA102). When the gamma flux is
switched on, the corrosion potential increases rapidly because of the
formation of H202. The subsequent decay in potential can be attributed to
the catalytic ability of the copper to decompose the H202. When the gamma
flux is switched off, the corrosion potential falls to the value
established prior to application of the flux.

In the presence of ammonia (NH3) and other nitrcgen-bearing species, the
possibility of stress corrosion cracking (SCC) is a concern. Figure 8 [7]

no

100 200 300

Time (min)
400

FIGURE 7: Effect of Gamma Flux on Corrosion Potential (Oxygen-Free Copper)
[6]

shows the time to failure by SCC for high-purity copper as a function of
ammonia concentrations (as NH40H) at three different temperatures. These
times were recorded under constant-load conditions. It is apparent from
these data that rather small amounts of NH3 (~ 100 ppm) can cause SCC.
Consequently, we need to assure ourselves that radiolytically produced
nitrogen-bearing species, along with other species already present in the
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water, will not achieve concentrations that will cause SCC. From the
literature, it is apparent that moisture and oxygen (or another oxidant)
are required to initiate SCC. The oxidant acts as the cathodic reagent,

l/202 H20 2e + 20H'
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FIGURE 8: Effect of Ammonium Hydroxide Concentration and Temperature on
the SCC Behaviour of Annealed 99.999% Pure Copper Stressed in
Tension at 17.2 kg/mm2 [7]

whereas the ammonia, and possibly other complex-forming ions, aid the
anodic dissolution reaction,

Cu + NH3 -v Cu(NH3)
2+ + 2e .

Among the copper alloys, the brasses (zinc-bearing alloys) are the most
susceptible to SCC, but the process has been observed in other alloys.
Figure 9 [8] shows some SCC data (i.e. times to failure) for Cu/Al and
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Cu/Ni alloys in moist ammonia vapour. Again, these results are from
constant-load tests. The time to failure as a function of the weight per-
cent of Al in the alloy shows that alloys containing small amounts of Al
are quite susceptible to SCC. The susceptibility decreases at higher Al
concentrations and is quite low for the 7% alloy we are considering.
Again, for the Cu/Ni alloys, the susceptibility to SCC is more marked at
the lower Ni contents. However, for 70/30 Cu/Ni, we are in a regime where
SCC is not expected to be significant.
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FIGURE 9: The Compositions CDA 613 and CDA 715 Have Been Optimized to
Minimize Susceptibility to Stress Corrosion Cracking in Moist
Ammonia [8]

Since we are concerned about the presence of radiolysis products, we have a
series of experiments in progress at Argonne National Laboratory in which
we are trying to characterize and measure the concentrations of these
species as a function of duration of irradiation. It will, of course, be
to our advantage that the gamma fluxes will decay from initial levels close
to 10 rad/h to less than 10 rad/h at the end of the containment period.

So far we have performed a small number of tests on welded U-bend specimens
of all three materials lasting up to 10,000 h in highly irradiated
environments. The gamma fluxes used were significantly higher than those
expected under disposal conditions. No SCC was observed in any of the
materials, and no NH3 was detected in any of the tests. Such a negative
result obtained after approximately a year cannot be considered conclusive
evidence that SCC will not occur over longer exposure periods. The use of
U-bend specimens makes the test very mild since the stresses will relax
with time. This will definitely be the case with the soft copper alloys,
and it is doubtful whether any significant stresses remained towards the
end of these tests.
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We did see some alloy segregation in the Al bronze specimens. These
specimens were in the form of U-bend samples TIG-welded to form "tear-drop"
specimens. Consequently, we remain concerned about the possibility of
alloy segregation with the Al bronzes.

An analysis performed by Babcock and Wilcox suggests that the high-purity
copper (CDA-102) may prove difficult to weld. Consequently, we may have to
specify the deoxidized grades of this material in order to avoid oxygen
pickup during hot-working and welding procedures. A further benefit to
specifying such grades will be immunity to "hydrogen sickness".

WESTERMAN Was the alloy segregation you observed in the Al bronze
simply the Fe segregation that you already expected would
occur?

KASS Yes, it was. When you compare the copper-based alloys to
the austenitic alloys, there are some advantages and some
disadvantages. Some of these advantages and disadvantages
are listed in Table 8.

Finally, I would like to offer you an overview of our current understanding
of these alloys and of what further evaluation is required. This can be
achieved by reconsidering the list of evaluation criteria given in Table 2.

Since the exposure environment is relatively benign, both general and
localized corrosion performance will almost certainly be acceptable.
Although testing is planned, it is unlikely that a major problem will be
uncovered. I am similarly optimistic about the mechanical properties.
There is a ductility minimum around 250 to 300°C, that may be related to
the internal oxidation problem. We need to determine the cause of this
ductility minimum and how it will be influenced over many years at our
temperatures. Thermal problems are also very unlikely. We have to show
that the fuel-cladding temperature will not exceed 35O°C. However, since
copper has such a good thermal conductivity, such cladding temperatures are
highly unlikely.

From the fabrication viewpoint, we do have fabrication techniques developed
and these will be discussed later in the program by Russell. The toughest
fabrication problem may be encountered with the 7% aluminum bronze. We
have no doubt we could construct a container from this material, but we
still need to guarantee that we can make the closure weld. So far, we
haven't done much in the area of inspection. The welds with copper will be
coarse-grained and hence will require special volumetric inspection
techniques. There are many inspection techniques available for the
austenitic alloys, but not for the copper alloys. Such techniques still
need to be developed and proven.

If, while emplacing the container into the repository, it is accidentally
dropped from a height as much as twice the height of the container, we
would expect it to bend and deform but not to crack. We are currently
performing a finite-element analysis to evaluate this situation. We expect
significant deformations, of the order of 20 to 25£, but no cracking.
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TABLE 8

ADVANTAGES AND DISADVANTAGES OF COPPER-BASED
ALLOYS OVER AUSTENITIC ALLOYS

A. Advantages

1. Generally simpler materials; fewer alloy components; single-phase
alloys.

2. Older materials; historical artifacts exist from earlier times.

3. Copper is a more noble metal and hence thermodynamically more
stable than the austenitic alloys, which rely on passive films
for their stability. Hence, copper alloys are less susceptible
to localized corrosion processes that are due to passive film
breakdown.

4. Few chemical species that are present in the natural repository
environment are known to provoke pitting or SCC on copper and its
alloys. Exceptions include NH3, S , heavy metal ions.

B. Disadvantages

1. Copper-based materials are not used in irradiated environments
(e.g. near the core of light-water reactors).

2. The performance of copper-based materials has not been
established under repository-relevant conditions of temperature +
oxidizing environment + gamma irradiation. This is particularly
important to the early containment period.

3. High-purity copper is very soft. Hence, we would need increased
wall thicknesses for this material.

INTERRANTE Would the deformations you produce anneal out on their own?

KASS Such an incident would introduce a lot of cold-working. I
am not sure that it would anneal out on its own.

STAHL At present, the intent is to remove the container, cut it
open, take out the fuel, and put it into another container.
However, I see no reason why we should not study this
phenomenon to determine whether such drastic action is
actually required.
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KASS If the container is dropped from a height of *- 10 cm, then
we intend to leave it in place. We would still have to
show that the amount of deformation was small and that we
were justified in leaving it in place. Hence, we are
attempting to calculate what these deformations will be and
how they will affect the material properties.

INTERRANTE I don't see why you couldn't develop emplacement technology
to limit deformation to acceptable levels.

KASS I agree. I think we can do that.

There are a number of areas where we need to focus our
efforts.

We need to investigate the embrittlement of the weld metal over long
periods of time. We must show that the metallurgical structures are stable
for 300 years at temperatures in the range 250°C to 100°C. We need to
prepare weld material samples and heat treat them in various ways to
simulate these long exposure periods. Examination of the metallurgical
changes would be by transmission electron microscopy. We need to evaluate
the possibility of alloy separation. In particular, the selective leaching
of the aluminum bronze must be studied, since our literature evaluations
indicate this may be a problem.

The ability of NH3 to cause SCC is a further concern. The threshold
concentrations of NH3 required in water to cause SCC are not well known,
particularly for the Al bronze (CDA613) and the Cu/Ni alloy (CDA715).
These concentrations are in the region of 80 to 100 ppm, but we need to
know whether these threshold levels are lower in the presence of other
species. We need to know what possible synergistic effects can occur.

In our SCC testing we hope to avoid the problem of performing accelerated
tests which only yield a null result, since it is difficult to be convinced
that what doesn't happen in a short test will not happen over a few hundred
years. We hope to avoid this situation by applying a new technique, a
reversing d.c. crack growth technique that has very good resolution for the
measurement of crack growth. With this method we will prepare pre-cracked
specimens of our copper alloys and then measure the rate of crack growth
using the above technique. The value of the applied Rx will be calculated
knowing what the residual stresses in the weld are and postulating a
hypothetical crack as having proceeded through 10% of the wall thickness.
Such a procedure will produce Kj values around 7 ksi'in. for the soft
alloys and around 15 ksi'in. for the harder alloys. If, when you finish
the calculation, you can show that the crack propagation rates are
< 2 x 10' in./h then you can demonstrate that a 1-cm-thick container will
survive 300 years.

INTERRANTE The technique you are discussing measures electrical
resistance?
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KASS

UERME

KASS

INTERRANTE

KASS

INTERRANTE

KASS

Yes it does. We will be giving these materials thermal
treatments to simulate 300 years' storage at repository
temperatures. This will achieve what we think will be the
worst metallurgical condition. Then we will measure the
crack propagation rates. For materials with crack growth
rates too fast for a container of that material to survive
the required 300 years or so, we will have to either
discard it or look at the feasibility of relieving the
residual stresses in the weld.

Is it good enough to estimate the container durability
simply on the basis of slow crack propagation? If crack
growth is slow enough, then the container could fail due to
creep first.

For pure copper that could be so. That is why we propose a
thicker container with copper compared to the two alloys.
The creep rates for the Cu/Ni alloy (CDA715) should be much
lower and, hence, failure by creep much less likely.

I don't share your confidence in the reversing d.c.
technique for measuring crack growth rates. We have just
started a program to evaluate an acoustic method which may
prove to be 100 to 1,000 times more sensitive to crack
extension compared to the electrical method. At present,
we are evaluating the technique on a ferrous system and
intend to look at stainless steels next. It would be very
easy for us to look at copper.

We are well aware of the precision and accuracy achievable
by acoustic techniques. In our laboratories, J. Farmer has
developed an acoustic technique for the detection of crack
initiation and extension rates. We are definitely
interested in such methods.

The technique is not without its problems. Attempts to
measure the progress of transgranular cracking in stainless
steels didn't meet with much success due to the presence of
noises associated with the cracking process. However, for
the ferrous system I am currently investigating, the noises
are less severe, probably because anodic dissolution is not
involved in that case. I think I will be successful with
ferrous systems. However, I suspect that the mode of, or
mechanism of, cracking will play an important role in
determining whether acoustic techniques will be applicable.

I will be interested to hear of further developments.

Along with D. Stahl, we hope, very soon, to start a program to consider
alternative materials to the copper alloys discussed here and the
austenitic alloys to be discussed later. These materials include:
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(i) Carbon steels, whose corrosion problems are well known.
Obviously, significant corrosion allowances would be required for
the expected uniform corrosion.

(ii) Titanium or nickel-based alloys. The data and experience base is
much smaller for these materials, but the general corrosion rates
should be very low.

(iii) Ceramics. There are many new materials with excellent corrosion
resistance. A particularly attractive material is alumina, which
is geologically stable in the proposed Yucca mountain site. A
possible way to achieve excellent long-term corrosion performance
would be to use an alumina liner inside the ductile metal jacket.
Closing such a container without cracking the liner would present
a challenge. Subsequent handling to avoid cracking would need
care.

(iv) Bimetallic or other composite materials.

(v) Coatings. We are interested in a number of amorphous coatings.

WERME With regard to your alumina liner, I think it will be very
difficult to demonstrate that your liner will remain
intact. After all, a container is a very large object. I
am sure you will be able to demonstrate that such a
material will not fail by corrosion. However, the
possibility of concentrating local stresses and hence
forcing cracks to propagate will always be there.

STAHL That may be true, but we intend to look at methods of
reinforcing the alumina body with materials such as silicon
carbide or other fibres.

KASS We are trying to taka advantage of some of the modern
developments in ceramic technology. Modern methods of
•reinforcing such materials make them much less prone to
fracture. We intend to investigate some of these new
materials.

MARSH Would an alumina container be totally impermeable? Would
it be an absolute barrier in the same way a metal is? If
you use processes such as hot isostatic pressing to
fabricate such materials, would you achieve the ultimate
theoretical density, or would the material possess a porous
structure?

KASS That may be the case. However, it should be possible to
achieve densification to > 99.5%. If such a container is
placed inside a metallic jacket, then we would have a very
robust container. I am not saying we would have a purely
ceramic container, but rather a ceramic container within a
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KASS

metal jacket. The metal jacket would take care of the
porosity in the ceramic container. Also this metallic
jacket would give the whole container the load capabilities
which we could not achieve with a simple ceramic.

I don't see any basic reason why a container must be
totally impermeable. Is the 99% densification you envisage
with ceramic materials a target or does this number simply
represent what is presently technologically achievable.

It is the latter. The idea behind such a dual-wall
container is to provide two barriers with totally different
degradation and failure mechanisms.

Does your program specify an upper limit on the cost of
each container? You are planning a large number of
experiments with a lot of novel materials.

Yes, I am sure there will be cost limitations. However,
until we specify the technical capabilities of each
material, we won't be able to specify costs. A cost
evaluation will be part of our preliminary studies. We
will estimate the expected costs from our fabrication
studies, at the same time that we perform a paper study of
expected performance. Any design and procedure which looks
prohibitively expensive will be dropped, unless, of course,
it is the only feasible option.

Didn't the Swedes do a comprehensive siudy on ceramic
containers.

Yes we did, but we shelved the study about eight years ago,
because of the possibility of delayed cracking. Alumina is
a cheap material, but the fabrication of a container would
be very expensive. It would certainly be more expensive
than a pure copper container. However, it was not simply a
question of money. We anticipated major problems of
producing such a container with the waste inside it.

Were your studies confined to ceramics only or did you also
consider reinforced ceramics within a metal jacket.

Jt was for ceramics only, but you could not fabricate such
a container outside a metal container. In principle,
therefore, it is very similar to the jacketed ceramic
containe • you described. We envisaged a 10-cm-thick
alumina container within a 0.5-cm-thick steel jacket.

In our repository, we would not need such a thick container
because it would not have to withstand the large
lithostatic and hydrostatic stresses present in a Swedish
vault.
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WERME We did not anticipate failure due to the hydrostatic and
lithostatic pressures. Ceramics can fracture due to their
own built-in stresses caused by fabrication defects.

SHOESMITH In some respects your choice of material will depend on the
time frame of your program. If you have to justify your
material selection within the next year or so, then it will
be impossible to justify the use of a ceramic material. If
you have a few years to make a selection, then you have
time to wait and see what new materials become feasible.

INTERRANTE Would you say that, at the moment, you consider copper-
based materials represent a better option that nickel- or
iron-based materials?

KASS Our program has concentrated on stainless steels in the
past. However, it doesn't look like the 304L alloy or the
316L alloy will be able to tolerate the expected
combination of chloride and oxygen. For this reason, we
are contemplating a program on alternative materials. As
far as being in favor of copper-based materials, we are not
in a position to decide since we have not performed the key
experiments yet. For instance, we do not know enough about
the metallurgical stability of welds over long periods of
time. Also, the susceptibility to SCC is not known and is
difficult to predict since we do not know the expected
concentrations of ammonia- or nitrogen-bearing species.

CUNNANE When do you anticipate reducing the options?

KASS We hope to establish criteria for selection by this summer
and to be in a position to choose our alternatives by the
end of fiscal year 1989. Subsequently, we would anticipate
studying our primary selection and one alternative for
several years thereafter.

INTERRANTE What really concerns me is the time allowed for the
materials research. Are you not worried that you are only
allowing ~ 2 years of work in order to predict what will
happen over a thousand years.

KASS All that is scheduled by the end of 1989 is that we will
narrow down our options. The final material selection will
not be made at that time. A large amount of work is
scheduled beyond that.

INTERRANTE Once you choose your candidate materials, how long do you
have to study them?

KASS The advanced conceptual design phase is planned from 1989
to 1991. The next stage is licence application. This
phase will last several years. I would say we have more
than five years to study our candidate materials.
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By the time you reach the license application stage, you
will have to specify a material and justify your selection.
Doesn't this mean you really only have a couple of years to
do the research?

To generate the required data base to justify our
selection, we need more than a couple of years. Three to
four might prove sufficient.

Such a short time scale puts a tremendous amount at
pressure on your program.

In your talk, you claim that your vault environment is very
benign, and yet you say you have difficulty claiming that
copper will survive a thousand years. The Swedish program,
however, claims that copper will last tens of thousands of
years at least. I would be interested to hear how the
Swedes respond to many of the questions you have raised.

The vault environments will be totally different. In a
tuff repository the conditions are oxidizing, whereas in a
granite vault, the redox conditions will very quickly
become reducing. Consequently, when it occurs, corrosion
will be much faster in a tuff environment.

Kass raised two major questions with regard to copper. One
was the question of weld stability. Won't this be the same
irrespective of redox conditions? The second question
concerned stress corrosion cracking. In the presence of
radiation fields, won't you produce the same amount of
nitrogen-bearing species in both repositories?

In our vault (Sweden), we do not anticipate either of these
situations will produce a problem. Both require the
presence of air or oxygen, which will not be present in
significant amounts in our vault. Also, our container will
be thick-walled and filled with lead or copper to reduce
the radiation fields at the container surface. We
anticipate fields as low as 102 rad/h.

By contrast, the conditions in a tuff repository will be
oxidizing. In our case, the presence of a significant
gamma flux will enhance the oxidizing conditions.

It should be remembered that the container is only one
component in our disposal strategy. In order to meet the
NRC requirements for an acceptable repository, we need to
consider not only the container material but also the waste
package, the repository environment, and the dry mountain
site. It is the combination of these barriers that has to
meet the NRC requirements.
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3.2 DEVELOPMENT OF AN OVERPACK FOR THE STORAGE OF HIGH-LEVEL
WASTE IN SWISS GRANITIC BEDROCK: MATERIALS SELECTION,

DESIGN AND CHARACTERISTICS*

B. Knecht and C. McCombie
National Cooperative for the

Storage of Radioactive Waste (NAGRA)
Baden, Switzerland

ABSTRACT

Current programs aimed at demonstrating the feasibility of safe final
disposal of high-level nuclear waste in Switzerland envisage a repository
in the crystalline bedrock of the north of the country. The groundwater is
reducing, with a mineralization of typically 10 g»L~ . The corrosion
studies carried out in Switzerland have shown that unalloyed steel is a
suitable overpack material under the conditions expected in the repository.
The necessary corrosion allowance for a lifetime of 1000 years is 50 mm.
Design work, based on the use of a typical cast steel with a tensile
strength of 400 MN8m , has led to a reference overpack concept for
disposal of vitrified HLW. This reference overpack is designed as a self-
shielding, self-supporting, cylindrical shell with hemispherical ends.

INTRODUCTION

The present concept for final disposal of radioactive waste in Switzerland
consists of a repository approximately 1200 m deep in the crystalline
bedrock of northern Switzerland. In order to delay the return of the
radionuclides to the biosphere, and to reduce their concentration there to
acceptable levels, reliance is placed in the principle of multiple safety
barriers. To supplement the natural barriers (host rock and overlying
sediments), the following engineered barriers are envisaged: the waste form
itself (vitrified high-level waste); the overpack, the purpose of which is
to ensure isolation of the radionuclides from groundwater for a period of
at least 1000 years; a bentonite backfill, within which the overpack is
placed, aimed at reducing the transport rate of water and dissolved
species.

The overpacks would be stored horizontally in tunnels and embedded in
compacted bentonite. The ambient temperature at the repository depth will
be approximately 55°C, but the heat generated by the waste can result in
temperatures up to 155°C at the overpack surface for short times. Because
the overpack concept is that of a stressed, thick-walled shell, the
radiation levels outside the overpack will be low. The overpack is
subjected to an isostatic pressure of up to 30 HPa. This is the sum of the
hydrostatic pressure and the bentonite swelling pressure. The groundwaters
in the crystalline bedrock of northern Switzerland are reducing, with
mineralization levels of typically 10 g»L" composed mainly of NaCl with
significant amounts of sulphate and carbonate.

Not presented at the Workshop
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This paper describes (i) the selection procedure used in present
feasibility projects in Switzerland that has led to the identification of
unalloyed cast steel as the favoured candidate overpack material; (ii) the
criteria used in the design of a reference overpack; and (iii) the most
important features of this reference design.

MATERIAL SELECTION AND QUALIFICATION

Candidate materials for the overpack were identified taking into account
the required lifetime of 1000 years or more. The exposure conditions
within the repository include temperatures up to 160°C [1]; the radiation
fields expected from vitrified waste at the end of a 40-year intermediate
storage period; reducing groundwaters with mineralization levels up to
seawater level; and mechanical stresses corresponding to a depth of 1200 m
in crystalline rock. On the basis of a literature survey the following
materials were short-listed [2]:

1) Carbon steel or nodular cast iron;

2) Copper;

3) Titanium Grade-12;

4) Nickel/chromium/molybdenum alloys (Inconel 625 or Hastelloy C);

5) Alumina.

The ease of manufacture and quality control of those candidate materials
were then investigated. Simple single-material designs were considered
superior to multiple-layer concepts. On the basis of these criteria,
alumina and the Ni-Cr-Mo alloys were considered doubtful candidates. For
alumina, the technology to construct an object the size of an overpack is
unproven and the material is subject to fracture. The Ni-Cr-Mo alloys were
not considered further because it was judged that only one material needed
to be investigated for use in multiple-layer concepts and preference in
this respect was given to titanium Grade-12. However, neither of these
materials has been disqualified from Swiss projects. Ceramics,
particularly alumina, continue to be studied at a low level as a longer-
term option. Also, it was decided to select a cast steel and a nodular
cast iron with a tensile strength of 400 MN»m" as the most suitable
candidates in order to avoid the stress corrosion cracking problems
attributed to high-strength carbon steels.

Critical reviews of the literature [3,4,5], as well as our preliminary
experimental results under simulated repository conditions [2,6], indicated
that the iron materials were very unlikely to corrode at rates higher than
about 20 mm in 1000 years in the conditions expected in Switzerland. The
Swiss overpack program has thus concentrated on the use of cast steel,
although it should be noted that other standard carbon steels and nodular
cast irons are expected to be just as suitable. The final choice for
actual repository projects will be determined by detailed considerations
that are beyond the scope of feasibility projects. It should also be
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stressed that the evidence obtained in our experimental program [2,6]
supports the conclusion reached in the course of the selection procedure
that both titanium Grade-12 and copper are suitable alternatives to the
iron materials under the conditions expected in a Swiss waste repository.
In fact, copper has been retained as a reference material for the direct
disposal of spent fup1. Our design for a copper overpack is essentially
the same as one of the options proposed in the Swedish program, i.e., spent
fuel bundles cast in lead inside an electron-beam-welded copper overpack.
Again, it should be stressed that this choice was made for reasons of
convenience, and that carbon steel would be just as suitable for spent fuel
as copper if an overpack lifetime of 1000 years is required.

At present, the effort in Switzerland is concentrated on the further
qualification of carbon steel as an overpack material. In particular, we
are investigating both the general corrosion behaviour and localized
corrosion effects.

The investigations of general corrosion are carried out (i) by immersion
corrosion tests in model groundwaters with and without bentonite [2,6,7],
and (ii) by hydrogen evolution measurements [8,9]. The latter method,
which allows determinations of the "instantaneous" (or differential)
corrosion rate, is well suited for investigations under the reducing
conditions expected to prevail in the repository once the trapped oxygen
has been used up (by corrosion or other processes). No significant amounts
of oxidants will be generated by radiolysis, provided thick-walled
overpacks are used. In the absence of oxygen, iron will be oxidized by the
hydrogen ion,

Fe + 2H+ •+ Fe++ + H2 (1)

or directly by water,

Fe + 2H20 -> Fe(0H)2 + H2 (2)

The reaction with hydrogen ion is fast but, at the pH values in the
repository (pH 8-9), the concentration of H+ is so low that Reaction (2)
will probably dominate. In either case, the corrosion of one gram atom of
iron produces one gram molecule of hydrogen. This relationship forms the
basis for the measurement of the corrosion rate via the hydrogen evolution
rate.

In both cases iron is oxidized to its divalent oxidation state.
Thermodynamically magnetite (Fe3O4) is stable under repository conditions,
and can form directly via the reaction

3Fe + 4H20 -> Fe3O4 + 4H2 (3)

or by the conversion of Fe(0H)2,

3Fe(OH)2 -» Fe3O4 + 2H20 + H2 (4)
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For the purposes of converting the hydrogen evolution rate into a corrosion
rate, it was assumed that iron was oxidized only to Fe(II). Oxidation to
Fe3O4 would give lower corrosion rates than those quoted.

The experimental set-up is described in references 8 and 9. Hydrogen is
detected by gas chromatography. At present, the apparatus has a detection
limit corresponding to a corrosion rate of about 0.02 /im*a . Thus,
corrosion rates down to 0.1 /im«a~1 are readily measured. Hydrogen
absorption in the sample has only a small influence on the initial
transient corrosion rate. At 100°C and a hydrogen partial pressure of
0.01 atm. The saturation concentration of hydrogen in the sample is less
than 10"6 wt.%. This level will be reached typically within the first
50 hours or so of a given run. Furthermore, as discussed in reference 9,
the determinations of the amount of material corroded by integration of the
instantaneous rate and by measurement of the weight loss at the end of the
run are in agreement. Figure 1 shows the results obtained in two
representative groundwaters on plain carbon steel at 80°C.
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FIGURE 1: Instantaneous Corrosion Rate Under Anearobic Conditions in Two
Representative Water Compositions with Mineralizations of
- 3 g'L"1 (Sackingen Water) and ~ 14 g/L (Bottstein Water).
Rates determined from the observed hydrogen evolution rate
(10 /im*a" corresponds to 4 mL»m* «h~ of H2 assuming the iron
corrosion products are divalent).

After approximately 4 days the corrosion rate settles down to a value of
about 2.5 /*m»a" . The duration of this transient period (which depends on
the geometry and size of the samples) and its magnitude show that integral
corrosion rates, as measured from weight-loss experiments, will decrease
considerably as the measurement period increases. This has indeed been
found to be the case. Once this is taken into account, the results of the
measurements shown in Table 1 are considered to be strongly indicative of a
general corrosion rate below 10 /im»a .
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TABLE 1

CORROSION RATE OF CARBON STEEL IN OXYGEN-FREE WATERS

Method

Weight Loss3

(2,100 h)

Weight Loss
(2,160 h)

Hydrogen4

evolution

Medium

Bottstein water1

Compacted bentonite,
30 % Bottstein water,
saturated

Bottstein water

Corrosion Rate (fim'a1) at
25°C 50°C 80°C 140°C

14

292 14

1.1 6.5 2.5

Bottstein water is a synthetic groundwater based on the results of
analyses of natural groundwater found in the bedrock of Northern
Switzerland (main components: Na+, 4.8 g'L"1; Ca2+, 1.1 g»L"a; Cl",

"1 l'8.1 g'L"1; SOS", 1.8 g'L"1).

The higher value obtained in bentonite may reflect the presence of
oxygen trapped in the bentonite at the beginning of the experiment.

The integral corrosion rate from weight loss measurements decreases
with increasing time, e.g., in Bottstein water the measured rate as
deduced from a 6300-h experiment is 10 fim'a'1, compared with
14 /im»al from a 2100-h experiment.

The corrosion rates deduced from hydrogen evolution measurements
correspond to the "steady-state" evolution rate and therefore do not
include the effect of the initial transient that is always observed
(see Figure 1).

The overall conclusions concerning the general corrosion behaviour can be
summarized as follows:

1) The long-term corrosion rate is probably well below 10 forfa'1.

2) The corrosion rate does not increase monotonically with
increasing temperature. It was observed to be lower at 140°C
than at 80°C irrespective of the exposure environment. The
hydrogen evolution method showed that the corrosion rate reaches
a maximum between 50°C and 80°C. It is known that magnetite
forms preferentially at higher temperatures, and its formation is
usually held responsible for the known reduction in corrosion
rate above 100°C. A reduction in corrosion rate with temperature
indicates a change in mechanism. Whether the change between 50°C
and 80°C is due to magnetite formation at a lower temperature
than usually quoted remains to be investigated.
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3) Bentonite has no large influence on the corrosion kinetics. The
corrosion rates in bentonite are comparable to those in
groundwater at the same temperatures. More highly compacted
bentonite gave lower corrosion rate values, but this may be due
to the fact that the amounts of air trapped in the bentonite
decrease with increasing compaction.

We have also investigated localized corrosion processes, which are known to
occur [10] in chloride/carbonate solutions, and which we have observed in
the course of investigations in Switzerland [9]. In the two reference
waters used in our program (Sackingen water with total mineralization about
3 g#L ; Bottstein water with total mineralization about 14 g*L ) such
effects are not expected, provided the buffer material maintains a pH below
10, as shown in Figure 2. Further work is planned to assess the
concentration domains of relevant ions (chloride, carbonate, sulphate)
which might cause localized corrosion. Pending the results of these
investigations, it has been concluded [11] that a corrosion allowance of
50 mm should be ample for overpack design.
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FIGURE 2: Corrosion Behaviour of Cast Steel in Bottstein Water at 80°C
(for Details See Text and Notes to Table 1)

REFERENCE OVERPACK: DESIGN CRITERIA AND FEATURES

Based on the results of corrosion investigations and other programs in
Switzerland, the following criteria were used for the design of a reference
overpack for vitrified waste:

Single-layer concept with cast steel GS 40 (essentially
equivalent to US Standard ASTM A27-Grade U 60-30) as the
material.

Stressed-shell overpack (because of the fact that vitrified waste
containers from the reprocessing plant contain void space).

Outer surface dose rate arising from vitrified waste
(40 years ex-reactor) as low as possible, preferably below
100 mrem'h"1.
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Design for an external pressure of 30 MPa (equal to the sum of
the maximum design swelling pressure of the bentonite used as a
buffer material and of the hydrostatic head at 1200-m depth).

Tensile and bending stresses as low as reasonably achievable.

Leak-tightness achieved through welding. Stresses in the weld as
low as reasonably feasible; good inspectability of the weld; the
possibility of stress-relieving the weld to a large extent
despite the limitations imposed on the glass temperature by
recrystallization processes.

The design work carried out [12,13] led to the design shown in Figure 3
The reference overpack consists of a cylindrical body with an integrated
hemispherical bottom and pre-assembled additional shielding; a
hemispherical lid, with pre-assembled additional shielding and a thread for
a gripping device, pressed onto the body and held in place by means of a
conical thread and subsequently welded.

The total length of the overpack is 2000 mm and its outside diameter is
940 mm. The bottom inner surface is hemispherical and its outer surface is
a spherical segment. The wall thickness is 150 mm at the centre increasing
to 200 mm at the transition point to the frontal area of the cylindrical
container body. The wall thickness of the cylindrical container body is
250 mm. A ring-shaped area at the outer surface serves to position the
overpack during the closure operations. At the open side, the cask body
exhibits a cylindrical extension of larger inner diameter into which the
lid will be positioned. Two cylindrical surfaces, separated by a conical
thread, serve to centre the lid. At the outer end of an extension, space
for the closing weld is provided. The lid rests on a ring-shaped surface
in the container body onto which the external pressure is transmitted by
the lid. Thus the external pressure is transmitted directly into the
container body without affecting the weld.

2000

FIGURE 3: The Reference Overpack for Feasibility Projects in Switzerland
(All Dimensions Are in Millimetres): (1) Overpack Body (2)
Overpack Lid, (3) Weld, (4) Additional Shielding, (5) Space for
Accommodating Vitrified Waste Cylinder. For further details see
reference 12.
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The stress analyses carried out in conformity with the ASME-Code (Section
VIII, Division 1) for an external pressure of 30 MN»m"2 and for a wall
thickness reduced by the amount of the design corrosion allowance (i.e.
50 mm) resulted in maximum stresses of 80 MN«m , i.e., a margin of a
factor 5 against the tensile strength of 400 MN»m" [12]. The margin
against buckling was found to be almost 4, and therefore well above the
margin of 3 incorporated into the appropriate sections of the ASME-Code.
Further calculations have been carried out to assess the effects of a one-
sided corrosion both on the stress distribution and on the stability
behaviour. The results show that even such very conservative assumptions do
not lead to a significant decrease of the above margins. Finally, it could
be shown that, even for very conservative assumptions, creep buckling can
be neglected during the required lifetime of 1000 years.

Radiation dose calculations have shown that handling by the operating staff
should be fairly straightforward, the maximum dose rate at the cylindrical
part of the container being less than 100 mrem»h , and at the bottom and
at the lid less than 30 mrem'h" . These low doses also imply that
radiolysis effects are insignificant during the lifetime of the overpack of
1000 years.

CONSEQUENCES OF THE USE OF A CARBON STEEL OVERPACK
ON REPOSITORY PERFORMANCE

Work carried out in connection with the use of carbon steel overpacks
[14,15] has identified two important effects with regard to repository
performance. Firstly, large quantities of hydrogen will be generated by
the iron corrosion (typically 50 kg in 1000 years) [14]. Unless it can
escape from the near field, this hydrogen could lead to a considerable
pressure rise. However, it could be shown that the hydrogen will escape
through the bentonite buffer by percolation [16]. Secondly, the large
quantities of iron corrosion products will form an effective redox buffer
even after breach of the overpack [15]. This implies that the release of
many nuclides from the near field is limited by their solubility under
reducing conditions.

CONCLUSIONS

The corrosion investigations, as well as the design and performance
assessment studies, carried out in the course of the Swiss nuclear waste
disposal program have shown that it is possible to achieve isolation of the
waste from groundwater in deep crystalline formations through the use of
cast steel overpacks with a lifetime of at least 1000 years.
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3.3 CORROSION OF COPPER UNDER CANADIAN NUCLEAR
FUEL WASTE DISPOSAL CONDITIONS

F. King and C D . Litke
Atomic Energy of Canada Limited

Uhiteshell Nuclear Research Establishment
Pinawa, Manitoba, Canada

In this presentation I will discuss the work we have done on the corrosion
of copper under Canadian nuclear fuel waste disposal conditions. All the
results vere obtained using pure copper (oxygen-free electronic, UNS
C10100). The groundwater in a Canadian waste vault is expected to be
saline, with chloride concentrations in the range 0.1 to 1.0 mol'L"1. The
copper nuclear fuel waste container would be packed in a sand/clay buffer,
and the maximum temperature on the copper surface is expected to be
~ 100°C. To keep our experiments conservative, we have performed tests up
to 150°C. Initially, the radiation fields in the vault will be in the
region of 500 rad'h" (5 Gy'h" ), and redox conditions will be oxidizing
because of oxygen trapped in the buffer and backfill. Eventually,
conditions will become less oxidizing as the oxygen is consumed. Although
it is unlikely that significant amounts of sulphide will be present, we
cannot rule out its presence completely, and hence, we must assess the
possibility of pitting.

The minimum design lifetime for a container is ~ 500 years. After such a
time, the gamma-radiation fields will have dropped to a low level. It
would be useful, however, to have a container which could last 10 years,
when the temperature in the vault will have fallen to ambient.

We have considered only two forms of corrosion: uniform corrosion and
pitting. Most of our work has been on uniform corrosion. Less work has
been done on pitting and the possibility of pitting cannot be entirely
ruled out. When we come to discuss our copper container failure model, we
will assume a conservative pitting factor based on a survey of the relevant
literature. Other forms of corrosion, such as crevice corrosion and stress
corrosion cracking, are very unlikely with copper in these environments.
We draw this conclusion partly on the basis of historical experience and
partly as a consequence of the results of our long-term immersion tests-
Processes such as corrosion fatigue, galvanic corrosion and dealloying need
not be considered, either because the environmental conditions required for
this type of corrosion will not be present or because pure copper does not
suffer from this form of attack.

Although I do not intend to present data on pitting in this talk, I would
like to briefly discuss pitting before moving on to uniform corrosion. We
believe there is a possibility of pitting in sulphide solutions, in fact,
we have observed pitting under such conditions.

WERME That must be because you have high chloride concentrations.
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Yes, we have a chloride concentration of 1.0 mol'L

Consequently, you will be forming copper chloride
complexes.

Yes.

Would you expect to form copper chloride complexes and get
pitting at lower chloride concentrations?

I don't know. We have performed our experiments in the
concentration range 0.1 to 1.0 mol«L" , with the great
majority of experiments at the higher concentration.
Certainly under our conditions we cannot definitely rule
out the possibility of pitting.

What is the pH in your experiment? Do you not have to have
a pH in the region 3 to 4 in order to get copper chloride
complexes?

No. Copper chloride complexes can form in neutral
solutions.

In order to shift conditions out of the stability field for
copper by complexing with chloride, you would have to have
acidic conditions, wouldn't you? Isn't that the conclusion
you would reach from studying the relevant potential-pH
diagram?

That may be so under the anoxic conditions considered when
constructing the potential-pH diagram. In our experiments
oxygen is present.

Since we have to concede that we cannot, at this point, rule out the
possibility of pitting, I would like to pose a number of questions which
would have to be answered before we could determine the susceptibility of
copper to pitting under Canadian waste vault conditions:

(i) Will sulphide be present in our disposal vault and, if so, at
what concentration?

(ii) Is there a sulphide concentration below which pitting does not
occur?

(iii) If pitting does occur, will the pits propagate to significant
depths or will they eventually overlap and smear out into uneven
uniform attack?

(iv) Are there any other species present in the vault environment
which might cause pitting?
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(v) Can we allow for pitting by adopting an empirical pitting factor?

(vi) If we can account for pitting by using a pitting factor, what
value should we use?

I am sure that many of these points will be addressed in some of the talks
following mine.

Almost all our effort has been dedicated to the study of uniform corrosion.
We began by measuring corrosion rates in synthetic groundwater at 100 and
150°C. Our first experiments were performed in bulk solution with a very
small copper surface area to solution volume ratio (SA:Vol). Exposure
times were very short, up to ~ 2 weeks. The corrosion rates measured in
these experiments were of the order of hundreds of fimma~ , although there
was evidence that the rates were decreasing with time, Figure 1. In our

100 200 300

Time/h

FIGURE 1: The Variation of the Corrosion Rate of Copper with Time in
Aerated SCSSS at 150°C (Short-Term Tests, Small SA:Vol Ratio)

next series of experiments, we reduced the solution volume to give us
SA:Vol ratios of 1 to 1, 1 to 10, and 1 to 100 cm* . The exposure period
was much longer (up to 8 months). The corrosion rates were much lower,
Figure 2, and again decreased with time. Also, as we can see from Figure
2, the SA:Vol ratio affected the corrosion rate. Longer term measurements
(> 1 year) in the presence of a clay slurry (SA:Vol » 1:1 cm'1)
or compacted buffer yielded corrosion rates of < 1 and 2-3 /im«a" ,
respectively. Our evidence that the corrosion rate depends on the SA:Vol
ratio suggests that a mass transport step is important in determining the
corrosion rate. This claim is supported by literature evidence on the
anodic dissolution of copper in chloride solutions [1-4] and on the
corrosion of brass condensers, the rate of which increases with solution
flow rate [5]. On the basis of these results, we designed a series of
experiments to determine which step in the overall corrosion process is
rate-determining. These experiments can be divided into two series:
rotating disk electrode (RDE) studies, and compacted buffer diffusion
studies.
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FIGURE 2: Variation of Corrosion Rate with SA:Vol Ratio in SCSSS at 100°C
in Long-Term Tests

The use of a rotating disk electrode allows us to control the mass
transport of species to and from the corroding copper surface. The rate of
mass transport is proportional to the square root of the rotation rate of
the disk (w1/2) under laminar flow conditions. These experiments were
conducted in NaCl solutions containing various concentrations of oxygen at
room temperature. The compacted buffer experiments determine how the
properties of the buffer affect the transport of species to and from the
corroding copper surface, under conditions more closely resembling those
expected in an actual waste vault. These studies are being performed in a
synthetic groundwater, SCSSS, the composition of which is given in Table 1.
Three temperatures, 50, 100 and 150°C, are being used as well as
a range of compacted buffer densities, in the presence and absence of
7-radiation fields.

Figure 3 shows a schematic representation of the overall corrosion process

Kinetic Steps | Transport Steps

Cu ++e

CuClj
(surf.)

^,0 +O 2 (•«"*)

Anodic Reaction

,03(>>ulk>

Cothodic Reoctlon

FIGURE 3: Schematic Representation of the Electrochemical Processes for
the Corrosion of Copper in Oxygen-Containing Chloride Solutions
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in oxygen-containing NaCl solutions. The corrosion process is composed of
two coupled electrochemical reactions, termed the anodic and cathodic
reactions. The anodic reaction is the dissolution of copper, shown here as
the formation of soluble cuprous species which are stabilized in 1.0 mol'L
chloride solutions by complexation to yield cuprous chloride species such
as CUCI2. Subsequent to dissolution and complexation, dissolved metal
species will be transported to the bulk solution, a process denoted by the
curly arrow in Figure 3. Since complexation reactions are generally fast,
the overall dissolution can be considered to be composed of two steps: a
surface kinetic step [Cu •+ (CUC1 2)SURF] and a transport step [(CUC1 2)SURF
( C U C 1 2 ) B U L K ] .

TABLE 1

COMPOSITION OF GROUNDWATER [STANDARD CANADIAN

SHIELD SALINE SOLUTION (SCSSSM

-1

Ion

Na+

K+

Mg2 +

Ca2 +

Sr2 +

Si
HCOi
Cl"
SO2,"
NO 3

Concentration (mol'L"1)

2.2
1.3
8.2
3.7
2.3
5.4
1.6
9.7
8.2
8.1

X

X

X

X

X

X

X

X

X
X

10-1

10-3

10-3

lO"1
10-4

10-4

10-4

lO"1

10-3

io-"

The accompanying cathodic reaction in oxygenated solutions will be the
electrochemical reduction of oxygen. Oxygen will be supplied to the copper
surface by a solution transport step, as indicated. As with the anodic
reaction, the overall cathodic reaction can be considered to be composed of
a transport step and a surface kinetic step. In order to determine which
of these four reactions controls the overall corrosion process, we need to
determine which step controls the individual anodic and cathodic reactions,
i.e., are they surface kinetic or transport controlled?

Figure 4 shows the corrosion potential (E CORR) measured in aerated
1.0 mol'L"1 NaCl at room temperature as a function of the rotation rate of
the copper RDE. All potentials were measured and are quoted against the
saturated calomel electrode (SCE). The decrease in E CORR as the rotation
rate increases indicates the anodic reaction is transport controlled,
whereas the cathodic reaction is kinetically controlled. The slope,
dEcoRR/dln u = -8.3 mV, is very close to the theoretical slope of
-8.5 mV calculated for this combination of controlling steps. This
theoretical value is calculated for an anodic reaction involving one
electron and a cathodic reaction involving one electron up to and including
the rate-determining step [4). This close agreement between measured and
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theoretical slopes supports our claim that the dissolution reaction
involves the formation of cuprous species.
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FIGURE 4: Variation of the Corrosion Potential of a Copper RDE with
Rotation Rate in Aerated 1 mol-dm"3 NaCl at 23°C

At the corrosion potential no measurable current flows. If we wish to
investigate the anodic and cathodic reactions in more detail, then it is
necessary to apply potentials positive to (anodic reaction) or negative to
(cathodic reaction) the corrosion potential (E C O R R). Figure 5 shows the

18

&^l£=*=t=x 0.3

FIGURE 5: Variation of the Anodic Current Density with Rotation Rate at
-3 .,Constant Potential for a Copper RDE in 1 mol»dm NaCl at 23°C
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reciprocal of the anodic current density (ia ) measured as a function of
electrode rotation rate (u) for a series of potentials positive to EC0RR.
A plot of i vs. ui 7 is known as a Levich plot and is the standard method
of separating surface kinetic effects from solution transport effects. For
a constant potential, the currents are dependent on the rotation rate,
confirming that the anodic dissolution reaction is, at least partially,
controlled by the mass transport step [i.e., (CuCl2)SURF+ (CuCl2)BULK]. If
the reaction were totally controlled by mass transport, then the
extrapolation of these plots to w 1/2 = 0 would pass through the origin,
i.e.. as the rotation rate approached an infinitely high value
(ui •* 0, ui •* °°, an experimentally unattainable condition), the anodic
dissolution current (ia) would achieve an infinite value
(ia -»• 0, ia •* °°). However, extrapolation of the plots of Figure 5 yields
measurable intercepts, demonstrating that there is a finite limit for the
surface reaction rate (Cu •+ CuClj). Consequently, we can say that the
anodic dissolution process is under mixed kinetic and transport control.
At high rotation rates, control will be predominantly by the surface
reaction, whereas, for low rotation rates, the anodic reaction will be
controlled mainly by the transport of CuClj species away from the electrode
surface. Under the low flow rate conditions expected in a waste vault, the
reaction will be transport controlled. These results are consistent with
the corrosion potential measurements of Figure 4.

If we perform a similar analysis for the cathodic reaction at potentials
negative to the corrosion potential, again we obtain a dependence of
current on rotation rate, Figure 6. At potentials around -450 mV, the
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FIGURE 6: Variation of the Cathodic Current Density with Rotation Rate at
Constant Potential for a Copper RDE in Aerated 1 mol'dra"3 NaCl
at 23°C



- 126 -

. -lcurved relationship between i^ and w""'' suggests a complex mechanism for
the oxygen reduction process. This potential is close to the corrosion
potential of -350 mV and, hence, it is in the potential range of most
interest. At these potentials, it is possible that oxygen reduction to
hydrogen peroxide (2e process) is competing with reduction to OH" (4e
process). Such a competition is observed for oxygen reduction at some
metal electrodes [6]. At more negative potentials (-500 to -800 mV) we
obtain linear plots, Figure 6, demonstrating that the cathodic reaction is
also, at least partially, transport controlled. Again, finite current
intercepts are obtained, showing that, in this potential range, the
cathodic reaction is under joint kinetic and transport control. From the
slope of the curves we determine that four electrons are involved in the
reduction process, showing that reduction to OH" is occurring,

02 2H20 + 4e -* 40H"

and that hydrogen peroxide is not formed as a stable intermediate. At
potentials more negative than -900 mV, the extrapolated plot passes through
the origin, i.e., an infinite cathodic current would be obtained at an
infinite electrode rotation rate. At such negative potentials, the current
is totally transport-controlled. Unfortunately, the dilemma with our
results around -450 mV prevents us from resolving the mechanism of oxygen
reduction at potentials near the corrosion potential, and other experiments
are under way to clarify this point.

The next stage is to determine which reaction or transport step is
controlling the overall corrosion rate. Instead of plotting i*1 vs.
w" for a constant potential (E), we can plot log ia vs. E for a constant
value of electrode rotation rate (w). Such plots are Tafel plots. The

150

100 "

0.1 0.3

FIGURE 7: Variation of the Corrosion Current Density with Rotation Rate of
a Copper RDE in Aerated 1 mol'dm"3 NaCl at 23°C
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straight lines obtained were extrapolated to ECORR to yield a series of
values of the corrosion current density (iCORR)- These corrosion currents
are plotted, as (ICOBR)"1* against u'x/ in Figure 7. The dependence of
iC0RR on w confirms that the overall corrosion reaction is under joint
kinetic/transport control. Extrapolation of the line in Figure 7 to
u / = 0 yields a value for the maximum corrosion current achievable at
infinitely high transport rates.

From the above data we can conclude the following:

(i) The anodic reaction (at EC0RB) is under joint kinetic/transport
control.

(ii) The cathodic reaction (at ECORR) is probably under kinetic
control. (Our evidence for this claim is not totally conclusive.
However, the near flatness of the plot of i'c vs. U at
-450 mV, a potential within 100 mV of EC0RR, indicates the
reaction is close to kinetic control. In addition, the variation
of EC0ER with rotation rate indicates the cathodic reaction is
under kinetic control at EC0RR.)

(iii) The overall corrosion reaction is under joint kinetic/transport
control.

Thus we can conclude that the overall corrosion reaction is controlled by
the rate of the anodic reaction. (Note: a more detailed analysis of the
results after the meeting showed that the corrosion reaction may be under
joint anodic/cathodic control).

From our data we can obtain values for rate constants and diffusion
coefficients. These values enable us to calculate the maximum rates
attainable for the various steps involved in the corrosion process
(4 steps according to Figure 3). Ue have calculated these values for
aerated 1 mol'L" NaCl at a potential of -300 mV, which is close to EC0RR,
and an electrode rotation rate value of 860 rpm.

For the anodic reaction the maximum kinetic rate, which is achieved when
the transport rate is infinite, corresponds to the rate of the reaction

Cu + 2C1" I CuCl2 + e (1)

The maximum rate of this reaction is > 150 /jA»cm . At the other extreme,
if the rate of the interfacial reaction is infinite, the maximum rate of
the anodic transport step (at 860 rpm),

(CuCl^)SURF - (CuCi;,)BULK (2)

is 20 liA'cm' . The difference in these two values indicates why the anodic
reaction is predominantly under transport control, i.e., control by the
slowest of the two steps.
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The exact mechanism of the cathodic reaction at -300 mV is not clear. In
order to make the following calculations, we assume that the reaction is
the overall 4-electron reduction to OH",

02 + 2H2O + 4e •• 40H" (3)

If the rate of transport of oxygen is infinite, we can calculate the
maximum rate of this reaction to be 100 /iA»cm~ . Proceeding as we rHd for
the anodic transport step, we can calculate the maximum rate for the 02

transport step (at 860 rpm)

(02)BULK * (02)SURF (4)

to be 650 /iA'cnf . From these values it is obvious the cathodic reaction
is under kinetic control by Reaction (3)

For the overall process the slowest step is Reaction (2), the anodic
transport step. However, the maximum rate of the cathodic surface
reaction, Reaction (3), is only a factor of five faster. If the
concentration of oxygen in the bulk of solution decreases, the transport
rate of 02 to the copper surface will decrease and will eventually become
the cathodic rate-determining step. For a sufficiently low 02

concentration, 02 transport will become the rate-controlling step for the
overall corrosion reaction. Using our electrochemically determined rate
constants we can calculate the 0, concentration at which this switch in

- 9 1

rate control should occur. We obtain a value of ~ 5 x 10 mol»L"
(0.2 ppb). This value is too low to be achieved experimentally, precluding
the possibility of experiments under these conditions. We can estimate
whether this switch in rate control is likely to occur under waste vault
conditions by comparing our threshold 02 concentration with the
concentration of oxidants expected from water radiolysis. If we calculate
the steady-state H2O2 and 02 concentrations achieved when room temperature
water is irradiated at a dose rate of 5 Gy/h (500 rad/h), we obtain values
of 10"7 to 10' mol'L" for H202 and 10'

9 to 10'11 mol-L"1 for 02. The oxygen
concentration is in the range of our threshold value, but the H202

concentration is 1 to 2 orders of magnitude higher. At these concentra-
tions rate control by the cathodic transport process is unlikely.

Now, I would like to describe some experiments we have under way to test
whether our mechanistic conclusions in 1 mol'L" NaCl solutions are valid
under conditions more closely resembling those anticipated in a waste
vault. In these experiments we have a polysulfone tube with a copper disk
fitted into one end, separated from the bulk solution by a column of
compacted buffer. The solution being used is SCSSS with a chloride
concentration close to 1 mol»L~ (see Table 1). The column of buffer is
compacted to different clay densities (1.0, 1.2, 1.35 g»cm" ) in different
experiments. These experiments are being carried out at different
temperatures (50°C, 100°C, 150°C) in the presence and absence of gamma-
radiation fields for exposure times from two weeks to one year.

From these experiments we hope to determine whether the copper corrosion
rate, measured from weight change, varies with the clay density. As the
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density increases mass transport rates through the clay will decrease. If
such a correlation is observed then it will indicate the corrosion rate is
controlled by mass transport processes. At the conclusion of the exposure
period we will slice the compacted buffer into many slices and analyze each
slice for total copper concentration. The shape of the copper profile with
distance through the buffer will yield some indication of the nature of the
corrosion rate-determining step. A concentration decreasing with distance
from the copper surface would indicate rate control by transport of copper
species. This would confirm the conclusions reached in our electrochemical
experiments in 1 mol»L" NaCl. If the corrosion process is controlled by
some other reaction step, then we would expect a flat copper profile.

So far, we have results from one experiment lasting 16 days at 100°C. The
clay density was 1.2 g»cm"3. As shown in Figure 8, the total copper
concentration does decrease with distance from the copper surface,
suggesting that the transport of copper species through the buffer is rate
controlling. If we normalize the concentrations with respect to the
concentration of copper in the first slice, we obtain the points plotted in
Figure 9. The dashed lines show the profiles expected for a simple
diffusion process at̂  different values of the diffusion coefficient, ranging
from 10" to 5 x 10" cm -s"1. These profiles are calculated from the
expression

[Cu]

[Cu]x=0
1-erfp-l

° l.o

0.5 -

0 1 2 3 4

Distance from Copper Surface/cm

FIGURE 8: Copper Concentration Profile in Compacted Buffer Material After
16 Days Immersion in SCSSS at 100°C
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FIGURE 9: Comparison of Experimental and Theoretical Concentration
Profiles

where [Cu]x is the copper concentration at a distance x from the corroding
surface; [Cu]x=0 is the concentration at the surface; D is the diffusion
coefficient; t is the duration of the experiment; and erf( ) denotes the
error function. The similar shape of the experimental and theoretical
lines suggests the slow step is the diffusion of copper through the buffer.
If we ignore the effects of sorption, the diffusion coefficient is about 2
x 10" cm »s* , indicating that diffusive transport within the buffer is
approximately two orders of magnitude slower than in solution. These
results are preliminary and we have many more profiles to measure. Our
results show, however, that a good mechanistic basis can be obtained for
copper. On the basis of this understanding the construction of a model for
the container failure process is possible.

CONCLUSIONS

1.

2.

3.

4.

The rate of uniform corrosion in aerated NaCl at room temperature
is limited by the rate of the anodic reaction.

The anodic reaction is controlled mainly by the rate of transport
of dissolved metal species away from the copper surface.

The rate of corrosion should become controlled by the transport
of 02 to the copper surface only at very low oxygen
concentrations.

-l
In the presence of gamma radiation (500 rad'h"1; 5 Gy»h"A) the
corrosion rate may never become cathodically transport limited.
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5. In compacted buffer material, the corrosion rate appears to be
limited by the rate of transport of copper species away from the
corroding surface.

6. Long-term predictions of container lifetime should be based on
the known rate-determining step for the overall corrosion
process.
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DISCUSSION

SHEMILT

KING

SHEMILT

KING

SHEMILT

What vas the nature of the copper species in the buffer?

We have not determined the nature of the species. However,
we did get precipitation of copper at the interface between
the disk and the buffer. Based on analysis of other
experiments, we suspect this precipitate is basic cupric
chloride. At the moment, we don't know what the nature of
the diffusing species is. It is probably something more
complex than CuClj, the predominant species present in NaCl
solution. So far, all we have measured is the total
concentration in the buffer, which gives us an estimate of
the diffusion coefficient for the diffusing species.
Cupric species are certainly present.

Your room temperature analysis is based on one species, the
CuCl^ anion. Isn't the distribution of copper species more
complex than this? There will be other chloride and
oxychloride species present. Does their presence affect
your analysis at all?

We have not seen any evidence for oxychloride species.
From our polarization experiments we can determine the
number of electrons involved in the dissolution process.
We have only performed electrochemical experiments up to
-50 mV, whereas other experimenters have studied the anodic
dissolution of copper in chloride solutions to more
positive potentials. They observed that, if you allow the
potential to go beyond -50 mV, you obtain a cuprous
chloride layer on the copper surface, leading to a peak in
the polarization curve.

At more positive potentials (300 to 400 mV positive to
E C O R R ) , basic cupric chloride species are observed.
However, in 1 mol»L NaCl the dominant species is CuClj,
and perhaps CuClj". We will get a better idea of the
species present when we complete our studies at various
chloride concentrations. The slope of a plot of log i vs.
log[Cl ] will then tell us the number of chloride ions
involved in the complexation. In our experiments completed
so far at potentials around EC0ER and at potentials up to
200 to 300 mV positive of EC0RR, we have never seen basic
cupric chloride species.

Is there any evidence for reaction of the cuprous chloride
species with the montmorillonite in the buffer? Isn't it
unlikely that you will have a simple, straightforward
diffusion process? Won't the behaviour be complicated by
adsorption/desorption processes?
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KING

BREHM

Yes, the situation will probably be more complex than
presented here. In my presentation, I interpreted the
diffusion coefficient from this single preliminary
experiment as a simple diffusion coefficient. While we
await the results of other experiments now in progress, it
would be better to consider it as an effective diffusion
coefficient, which includes the effect of complicating
processes such as sorption. Eventually, we may be able to
refine our interpretation and account for sorption
processes by including a retardation factor as was done for
U02 [7J. Tomorrow, when I discuss our copper container
failure model, I will assume that the clay buffer simply
acts as a sponge, which, because of its cation exchange
capacity, soaks up a finite amount of copper.

I would like to ask a question about the early corrosion
rate measurements you made. Did you identify the corrosion
products on the copper surface and did you observe any
pitting?

For tests conducted in SCSSS we observed a wide range of
corrosion products on the copper surfaces. These products
included complicated mineral phases containing many of the
cations present in SCSSS. Although we did not succeed in
identifying all the phases we obtained a good idea of the
elemental composition of these films using the energy
dispersive X-ray analysis system attached to our scanning
electron microscope [8].

Were the films oxides or chlorides?

We have evidence for both. Our analyses showed the
presence of Cu2O, CuO and also basic cupric chloride.
These were the kind of films we obtained in tests conducted
in bulk solution. However, in the presence of compacted
buffer material all those films were absent. The copper is
absorbed by the clay buffer and we do not see the same
complexity in the surface films present. As far as pitting
is concerned, I would say we observed a rough, uneven
uniform corrosion underneath these deposits, not pitting,
Figure 10. When we had sulfide present at a level of 30 to
40 ppm in SCSSS solutions, we found sulfide films present
on the copper surface. Underneath this film we found what
appeared to be small pits, ~ 10 fim in diameter. Because of
these results, we are still concerned about the possibility
of pitting in sulfide-containing environments.
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FIGURE 10: Two Surface Profiles of a Cleaned Copper Surface Immersed in
Aerated SCSSS for 450 h Showing Uneven Nature of the Uniform
Corrosion

IVES

KING

IVES

I don't know why you are concerned about pitting with
copper. There are two ways you get localized attack of a
metal leading to pitting. One is if you have a local
inhomogeneity in the metal, such as a grain boundary, a
dislocation or an impurity inclusion, which acts as a site
for pit initiation. The second, more common kind of
pitting, occurs as a consequence of the breakdown of
passivating or otherwise protective films. I am not
convinced from today's discussion that you have passive
copper, and hence, the conditions required for pitting.
You say you have uneven, pockmarked surfaces, but I don't
think you are justified in classing this as pitting. I can
understand the concern over localized corrosion problems
with passive metals and alloys such as titanium, aluminum
and stainless steel, but not with copper. I don't see
pitting as a corrosion process that would lead to the
perforation of copper waste containers.

Certainly in neutral chloride solutions we do not get
passivation as observed on titanium, but in the presence of
sulfide, we do obtain a protective film. The corrosion
rates are lower but not that much lower: they are still in
the order of micrometres per year. It is difficult to
claim that the sulfide film is indeed passivating.

Your results show a series of localized points of attack
that spread laterally and overlap to give you an irregular
general corrosion, not pitting. There seems little chance
you will get a pit to propagate to a sufficient depth to
cause container failure.
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IVES

KING

SHOESMITH

IVES

MARSH

SHOESMITH

KING

SHOESMITH

MARSH

In our experiments that is the case, but Kim Lam has seen
distinct pits in sulfide-containing solutions. Even in his
case, the pits may smear out with time to yield uneven
uniform corrosion. Since we do not have the results to say
whether this smearing out will indeed occur, we are not in
a position to rule out the possibility of pitting.

I see no reason why these pi ̂  would continue to propagate.

Neither do we, but for the sake of maintaining a
conservative approach to our program, we are unwilling to
dismiss the possibility yet.

An initial pitting process on copper may very well
degenerate into surface roughness at longer times.
However, when you form a sulfide film, which is a good
electronic conductor, there is the possibility of
separating anodes and cathodes and propagating a pit.
Until we justify experimentally that pitting does
degenerate with time into rough uniform corrosion, we will
remain in doubt about its significance.

I don't think that situation will ever develop into a
stable occluded cell that will be self-sustaining.

You would need oxygen to maintain an occluded cell and I
don't see how you could have oxygen and sulfide present
together since they would react. In that case, you would
not have a cathodic reaction to sustain pitting. Also,
King has just demonstrated very convincingly that the rate-
controlling step is the transport of corrosion product away
from the electrode surface. Consequently, any localized
anode that dissolves more rapidly than its neighbour will
rapidly stifle itself and then the anodic dissolution will
even itself out.

I have no argument with that.

No matter how we rationalize the situation, we have seen
pitting which we need to explain by one argument or
another. We don't expect it to be a long-term problem, but
these observations are still unexplained.

King's experiments with copper in compacted buffer will,
hopefully, demonstrate what you (Marsh) suspect: that the
pitting of copper will not propagate. Until then we will
not rule out the possibility.

Both you (King) and Werme claim that the corrosion process
is mass-transport-controlled. Werme assumes that oxygen
transport is rate-determining. Does that make his model
more conservative than yours?
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KING It isn't easy to answer that, because the conditions in a
Swedish repository will not be the same as in a Canadian
vault. Also, the approaches are different. Because we are
attempting to predict the time at which containers will
fail, we need to use a kinetic approach as opposed to a
thermodynamic approach. The two main expected differences
are as follows:

(i) the Canadian vault will have much higher chloride concentrations,
which stabilize cuprous species;

(ii) the Canadian containers will not be self-shielding, so we must
consider the production of oxidizing radiolysis products near the
container surface.

I would say that our approach (Canadian) is more
conservative. As the oxygen concentration decreases, the
rate-controlling step may very well switch from the rate of
transport of copper species away from the corroding surface
to the rate of transport of oxygen to the surface.
However, in predicting the time to failure of the
container, we will continue to base our analysis on the
anodic transport step, thereby maintaining an element of
conservatism.

MARSH Werme says that any oxygen arriving at the container
surface will react. Doesn't this make the Swedish approach
the most conservative approach?

GARISTO It wasn't clear to me whether the Swedish model was based
on mass balance or whether mass transport of oxygen to the
container surface was an important step.

WERME What we assume is that all the oxidants transported to the
container at a groundwater flow rate set at 10" L»m* «a'
react with the copper, causing corrosion.

GARISTO Such a mass transport model does not take into account
oxidants formed next to the container by radiolysis.

WERME Such effects would only be important for a thin (1 cm)
container. We did not completely analyze the 1-cm-thick
container situation. I discussed that situation simply to
illustrate that as the thickness decreases, radiolysis
becomes more important. We only made a complete analysis
for the 10-cm case when radiolysis effects are negligible.

KING The initial Swedish approach had to show that the container
would last a million years.

WERME That was not a specified requirement for our analysis: it
was the conclusion drawn from it.
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KING

FORSLUND

KING

What I am saying is that the time scale specified as a
requirement for the container is the factor that dictates
the approach used. If the time period under consideration
is a million years, then thermodynamic arguments are
applicable, and it is reasonable to equate the total amount
of corrosion to the total amount of oxidant. In our
program (Canadian), we desire containment for 500 to
1000 years, and hence, a kinetic approach is more
appropriate. However, when you (Sweden) try to introduce a
kinetic approach in an attempt to predict the depth of
corrosion with time, you adopt the assumption that oxygen
transport will be rate-limiting. What we (Canadians) have
shown is that, in 1 mol'L"1 sodium chloride, when cuprous
chloride complexes are stabilized, you need to reduce
oxygen concentrations to a very low level before oxygen
transport becomes rate-limiting. Since we have radiation
fields present we may never reach that stage.

By saying that all the oxygen that reaches the copper
surface reacts, we are assuming an infinite reaction rate.
In the Canadian approach, you retain the possibility that
your reaction can be kinetically controlled, i.e., the
reaction rate is not infinite. I would say, therefore,
that our (Sweden) calculations are more conservative.

Our experiments show that the cathodic reaction is
kinetically controlled at reasonable oxygen concentrations
because a sufficiently high flux of oxygen to the surface
can be maintained. As the oxygen concentration decreases,
the flux decreases and for sufficiently low values will
become rate-controlling. If we used this as the basis of
our model, then our approach would be equivalent to the
Swedish approach. By still taking the anodic transport
process as rate-determining even at these low oxygen
concentrations, our approach remains more conservative than
the Swedish one.

FORSLUND I disagree. In our approach, the anodic reaction is also
assumed to have an infinite rate.

KING Your approach is based on an assumption of the rate-
determining step. By experimentally demonstrating that
rate control is by anodic transport above a certain
conce 'ration of oxygen, we have justified our claim that
our approach is conservative if we assume this step is
still rate-determining, even when we know another step
(oxygen transport) is slower at very low oxygen
concentration.
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3.4 CORROSION OF COPPER AND COPPER ALLOYS IN
A BASALTIC REPOSITORY ENVIRONMENT

W.F. Brehm
Pacific Northwest Laboratory
Richland, Washington, U.S.A.

I will discuss the corrosion testing done on copper and copper alloys in
support of the basalt repository program. I will include tests performed
in condensed systems and in air/steam environments. More detail on testing
procedures and results can be found in references 1 to 3.

TESTING

Our tests were conducted under anoxic conditions, achieved by loading
pressure vessels in an argon-filled glove box. Tests were performed at
temperatures of 50°C, 100 C, 150°C and 200°C in the presence of a saturated
packing. We also performed tests in an air/steam mixture at temperatures
between 150°C and 300°C. The air/steam environment was created by bubbling
filtered air through humidifiers maintained at 50°C. This steam (122
moisture) was then passed into the ovens containing the test specimens.
Samples were exposed both in and out of packing. Some of the samples were
simply suspended in the test chamber; others were placed in alumina boats
containing dry packing. The packing was 3 parts (by weight) crushed basalt
and 1 part Wyoming sodium bentonite.

Some tests, particularly those in air/steam mixtures, were done in the
presence of radiation fields of 10 , 10 or 10 rad»h" . To do this we had
to modify our air/steam and pressure vessel apparatus to fit into the gamma
facility. The facility consists of a pool of water with dry tubes arranged
vertically within the pools. Pressure vessel assemblies were placed inside
these tubes. The radiation field was calibrated as a function of position
along these tubes.

Various exposure periods up to 28 months were used. Five specimens were
exposed in each test. Four of these specimens were used for weight-loss
determinations, while the fifth was reserved for corrosion product
identification using X-ray diffraction. In all tests a synthetic
groundwater, Grande Ronde # 4, was used. The composition is given in
Table 1. This water is not quite as "pure" as J-13 well water from Nevada,
but contains much less salt than granitic waters. It is also very low in
sulfate and inorganic carbon. The pH at the beginning of the test is 9.7.
It is basically a mild solution of sodium chloride taken from wells deep in
the ground, and is quite anoxic.

Operated by Battelle Memorial Institute for the U.S. Deparment
of Energy Under Contract DE-AC06-76RL0-1830.
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TABLE 1

COMPOSITION OF GRANDE RONDE #4 GROUNDWATER

Species

Na+

K+

Ca2 +

cr
F'

SO4"
Si
Inorganic C
Dissolved O2

H+ (as pH)

Concentration (mg'L1)

337
13.8
2.2

405
20.0
4.2
44.6
18.1

< 20 ppb
9.70

The materials studied were:

ASTM B402-84, wrought cupronickel 90-10, UNSC70600
ASTM B152-84, wrought oxygen-free copper, UNSC10200
ASTM B152-84, phosphorus-deoxidized copper, UNSC12200.

The autoclave system is shown in Figure 1 and the various components
identified in the legend to the figure. The autoclaves were standard

FIGURE 1: Schematic of the Autoclave System Used for Exposing Specimens to the
Synthetic Groundwater, Grande Ronde #4 (Table 1) at Various
Temperatures from 50 to 200°C: (1) Autoclave (Fluitron Inc.); (2)
Pressurizing Pump (Milton Roy); (3) Pressure Regulator Valve, Model
S-91XW (Grove Valve and Regulator Co.); (4) Rupture Disk Assembly
A.E. P/N P7321; 1/4 in. Inconel (2500 psig. at 72°F) (Autoclave
Eng.); (5) Titanium Valve (Fluitron Inc.)
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refreshed vessels pressurized to ~ 1000 psi. The aqueous supply to this
system was the synthetic groundwater of Table 1. The reservoir for the
groundwater supply was a polyethylene container placed inside another
container filled with argon to ensure anoxic conditions.

Figure 2 shows the air/steam testing apparatus. Laboratory air is pumped

CORROSION TESTING

AIR/STEAM TESTING SYSTEM

FIGURE 2: Schematic of the Air-Steam Test System

through the two boilers, the first one filled with distilled water, the
second one with synthetic groundwater. Attempts to use groundwater in both
boilers yielded very concentrated solutions. The series of valves AS-1 to
AS-8 allowed us to valve each test chamber in or out without disturbing the
others. The air/steam flow passes through the four chambers and is then
condensed at the outlet. Generally, we collected several millilitres per
month. A discussion of pressure vessel testing is given in the paper on
ferrous material corrosion.

With the groundwater tests there is a large scatter in the data.
Generally, in both the groundwater tests and the air/steam tests, uniform
corrosion was observed. Often the corrosion is uneven but we did not
observe pitting. At high temperatures (200 C) in the groundwater series we
identified chalcocite (Cu2S) as the corrosion product, with an indication
of cuprite (Cu20) at lower temperatures. The reduction of sulfate, present
in bentonite as gypsum, and the presence of sulfur species in the basalt
could account for the presence of sulfide films. The lack of oxide at high
temperatures is a good indication that, in the absence of substantial
concentrations of chloride, copper does not react directly with water.

Corrosion rates were calculated from weight-loss measurements. The data
was treated by regression analysis to produce correlations of the form
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L = Mt + B

where L is the weight loss and t is the exposure time, z is the time
exponent, and M and B are constants. Corrosion rates at a given time were
obtained by differentiating this correlation expression.

At 50°C and 100°C, a
The maximum corrosion rates obtained at 150°C and 200"C were
39 /im»a for copper and 1/ /im»a for cupronickel.
maximum corrosion rate of 13 /*m«a~ was obtained. Generally, the
cupronickel shows less weight loss than the pure copper. The rates should
not be interpreted too literally, given the data scatter.

There was no detectable radiation effect in the groundwaters, though due to
the range of results obtained it is possible that a minor effect is lost in
the data scatter. It is possible that In the saturated packing there is
insufficient water available to yield a noticeable radiolysis effect. If
we produced radiolytic oxidants in the reducing environment, they may never
have reached the copper surface due to reaction with reducing species in
the basalt.

The data from the air/steam tests, plotted as a depth of penetration, are
shown in Figures 3, 4, and 5. Again, we observed no pitting. Pure copper,
either "oxygen-free" or "phosphorus-deoxidized", shows essentially linear
corrosion at all temperatures, with a maximum penetration of 0.13 mm in 25
months, Figures 3 and 4. This value is for 300°C, which is above the
maximum temperature expected in a basalt repository. This, of course,
assumes that the corrosion rate would "Ot change with longer exposures.
This corrosion (penetration) rate could ba taken as an upper limiting value
in the absence of a radiation field.

0.00
12 16 20

TIME (Months)
24

FIGURE 3: Penetration by Corrosion of Oxygen-Free Copper in Air-Steam
Mixtures as a Function of Exposure Time at Various
Temperatures: • 150°C; V 200°C; o 250°C; A 300°C
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FIGURE 4:

FIGURE 5:
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Penetration by Corrosion of Cupronickel 90-10 in Air-Steam
Mixtures as a Function of Exposure Time at Various Temperatures:
n 150°C; V 200°C; o 250°C; A 300°C

The cupronickel specimens had penetration rates which were a factor of 2 to
3 lower than copper, Figure 5. Analyses of the corrosion products showed
the presence of both Cu2O and CuO. The maximum cupronickel penetration is
0.045 mm after 25 months. However, the penetration as a function of time
shows that accelerating corrosion occurs at 250°C and particularly at
300°C, Figure 5. The exponent for the curve drawn at 300°C is greater than
1. The likely excuse for such an exponent is a change in the corrosion
mechanism, giving an apparent exponent greater than 1. The most probable
explanation is that the film present at longer times is less adherent, and
hence less protective, than that present at shorter times. The evidence
for this is in the nature of the corrosion products. With copper, only
cuprite (Cu2O) is detected in the corrosion product layer, and the
penetration remains linear with time. For the cupronickel specimens, both
cuprite and tenorite (CuO) are observed, the latter at longer times when
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accelerating corrosion is observed. The tenorite has a different crystal
structure than the cuprite, and may thus be forming a non-protective film.

Figures 6 and 7 show the corrosion rates in air-steam tests as a function
of radiation dose rate. The effect of radiation is minimal at 150°C,

too

IE

o.oi

O COPPER
0 CUPRONICKEL
O A 27 STEEL
a A367 STEEL

FIGURE 6:
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RAOIATION LEVEL ( rod h"' )

Effect of Radiation Level on the Corrosion Rates of Copper and
Cupronickel in Air-Steam Mixtures at 150°C. Data for steels
also included (see section on iron and steels).
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D COPPER
0 CUPRONICKEL
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FIGURE 7: Effect of Radiation Level on the Corrosion Rates of Copper and
Cupronickel in Air-Steam Mixtures at 250°C. Data for steels
also included (see section on iron and steels).
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particularly for the cupronickel, Figure 6. At 250°C both copper and
cupronickel show a pronounced radiation effect, the corrosion rates
increasing- by about a factor of 5 to 10 from zero dose to one of
10 rad#h* . A cursory look at the surface films shows that their
morphology is different when formed in the presence of irradiation.

Table 2 shows corrosion data, expressed as penetrations, for short-term
tests in the presence and absence of packing material. Contrary to what
was anticipated, more corrosion occurred when the packing was present. A
possible explanation is that the basalt/bentonite packing absorbs the
moisture, yielding a more aggressive environment adjacent to the copper
surface. This explanation is consistent with previous data [4,5] which
show that the rate of copper oxidation was significantly reduced by the
presence of small amounts of water vapour, i.e., 15-mm partial pressure of
water vapour in a system at a total pressure of 1 atmosphere. This was
ascribed to the healing of the oxide film on the copper surface which
prevented free access of oxygen to bare copper. If the packing had
absorbed the moisture, it would have allowed more extensive corrosion.

TABLE 2

THE EFFECT OF PACKING MATERIAL ON
THE DEPTH OF CORROSION PENETRATION

Temperature

150°C
200°C
250°C
300°C

150°C
200°C
250°C
300°C

With Packing Material
(4 Months)

Penetration (mm x 10 )

1.0
5.4
3.2
4.2

1.5
10.1
10.4
17.4

Cupronickel

± 0.1
± 1.2
± 0.3
± 1.3

Oxygen-Free

± 0.1
± 4.0
± 1.2
± 1.3

Without Packing Material
(4 Months)

Penetration (mm x 103)

90-10

0.3 ±
1.1 ±
2.6 ±
1.4 ±

Copper

0.5 ±
1.4 ±
6.2 ±
19.7 ±

0.1
0.4
0.6
0.9

0.1
1.0
4.1
1.5

KASS I am not surprised that the presence of a packing makes
things worse. Do you think it is possible to design the
system so that you have an air gap separating the container
from the packing material? In this way you would absorb
water in the packing and prevent it from ever coming in
contact with the container.



- 146 -

BREHM That would defeat the whole purpose of having the bentonite
present in a repository. Its purpose is to absorb water,
thereby swelling and coming into contact with the
container. Then, when the container eventually fails, the
radionuclides are provided with a diffusive, as opposed to
convective, transport pathway.

KASS Unfortunately, when you do that you force the water into
contact with the container, enhance its corrosion, and
decrease its lifetime. With an air gap you could still
have the transport properties of the buffer when the
container eventually fails. But it would corrode more
slowly if separated from the water.

BREHM That may indeed be possible in a tuff repository where you
have very little water present. With the basalt repository
we have to assume that it will flood sooner or later. When
that happens, I don't think we will be able to prevent
contact between the container and the bentonite. We
planned some corrosion experiments in basalt alone.
However, our experiments suggest that the presence of some
water is beneficial and this is supported by the work from
the 1950s which I discussed.

Before I conclude, I would like to discuss possible reasons for the scatter
in our corrosion rate data. To obtain our weight-loss numbers, we used the
ASTM recommended procedure for stripping films off copper. At first we
tried the formaldehyde-inhibited HC1 reagent which works well with iron.
Unfortunately, it doesn't work with copper, so we used 50% HC1 which, I
suspect, is a little too aggressive and may have caused the scatter in our
data. The National Association of Corrosion Engineers (NACE) recommends
the use of a 10£ sulfuric acid solution, so we intend to repeat some
weight-loss measurements on some of our remaining specimens using this
reagent.

CONCLUSIONS

(a) In Synthetic Groundwater

(i) We observed considerable scatter in our corrosion data.

(ii) The maximum corrosion rates at 150°C and 200°C were 39 fim'a'1 for
pure copper and 17 [im*a~ for cupronickel. The average rates are
much less.

(iii) At 50cC and 100°C a maximum corrosion rate of 13 /im'a'1 was
observed. The rates at longer times were less than one third of
this value.
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(iv) Corrosion increased monotonically with time and temperature, as
could best be judged from the data which, as mentioned, showed
considerable scatter.

(v) Chalcocite (Cu2S) was identified as a corrosion product at 200°C.

(vi) There was no detectable radiation effect.

(vii) No pitting was observed.

(b) In Air/Steam

(i) Uniform corrosion, with no pitting, was observed.

(ii) Linear corrosion was observed for pure copper. The maximum
corrosion penetration after 25 months was 0.13 mm at 300°C.

(iii) Cupronickel corroded less rapidly, a penetration of 0.045 mm
occurring after 25 months.

(iv) Cuprite (Cu20) and tenorite (CuO) were identified on cupronickel
specimens but only Cu20 on copper.

(v) A pronounced radiation effect was observed at 250°C but not at
150°C.

(vi) The surface film morphology was different when irradiation was
present.

(vii) For short-term experiments, the presence of the packing increased
the corrosion rate.

REFERENCES

1. J.M. Lutton et al., "General Corrosion Studies of Candidate
Container Materials for the Basalt Waste Isolation Project", in
High-Level Waste Disposal, ed. H. Burkholder, Battelle Press
(1986), pp. 563-572.

2. W.F. Brehm et al., "Corrosion of Candidate Container Materials in
Air-Steam Mixtures", PNL-SA-15454, presented at Materials
Research Society Symposium, Scientific Basis for Nuclear Waste
Management XI, Boston, Mass., December 1986, and to be published
in the symposium proceedings.

3. R.G. Johnston et al., "Corrosion Phase Formation on Container
Alloys in Basalt Repository Environments", Advances in Ceramics,
20: Nuclear Waste Management II. p. 343, American Ceramic Society
(1986).



- 148 -

4. K. Hauffe, Oxidation of Metals, Plenum Press, New York (1965) pp.
118-119.

5. R.F. Tylecote, J. Inst. Metals 81, 681 (1952-3).

DISCUSSION

WERME

BREHM

BREHM

SHOESMITH

BREHM

IVES

BREHM

SHOESMITH

Your claim that sulfide films form on copper at 300°C is
consistent with the thermodynamics, which indicate that
sulfate will react directly with copper to produce Cu2S.
No one has any idea of the kinetics though.

That is one possible explanation for Cu2S formation. How-
ever, there is also the possibility that it formed by
reaction with sulfur present in the basalt. The basalt
originally came from a volcano and there is definitely
sulfur present. If it is present as iron pyrite (FeS2),
can it convert to Cu2S under our conditions? A further
possibility is that Cu2S is formed by reaction with a
sulfur impurity in the bentonite. I should add that when
we opened up our pressure vessels we could smell H2S.

We do have a problem with our air/steam tests in the
presence of radiation. There is a very definite effect of
radiation at 250°C. In a radiation field of 104 rad'h"1,
the corrosion rate is over 100 /im»a" . The question
remains as to whether this high rate will be sustained over
longer exposure periods. A possible explanation for the
effect of radiation is corrosion by HN03 formed by
radiolysis of N2 in the air/steam mixture. However, at
250°C we would not expect the nitric acid to condense onto
our specimen. This suggests another explanation is
required.

Uas there packing present in your tests with radiation?

No. These results were obtained with no packing present.

Surprisingly, when a radiation field is present the cupro-
nickel corrodes as badly a? the copper.

That is true. Also, we observe a copper (II) oxide
(tenorite, CuO) on cupronickel. This observation raises
the question; is there an effect of radiation (at high dose
levels) on the adherency of the surface film? Does it
become less protective at higher dose rates?

It is possible that the 7 irradiation separates charges in
the semiconducting copper oxides, and that the holes
produced cause further copper corrosion.
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BREHM That could be. The oxides of copper are semiconducting. I
recall, we did see a radiation effect with steel corrosion
in air-steam mixtures. Are the iron oxide films
semiconductors? We identified magnetite as our corrosion
film, and that phase is a conductor not a semiconductor.
Consequently, we would not expect the effect you suggest
with iron.

SARGENT Were the dose rates given maintained throughout the whole
test? Did you ever calculate the total dose to the sample?

BREHM The radiation dose rates were measured with
thermoluminescent dosimeters. To obtain the integrated
dose, you can just multiply the dose rate by the time the
radiation source was in the experiment.
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3.5 EVALUATION OF THE CORROSION BEHAVIOUR OF COPPER-BASE
ALLOYS IN A HIGH-MAGNESIUM BRINE

R.E. Westerman
Pacific Northwest Laboratory
Richland, Washington, U.S.A.

The waste-package designs for the Salt Repository Project (SRP) rely on the
corrosion performance of either mild steel or titanium Grade-12. However,
it has long been recognized that both of these materials may prove
unsuitable for the waste-package corrosion barrier. For this reason, a
test plan was developed to evaluate six alternate materials, three based on
nickel and three on copper. The composition of these materials is given in
Table 1. In this presentation I would like to describe briefly the

TABLE 1

COMPOSITION OF ALTERNATE WASTE PACKAGE CONTAINER
MATERIALS FOR SALT REPOSITORY APPLICATIONS

Alloy

Inconel® 625

Hastelloy®C-276

Hastelloy C-22

Unalloyed Cu (OFHC)

90-10 Cupronickel

70-30 Cupronickel

Cu

-

-

-

99.95

88

69

Alloying I
Ni Cr

60

57

58

-

10

30

22

16

22

-

-

-

Slemen
Mo

9

16

13

-

-

-

t (vt.%
Fe

5

6

3

-

1.5

0.5

approx
C(max)

0.10

0.01

0.015

-

-

-

•)
Other

Ti(0.4);Nb(3.7)

W(4);V(0.4)

W(3);V(0.4)

-

Mn(0.5)

Mn(0.5)

*Inconel is a registered trademark of INCO Alloys International
(Huntington Alloys) Huntington, West Virginia

*Hastelloy is a registered trademark of Haynes International,
Incorporated, Kokomo, Indiana.

corrosion scoping tests we have performed on copper-base materials. Since
the SRP has now been cancelled, the remaining tests will probably not be
done.

The materials were tested in a two-phase, brine-salt environment, intended
to simulate the result of migration of brine to the vicinity of the waste
package to produce a moist-salt environment at the surface of the waste
package container. The tests were termed "excess-salt" tests, to
distinguish them from all-liquid, brine-only tests. A typical excess-salt
test vessel is shown in Figure 1.
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FIGURE 1: Excess-Salt Test Arrangement

The test environments generally consisted of a particulate salt
representative in composition of the host repository salt termed "surrogate
salt", and either a low Mg 2 + (PBB1) brine, or a high Mg2+ (PBB3) brine.
The brine was added to the particulate salt to a pre-specified water
concentration that lay in the range 5% to 30£ by weight. The tests were
intended to be anoxic in all cases. The compositions of the brines and
salts used in the excess-salt tests are presented in Table 2.

TABLE 2

COMPOSITIONS OF BRINES AND SALT USED IN EXCESS-SALT
CORROSION TESTS

Ion

Na+

Ca2 +

Mg2 +

Cl"
SO4"
HCOi
Br"

Brine or Salt Composition, ppm

Surrogate
Salt

377,000
11,200

260
78

583,000
26,900

250
—

PBB1

103,000
1,300
110

160,000
2,700

25
27

PBB3

18,000
15,000
48,000

192,000
200
--

2,700



- 153 -

The materials tested were unalloyed Cu (OFHC), 90-10 cupronickel and 70-30
cupronickel. Quadruplicate corrosion specimens of each material type were
exposed to anoxic surrogate salt moistened to 20%-by-weight water with PBB3
brine at temperatures of 90°C and 150°C for 3 months. Upon removal from
test cans, the specimens were found to be bright, with no apparent oxide or
corrosion product layer. The specimens were rinsed in water, then alcohol,
and dried prior to weight-loss analysis for corrosion rate determination.
The corrosion rates of the materials are presented in Tables 3 and 4.

Under the anoxic test conditions employed, the copper alloys showed high
resistance to corrosion. Presence of air, sulfides, or products of
radiolysis could strongly affect this apparent corrosion resistance in
elevated-temperature brines. However, the performance of the copper alloys
was promising, suggesting possible applicability of these materials as a
waste package corrosion barrier under the appropriate environmental
conditions.

TABLE 3

AVERAGE CORROSION RATES OF OFHC On. 90-10 Cu-Ni. 70-30 Cu-Ni AND
70-30 Ni-Cu SPECIMENS IN SURROGATE SITE-SPECIFIC

SALT WITH PBB3 BRINE, 20%-BY-WEIGHT WATER AT 90°C.
3-MONTH TEST DURATION

Material Type

OFHC Cu

90-10 Cu-Ni

70-30 Cu-Ni

70-30 Ni-Cu

Average
Corrosion Rate(a)

/im'a"1 mil'a"1

0.20
0.12
(b)

0.04

0.04
(b)

0.08
0.04

0.07
0.15
0.07
(b)

0.16
0.37
0.08
0.04

0.0079
0.0047

0.0016

0.0016

0.0032
0.0016

0.0028
0.0059
0.0028

0.0063
0.015
0.0032
0.0016

Mean of Average
Corrosion Rate

^m'a"1 mil'a"1

0.12

0.05

0.10

0.16

0.0047

0.0021

0.0038

0.0065

( a | Corrosion rates are calculated as mil*a" , then converted to
fim'a'1 using more significant figures than those shown. This
procedure can produce apparent minor discrepancies in the data.
Weight-loss analysis revealed erroneous corrosion rates
indicating weight gain.
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TABLE 4

AVERAGE CORROSION RATES OF OFHC Cu. 90-10 Cu-Ni. 70-30 Cu-Ni AND
70-30 Ni-Cu SPECIMENS IN SURROGATE SITE-SPECIFIC SALT WITH PBB3
BRINE. 20%-BY-WEIGHT WATER AT 15O°C. 3-MONTH TEST DURATION

Material Type

OFHC Cu

90-10 Cu-Ni

70-30 Cu-Ni

70-30 Ni-Cu

Average
Corrosion Rate'a'
ftm'a mii»a

5.1
4.0
5.0
3.9

7.5
5.7
7.6
5.8

7.1
7.0
5.9
6.0

2.8
2.4
2.7
2.9

0.20
0.16
0.19
0.15

0.29
0.22
0.30
0.23

0.28
0.28
0.23
0.23

0.11
0.09
0.11
0.11

Mean of Average
Corrosion Rate

/im«a '1 mil'a"1

4.5

6.7

6.5

2.7

0.18

0.26

0.26

0.11

( a ) Corrosion rates are calculated as mil*a , then converted to
/im'a"1 using more significant figures than those shown. This
procedure can produce apparent minor discrepancies in the data.

CONCLUSIONS

The corrosion behaviour of Cu-base candidate waste-package materials for
salt repository applications has been evaluated in a preliminary fashion.
The following conclusion may be derived from the observations made.

Cu-base materials show very low corrosion rates in the anoxic excess-salt
tests performed. The effects of oxygen, derived from air or radiolysis,
and sulphur compounds remain to be defined.
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3.6 ONTARIO HYDRO STUDIES ON COPPER CORROSION
UNDER WASTE DISPOSAL CONDITIONS

K.W. Lam
Ontario Hydro Research
Toronto, Ontario, Canada

In our experiments at Ontario Hydro, we have been looking at a number of
factors expected to influence copper corrosion. One obvious factor,
discussed already by King, is the chloride concentration. At sufficiently
high concentrations, chloride will stabilize complexes, such as CuClj and
CuCl3", with copper in the Cu

1 state. Some of our earlier results in
solutions containing various amounts of chloride showed no apparently
significant effect of salinity on the corrosion rate. This is consistent
with a corrosion rate controlled by a transport process as discussed by
King.

A second factor is temperature, which generally increases corrosion rate.
However, there is a paper in the literature which shows that a maximum
corrosion rate occurs around 70°C to 80°C in an air-saturated solution (pH
= 6) containing 960 ppm Cl" (W.D. Robertson et al., J- Electrochem. Soc.
105. 569 (1958)). This maximum could be caused by one of two effects:
(i) the decrease in oxygen concentration with increases in temperature
eventually exerts a bigger influence than the increase in rate with
increasing temperature; or (ii) the protectiveness of the corrosion
products increases with temperature. A third factor is the influence of
sulphide. Syrett (B.C. Syrett, Corrosion, 31, 257 (1977)) has shown that
the corrosion rate of copper is greater in aerated solutions containing
oUlphide. Also, in the presence of sulphide, there is the fear that
pitting may be observed.

In our more recent experiments we have been studying the corrosion of
copper in aerated and deaerated groundwater/bentonite slurries (4 mL:l g)
with, and without, added sulphide for exposure periods from 2 months fo
1 year. The groundwater used was WN-1, the composition of which is shown
in Table 1. As you can see, this groundwater contains 6500 ppm of chloride
and 1000 ppm of sulphate. For experiments with added sulphide, we added
10 mg»L~ of sulphide daily. Tests were also performed in the presence of
a radiation field with a dose rate of ~150 rad»h I. In experiments in
deaerated slurries with added sulphide exposed to a radiation field,
sulphide (10 mg'L"1) was added only once at the beginning of the
experiment. The results are given in Table 2. The corrosion rates given
are the average values (# 1 standard deviation) for the number of samples
given within the brackets. Results for two temperatures, 75°C and 150°C,
are given.

In deaerated slurries at 75°C, the corrosion rate is less than 2 ftm'a'1.
With added sulphide, the corrosion rate increases by a factor of ~ 10. The
trend in the corrosion rate in aerated and deaerated slurries with daily
sulphide additions is shown in Figure 1. In the deaerated solutions the
corrosion rate initially falls but then increases again and stabilizes for
exposure periods longer than ~ 15 days. In aerated solutions, the



- 156 -

corrosion increases over the first 25 days or so and then stabilizes. The
corrosion rates in aerated solutions are substantially larger than in
deaerated sulphide solutions. The effect of adding sulphide is not so
marked in aerated solutions as it is in deaerated solutions.

TABLE 1

COMPOSITION OF WN-1 GROUNDWATER

Ion

Na+

K+

Mg2 +

Ca 2 +

S r 2 +

Fe

HCO3

Cl"

SO2"

NOi

C o n c e n t r a t i o n ( m o l ' L 1 )

8 . 3 x 10" 2

3 .6 x 10" 4

2 . 5 x 1 0 " 3

5 . 3 x 1 0 " 2

1.0 x 10" 5

2 . 8 x 10" 4

1.1 x 1 0 " 3

1.8 x 1 0 " 1

1.1 x 1 0 " 2

5 . 3 x 10""
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FIGURE 1: Corrosion Rate as a Function of Exposure Time Measured by Linear
Polarization in WNl-Bentonite Slurry (4 mL:l g) with Daily
Additions of 10 mg'L"1 Sulphide: o Aerated; • Deaerated
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TABLE 2

COPPER CORROSION RATES1 (um'a'1)1

Temp

75°C

150°C

Solution

deaerated

aerated

deaerated,150rad»h'*

deaerated

aerated

deaerated,150rad*h"*

WN1-S

14.8±3.0

79.9±23.2

6.13+1.87

17.1+1.7

86.4+7.1

9.75±7.25

2

(4)4

(4)

(7)

(5)

(7)

(6)

1.

54.

7.

23

15

6.

WN13

37±0.39

1

41±5.66

•5±6.2

.4±8.7

08+5.27

(3)

(1)

(6)

(5)

(8)

(7)

In WN-bentonite slurry (4 mL:l g) with durations from 2 .nonths to
1 year. Rates were determined by weight-loss method.
UN1-S represents WN1 with an initial 10 mg^L"1 of sulphide.
In tests without irradiation, WN1-S represents WN1 with daily
additions of sulphide (10 mg'L"1).
WN1 - see Table 1 for composition.
Average ±1 standard deviation (number of samples).

The effect of temperature is interesting. For deaerated solutions in the
absence of sulphide, the corrosion rate increases substantially (1.37 to
23.5 /im'a'1) but, in aerated solutions, the rate decreases (54.1 to
15.4 fim'a'1). The similarity in rates in aerated and deaerated slurries at
150°C is caused by the fact that the aerated test will eventually become
depleted in oxygen since we were unable to continually aerate the solution.
For solutions containing added sulphide, the influence of temperature is
negligible. The effect of a radiation field may be beneficial, especially
at 150°C. Figure 2 shows the trend in the corrosion rate with time at

4 0 5020 30
TIME ( Days)

FIGURE 2: Corrosion Rate (at 150 rad'h"1) Measured by Linear Polarization
in a WNl-Bentonite Slurry (4 mL:1 g) at 75°C: x With 10 mg-L"1

Sulphide;* Without Sulphide
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75°C, with and without added sulphide, in the presence of a radiation
field. After 10 days the effect of sulphide becomes marginal, the rates
stabilizing at a common value.

The corrosion product obtained with continuous addition of sulphide is
cuprous sulphide (CU2S). It is generally uniform over the whole surface
and consists of two layers, a porous inner layer and a thick compact outer
layer. Figure 3 shows the appearance of the coupons exposed in the

(B)

FIGURE 3: Appearance of Copper Coupons After Exposure to a Deaerated WN1-
Bentonite Slurry for 62 Days (4 mL:l g) at 75°C in a Gamma-
Radiation Field (150 rad'h'1): A. With 10 mg'L'1 of Sulphide;
B. Without Sulphide
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presence and absence of added sulphide when a radiation field was present.
These coupons were from an experiment at 75°C in deaerated WN-1
groundwater/bentonite slurry. In this case, the corrosion product is not
uniformly distributed. Figure 4 shows the same surfaces at higher

(B)

FIGURE 4: Same Surfaces as Figure 3 at a Higher Magnification: A. at 75°C
for 262 Days; B. With 10 mg«L'
150 Days

of Sulphide at 150°C for
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magnification prior to descaling. There are obvious pits visible through
the corrosion products. Figure 5 shows the morphology oi the corrosion

(A)

(B)

FIGURE 5: Morphology oi Corrosion Products on Coupons Sliovn in Fignic- /i:
(A) (With 1(1 nig* I. i of Sulphide) Showing a P a U h ui nr I Inn liombi
Copper Chloride Hydro/: icle; (B) (Without Sulphidt;) Showing
Cubic/Octahedral Crystals ot Cuprous oxide
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products. In Figure 5A, the corrosion product is identified as a copper
hydroxy chloride and in Figure 5B the corrosion product is composed of
cubic/octahedral crystals of cuprous oxide.

After descaling, we see a high density of irregularly shaped pits of
various sizes in both the presence and absence of sulphide, Figure 6.

(A)

<EO

FIGURE 6: Surfaces Shown in Figure 5 After Descaling: (A) With 10 mg'L"1

of Sulphide; (B) Without Sulphide
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BREHM

LAM

IVES

INTERRANTE

IVES

What reagent did you use to descale your coupons?

We used the hydrochloric/sulphuric acid mixture recommended
by ASTM. In control experiments we did not see any pitting
due to the application of the reagent.

I don't think you are correct in calling that pitting. I
would go no further than to call it localized attack. It
looks more like a metallographically etched, rather than a
pitted, surface. By calling it pitting, I think you make
it easy to misinterpret the long-range consequences.

The question is how does it propagate after this initial
attack?

I suspect it would spread and degenerate into rough uniform
corrosion.

SHOESMITH A surface which has a very rough corrosion front cannot be
considered to be undergoing uniform corrosion. You would
have to use a roughness factor in order to estimate the
maximum penetration. You might not expect this roughness
factor to increase substantially with time, but to use an
average corrosion rate based on weight-change measurements,
would underestimate the penetration rate.

LAM After 262 days there are definitely areas where corrosion
penetration is much deeper than in other areas whether we
chose to call them pits or not.

INTERRANTE The effect seen here, I suspect, will be minor when viewed
in the context of a large container. On a large container,
I would expect some regions to corrode much more than other
regions, and the magnitude of that difference would likely
be much greater than the difference between the valley3 and
peaks in both regions. This would require the use of a
factor for the local effect but also some factor to take
into account the differences over broader expanses of the
container.

LAM

WERME

There appears to be two types of pitting as shown in Figure
6. Some of the elongated regions appear to progress along
grain boundaries. Figure 7 shows a close-up of the
attacked regions. Etching of crystallographic planes has
occurred and micropits are formed within the attacked
regions.

The sides of the pits are about 20 fim in length. They are
rather small.

INTERRANTE They are large when compared with the grain boundaries.
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LAM

INTERRANTE

LAM

(A)

(B)

No, they are small compared to the grain boundary.

Do they initiate at grain boundaries?

Some, but not all, of the elongated pits are along grain
boundaries. Figure 8 shows the corrosion product obtained
under similar conditions at 150°C.

FIGURE 7: Surfaces Shown in Figure 6 at a Higher Magnification: (A) With
10 mg-L"1 of Sulphide; (B) Without Sulphide
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(A)

50 M ^

(B)

FIGURE 8: Morphology of Corrosion Products on Copper Coupons Exposed for
150 Days l.o a UNI -Ben tun i Le Slurry (4 ml,: 1 JJ) a I lbn°C ami
150 rad'h ': (A) Shoving Calcium Carbonate (S tai -Slia|)ed)
Deposited on a Patch ol Porous Cuprous Oxide; (B) Showing a
Porous Layer ot Cubic Cuprou.'; Oxide
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Figure 8A shows star-shaped crystals of calcium carbonate deposited on a
patch of porous cuprous oxide. The distribution of corrosion product is
not uniform, unlike the situation when we have a high concentration of
added sulphide. Figure 8B shows a higher magnification of the porous
cuprous oxide deposit. Again, at 150°C, we observe pitting, Figure 9. The
pits are irregularly shaped and of various sizes.

FIGURE 9: Surfaces Shown in Figure 8 After Descaling: (A) With 10 mg«L"
of Sulphide; (B) Without Sulphide
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BREHM

LAM

(B)

The pit density seems about the same whether sulphide is
present or not.

Figure 10 shows a close-up of a pit formed in sulphide-
containing slurries (A), and another pit formed in the
absence of sulphide, (B). In both cases, you can see
etched crystallographic planes within pits.

FIGURE 10: Surfaces of Figure 9 at a Higher Magnification: (A) With
- I10 mg'L'1 of Sulphide; (B) Without Sulphide
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That picture suggests to me that this is not pitting in the
normal sense. Normally, an active pit would be covered
with a salt film enabling it to propogate. The mere fact
that we can see those crystal planes suggests no such film
is present. The dissolution is being controlled by the
crystallography, not by other factors.

But we also see micropitting within the pit.

Wouldn't you say that Figure 10 suggests an under-deposit
corrosion process rather than pitting.

Yes, I agree. Pits on copper pipes are generally formed
under deposits.

Figure 11 shows that attack, is intergranular in nature. We have attempted
to measure the propagation rate of these pits. Table 3 shows a number of

TABLE 3

MAXIMUM PITTING RATES1

(mm»a"1)

Temp

75°C

150°C

Solution

deaerated

aerated

deaerated,150 rad^h"1

deaerated

aerated

deaerated,150 rad'h"1

WN1-S2

0.57

1.2

0.039

0.88

0.32

0.016

WN13

0.014

0.087

0.064

0.16

0.92

0.088

In WNl-Bentonite Slurry (4 mL:l g) with durations from 2 months
to 1 year.

2 WN1-S - WN1 with daily addition of 10 mg-L"1 of sulphide:
In tests with irradiation, WN1-S represents WN1 with an initial
10 mg»L"* of sulphide.

3 WN1 - composition given in Table 1.

pitting rates. We obtained these numbers by measuring the depth of the
deepest pit and dividing by the exposure time to obtain the rate. We have
some indication that the aspect ratio does not change with time. These
results cannot be considered conclusive.
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LAM I would be very careful in interpreting those pitting rates
(Table 3). They are based on the depth of the deepest pit
only. In conclusion, I would like to add the following
summary:

1. In low-oxygen environments without sulphide and radiation at
temperatures below 100°C, the corrosion rate of copper is
< 2/im'a'1.

2. The highest corrosion rate was observed in aerated slurries
saturated with sulphide; the rate is < 150 ^m'a"1.

3. In the presence of a radiation field of 150 rad'h"1 the corrosion
rate is < 20 ftm»a'x.

4. The pitting factor (pit depth/uniform corrosion depth) for the
highest corrosion rate is ~ 15.

5. The corrosion rate of copper reached a steady value in 15 to 30
days. The trend in the pit propagation rate with time has not
been determined.

IKEDA Were the micrographs you presented taken after descaling?

LAM Yes.

IKEDA Then you would not expect to see a salt film as Ives
suggested. Did you look at any cross sections before
descaling?

LAM Yes.

IKEDA Did you observe any salt film covering those pits?

LAM I could not say. Copper is soft so that when you polish
the cross section, you get many particles. When you remove
them by immersion in an ultrasonic bath, you may
simultaneously wash away any salt film.

PRICE Do you think there would be any value in attempting an
experiment with a single crystal of copper? It would
remove the effects of grain boundaries and perhaps tell you
whether the emergence of dislocations on the surface was a
factor or not.

LAM It may not help our present purposes of projecting rates.

INTERRANTE With regard to the fourth point of your summary, fifteen is
a large pitting factor. Would you expect this to decrease
with longer exposure times?
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LAM

BREHM

LAM

KING

IVES

LAM

SHOESMITH

MARSH

KING

Yes. But with copper buried in soil for up to 15 years,
pitting factors as high as 24 have been reported. Our
pitting factor of 15 is from a test which lasted just over
a year.

This leaves you in something of a dilemma for making long-
term predictions. If you have to take the uniform
corrosion rate and multiply it by a factor of 15, the
penetration rate will be very fast. However, if the pit
depth doesn't increase with time, then this factor will
rapidly decrease and the penetration rate will be much
less. How can you make any prediction from this data?

It is important to know whether this pitting factor remains
constant with time. To determine this, more long-term
experiments have to be performed.

There is obviously some disagreement as to whether there is
pitting or not. Whether we call it pitting or not, we have
observed localized attack and in predicting panetration
rates we need to include a factor to convert our uniform
corrosion into genuine penetration rates.

One of the micrographs shown does show what look to be
pits. How commonly are such pits observed? I would say
that the exposure periods are too short to base
extrapolations on. You need to do tests over much longer
exposure periods to see if the observed aspect ratio is
maintained or not. Until you obtain such data, you will
not know whether pitting is important or not. It is my
suspicion that this localized attack will not develop into
pitting at longer exposure times.

For the thick copper containers proposed, I doubt whether a
pit would propagate to a sufficient depth to cause early
penetration. I think it would stop growing eventually.

We are not going to resolve the issue of whetl.dr we are
observing pitting or some under-deposit corrosion process
which will only penetrate to a certain de^th. I am sure
the question will arise again when we go on to discuss
steels. Are there any more questions on copper?

Have we decided whether copper is thermodynamically stable
or not? There appears to be a difference of opinion. If
it is thermodynamically stable in water, why do we talk
about the rate-controlling step under anaerobic conditions?

I don't think we ever quite achieve anaerobic conditions in
the presence of water radiolysis.
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SHOESMITH

WERME

BREHM

All the thermodynamic evidence at room temperature supports
the claim that copper is stable with respect to water.
However, in saline solutions there is a question as to
whether copper, complexed in the cuprous form, is stable at
higher temperatures. There is insufficient thermodynamic
data to answer the question.

General conclusions are not good enough. We have to be
specific about the conditions used in our tests, and we
need to be cautious with our conclusions. When people see
a corrosion rate for so-called anaerobic conditions, they
will assume that means copper is corroding by reaction with
water. We must specify our best estimate of residual
oxygen concentration.

Those assurances are fine. If copper only corrodes by
reaction with dissolved oxygen, then we would expect copper
oxides as the corrosion product. When we observe non-oxide
corrosion products, copper must be corroding by reaction
with some other oxident. Our copper containers will not be
exposed to pure water with or without oxygen. When we
quote a corrosion rate for anaerobic conditions, we must
remember this.

WERME

SHOESMITH

TEPER

It was to include such possibilities that I said we must be
more specific about our test conditions. We must identify
the corrosion products whenever we can.

One question we have to ask when discussing any potential
container material is: Is there a limiting range of
exposure conditions beyond which that material becomes
unviable? For copper, we could ask whether there is a
finite temperature and chloride concentration beyond which
the metal becomes thermodynamically unstable in water. I
don't think we have enough information to answer this
question. If such calculations do show instability, I
think it will be marginal. It isn't suddenly going to
become very unstable as the temperature increases.

Did you (Lam) check what form the copper was in in your
solution?

LAM No.
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IV. IRON AND STEELS
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4.1 CORROSION OF CONTAINER MATERIALS UNDER
CLAY REPOSITORY CONDITIONS

W. Debruyn
Studiecentrum voor Kernenergie (SCK/CEN)

Mol, Belgium

In this presentation I will discuss the work, done in Belgium on steels and
on a number of corrosion-resistant materials. First, I will review the
work done to date, and then I will describe what we are doing presently and
intend to do in the (near) future.

Our project on container corrosion can be described as follows:

(i) A variety of laboratory screening tests have been performed to
determine which materials look promising as candidate container
overpack materials in a clay environment, the proposed disposal
environment in Belgium.

(ii) We have performed a series of tests in surface clays. These
tests are precursors to experiments we are performing in our clay
mine.

(iii) Tests are under way in deep clay formations at the Mol site. So
far, these tests have been concentrated on characterizations of
the clay environment, both under equilibrium conditions and under
conditions where the clay has been disturbed by excavation. In
these last tests, we are simulating the emplacement of waste
containers by examining the effects of heat sources on clay
properties. We likewise have materials present whose performance
we intend to monitor for exposure times up to 50,000 hours.
These materials are in the form of convention. 1 -orrosion
specimens. Eventually, we intend to perform corrosion and
general performance tests on full-size, or reduced-size,
containers.

(iv) In our supplementary laboratory program we intend to study, in
more detail, the effect of various parameters on the corrosion
rates. The parameters studied will be those we identify as
important based on our characterization of the clay environment.
We have recently started electrochemical measurements and
experiments in the presence of 7 radiation. Eventually, we
intend to place a cobalt-60 source inside a container emplaced in
our clay mine. Also, in the future, we intend to focus on the
effects of microbiological corrosion.

(v) Finally, on the basis of the results gathered in these tests, we
will choose the most suitable container material.

We have some results from our laboratory screening tests and from surface
clay tests performed in our quarry. All our tests have been performed in
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clay environments (under both aerated and deaerated conditions). In some
of the tests the specimens were in direct contact with solid clay. In
other tests the specimens were exposed to interstitial clay water or to a
humid clay atmosphere. Finally, we have specimens exposed to the
Antwerpian groundwater adjacent to the Boom clay. The maximum temperature
achieved in a humid steam environment was 170cC. The materials we have
been screening are listed in Table 1.

TABLE 1

CANDIDATE OVERPACK MATERIALS TESTED
IN CLAY ENVIRONMENTS

Corrosion Allowance
Materials

Carbon steel

Cast iron (unalloyed)

Cast iron (Si and Ni-
alloyed)

Corrosion Resistance
Materials

Stainless steels
(A1S1 304, 316, 430)

Aluminum alloys

Nickel 200

Inconel 600, 625

Incoloy 800

Hastelloy C4

Hastelloy B

Titanium Grade-2 (0.03% Fe)

Titanium Grade-7 (0.2% Pd)

The results of our tests on corrosion allowance materials yielded the
following results:

(i) Corrosion rates in the range 50 to 150 /iin'a"1 were obtained in
wet clay and in humid clay atmospheres. Rates around 50 /im'a'1

were obtained under deaerated conditions compared to around
150 /im'a"1 under aerated conditions.

(ii) In solid clays, the corrosion rate depends on whether the clay is
under equilibrium conditions, when rates around 2/im*a'x are
obtained, or whether the specimen is exposed to disturbed clay,
when rates closer to 50 fim^a'1 are obtained.

(iii) For specimens exposed to clay water, the corrosion rate is
initially high but drops to much lower values after about one
month.
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For corrosion-resistant materials:

(i) Stress corrosion cracking was observed on stainless steel U-bend
coupons (304, 316) in both clay water and humid clay atmospheres
at temperatures around 90°C.

(ii) Except for the two titanium alloys, all the alloys tested
exhibited localized corrosion either in the form of crevice
corrosion or pitting.

(iii) For the two grades of titanium and the Hastelloy C4, the
corrosion rates were < 1/im'a"1. Analytical examination showed
the buildup of protective layers on these materials.

The objectives of our program presently under way in the clay mine are:

(a) to determine the corrosion rates of materials under realistic
repository conditions over long exposure periods;

(b) to determine the in situ chemistry of the clay and how it evolves
after the introduction of hot waste containers;

(c) to evaluate the effect of gamma radiation on corrosion and on the
clay environment;

(d) to predict the extent of corrosion over repository lifetimes.

Presently, we are installing corrosion tubes. We have two types of tube.
Some are in direct contact with solid clay. These tubes are already
installed. The second type of tube will be exposed to humid clay
atmospheres. We have experienced some difficulties during installation. We
are attempting to measure the instantaneous corrosion rates using
electrochemical techniques such as the linear polarization method, and an
electrical resistance measurement using corrosometer probes. Our in situ
characterization of the clay includes Eh and pH measurements. Experiments
on the effects of gamma radiation have been confined to laboratory studies,
but we hope to have an in situ experiment installed by June 1988. In
support of these studies we have started a series of laboratory
electrochemical tests.

For the study of materials in contact with solid clay, we are using
internally heated pressure tubes 5.3 m in length. The corrosion specimens
are in the form of welded rings around the outside of the tubes. The
materials being used in these tests are carbon steel, Hastelloy C4 and
titanium Grade-7 (0.2% Pd), since these are the materials chosen by ». e
European Community. The specimens include heat-treated and welded
specimens, as well as specimens of other promising materials. These
include a high alloyed austenitic steel (UHB 904L), a ferritic steel with
high molybdenum concentration (1803 MOT) Inconel 625, titanium Grade-2 (IMI
115) and stainless steol AISI 316. Since we observed no difference in
performance in our screening tests between Grade-2 and -7 titanium, we have
included both. The duration of the tests will be 50,000 h at temperatures
from ambient to 90°C and 170°C.
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What is the diameter of the tube?

The dimensions of the tube are shown in Figure 1.
Unfortunately, the diameter is not shown but is ~ 15 m.
Besides the container material specimens, we have samples
of waste glass also exposed on the outside of the tubes.

FIGURE 1: Schematic View of the Experimental Loop for the Direct Clay In
Situ Corrosion Tests: (1) Gallery; (2) Container Samples; (3)
Waste-Form Samples: and (4) Heating Elements

In the second series of tests we are examining interactions in a humid clay
atmosphere. In these tests we expose our corrosion specimens to the humid
gas evolving from the clay. As carrier gas, we use either an inert
(helium) or oxidizing (air) gas to sweep the space in contact with the clay
in which the specimens are exposed. Again, tests are planned to last
50,000 h at ambient temperature, 90°C, and 170°C. The materials being used
are the same as in the first series of tube tests with the main emphasis on
carbon steel, Hastelloy C4, and titanium Grade-7. Figure 2 shows a

FIGURE 2: Schematic View of the Experimental Loop for the Clay Atmosphere
In Situ Corrosion Tests: (1) Gas Inlet; (2) Container and Waste
Form Samples; (3) Heating Elements; (4) Porous Filter; and (5)
Gallery
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schematic view of such a tube. The gas stream enters at the end of the
tube (1 in Figure 2), sweeps over the specimens, and leaves the tube where
it is analyzed.

The tubes in contact with clay have been installed for about one year.
However, we have experienced some difficulties with the tests in humid clay
atmospheres, due to the unexpectedly high flux of clay water through the
filters into the tubes. Consequently, we are reconstructing our system so
that we can purge the excess water out of the tube. This will allow us to
perform corrosion studies in the humid clay atmosphere as intended. We are
also designing a system to collect the clay water and measure its flux
which is predicted to be very dependent on temperature.

Our laboratory is located at a depth of 225 m and the tubes are installed
horizontally into the clay walls.

STAHL What is the humidity in the room?

DEBRUYN The humidity is kept constant with an air-conditioning
system. However, after the initial excavation, we had to
continuously pump water (intruding through the shaft) from
the room. The water content of the clay is about 15%.

We will attempt to measure the instantaneous corrosion rates using the
linear polarization technique with corrator probes, and the electrical
resistance method using corrosometer probes. The equipment to do this was
installed about two weeks ago. We hope to be able to relate the corrosion
rates to the degree of disturbance of the clay. We would also like to
determine whether either of these techniques can be used to monitor the
corrosion rates during the first stages of repository operation.

In our attempts to characterize the clay environment we are trying a number
of different measurements. We are attempting to measure redox potentials
(Eh) in the clay using either Pt or Au measuring electrodes, and a solid
body Ag/AgCl reference electrode. The two electrodes are connected via a
salt bridge containing a solid acrylic. Such an arrangement will allow us
to continue making measurements even if broken, and will not dry out.
These systems have been installed on the surface of our tubes and in the
clay around the tubes. The pH measurements are being made with high-
pressure-resistant glass electrodes placed in the vicinity of the corrosion
tubes. Again, the reference electrode is our solid body Ag/AgCl reference
electrode. The main purposes behind Eh and pH measurements are:

(i) to monitor the restoration of clay equilibrium conditions after
disturbance by drilling and;

(ii) to see what effect the presence of a heat source has on the
condition of the clay. The arrangement, which has been partially
installed, is shown in Figure 3. The figure is only two-
dimensional, but the electrodes are in fact placed in a circle
around the cubes. The electrode assemblies around the 90°C and
170°C loops will be installed in March/April 1988.
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Figure 4 shows some pH measurements recorded in direct contact with solid
clay from October 1986 up to March 1987. The earliest data points were
recorded when the electrodes were emplaced. The pH shifted to higher
values as the clay restabilized, a process which was completed after one
month. Figure 5 shows this stable value, around 9.2 to 9.4, was maintained
throughout 1987 up to the beginning of 1988.

FIGURE 3: Configuration of pH, Eh, and Ag/AgCl Electrodes Implanted in
Direct Contact with Clay
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FIGURE 4: Initial Evolution of pH as Measured In situ in Solid Clay at
Ambient Temperature. The effect due to disturbance of the clay
by drilling is illustrated.
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With redox measurements, we observed similar behaviour, Figure 6. The
electrodes were installed on October 10, 1988, and initially showed
positive values. Over a period of two months or so the potentials fell to
steady-state values around -250 mV to -300 mV, quoted on the standard
hydrogen electrode (SHE) scale. Figure 7 shows the data recorded for
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FIGURE 7: Initial Evolution of Eh as Measured In Situ in Solid Clay at
Ambient Temperature. The equilibrium value is achieved.

September 1987. These values are as read and hence are quoted against the
reference electrode used in the actual measurement, the Ag/AgCl electrode.
From these measurements, we can conclude that the clay has a high capacity
to recover from the disturbances we introduce when excavating the hole. We
can envisage many different mechanisms for chemically removing the oxygen
introduced during the excavation. One possible reaction is the oxidation
of pyrite particles present throughout the clay,

7/2H2O Fe(OH)3 + 4H
+

Other reactions are, of course, possible.

Figure 8 shows the arrangement used to measure Eh and pH in humid clay
atmospheres. The purging installation is shown in the lower part of the
Figure. This is the apparatus to be used to drain out the clay water
flowing into the tubes. The analytical part of the installation is shown
in the top half of the figure.

We are also attempting to measure the effects of gamma radiation on clay,
and clay-water mixtures under inert, and oxidizing cover gas conditions. A
dose rate of 105 rad^h"1 is being used with irradiations lasting between
one and three months. The number of materials being studied is limited by
the size of the basket placed close to our cobalt-60 source. Consequently,
we are limited to the study of carbon steel, Hastelloy C4 and Ti/Pd. We
are also attempting Eh and pH measurements in the radiation field. So far,
we have performed some studies in interstitial clay water and in clay/clay
water mixtures at a temperature of 90°C for exposure times of 50, 100, 340,
670, and 1000 h.

The pH of the clay prior to irradiation is 5.8 under oxic conditions and
9.0 under anoxic conditions, and very little change is observed after
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40 days of irradiation. Under oxic conditions, there is some evidence for
slight acidification. Hydrogen production is also observed. The measured
amount of hydrogen produced is in close agreement with that calculated
using accepted G-values in standard water radiolysis models.

1 ABSOLUTE HUMIDITY

2 FLOW CONTROLLER
3 FLOW METER

A VALVE

5 CONDENSATION (»7'C)

6 PH METER

7 FLASK

8 CONDENSATION ( - 8 0 * 0

FIGURE 8: Installation to Purge the Excess Interstitial Clay Water from
the Corrosion Tubes in Contact with a Humid Clay Atmosphere

The corrosion rates of Hastelloy C4 and Ti/Pd are within the error of our
measurements. The maximum rate is equivalent to a penetration of 200 nm
after 1000-h exposure. No significant effect of radiation and no localized
corrosion were observed. For carbon steel, a maximum corrosion rate of
150 /im»a~ was measured in the absence of radiation. In the presence of
radiation, the corrosion rate was unaffected for anoxic conditions but
increased by about 100% (from ~ 150 /im'a"1 to 300 /jm'a"1) under oxic
conditions. Pitting was observed whether radiation was present or not, and
the extent of pitting was independent of the presence of radiation.
Metallographic cross sections of corroded carbon steel samples in the
presence and absence of irradiation are shown in Figure 9. The depth of
penetration by pitting is about the same in both cases.
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FIGURE 9: Metallographic Sections of EC-Reference Carbon Steel After
40 Days' Exposure in "Oxic" Synthetic Interstitial Clay Water:
Magnification, 500 x; Right, no 7 Irradiation; Left, 105 rad'h"1

7 Irradiation

BREHM Were those pits isolated or was the whole surface just one
continuous sawtooth?

DEBRUYN The pits were isolated. We had to study the whole surface
in order to locate them and it was necessary to carefully
cross section the surface in order to obtain a cross
section through a pit.

In our electrochemical laboratory experiments, we intend to use techniques
such as linear polarization resistance, Tafel analyses, and cyclic
polarization to investigate corrosion process under a wider range of
conditions than we can achieve in our in situ experiments.

In order to determine the wall thickness required for our containers, we
will take into account:
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(i) The extrapolation of corrosion rate data obtained under short-
term "equilibrium" clay conditions to long exposure times.

(ii) The evaluation of corrosion rate data obtained in disturbed clay
so that we can account for the initially faster rates anticipated
under these conditions.

(iii) The results of laboratory experiments designed to identify
critical environmental factors, and to explore more aggressive
conditions.

Finally, we have yet to start tests to investigate the possible effects of
microbiological corrosion and sulphate-reducing bacteria.

INTERRANTE

DEBRUYN

STAHL

DEBRUYN

Your program amounts to a series of short-term tests that
will be extrapolated to extremely long times, and will con-
tain a lot of uncertainties.

Our tests under equilibrium clay conditions will continue
for up to 50,000 h. This represents the last data point
beyond which we will have to extrapolate. We hope to
produce predictions of corrosion rates from our
electrochemical experiments, and test them by comparison to
our actual corrosion rates obtained in the tube
experiments. These experiments are, of course, being
performed under actual disposal conditions.

Did you consider any copper alloys in your program?

They were included in the materials we selected for initial
screening but failed because of sulphide formation.

BREHM

DEBRUYN

KASS

DEBRUYN

INTERRANTE

DEBRUYN

What is the chemistry of the clay water?

I don't have an exact composition with me. However, it
contains roughly 10 ppm fluoride, 60 ppm chloride, 60 ppm
sulphate, and about 80 ppm carbonate.

What is the oxygen content of your clay water?

Under equilibrium conditions it should be anoxic, although
I could not give you a lower limit for the oxygen
concentration. When you disturb the clay during excavation
you introduce oxygen, but its effects disappear in one to
two months.

You must be extrapolating steady-state data, not
equilibrium data.

The term equilibrium is used to describe the condition of
the clay. We will extrapolate corrosion rates measured
under equilibrium clay conditions.
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SHOESMITH

DEBRUYN

SHOESMITH

DEBRUYN

GARISTO

DEBRUYN

GARISTO

SHOESMITH

IVES

SHOESMITH

Why did you drop the titanium Grade-2, yet retain the
titanium Grade-7 (0.2% Pd) when both performed equally well
in your screening tests?

We have not eliminated titanium Grade-2 from our studies.
We have samples attached to our corrosion tubes. Titanium
Grade-7 was retained because it was one of the materials
selected by the European Community.

Do you consider your clay to be a good pH buffer? Your
results show that the pH rapidly returns to about 9.2 after
the initial disturbance caused by excavation. Will the
clay always prevent the pH from becoming acidic?

So far, we only have data at ambient temperatures,
those conditions it is a good buffer.

Under

Under your conditions can titanium Grade-2 lose its passiv-
ity? If you have no oxygen and no radiation will titanium
depassivate?

I cannot answer that question at the moment. You will have
to wait until we have examined some of our samples.

Can anyone else comment on whether titanium Grade-2 will
depassivate under anoxic conditions?

Yes. We have studied this alloy using planar specimens.
If the pH remains neutral, then titanium will maintain its
passivity by reaction with water. When the temperature is
high (150°C) in strong chloride solutions, or under acidic
conditions, corrosion potential measurements suggest the
metal "depassivates" slightly. However, there is no
evidence to indicate that corrosion rates increase
significantly. Such a partial depassivation is unlikely in
the low-chloride clay waters discussed here.

What do you mean when you say titanium "slightly
depassivates"?

I cannot give you a definitive answer. When we start an
experiment in oxygen-containing solution, the corrosion po-
tential we measure is in the passive region. As the oxygen
in our autoclave is consumed, the potential switches to a
less-positive value, but it does not shift into the active
region. Therefore, we conclude that the surface is still
passive, but the nature of the oxide is slightly different.
Since we cannot remove our sample to analyze the oxide we
cannot sa.y whether it is still TiO2 or not.
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4.2 CORROSION OF CARBON STEEL'UNDER WASTE DISPOSAL CONDITIONS

G. Marsh
United Kingdom Atomic Energy Authority

Harwell, Oxfordshire, U.K.

Since the United Kingdom government has decided on 50 years of above-ground
storage before waste disposal, most of our studies are generic in nature.
All the work I will describe has been done on carbon steel, a material we
chose for many of the same rsasons expressed by the people from Sandia at
the beginning of this meeting. Compared to ir.any of the other candidates
under consideration as potential container materials, the mechanism of
corrosion of carbon steel is well understood. Consequently, predictions on
long-term behaviour will be more easily justified on the basis of this
mechanistic knowledge.

Figure 1 shows a potential-pH diagram for the iron-water system at 25°C.

0 2 4 6 8 10 12 14 16

PH

FIGURE 1: Potential-pH Diagram for the Fe/H20 System at 25°C

Since the environment we are interested in (granitic groundwaters) can have
a pH in the region 5 to 10, we are considering the corrosion of iron in the
region where either ferrous hydroxide (Fe(0H)2) or magnetite (Fe3O4) is the
expected corrosion product under anaerobic conditions, and ferric hydroxide
(Fe(0H)3) or heamatite (Fe2O3) are expected under aerobic conditions.
However, granitic groundwaters can contain substantial amounts of species
such as Cl" (10-10,000 ppm), SO^" (10-10,000 ppm) and HCOJ/CO*' (10-
1000 ppm), and a simple knowledge of the thermodynamics is not sufficient
to predict what might happen in such waters. That kinetic factors will be
important is illustrated by the data of Figure 2, which shows the general
corrosion rate at two temperatures as a function of pH. These data were
recorded under anaerobic conditions and are taken from Uhllg's Corrosion
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FIGURE 2: General Corrosion Rate of Carbon Steel as a Function of pH Under
Anaerobic Conditions

Handbook. The average penetration rates plotted are calculated from
weight-loss measurements. Fortunately, the corrosion rate is approximately
independent of pH over the pH range of interest. The increase in corrosion
rate at low pH is associated with the increased availability of protons to
support the cathodic reaction, i.e., proton reduction. The decrease in
corrosion penetration at high pH was attributed to the increased rate of
precipitation of corrosion products on the steel surface, and to the
decreased availability of protons. The constancy in corrosion rate in the
plateau region was attributed to the pH-buffering effect of the ferrous
hydroxide corrosion product, which maintains the pH effectively constant at
the steel surface despite its variation in the bulk of the solution.

Figure 3 shows some electrochemical polarization data recorded on carbon
steel in a range of solutions containing HCO3/CO3" and Cl" concentrations
anticipated in granitic groundwaters. The results are presented in the
form of experimental potential-pH diagrams which help to delineate the
likely types of corrosion expected under various conditions. Figure 3(a)
shows that, in groundwaters with a low ionic strength and low HCO3/CO3"
concentrations, the only form of corrosion anticipated over the pH range of
interest is general (uniform) corrosion. Figures 3(b) to 3(d) show that,
for stronger groundwaters containing larger concentrations of HCOj/CO3", a
region of passivity encroaches on the diagram from the high-pH side. The
consequence of passivity is that, if the chloride concentration in the
groundwater increases, then passivity breakdown occurs, and a pitting
region is observed in the diagram. The relative sizes of the pitting and
passivity regions depend on the ratio of concentrations of Cl" and
HCO3/CO3". The size of the fully passive region decreases as this ratio
increases. The overall size of both regions increases as the total
carbonate concentration increases, Figures 3(b) through 3(d).
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These considerations outline the corrosion modes we need to consider in
order to completely describe the corrosion behaviour of carbon steel.
These modes are:

(i) General or uniform corrosion under both aerobic and anaerobic
conditions;

(ii) The rate of passive corrosion;

(iii) Localized attack in the form of pitting or crevice corrosion;

(iv) Environmentally assisted cracking (i.e., hydrogen embrittlement,
stress corrosion cracking).
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FIGURE 3: Experimentally Determined Potential-pH Diagrams Indicating the
Conditions Under Which Carbon Steel is Subject to General
Corrosion and Localized Attack at 50°C

By studying these various processes we hope to be able to predict the metal
thickness required to give us container lifetimes in the required range of
500 to 1000 years.

When considering general (uniform) corrosion, we have made our approach
conservative by assuming that corrosion occurs from a bare metal surface.
In other words, we did not take into account any retardation of the
corrosion process due to the presence of surface films of corrosion
products. When corrosion is occurring, the rate of the anodic reaction
must be equal to, and opposite in sign to, the rate of the cathodic
reaction. In electrochemical terms, this defines the corrosion current,

1CORR " *ANODIC 1CATHODIC' (1)

According to the principles of electrochemical corrosion, the anodic cur-
rent will be related to the overpotential (tj) driving the anodic reaction
by a Butler-Volmer equation,

1ANODIC ~ 1o ANODIC exp (2)
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where, io is the exchange current for the anodic reaction, and the
overpotential (tj) is the difference between the corrosion potential and the
equilibrium potential for the anodic reaction.

The cathodic current is the sum of two components,
1CATH0DIC = 1H20

 + 102 (3)

where iu _, is the current due to water reduction, and i. is the current dueH20 0 2

to the reduction of dissolved oxygen. We assume:

(i) the rate of oxygen reduction will be under diffusion control,

\ \ T* (4)
where D. is the diffusion coefficient of oxygen in the

corrosion medium and dc/dx is the oxygen concentration gradient
at the steel surface;

(ii) The reduction of water will be under activation control, i.e.,
controlled by the kinetics of the surface electrochemical
reaction,

P' / R T}
where i_ u n is the exchange current for the water reductionu tut)
reaction.

To analyze the corrosion kinetics in this manner we need to determine the
electrochemical parameters governing Equations (2) and (5). We obtained
these values by performing standard electrochemical polarization
measurements. Figure 4 is an example of this kind of measurement, showing
the anodic and cathodic polarization curves obtained with forged carbon
steel in a 3.5% NaCl solution at pH 7 and ambient temperature. Such a
chloride concentration represents the upper limit for expected chloride
levels in granitic groundwaters. We chose to use NaCl solutions to avoid
the formation of the calcareous deposits obtained when attempting to record
the cathodic polarization curve in synthetic granitic groundwaters. From
plots of the type shown in Figure 4, we can obtain:

(a) the Tafel slopes which are equivalent to the exponential terms in
Equations (2) and (5);

(b) the exchange current densities, io, for both reactions, given by
the pre-exponential terms in Equations (2) and (5), which are
obtained by extrapolating the straight lines in the Tafel
regions.

Generally, we obtained data which fitted the Butler-Volmer relationship as
shown in Figure 4. However, the results obtained from experiment to
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FIGURE 4: An Example of ths Anodic and Cathodic Polarization Curves
Obtained with Forged Carbon Steel in 3.5% NaCl Solutions.
Results shown are for ambient temperature and pH 7.

experiment were variable. Figure 5 shows a plot of the reaction
coefficient, »7(1-/J) (i.e., the exponential term in the Butler-Volmer
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FIGURE 5 : Relationship Between the Estimated Reaction Coefficients and
Exchange Current Densities for the Water Reduction Cathodic
Reaction on Carbon Steel in 3.5% NaCl Solution
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equation, Equation (5)), for the water reduction reaction against the
pre-exponential term, i.e., the exchange current density, i . The data

from a large number of experiments, Figure 5, shows that, when we obtained
a large Tafel slope (i.e., a small cathodic reaction coefficient), our
extrapolation yielded a larger exchange current density. This behaviour
suggests there is an interaction of errors in our estimation of the slopes
and intercepts of plots such as those in Figure 4. Consequently, we had to
do one of two things: use an alternative technique to obtain more accurate
data, or accept the scatter in our data and use a statistical approach to
analyze it. We decided to us a statistical approach, whereby we calculated
a mean cathodic reaction coefficient from all the data of Figure 5 and then
used the relationship for the line in this figure to estimate the mean
exchange current density. This was done for the three temperatures shown,
20°C, 50°C and 90°C. We found that the kinetics of the water reduction did
not change over the pH range, 4 < pH < 10. All the data lay on the linear
relationships shown in Figure 5. These results are consistent with the
data of Figure 2. If we include on our plots some of the data for water
reduction already published in the literature they fit on our relationship
rather well. It would appear that other experimenters have also
experienced similar problems with the interaction of errors.

SHOESMITH When applying Equations (2) and (5) what values have you
assumed for the charge passed in a unit reaction?

MARSH The values were 2 for the anodic reaction (2) and 1 for the
cathodic reaction (5).

KING Is the data used in Figure 5 obtained in deaerated
solutions?

MARSH Yes.

When we repeated this analysis for the anodic reaction, we experienced a
similar problem with data scatter, Figure 6. Again data published by
others fit nicely onto our curves. Using a similar statistical approach
to that employed for the water reduction, we can calculate the mean
reaction coefficient and the mean exchange current for the anodic reaction.

Before our analysis can be considered complete we must estimate the
contribution of oxygen reduction to the overall cathodic current. We
assumed above, Equation (4), that oxygen reduction would be controlled by
the diffusion of oxygen to the steel surface through the surrounding
backfill. We have performed a series of calculations to predict what
contribution oxygen reduction will make to the overall cathodic reaction.
Figure 7 shows the corrosion rate of carbon steel at 90°C supported by both
water reduction and oxygen reduction. If the rate is calculated assuming
oxygen is transported through a bentonite backfill of 10-mm thickness, then
the corrosion rate is maintained at a level ~ 5% higher than that
calculated assuming only water reduction is supporting the corrosion. For
backfill thickness > 100 mm, the corrosion rate is maintained above this
value for about 200 days before oxygen depletion, due to its slow mass
transport to the steel surface, causes the corrosion rate to fall to the
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level expected in the presence of water reduction alone. Consequently, for
bentonite backfill thicknesses 1 100 mm, corrosion due to oxygen reduction
is a transitory effect and is minor enough to be neglected.
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If we neglect the effects of oxygen reduction, then our model for the
general corrosion of carbon steel becomes very simple. We equate the
kinetics of steel dissolution to the kinetics of water reduction to satisfy
Equation (1) above. Table 1 shows some of the corrosion rates calculated
using this model and compares them to experimentally determined values. In
this table we have given not only the rest potentials and corrosion rates
calculated from the mean anodic and cathodic parameters, but also those
obtained taking into account the standard deviations from these values. We
calculated the mean value plus one standard deviation, and the mean value

TABLE 1

COMPARISON OF GENERAL CORROSION RATES PREDICTED BY THE
MATHEMATICAL MODEL AND THOSE MEASURED EXPERIMENTALLY

Temp

20

20

20

20

50

50

50

50

90

90

90

90

Mathematical

Electrochemical
Kinetic Data

Used

Ma : Mc

Ma +<7 : Mc -0

Ma : Mc

Ma : Mc

Ma +a : Mc -a

Ma = Mc

Ma +0 : M. -0

Ma : Mc

Ma +0 : Mc -a

Model Predictions

Condition

Inactive

Inactive

Radiation

Radiation

Inactive

Inactive

Radiation

Radiation

Inactive

Inactive

Radiation

Radiation

Steady Rest
Potential
(mV vs SCE)

-801

-790

-776

-776

-814

-831

-808

-825

-793

-803

-790

-801

Experimental Results

Steady
Corrosion

Rate
(fim*al)

1

13

14

20

42

69

49

76

89.

208

96.

215.

.8

.4

.8

.4

2

3

2

3

9

9

9

Steady
Rest

Potential
(mV vs SCE)

-800

-790(rising)

-775(rising)

Steady
Corrosion
Rate

2.1-2.2

5.3-8.2

16.8-21.6

Ma = Mean anodic data
Mc = Mean cathodic data
a = Standard deviation
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minus one standard deviation, for both the anodic and cathodic reactions.
These calculations showed that the worst combination was the mean plus one
standard deviation for the anodic reaction combined with the mean minus one
deviation for the cathodic reaction. Such a combination covers 98% of the
population of the results that we obtained. This combination is also given
in the table.

If we take these worst-case combinations, then we see that our simple model
predicts a corrosion rate of ~ 13.4 /im'a"1 at 20°C, rising to 69 /im'a"1 at
50°C and 208 ftm'a'1 at 90°C. We have also attempted to take into account
the effects of radiation in our calculations. In this calculation we used
a radiation dose of 105 rad'h"1 and a G-value of 2.8 for the production of
oxidizing species. Such a G-value is conservative, our experiments
indicating that a value closer to 0.28 would be more appropriate.
Nonetheless, the effect of radiation is quite small, accounting for an
increase in corrosion rate of only about 7 (im»a~l.

The experimental corrosion rates also given in Table 1 were obtained over
an exposure period of 2 years. (We have some samples due to come off this
year, which have been exposed for 5 years). When we compare these
experimental values to the theoretical values, we find that our model over-
estimates the corrosion rate, but not drastically. However, at higher
temperatures this overestimation is much more significant. When we examine
the specimens exposed at the two higher temperatures we find that they are
black and shiny, indicating the formation of protective layers of magnetite
on the steel surface. The presence of such films undoubtedly accounts for
the discrepancies between measured and predicted corrosion rates, Table 1.
So far, we have not attempted to extend our model to take into account the
effects of protective film formation on the general corrosion rate.

If we accept the very conservative corrosion rate predictions of Table 1,
the required metal container thicknesses are not unreasonable. However, if
we use these values, we predict very high levels of hydrogen production.
Since such hydrogen levels are undesirable, we are attempting to refine our
approach to the prediction of corrosion rate.

SHOESMITH Can the magnetite film formed on the specimens exposed at
higher temperatures be considered a passive film? If so,
is there a greater possibility for pitting at these
temperatures?

MARSH The definition of a passive film is rather vague. I would
class the magnetite film as protective rather than passive.
It is not a film grown by the high field ion conduction
mechanism. Films grown via this process are generally
considered to be passive films. It is more of a barrier
layer which impedes metal dissolution.

SHOESMITH Did you observe a greater tendency to pit on the specimens
exposed at the higher temperatures?



- 196 -

MARSH Yes, we did observe some pitting at 90°C. However, we
think this is due to the poor design of the experiment.
The experiments were performed in a tank with the metal
coupons on the bottom of the tank, and covered with a
bentonite layer ~ 10 cm thick. A layer of oxygenated water
lay on top of the bentonite. When we heated this tank we
set up a regular convective flow, with hot solution flowing
up the tank on the outsides, and cold water being drawn
down in the middle of the tank. We found that coupons
placed around the middle of the tank were pitted, whereas
those around the outside were not. We interpreted this
observation (of pitting) as due to the transport of oxygen
in the water flowing down through the bentonite in the
middle of the tank.

SHOESMITH Did the presence of radiation enhance the pitting?

MARSH We did observe pitting when radiation was present.

SHOESMITH Was this pitting in the presence of radiation also

attributable to the convective transport of dissolved
oxidants to the coupons?

MARSH The radiation experiments were conducted in free-flowing
solutions without any bentonite present in a 60Co cell. In
this case, we observed pitting to depths of 1 to 1.5 mm
after exposure periods of up to 10,000 h. All the
indications are that, if some oxygen is present, then there
is a danger of pitting. Under truly anaerobic conditions,
we don't see pitting.

I would like to move on to localized corrosion now. Figure 8 shows a
potential-pH diagram constructed for the iron/water/carbonate system.
Superimposed upon this diagram is one of our experimental potential-pH
diagrams from Figure 3. Also shown, as a hatched area in Figure 8, are the
conditions, in terms of potential and pH, expected within pits. These
conditions have been reported in the literature from various experimental
studies performed within artificial pits. The conditions are in the pH
range 3 to 4 and in an active corrosion region. In order to sustain
pitting the potential on the passive surface adjacent to the pit must be
higher than the value within the pit. If the potential on the passive
surface is comparable to, or less than, the value within the pit, then
there is no potential gradient to drive the localized corrosion cell.
Consequently, one criterion for the propagation of localized corrosion is
that the potential of the bulk metal surface must be more positive than the
region associated with pitting. For such a situation to exist, the metal
must be in the passive state. The minimum requirement to maintain the
metal in the passive state is that the rate of transport (flux) of oxygen
to the metal surface must be greater than, or equal to, the rate of oxygen
consumption required to support the small leakage current through the
passive film, i.e.,
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where IPASs is the steady-state current flowing on the passive metal sur-
face.

We have attempted to solve this inequality for the case of a tunnel-type
repository of the Swedish KBS design, Figure 9. We assumed that the tunnel
shown in Figure 9, which will be backfilled with a mixture of bentonite and
coarse sand, has enough pore space filled with air to ace as a continuous
source of oxygen. Also, we assumed that the transport path for that oxygen
to reach the container surface is the half metre shown between the floor of
the tunnel and the top of the container. On the basis of these
assumptions, we solved the relevant transport equations to determine the
time required for the oxygen flux to fall below the level needed to sustain
the passive film, i.e., the time required before the inequality in (6) is
no longer valid.
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FIGURE 9: Schematic of a Tunnel-Type Repository of the Swedish KBS Design
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How can you have a criterion for a localized corrosion
process which is global?

If we are to get pitting, then we must have a small anode
supported by a cathodic reaction occurring on a large
cathode. For this situation to lead to pitting we must
have a potential gradient between the active pit and the
external cathodic surface. To establish this potential
gradient, the general cathodic surface must be passive.
This passivity, and hence the potential gradient driving
the pitting process, is maintained by the flux of oxygen to
the container surface. Since, because of the requirement
for a large cathode-to-anode surface area, most of the
container surface will be passive, the global criterion,
expressed by the inequality in (6), does establish the
conditions required to maintain pitting.

Earlier you stated that the backfill around the container
is impervious to oxygen. If this is the case, then I don't
see how the passive film on the container can be sustained
by oxygen transport through this impervious medium.
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Earlier, vhen we were discussing general corrosion, we were
calculating the ability of oxygen to sustain the general
corrosion reaction. This reaction is occurring on a bare
metal surface. The results of that calculation showed
that, over a period of ~ 200 days, the local oxygen
concentrations are depleted, and oxygen transport through
the backfill can only maintain a corrosion rate of
~ 1 /im'a"1 compared to an overall corrosion rate of 60 to
70 fim'a'1 sustained by water reduction. Consequently, for
that situation, we concluded that the extent of general
corrosion sustained by oxygen reduction is negligible.

The argument being used here for a localized corrosion
situation is different. Here, we are assuming that the
container is already passive when placed in the repository,
and consequently will be corroding at a very low rate given
by the passive current, IPASS- Under these circumstances,
oxygen transport will be significant for a much longer time
since its rate of consumption is much lower. Hence, the
aerobic conditions needed to sustain pitting are maintained
for a long time. What we are trying to calculate is the
time for which the flux of oxygen will be sufficient to
maintain passivity. Since passivity is a requirement for
pitting, this time also defines the time for which pitting
is possible.

Are you going to consider the oxygen present in both the
bentonite backfill and the bentonite/sand overlayer?

In order to perform the calculation, we have to establish a
set of boundary conditions. The bentonite backfill
immediately surrounding the container, Figure 9, will be
highly compacted and oxygen transport will be diffusion-
controlled. The tunnel above the container will be filled
with a mixture of bentonite and sand which may not be well
compacted. If we assume that the transport of air through
the tunnel is unimpeded, then we can assume that we have a
continuous supply of oxygen to the compacted bentonite
interface. This situation is probably unnecessarily
pessimistic but provides a convenient boundary condition.

Is the repository assumed to be flooded?
water displace the air?

Wouldn't the

That is one possible assumption. However, it is also
possible that the inflow of water from all sides could trap
an air bubble.

We do not know how long the flooding would take. It may
require a few hundred years.

If we solve the inequality given in (6), we can predict the time for which
the oxygen flux is sufficient to maintain the metal in the passive state.
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Figure 10 shows this period plotted as a function of the passive leakage
current. The calculation was performed for a dose rate of 10 rad'h
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FIGURE 10: Passivation Period as a Function of Leakage Current and Oxygen
Diffusion Coefficient

using a G-value of 2.8 and three possible values for the diffusion
coefficient of oxygen in the compacted bentonite. From these plots we see
that the period of passivity increases as the leakage current gets smaller.
Curve C shows that, for a sufficiently large diffusion coefficient and a
passive leakage current below ~ 10"J A«m~ , passivity can be maintained
indefinitely. In other words, at a passive leakage current = 10" A»m~ ,
the steady-state flux of oxygen through the 0.5-m covering of compacted
bentonite, Figure 9, is sufficient to maintain passivity indefinitely for

D~
2

ure 9, s
= i.2 x 10 m #s , but can only maintain passivity for ~ 150 a at

Dn = 1.2 x 10
U2

"12

SHOESMITH Can you measure the passive leakage currents?

MARSH We have attempted some measurements. In Figure 10, the
values are assumed. In order to give estimates of required
container thickness, we have performed a literature survey
of leakage currents. However, we should be able to measure
them since they achieve steady-state values quite rapidly.

SHOESMITH Do you assume that the radiation dose is distributed
throughout a certain volume of the backfill?

MARSH No. The dose given is assumed to be the dose at the con-
tainer surface, and an attenuation factor is used to
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account for the decay of dose rate with distance from the
container.

Figure 11 shows the results of our calculations for a higher dose rate of
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FIGURE 11: Passivation Period as a Function of Leakage Current and Oxygen
Diffusion Coefficient

3.5 x 103 rad'h'1. This dose is a realistic estimate of that expected at
the surface of a carbon steel container 10 cm thick after 50 years of
storage. Our literature survey suggests that a reasonable value for the
passive leakage current is ~ 2 x 10" A»m" . If we accept a value

for D = 1.2 x 10"11 m2»s1 , then we expect passivity to be maintained for

about ?25 a. In other words, the container is not going to remain passive,
and hence susceptible to localized corrosion, for th-B full 1000 a of
required containment, but only for about 10 to 15% of this time. Hence, as
far as localized corrosion is concerned, the extrapolation required is much
more realistic than previously assumed. It is of the order of the
extrapolations made by corrosion scientists when dealing with other
engineered structures, which gives us some confidence in extrapolating our
own experimental data.

SHOESMITH Why do you consider a G-value of 2.8 to be conservative?
Yesterday, when we discussed the effect of radiation on
titanium, we concluded that for the special case of a large
surface area of metal to volume of solution ratio, such as
that achieved in a crevice, we might expect quite large G-
values. This would be caused by the very large surface
area of metal available to react with the oxidizing
radiolysis products. If such a situation is possible, how
can you assume a value of G = 2.8 is conservative?
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MARSH Our value of 2.8 is based on experimental experience. We
obtained such a value by comparing the corrosion rates of
carbon steel obtained in seawater under irradiated and
unirradiated conditions. These experiments lasted from
1,000 to 10,000 h. In the absence of radiation corrosion
rates in the region of 10 fimma were obtained compared to
~ 200 /im#a in the presence of irradiation (dose rate =
10 rad'h ). By attributing all the extra corrosion to
reaction with radiolytically produced oxidizing species, we
calculated a G-value of 2.8 on the basis of a mass balance.
We also performed a second set of experiments in granitic
water containing bentonite. The reasoning behind this
second set of experiments was that, in free solutions,
there would be about one hundred times the amount of water
to be irradiated than expected in reality. Also, as we
discussed yesterday, for the case of a titanium crevice, we
were concerned that experiments with a limited amount of
water might yield higher G-values because of the increased
rate of capture of radiolytically produced oxidizing
species by the metal surface. For these experiments, we
obtained a lower (G) value. However, when we made the
calculations presented here, we had completed only the
experiments in free seawater. Consequently, the results I
am presenting can be considered pessimistic.

Having established that the appropriate conditions for pitting are only
maintained for a relatively small fraction of the required container
lifetime, we set up experiments designed to measure the rate of localized
corrosion. To do this properly, we need to measure the distribution of pit
sizes obtained. From the data presented in Figure 3, we chose a solution
composition of 0.1 mol*L" NaHC03 + 1000 ppm Cl for the study of pitting.
Our carbon steel specimens were then polarized potentiostatically in the
potential range where pitting is expected. The apparatus used for these
studies is shown in Figure 12. After a set polarization period, the
specimens were removed from the cell, and the number of pits counted. The
surface was then ground down in small known increments and the number of
pits counted for each individual grinding. In this manner, we obtained a
distribution of pit depths. By doing such experiments for different
exposure periods we obtained the series of histograms shown in Figure 13
which show the pit depth distributions as a function of exposure time.
Since pitting is a statistical process, it is necessary to examine such pit
size distributions statistically in order to predict the rate of
penetration of a container by pitting. Consequently, we have attempted to
fit our results to a number of established statistical distribution
functions. In particular, we have looked at two functions:

(i) an unlimited exponential distribution function,

F(x) = 1 - exp[-b(x - x )] Q (7)
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(ii) a basic limited distribution function,

r^

where x is the pit depth; and xo is a scaling factor that sets the
distribution in depth space. For the limited distribution, w is the
maximum pit depth; u is the minimum pit depth; and x is the measured pit
depth; and b and K are scaling factors.

We chose the unlimited function, Equation (7), because our previous work
suggested that this function fitted pit depth distributions. We were,
however, skeptical of this fit because such a function predicts there is a
small but finite probability of observing a pit of extreme depth (e.g., one
mile). This seems unreasonable! It is intuitive that there will be a
physical limit to the depth to which a pit can grow in a fixed period of
time. For this reason, we anticipated that a limited distribution
function, such as that given in Equation (8), would be more appropriate.

Figure 14 shows the variations in the correlation coefficients with assumed
limiting pit depth for both functions. These coefficients were obtained
from regression analyses of the pit depth distributions obtained in
0.1 mol'L"1 NaHC03 containing 1000 ppm Cl" at a potential of -200 mV and a
temperature of 90°C for various exposure periods. If we consider the data
for 500 h, we can see that for the limited distribution function (solid
line in Figure 14), the correlation coefficient improves as we assume a
larger maximum pit depth. It is obvious that if we had assumed a value of
infinity for the maximum pit depth, we would have obtained a correlation
coefficient equal to that obtained by using the unlimited function,
Equation (7). From Figure 14a we can say that the best fit was obtained by
fitting the data to the unlimited distribution function. The same is true
for all exposure periods up to 3000 h. However, for 5000 h, we obtain the
best fit with the limited function for a maximum pit depth of 2 mm.
However, for 10,000 h, the best fit is again obtained with the unlimited
function. Some recent data for 17,000 h, not shown in Figure 14, gives the
best fit with the limited function. Although our data are not yet
conclusive, they are implying that there may be a switch occurring at long
exposure times from an unlimited distribution function to a limited
distribution function. Obviously, experiments of longer duration are
required to justify this claim.

For the moment, we have to accept the best fit to the unlimited
distribution, and attempt to estimate the maximum pit depth as a function
of time, since it is this parameter which will determine how quickly a
container fails.

If we plot the scaling parameter, b, and the location parameter, xo, as a
function of test duration, we obtain the data plotted in Figure 15. The
scaling factor, b, falls with time, indicating a widening of the
distribution with increasing exposure time. In contrast, xo increases with
time. As xo increases with exposure time, the difference between maximum
and minimum pit depth decreases. We can explain, or visualize, these
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results as follows: the pitting front proceeding into the metal is being
followed by a general corrosion front which is catching up with more and
more pits as the exposure time increases.
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If we perform a regression analysis on these two parameters (I.e., b and
x0) and use the results of this analysis with the unlimited distribution
function (Equation (7)), we obtain a statistical equation which relates the
maximum pit depth, x, to time, t, the surface area of the container, A, the
density of pits, p, and the probability we are willing to accept for a pit
proceeding to a depth > x, PA(x):

x = Kit + .0.38 In f Afi_)
(9)
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In this equation, Î t indicates the increase in xo, the uniform (or
general) corrosion front, and K2t " indicates the spreading of the
distribution with time. Since the general corrosion front is proceeding
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FIGURE 15: Logarithmic Plots of the Scale Parameter (b) and Location
Parameter (xo) for the Exponential Probability Density Functions
Fitted to the Pit Depth Data Obtained in 0.1 mol'L'1 NaHC03 +
1000 ppm Cl" at -200 mV and 90°C

linearly with tinu|, whereas the pitting process is proceeding with a time
dependency of t ' , the equation indicates that eventually the uniform
corrosion front will overtake the pits. The crossover time is predicted to
be ~ 100 years. We have yet to decide whether this situation is a
consequence of the way we have performed our tests. We have performed all
our tests under potentiostatic control, and it is possible that, under such
conditions, the uniform corrosion process is driven at a very fast rate.
For that reason, we are repeating some of our experiments under
galvanostatic control.

However, if for the time being we accept Equation (9), we can use it to
predict the maximum penetration depth expected in the 125 years anticipated
for pitting. To make such a prediction meaningful, it is necessary to
calculate this depth (x) for a surface equal in area to that of the
container and for an acceptable probability of any pit proceeding to a
greater depth than x. Taking t = 125 years, A = 4 m2, PA(x) = 10"

6, we
obtain a maximum penetration of 160 mm. This value will almost certainly
turn out to be pessimistic. For longer test times, I anticipate that the
distribution of pits will fit the limited distribution function (Equation
(7)) and that the penetration by pitting in 125 years will be less than
160 mm.
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KING How would you suggest we treat pitting on materials like
copper where we only observe an occasional pit? In that
case, there are not enough pits for the statistical
treatment you have used.

MARSH If you only have about 10 to 50 pits, then it would be more
appropriate to analyze them by using an extreme value
statistical approach, since each pit is really an extreme
result not a member of a broad population as observed for
carbon steel.

KING For copper, we tend to observe one or two pits on a
specimen, whereas on other specimens treated under the same
conditions, we don't observe any pits.

MARSH In that case, you have a binominal probability function
which will describe the situation where you observe pitting
on one specimen but not on another.

As well as the pit penetration depth of 160 mm in 125 years, we can also
calculate the uniform corrosion allowance required for a container to
survive the remaining 875 years, on the assumption that 1000 years of
containment is required. Using our general corrosion model for a
temperature of 50°C , we calculate a uniform corrosion allowance of 227 mm.
Again, this value must be considered a conservative value. With a more
refined analysis, I anticipate that smaller corrosion allowances will be
determined.

Before I conclude, I would like to make one or two comments about other
potential corrosion mechanisms that we considered but dismissed:

(a) Microbial Corrosion. Because of the lack of organic carbon and
the presence of high temperatures and radiation fields, we do not
think such processes will be significant.

(b) Stress Corrosion Cracking. Our view is that, since we cannot be
very precise about our exposure environment, we will be unable to
state unequivocably that this form of corrosion cannot occur.
The only way to avoid stress corrosion cracking is to stress-
relieve the container. Experiments performed at the University
of Newcastle-upon-Tyne indicate that, even in known severe stress
corrosion environments, the process is not observed. If we
stress-relieve to 50Z of the yield strength, then there should
not be a problem.

* This is a time-averaged value for a U.K.-designed repository with a
maximum temperature of 90°C decreasing to ambient temperature over
500 years.



- 208 -

KASS

MARSH

KASS

WERME

KASS

WERMF,

INTERRANTE

WERME

INTERRANTE

KASS

That is a highly optimistic assumption. What if you scrape
the container and cold work it as you place it in the
repository? It seems to me that to expect to design a
large container without some residual stresses above 50% of
the yield strength is unrealistic. There are other
procedures which could be similarly damaging. For
instance, you have to make a closure weld. When you
subsequently attempt to stress-relieve, the temperature
attained may be unacceptable for the fuel inside the
container.

An acceptable stress-relief temperature would be ~ 55O°C.
I don't see why that would be unacceptable for the fuel.

The limit for fuel in the United States is 350°C.

What is the reason for establishing such a criterion for
fuel temperature? Presumably it is set at that value to
avoid creep deformation of the irradiated Zircaloy
cladding. Do you know the creep strength of irradiated
Zircaloy?

At 550 to 600°C irradiated Zircaloy would creep
extensively.

It is my understanding that for a BWR rod, 600°C would be
permissible providing the temperature cycle was relatively
short, say, of an hour or two. Since Zircaloy has a fairly
high melting point, I think such temperatures would be
acceptable.

That consideration may not be the reason for choosing a
maximum permissible temperature of 350°C.

Is the reason for such a criterion the fear of creep
failure of Zircaloy?

There are probably other factors as well as creep. For
instance, what pressures would you achieve inside the
cladding when you heat it?

If you did heat the cladding to temperatures in the region
of 550°C, you would undoubtedly anneal out all the
irradiation defects in the Zircaloy cladding. Even over
such a short time you would develop a substantial pressure
and observe significant creep.

To return to the main point of this discussion, I think you
are being too optimistic to think that you can replace a
carbon steel container in a waste repository with no
residual yield stresses above 50% of the yield stress.
Carbon steel has a low yield stress to begin with, and just
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scraping it would be sufficient to introduce a significant
stress.

CROSTHWAITE I don't see why a small scrape on the surface would
endanger the underlying structure.

KASS It is possible that such a scrape could initiate localized
stress corrosion cracking, which may, or may not, propagate
into the bulk of the steel. There are many examples of
such effects in austenitic steels.

MAP^H Perhaps I should finish before we continue with the
questions.

(c) Hydrogen Embrittlenient. This is a process that we considered.
There will be a lot of hydrogen in the repository. We can deter-
mine the maximum fugacity of hydrogen at the container surface by
calculating the amount of hydrogen produced assuming the steel is
converted to magnetite via the reaction

3Fe 4H, (10)

SORENSEN

MARSH

For a temperature of 25°C, the partial pressure of hydrogen
required to bring this reaction to equilibrium is 736 atm. At
100°C, the equilibrium pressure is 1,365 atm. From the
literature we obtained equations relating the solubility of
hydrogen in iron to the partial pressure of hydrogen in the
atmosphere. Using these relationships, we calculated the
equilibrium concentrations of hydrogen in the carbon steel for
gas pressures of 736 and 1,365 atm, i.e.,

at 25°C max. H in iron = 9 x 10"3 wppm

at 100°C max. H in iron = 0.125 wppm

where the units wppm are weight parts per million. The extensive
literature on hydrogen embrittlement of iron shows that such
modest hydrogen concentrations would not cause significant
embrittlement of the steel. When embrittlement of steel is
observed in practice, it can usually be attributed to the
presence of sulphur in the environment. Under these
circumstances, we would have to calculate the yield of hydrogen
assuming the formation of iron sulphide, as opposed to magnetite
(Equation (10)). The calculated hydrogen pressures are then a
factor of ~ 10 larger. However, sulphide concentrations in
granitic groundwaters are generally too small for the formation
of iron sulphides to be significant.

Is the pressure of sulphide in bentonite significant?

To some degree yes, but the levels are still too low to
cause substantial iron sulphide formation.
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SHOESMITH Is it simply a case of forming iron sulphides? Won't the
presence of small amounts of sulphide on the surface of the
steel inhibit the recombination of hydrogen atoms to yield
H2 gas, and, by so doing, force the entry of hydrogen into
the steel?

MARSH Yes, that is so. However, that is a kinetic phenomena and
will not change the thermodynamics. The total amount of
hydrogen produced due to the presence of sulphide will
still be insignificant. Hydrogen embrittlement of ductile
carbon steels is generally observed in the presence of sour
gases where there is lots of H2S gas available to form iron
sulphides. In such situations, you get very high
equilibrium pressures of hydrogen.

In conclusion, I still consider carbon steel a feasible container material
for granitic and argillaceous rock environments. It may be acceptable for
other environments providing the pH is in the region 4 < pH < 10. The
major uncertainty with this material is the buildup of H2 gas formed by
corrosion, and what effect this will have on the general performance of the
repository.

INTERRANTE

MARSH

Your pitting results were obtained in an aqueous
environment under potentiostatic conditions. Under such
conditions, transport processes will be quite rapid.
However, containers will eventually be packed in bentonite,
a medium with a distinctly different electrical
resistivity, and within which transport processes will be
much slower. How can you relate your results to this
significantly different situation? Surely, the
distribution of pit sizes as well as the maximum pit depths
will be different for the two cases.

Our approach has been deliberately pessimistic, and I would
not expect pitting to be any worse than observed in the ex-
periments described above. I don't think the propagation
of the pit will be very different in a bentonite
environment compared to the purely aqueous environment we
used. Pit propagation is controlled by transport processes
within the pit, processes which are independent of the
environment outside the pit. Consequently, there are no
grounds to claim that pit propagation will be more
extensive in bentonite than in the solutions we used.
However, you may be right in thinking that the distribution
in number and depth of pits will be different in bentonite.
Because the electrical conductivity of our solutions is
high, our system could support a much higher density of
pits. In bentonite/water mixtures the IR drop between
anode and cathode will be large. Under these
circumstances, we would expect a much smaller distribution
of pits. Hence, I feel confident in claiming that our
measured pitting rates are realistic, but that our pit
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INTERRANTE

MARSH

BREHM

MARSH

BREHM

MARSH

STAHL

distributions are pessimistic. We would not expect to see
so many pits under conditions more closely resembling those
expected in a repository.

Apart from the question of pit density, I would expect the
aspect ratio to change if you performed your measurements
in bentonite as opposed to aqueous solutions. To determine
this effect, you will have to study the problem under the
expected respository conditions.

Besides the work I have just described, we are trying to
develop a mathematical model of pit propagation. In this
model, we hope to determine how the rate of propagation is
affected by the various parameters associated with the
system. Although we do not expect this model to predict
actual pit depths, we hope that it will enable us to study
the effects of a whole range of parameters without having
to carry out an enormous experimental program. We hope to
use this model in support of the kind of experimental data
I have described above.

On the basis of your analyses, you would need a container
over 20 cm thick. Will such a thickness be acceptable, or
will you have to refine your estimates of pit propagation
rates?

I am sure we will have to refine our estimates. What I
have tried to describe today is our methodology. However,
the most interesting observation in this work is that the
general (uniform) corrosion front is catching up and
overtaking the propagating pits. This is really a large
number of pits broadening and coalescing into an apparent
uniform front.

In that case, you no longer have the small isolated anode
and large cathode required to propagate pits. Doesn't that
destroy the whole basis of your mechanism?

You have to remember that we have performed our studies
under very aggressive conditions. By using
potentiostatically controlled specimens, we have supplied
as much current as the specimen demands, whereas under
freely corroding conditions, the current would be
regulated. We need to perform studies under galvanostatic
conditions when the current supply will be limited and only
the "fittest" pits will survive.

I would like to mention some work done by J. Beavers at
Battelle. He studied the propagation of pits and measured
aspect ratios for carbon steel. He found that pits did not
propagate to great depths, and that the aspect ratios de-
creased with time.
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KASS We would like to consider carbon steel as an alternative to
the six main alloys ve studied earlier. However, if it is
necessary to allow many centimetres for the corrosion
allowance, then we are concerned about the process of
container fabrication. For a thick-walled container,
processes such as welding, non-destructive examination, and
stress-relieving will take a long time and be quite
difficult. It is difficult to be confident based on what
is known or is likely to be known about such practicalities
in the next five to ten years. Do you have any comments on
such processes? The second comment I would like to make is
on the stress corrosion studies of Beavers and Parkins.
They concluded that there are many ways in which stress
corrosion can occur, and that more extensive studies are
required. Given their conclusions, it isn't clear to me
how you can be confident that simply reducing residual
stresses to ~ 50% of the yield stress is good enough to
ensure immunity to stress corrosion.

MARSH What I have tried to do is describe the methodology I advo-
cate for analyzing the corrosion performance of carbon
steel containers. If you use the results of that analysis
to predict the required corrosion allowance, then the
predictions are bound to be pessimistic, since our
knowledge is incomplete. Of the ~ 23 cm of corrosion
allowance estimated from our analysis, ~ 16 cm is to take
account of pitting attack over the first 125 years.
However, that 160 mm is based on a fit to an unlimited
distribution function. Our experiments indicate that, for
longer exposure times, we appear to be observing a fit to a
limited distribution function. If this switch is confirmed
by our subsequent analyses, then the required allowance for
pitting will be much less. It will be in the region of
20 mm as opposed to 160 mm. The second point I would like
to make is that the allowance for general (uniform)
corrosion, ~ 70 mm, is based on the assumption of bare
metal dissolution kinetics. In reality, we would expect
corrosion to be impeded by the presence of surface films.
When we allow high uniform corrosion rates, then the
generation of H2 gas becomes a problem. Consequently, we
have to refine our analysis to account for (i) the decrease
in corrosion rate of the carbon steel as the H2 pressure
rises; and (ii) the barrier effect of the corrosion
products. The outcome of such refinements will be the
prediction of a much lower required corrosion allowance.
In the long run, I think we will predict a much more
acceptable wall thickness.

With regard to stress corrosion: for granitic groundwaters,
the environment most likely to support stress corrosion
cracking is one containing carbonate/bicarbonate. What we
asked ourselves was, how badly does carbon steel stress
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corrode in carbonate/bicarbonate environments? Parkins
measured the threshold stresses to initiate cracking in
electron-beam-welded and standard annealed carbon steels.

KASS Didn't he use constant-load tests?

MARSH Yes, but also with a slow cyclic component applied. He
found that, for both the welded and annealed materials, the
threshold stress was approximately the same as the yield
stress of the material. Given those results, we
arbitrarily decided that stress relief to 50% of the yield
stress was sufficient to avoid stress corrosion.

Unfortunately, B. Knecht (Switzerland) is not here. They
were forced to make a much more elaborate assessment of
stress corrosion cracking, because of concerns over the
significance of defects in the carbon steel. I have some
difficulty with the application of an approach based on
fracture mechanics to a very ductile material like carbon
steel. However, until someone proves that our approach is
unreasonable, we are sticking to our claim that stress-
relieving to 50% of the yield stress is sufficient to avoid
the problem. Also, when one takes into account the high
compressive stresses imposed on the container surface due
to hydrostatic and lithostatic affects, you would need a
mechanism to penetrate halfway through the container
before it would be subject to tensile stresses.
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4.3 EVALUATION OF THE AUSTENITIC ALLOYS 304L, 316L, AND
ALLOY 825 UNDER TUFF REPOSITORY CONDITIONS

J. Kass
Lawrence Livermore National Laboratories

Livermore, California, U.S.A.

In this presentation, I would like to discuss three of our six candidate
materials for use in a tuff environment. This work is part of the Yucca
Mountain Project, formerly known as the Nevada Nuclear Waste Storage
Investigations Project. The materials I want to discuss are the austenitic
alloys 304L and 316L and stainless steel alloy 825. The conditions
expected in a tuff repository located at Yucca Mountain were discussed in
my presentation on the candidate copper alloys [1]. To refresh your
memory, the expected case is fairly benign. There will be very little
water in our vault, and what little there is will contain small amounts of
species such as chlorides, nitrates, sulphates and carbonates. The
radiation fields will initially be ~ 104 rad/h, but will decay to low
levels by the end of the containment period. The initial temperature will
be around 250°C, and we expect it to remain above the boiling point of
water for many containers over the whole containment period required
(~ 300 years). Also, there will be no lithostatic or hydrostatic pressure.
Of course, the actual conditions may differ from these since the site has
not been examined.

Type 304L stainless steel is a base case material that we use to compare
with other, more viable candidates. By comparison with 304L steel, the
type 316L stainless steel possesses enhanced resistance to sensitization
and localized corrosion due to the addition of molybdenum. Alloy 825 is
stabilized to have a much better resistance to sensitization and localized
corrosion and generally performs much better than either type 304L or 316L
in chloride environments. The compositions of the three alloys are given
in Table 1; their mechanical properties are presented in Table 2.

DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
the University of California. The views and opinions of authors expressed
herein do not necessarily reflect those of the United States Government or
the University of California, and shall not be used for advertising or
product endorsement purposes.
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TABLE 1

AUSTENITIC ALLOY COMPOSITIONS'

Alloy

304L

316L

825

C
(max)

0.030

0.030

0.05

Mn
(max)

2.00

2.00

1.0

P
(max)

0.045

0.045

Not
Spec.

S
(max)

0.030

0.030

0.03

Si
(max)

1.00

1.00

0.5

Cr
(range)

18.00 -
20.00

16.00 -
18.00

19 .5-
23.5

Ni
(range)

8.00-
12.00

10.00-
14.00

38.00-
46.0

Other
Elements

N: 0.10
max

Mo:
2.00-
3.00
N:

0.10 max

Mo:
2.5 - 3.5

Tr
0 .6 - 1.2

Cu:
1.5 - 3.0

At
0.2 max

ASTM "Specification for Ni-Fe-Cr-Mo-Cu Alloy (UNS N08825 and NO 8821)
Plate, Sheet, and Strip," B424-84
ASTM Annual Book of Standards (American Society for Testing and Materials,
Philadelphia, Pa., 1984).
ASTM "Specification for Stainless and Heat-Resisting Chromium-Nickel Steel
Plate, Sheet, and Strip," A167-84,
ASTM Annual Books of Standards (American Society for Testing Materials,
Philadelphia, Pa., 1984).

TABLE 2

AUSTENITIC ALLOY MECHANICAL PROPERTIES*

304L (annealed)

316L (annealed)

825 (annealed)

Tensile strength
(min, psi)

70,000

70,000

70,000

Yield strength
(min, psi)

25,000

25,000

25,000

Elongation
(min, %)

30

30

30

Area reduction
(min, %)

40

40

Not Spec.

See footnote to Table 1
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For type 304L stainless steel, the ASTH specification for carbon is
0.03 vt.% maximum. However, if we were to contemplate using this material,
we would need to specify a lower carbon content. Generally, in the nuclear
industry, levels down to 0.020 vt.% are specified. To eliminate the
possibility of sensitization, we might wish to specify levels as low as
0.015 vt.%. As shown in Table 2, these materials have moderate yield
strengths. They also possess reasonable ductilities. The ductility is
important to us, since we have to demonstrate that we can drop our
container about 20 feet (i.e., about twice its height) without fracturing
it. If it is dropped, the fuel would be transferred to another container.

CROSTHWAITE Who specified such a drop requirement?

KASS It is a design requirement we have tentatively placed on
ourselves until we can determine maximum drop heights
possible in the handling procedures to be finalized later.

All three alloys are derived from the iron/chromium/nickel ternary system,
and the basic phases are determined by the allotropic forms of iron. The
chromium is a ferrite stabilizer, whereas nickel is an austenite
stabilizer. Types 304L and 316L are metastable alloys that could transform
to martensite over the repository lifetime (up to 10 years), particularly
if they are cold-worked or scraped. The weld metals for these materials
are austenoferritic and, with thermal treatment, can transform to a sigma
(a) phase and other related phases. Examples of such transformations have
been observed in the nuclear industry, with castings made up with high
ferrite contents (20 to 25£) exposed at 280°C over 20 years. Alloy 825 is
a stable austenitic material over the whole temperature range. However,
the weld material used with this alloy may be subject to similar phase
transformations unless the composition is properly controlled. Figure 1 [2]
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FIGURE 1: Alloy 825 is More Stable Than are Types 304L and 316L [2]
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shows a number of cross sections from the Fe/Ni/Cr ternary-phase diagram.
The metastability of types 304L and 316L stainless steel can be appreciated
by looking at the nickel regimes. Many phase changes are observed over the
temperature range plotted. This is in contrast to alloy 825 which is
single phase with no transformations as a function of temperature.

The question of sensitization is important with types 304L and 316L. For
normal carbon levels, sensitization can be caused by welding. Also, there
are no laboratory studies which indicate that low-temperature sensitization
can occur with type 304L stainless steel after long-exposure times at
temperatures similar to those expected in a tuff repository. These tests,
which suggest that sensitization could be a problem after 40 years
(compared to the ~ 300 year containment lifetimes required), are based on
long extrapolations.

Comparison of type 304L stainless steel welds with high-carbon contents
under hot exposure conditions with companion welds under cold conditions in
boiling-water reactors (BUR) over a ten-year period did not show any
evidence of sensitization increase. Consequently, the question of such
sensitization processes in type 304L stainless steel is still hypothetical.
Also, samples of types 304L and 316L stainless steels containing only small
amounts of carbon (0.015 to 0.020 vt.%) do not show any sensitization, even
when deliberately subjected to sensitization thermal cycles. Indeed, there
are many examples of sensitization tests on low-carbon materials, none of
which show any evidence for sensitization. In the BWR program, many welds
have been tested at 500°C for 24 hours without sensitization. Since alloy
825 is stabilized, sensitization is highly unlikely. On the basis of all
this evidence, sensitization is probably a non-issue with these austenitic
materials.

Tables 3 and 4 show corrosion rate data obtained with 304L materials after

304L Stainless steel

Solution annealed

Solution annealed

Weld simulation

Weld simulation

TABLE 3

9.000-HOUR CORROSION RATES*

J-13 Water
(28 *C)

Rocks & water

Water

Rock & water

Water

Irradiated
corrosion rate

(|im/a)

0.0811 (avg)

0.151 (avg)

0.123 (avg)

0.116 (avg)

Non-irradiated
corrosion rate

(M-m/a)

0.242

0.285

0.249

0.283

M.C. Juhas, R.D. McCright, and R.E. Garrison, Behavior of Stressed and
Unstressed 304L Specimens in Tuff Repository Environmental Conditions,
Lawrence Livermore National Laboratory Report, UCRL-91804 (1984).
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9,000 hours and 10,000 hours, respectively. These results were obtained in
J-13 well water in both the presence and absence of irradiation. In all
cases, the rates are well under 1 fim/a even at 150°C. Irradiation appears
to reduce the corrosion rate. Such rates are quite acceptable.

TABLE 4

16.00Q-HQU:. OXIDATION RATES *

Material Environment Corrosion Penetration Rate
150 'C-6X105 rad/h

304L (solution annealed)

304L (solution annealed &
heat-treated condition)

J-13 Water 0.36
J-13 Water & tuff 0.31

J-13 Water 0.51
J-13 Water & tuff 0.55

R.D. McCright, H. Weiss, M.C.Juhas, and R.W. Logan, Selection of
Candidate Canister Materials for High-Level Nuclear Waste Containment in a
Tuff Repository, Lawrence Livermore National Laboratory Report, UCRL-89988
(1984).

Figure 2 [3] shows some results from Glass et al. on the effect of
irradiation on the corrosion potential of 316L stainless steel. The gamma
dose rate used is on the order of 105 rad/h (~ an order of magnitude higher
than expected repository levels). As one would expect, the corrosion
potential increases by a few hundred millivolts when the Held is turned
on, then decreases somewhat when the field is switched off again. Similar
shifts in corrosion potential were obtained by adding small amounts of
hydrogen peroxide in the absence of radiation fields, suggesting that
peroxide may be the radiolysis product producing the corrosion potential
shift.

On the basis of the corrosion results in Tables 3 and 4, we would conclude
that uniform corrosion of type 304L steel is unlikely to pose a significant
problem, even in the presence of significant radiation fields. However,
the prospects for environmentally assisted cracking in oxygenated waters
containing chloride are not so optimistic. Such cracking processes are
complicated and are controlled by the interrelationship between many
fundamental and phenomenological parameters, as indicated in Figure 3 [4].
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FIGURE 2: Effect of Gamma Flux on Corrosion Potential (316 Stainless
Steel) [3]
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Interrelationship Between Fundamental and Phenomenological
Parameters that Control Environmentally Assisted Cracking.
Solution renewal rate, oxide rupture rate, and passivation rate
are the key modeling parameters [4],
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Westerman has studied stress corrosion cracking (SCC) on U-bend samples.
His tests were performed on types 304 and 304L stainless steel specimens in
J-13 well water at 50°C and 90°C in the presence of high gamma fluxes.
High strains were applied and tests conducted in both water and steam.
These are very definitely accelerated conditions, and transgranular SCC was
observed for both types 304 and 304L specimens.

These observations are not really surprising. This can be appreciated from
the compilation of data shown in Figure 4 [5). This figure shows the

10,000

ppmOj

1,000

100

<p

10.0

Typical
O : range 0 1 5

0.1

0.01

0.001

V

•
o
•
•

SCC
see
SCC
no SCC
no SCC
no SCC

- annealed
• panialty aentlttzed
- aensltlzM
• annealed
• partially aensltlud
• sensitized

TGSCC-
annealed material
iftemale welting
and drying

u

V

it to

V V

KJSCC- » TGSCC
aensJtized Y
matenaJ TGSCC

0.01 0.05 0.1 0.2 0.5 1.0 10.0
pom C1

100 1000 10.00C

Chloride Induced SCC
of 304 L may De poss ibie

FIGURE 4: The Effects of Oxygen and Chloride on the SCC of Austenitic
Stainless Steels in High-Temperature Water [5]

observations made on SCC over a wide range of oxygen and chloride
concentrations. It can be considered as an SCC susceptibility diagram and
is compiled from over 100 references. Under tuff repository conditions, we
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expect chloride concentrations in the range 10 to 100 ppm and oxygen
concentrations (with radiolytically produced peroxide considered the
oxidizing species) around 10 ppm. Under these conditions, the data of
Figure 4 show that SCC is to be expected for types 304 or 304L stainless
steel.

Our primary concerns over use of types 304L and 316L are for chloride-
induced SCC and weld microstructure stability. We have few reservations
about the uniform corrosion rates; they are generally very low. Hydrogen
embrittlement, microbiological corrosion, and irradiation are unlikely to
pose major problems, but some further evaluation is necessary. The
questions of container fabrication and inspection will be discussed by
Russell later in this meeting. I do not consider sensitization to be a
significant problem, particularly with the extra-low-carbon materials.

The questions of microstructural stability and SCC will be addressed in our
planned studies. Consequently, we intend to use heat treatments to
overtest the effects of long-term thermal exposure. These studies will
concentrate on welds since, as described above, we have data from reactors
showing that, after ten years of exposure, welds with high ferrite contents
show evidence of embrittlement and the formation of sigma phase.
Techniques like transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) will be used in these studies.

INTERRANTE Could you tell us a little more about weld embrittlement?

The examples of this phenomenon come primarily from pressurized-water
reactors, and there have been a number of NRC meetings on the subject. The
study was started in response to some data generated in Europe. They found
a decrease in notch toughness for weld materials with high ferrite contents
that were heat-treated for ten years. As a consequence of these results, a
program was started in the United States with the aim of corroborating
these results and determining their significance in terms of reactor
performance. A large number of welds were screened for ferrite content and
a variety of tests performed.

Obviously, we need to study the SCC of types 304L and 316L in more detail.
With this in mind, we have SCC tests on heat-treated materials planned.
Thus, we will simulate low-temperature sensitization with a 24-hour heat
treatment at 500°C and determine the effects of these treatments on the
mechanical properties by tests, such as

(i) constant-extension rate tests; and

(ii) crack growth rate tests.

In these tests, we expect to be able to measure rates as low as
5 x 10 in./h using the reversing d.c. crack growth rate technique. The
long-term behaviour will then be predicted on the basis of crack growth
rate vs. strain rate plots.
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Obviously, to make realistic predictions, we need to develop models for
phase stability and SCC that we can test with our experimental data. Two
types of model, developed in the BWR program, currently exist for both
these effects:

(a) the SCC model allows the parametric assessment of stress, water
chemistry, and sensitization as depicted schematically in Figure
3; and

(b) the metallurgical model allows the similar assessment of
elemental composition, heat treatment, and temperature.

We will attempt to adapt these models to the conditions anticipated in our
repository. For example, for the SCC model, the input parameters are the
crack tip velocities, the bulk solution chemistry, the oxidation rate and
the oxide fracture rate. To confirm the validity of the model, we eed to
measure crack growth rates at different strain rates in various solutions.
As an example, Figure 5 shows that the theory predicts the crack
propagation rate over a very wide range of straining conditions for 304
stainless steel under BWR conditions. We must determine if this model is
applicable to our materials and environmental conditions and then determine
the key parameters described above for predictive capability.
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We have done very few studies for alloy 825. However, we expect the
general and localized corrosion properties and mechanical properties to be
acceptable. Again, we expect hydrogen embrittlement, microbiological
corrosion, and the effects of irradiation to be insignificant, but some
testing is required. Possible fabrication and inspection techniques have
been identified. Also, as discussed above, sensitization should not pose a
problem. The two processes requiring most investigation are SCC and weld
embrittlement, although the literature indicates alloy 825 is much less
susceptible to cracking than is either the type 304L or type 316L alloy.
The welds made with alloy 825 will be much coarser grained and hence more
difficult to inspect. Finally, this alloy may be susceptible to crevice
corrosion, and we intend to study this process.

In conclusion, I would say that we are concerned about the viability of
types 304L and 316L stainless steels, but we are much more hopeful that
alloy 825 will prove a suitable candidate. However, we still have a large
amount of work to do to complete our evaluation.

INTERRANTE

KASS

IVES

KASS

IVES

KASS

Is it fair to claim that sensitization is a non-issue with
these materials? Thermodynamically, there is a dri ing
force for carbide to precipitate. Hence, despite all your
experimental efforts showing no sensitization, will > IU be
able to prove that such a process will not occur over the
required containment period?

I will admit that there is a thermodynamic tendency for
sensitization to occur. However, if you cannot force
sensitization to occur for the low-carbon materials under
overtest conditions in furnaces, then I consider that good
evidence that we will not observe the phenomenon under
repository conditions.

Have you looked at any of the more modern austenitic
stainless steels, especially those developed specifically
for seawater applications? Many of these newer materials
are much better than the older 304L and 316L steels. I
would think that materials such as 904L stainless steel
would prove better than those you are considering.

I am sure you are correct. We would like to look at other
alloys under an alternative materials program.

Many of these newer materials are very good from the point
of view of sensitization. They are used in welded tubes,
and the problem does not seem to arise.

I agree with you.
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4.4 CORROSION OF FERROUS MATERIALS IK A BASALTIC ENVIRONMENT

W.F. Brehm
Pacific Northwest Laboratory*
Richland, Washington, U.S.A.

In this presentation I will discuss the results of corrosion tests on A27
cast low-carbon (0.20%) steel, which is similar to the A216 steel specified
as a reference material for basalt environments, and Fe/9Cr/Mo(A387) steel
thought to have a better corrosion resistance than A27. The experimental
and data analysis techniques were very similar to those described
previously for testing copper alloys. We have tested the corrosion
performance of these materials in condensed systems at temperatures ranging
from 50°C to 200°C and in air-steam mixtures in the range 150°C to 300°C.

TESTING

The groundwater used is a deoxygenated, mild sodium chloride solution. The
composition of this water is given in Table 1 of the paper on the corrosion
performance of copper alloys. All water used was "synthetic". Since we
used large volumes in our flow-through systems, we could not easily obtain
enough natural groundwater. All tests were performed in titanium pressure
vessels and autoclaves. Steel vessels were avoided to prevent the
introduction of extra iron into our system. Dissolved iron possesses
reducing properties and we wished to avoid this complication. Also, iron
and copper alloys were not exposed together in the condensed phase tests.

As with copper alloys, many of the tests were performed in groundwater/
packing mixtures, where the packing consisted of a mixture of 75% crushed
basalt and 25% Wyoming sodium bentonite. This mixture was made up under
oxic conditions and then mixed with the groundwater under anoxic conditions
in a glove box. The specimens were then placed in the pressure vessels so
that they did not touch each other or the walls. To avoid contact on the
bottom of the vessels, we used either a Teflon plate or, in the presence of
radiation, crushed basalt. Approximately 20 mL of groundwater was poured
on the top, the vessel closed, and tested for the appropriate period. At
the conclusion of the tests, we removed the specimens in the glove box.
For a number of tests we measured both the pH of the packing and the
dissolved 02 concentration. The latter was a coulometric analysis. In all
cases, the post-test 02 concentrations were below 20 ppb. Water samples
were taken, filtered, and analyzed by inductively coupled plasma
spectrometry. The corrosion products on the specimens were analyzed by X-
ray diffractometry.

Operated by Battelle Memorial Institute for the U.S. Department of
Energy Under Contract DE-AC06-7GRL0-1830
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RESULTS

Figures 1 and 2 show weight-loss data in saturated packing as a function of
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FIGURE 1: Corrosion of Cast Carbon Steel (A27) in Saturated Packing:
o , 1-Month Exposure; + , 4 Months; V, 10 Months; and <>, 18
Months
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FIGURE 2: Corrosion of Wrought Alloy Steel (A387) in Saturated Packing:
D, 1-Month Exposure; +, 4 Months; <>, 10 Months; A, 18 Months

temperature for a series of exposure periods from 1 to 18 months. For the
A27 steel, the maximum corrosion (weight loss) occurred at approximately
100°C, though there is some evidence the peak occurs at a higher
temperature for longer exposure periods. For A387 steel, the maximum
corrosion occurs around 150°C. The peak corrosion rates, after 25 months
exposure were 9 /<m»a" for the A27 steel and 1.8 /Jin'a"1 for the A387
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material. The initial corrosion rates were higher. At 200°C essentially
all the corrosion occurred in the first month. This suggests that the
steel is rapidly passivated and hence possibly susceptible to pitting. At
150°C the corrosion rates decrease with time, whereas at 50°C the corrosion
rate is still increasing. Also, the data scatter observed for copper
alloys is not observed with steels.

The pH decreased with time; an example is shown in Figure 3. The sulphate
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FIGURE 3: pH of Groundwater Solutions in Pressure Vessels After Corrosion
Tests; +, 1-Month Test; <>, 4 Months; A, 10 Months; x, 18
Months

concentration in the water increased, presumably coming from the bentonite.
Generally, there was little other change in the initial water composition.
What chemistry changes did occur (i.e., in pH and sulphate concentration)
we observed over approximately the first four months. We were interested
in the chemical changes in the groundwater to assess whether the evolution
of groundwater composition with time would affect the corrosion
performance. Wells at the Hanford site had produced waters with different
compositions. These differences were not major, but they did suggest that
waste packages buried at the site would be exposed to a range of
groundwaters.

The nature of the corrosion products on the A27 steel varied with
temperature. At 200°C the surfaces were black and shiny with magnetite
(Fe3O4). At 100°C, we observed siderite, an iron carbonate containing
calcium and magnesium. This material was non-adherent and explains why the
maximum corrosion rate occurs around 100°C. We also found definite traces
of the carbide, cementite (Fe3C). Our analyses of the packing material
indicated the presence of an iron-enriched octahedral smectite clay, which
is a known degradation product of basalt exposed to high temperature in
water.

Halfway through the test program, A387 steel was dropped as a candidate
container material. Consequently, we did not analyze the surface phases
formed on it.
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The corrosion rate in refreshed autoclaves was very similar, but generally
slightly lower. The major difference between closed vessel and refreshed
autoclave tests was in the pH. Whereas the pH decreased in the closed
pressure vessels, this trend was rapidly reversed in the refreshed
autoclaves, with the pH eventually returning to near the starting value of
9.7.

Figures 4 and 5 show the results of our corrosion tests in air-steam

12 16
TIME (Months)

FIGURE 4: Corrosion of Cast Carbon Steel (A27) in Air-Steam Mixtures in
the Absence of Radiation for Various Temperatures:D , 150°C;
V, 200°C; 0, 25O°C; A, 300°C
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FIGURE 5: Corrosion of Wrought Alloy Steel (A387) in Air-Steam Mixtures at
Various Temperatures in the Absence of Radiation;o , 150°C,
V, 200°C; 0, 250°C; A, 300°C

mixtures. The penetrations (in micrometres) are plotted as a function of
time for four temperatures. For both materials the corrosion rates are
very low, and, surprisingly, there is little difference between the two
materials. Rates of < 1 /im»a" are obtained even at 300°C. Visual
examination of the specimens showed that no pitting had occurred.
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Generally, the corrosion product was magnetite, though we did observe some
hematite (Fe2O3) after the longer exposure periods at the higher
temperatures. In contrast to observations with copper alloys, we saw no
effect of the packing in these tests.

Figures 6 and 7 show the effects of radiation on the corrosion rates from
our air-steam tests. At 150°C the effect is minor, but at 250°C a very
definite radiation effect is observed. Since the corrosion rates are
generally very low, this corrosion enhancement in the presence of radiation
is not a major cause for concern. There is no proven explanation for the
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Effect of Radiation Level on Corrosion in Air-Steam Mixtures at
150°C; 0, A27 Carbon Steel; A, A387 Wrought Alloy Steel
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irradiation enhancement observed at 250°C but not at 150°C, as discussed in
the paper concerning copper alloy corrosion.

Since we were concerned about the propogation of pits, particularly with
the A27 steel, we attempted to generate pits in a basaltic environment and
determine whether they would propagate under typical exposure conditions.
To initiate pitting, we suspended a number of specimens in the packing
mixture in a small glass beaker inside a pressure vessel. Then we added
groundwater and heated the vessel to 200°C for up to seven days to produce
a dense corrosion film. We then removed the beaker from the pressure
vessel and potentiostatted the specimens at a potential positive to the
free corrosion potential of -440 mV. This treatment produced a small
number of small pits, 20 to 100 fim deep. The specimens were then tested,
without removing them from their packing mixture environment, in pressure
vessels for one month at 100°C and 200°C. At 100°C, the rapid uniform
corrosion occurring during the one-month exposure rapidly swallowed the
pits. At 200°C, the pits remained but did not grow. Of course, at 200°C
the uniform corrosion rate is lower than at 100°C and the material
surrounding the pits is not removed so rapidly. We could not produce
pitting on the A387 steel by this technique.

A test we would like to do, is to treat specimens in an air-steam
environment, and then evaluate their performance in groundwater/packing
mixtures. Such a test would simulate the transition from an air-steam to a
condensed-water environment which will occur eventually in a basalt
repository. The major question such tests would answer is whether the
protective films formed in the air-steam environment would remain
protective in the condensed-phase environment. If the films are prone to
rupture, or other forms of attack, then the required conditions for pitting
may be present.

CONCLUSIONS

In Synthetic Groundwater:

The basaltic environment appears to be quite benign. Corrosion rates for
both cast carbon steel and A387 steel in saturated packing and air-steam
mixtures are quite low. Maximum rates of 9 /im»a~ for A27 steel and
1.8 /im'a'1 for A387 steel were observed.

Maximum corrosion rates were observed at intermediate rather than maximum
test temperatures because of the formation of non-protective corrosion
films at the intermediate temperatures.

In A27 steel, magnetite was the principal corrosion product observed, with
non-protective siderite observed at 100°C.

Pits were extremely difficult to produce in saturated packing in the A27
steel and did not grow upon subsequent exposure.
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In Air-Steam Mixtures:

Corrosion of both steels was again extremely low, < 1 /im«a , even at 300°C
in the absence of radiation. Magnetite and small amounts of hematite were
detected in corrosion product films.
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V. FABRICATION AND DESIGN
PROCEDURES
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5.1 YUCCA MOUNTAIN CONTAINER FABRICATION, CLOSURE AND NON-DESTRUCTIVE
EVALUATION DEVELOPMENT ACTIVITIES**

E.W. Russell and T.A, Nelson
Lawrence Livermore National Laboratories

Livermore, California, U.S.A.

In this presentation, I will describe our container fabrication, closure
and non-destructive evaluation (NDE) process development activities. All
of these activities arc interrelated, and will contribute to our metal
barrier selection activity.

The key design parameters for a tuff environment have been discussed
already by Kass and will only be reviewed briefly here. The key points
are:

(i) There will be no significant hydrostatic or lithostatic loading
of the container.

(ii) The flux of water will be very small (~ 1 mm/a).

(iii) The water is benign. It is basically J-13 well water, i.e., an
oxidizing, dilute sodium bicarbonate solution of neutral pH,
containing 7 ppm Cl" and 10 ppm NOj.

(iv) The temperature of the borehole wall will attain levels of
~ 25O°C over the first 50 to 100 years and then fall to about
97°C over the remainder of the 300-year containment period.

DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imploy its
endorsement, recommendation, or favoring by the United States government or
the University of California. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for
advertising or product endorsement purposes.

Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore national Laboratory under contract number W-7405-
ENG-48.
+ Prepared by Yucca Mountain Project (YMP) participants as part of the
Civilian Radioactive Waste Management Program. The YMP project is managed
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Our plan 1s to use a corrosion-resistant material in the form of a cylinder
with a wall thickness of ~ 1 cm (2 cm for pure copper). The materials
under consideration have been discussed by Kass and include the three
austenitic alloys, AISI 304L, AISI 316L and alloy 825, as well as the three
copper alloys, CDA 102, CDA 613 and CDA 715. Our targets are:

(a) Controlled, uniform microstructures for the base metal, the weld,
and the heated affected zc ^ (HAZ) of the welds;

(b) Controlled microchemistry;

(c) Low residual stresses;

(d) Small welds and heat-affected zones;

(e) Reliable methods of flaw detection by both surface and volumetric
activities.

Figure 1 gives an overview of our container process development activities.

Term L
Phase

Ulerolure review

SuB-icoie evaluations
Fjii-scoie

Csnlqiner closure

• We id ' inq j

• Preliminary sysfe

Literature review

Prototype System drawings

FIGURE 1: Overview of Container Process Development Activities

The first two activities, container fabrication and container closure, are
being done by Babcock and Wilcox in Alliance, Ohio, and in Lynchburg,
Virginia. The container closure non-destructive evaluations are being
developed at Lawrence Livermore National Laboratory. Phase 1 of these
activities is essentially complete, and we now have preliminary
recommendations which we will pursue in the subsequent phases. Phase 2
will commence in FY 89 (fiscal year). During this phase we intend to
construct a number of small specimens in the form of rings (container
fabrication) and to look at a number of welded specimens, probably in the
form of plates as well as rings (container closure). For the third
activity (non-destructive evaluation), we will look at these specimens
using ultrasonic and dye-penetration techniques. In particular, we will

by the Waste Management Project Office of the U.S. Department of Energy,
Nevada Operations Office. YMP Project work is sponsored by the DOE office
of Civilian Radioactive Waste Management.
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look at areas where problems may arise, such as welded areas, and areas
where we expect some deformation. In Phase 3, which should start sometime
in FY 90, we will produce reports which are a set of specifications of the
three activities, fabrication, closure and evaluation. Then we will
construct several prototype containers (fabrication) and demonstrate that
we can weld them using the welding technique specified (closure). Finally,
we will have to prove that we have succeeded in our fabrication and closure
efforts using the specified evaluation techniques.

Now that Phase 1 is complete, I would like to review the recommended
procedures and processes for fabricating, closing and evaluating each of
our candidate materials. First, I will list the procedures to be studied
or evaluated and then I will discuss the specific procedures in a little
more detail.

A. 304L AND 316L STAINLESS STEEL

(a) Fabrication

Three different fabrication processes will be evaluated. The first process
is the closed-end extrusion process followed by cold-working. The second,
and probably cheapest process, is to roll and weld. This is a very common
fabrication method. Subsequent thermo-mechanical processing to homogenize
the microstructure throughout the weld and HAZ will be investigated.
Finally, we will investigate the technique of centrifugal casting also with
subsequent thermo-mechanical processing. All three processes would end
with a final anneal to homogenize the microstructure and reduce the
residual stresses.

(b) Closure

Three processes have been recommended. These are:

plasma-arc welding, which is a high-density arc welding process;
electron-beam welding;
friction welding.

(c) Inspection

An ultrasonic technique will be used for volumetric inspection and the dye-
penetrant technique for surface inspections. If we end up with coarse-
grain welds, then special techniques will need to be developed.

(B) ALLOY 825

As far as fabrication is concerned, we will employ essentially the same
fabrication procedures as for the two stainless steels. However, since we
anticipate a problem with titanium stabilization, we will not pursue the
centrifugal casting technique with this alloy. Instead, we will construct
an extruded, welded and cold-worked unit. The three methods of container
closure and the two methods of container inspection described above for
304L/316L steels will also be employed with alloy 825.



- 240 -

COPPER (CDA 102)T COPPER-NICKEL fCDA 715).
ALUMINUM BRONZE (CDA

(C)

With the exception of friction welding, which is a doubtful process with
pure copper (CDA 102), the same fabrication, closure and inspection
techniques described above will be employed. The centrifugal casting
process will be evaluated for the 70/30 copper nickel and the aluminum
bronze but not for the pure copper (CDA 102). Problems are anticipated in
the fusion welding of the aluminum bronze since it is known to be prone to
cracking and phase separation.

(D) CLOSED-END EXTRUSION PROCESS

The closed-end extrusion process is illustrated in Figure 2. This is a

FORGED BILLET

EXTRUOE

FIGURE 2: Illustration of Closed-End Extrusion Process

simplified series of steps but sufficient to illustrate the process. We
start with a forged billet, square it off and place it into a pot, which
acts as an external guide. Then we squeeze the billet down, pierce it with
a ram, and push it through the guide. The container is extruded in the
required form. The benefits of this process include the forged
micros trueture and the absence of both a long-seam weld and a lower-head
veld. The welds are homogeneous, which means they should be less
susceptible to localized corrosion that can often initiate at
inhomogeneities.

(E) CENTRIFUGAL CASTING PROCESS

Figure 3 is an illustration of a centrifugal casting machine, which is

ORIFICE

MOLD
TOP ROLLERS

CASTING

FIGURE 3 :

BOTTOM ROLLERS

Illustration of Centrifugal Casting Machine
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simply a rotated mold. It requires an axisymmetrical shape and a pouring
basin to add the molten material. This process is low cost compared to the
closed-end extrusion method and commercially available. The material
should possess a dense clean microstructure and the container would have a
low ovality and no long-seam weld.

The cold-working process to be investigated to break up the dendritic
columnar weld structure and the radial columnar structure anticipated with
centrifugal casting is illustrated in Figure 4. This method, which
involves an external roll extrusion using two rollers and two rings on
bearings would be followed by several heat-treatment steps as required.
The cylinder would rotate with an internal mandrel and the external

External roll extrusion Internal-,
mandrel

>-Extern a I
. /y ring rollers

A_

FIGURE 4: Illustration of Process for Cold-Working Cylinders

rollers push down on the walls of the cylinder making them a little
thinner. The advantages of such thermo-mechanical working are mainly
microstructural. The material would possess a random grain orientation
with a uniform grain size, and the welds would undergo recrystallization.
The cylinder would also possess improved tolerances. This thermo-
mechanical process could be applied to containers formed by any of the
methods described above.

(F) PLASMA ARC WELDING

Figure 5 shows a conceptual design for the plasma-arc welding process,
supplied by Babcock and Wilcox (B and W). The method is derived from the
GTA (Gas Tungsten Arc) process, the main difference being that it is a
high-energy plasma process with currents possibly greater than 100 A. The
process is highly directional and can penetrate to significant depths. It
has many advantages, including:

Low- to medium-heat input. We may forego these advantages in
order to achieve the deep penetration and high productivity
possible with the high-energy beam.

The equipment is versatile, allowing both arc and keyhole
welding. In keyhole welding you penetrate through the weldment.
You attain equilibrium between the plasma and the weld puddle.
This enables you to produce a weld much faster than you could
with the GTA process.
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OVERHEAD UNIT TO
HOIST CONTAINERS
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WITH ROTATING PLATE

FIGURE 5: Illustration of Plasma-Arc Welding Machine

- No filler is necessary with keyhole welding.

- Repair welding can be done with the same process.

- The equipment is relatively low cost.

Figure 5 shows the PAW arrangement within the hot cell with the waste
emplaced. The container is shown standing vertically, though it could be
placed horizontally if desired. The centring device is required to
maintain the torch-to-work distance. The plasma torch must be inside the
hot cell. Also shown is the overhead unit to hoist the containers, and the
transfer cart. Located outside the hot cell would be the power supply,
control console, cooling system, and shielding gas.

(G) ELECTRON BEAM WELDING

Figure 6 shows the B and W conceptual design for the electron beam welding
process. This process is probably more familiar to you. One disadvantage
that we have with our welding procedure is that we intend to fill the
containers with argon. The electron-beam welding process can accommodate
this, but you do not get the narrow beam and small heat-affected zones
(HAZ) that would be achieved by welding in a vacuum. The major benefits of
the electron beam welding process include:

- Small HAZ and fusion zone;

- Relatively low residual stresses and distortion;

- Welds are easy to inspect;
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FIGURE 6: Illustration of Electron-Beam Welding Machines

- It is a fast welding process;

- Welds can be repaired without machining;

- No f i l ler metal is required;

Inside the hot cell the container would be placed within a vacuum chamber
and rotated while the electron gun and T.V. camera remain stationary. To
achieve welding with the normal atmospheric pressures required with argon
present, a specially modified electron gun will have to be used.

(H) FRICTION WELDING fFRW)

The friction welding process, which is a solid-state joining process that
produces coalescence using the heat developed between surfaces - one
surface stationary, while the other rotates - has the following
metallurgical benefits: small HAZ, small fusion zone with no melting,
minimum risk for second phases, and low residual stress. This method is
illustrated in Figure 7.

The major process benefits of this method include its simplicity and
ruggedness, and the fact that the parameters are easily controlled. A
motor and flywheel are located above the hot cell and are coupled to the
top-head. The flywheel is rotated and the top-head is brought into contact
with the container body using a thrust plate for upset force. To avoid
torque generated during welding, you need a centring and blocking system as
shown. The benefits of this process include:
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FIGURE 7s Illustration of Friction-Welding Machinery

Small HAZ and fusion 2one (without melting);

Low residual stresses and distortions;

Easy to inspect;

Maintenance inside the hot cell is easy and infrequently
required;

There are very few welding variables to monitor; and

Welding is rapid.

(I) NON-DESTRUCTIVE EVALUATION

A conceptual design for a non-destructive evaluation system is shown in
Figure 8. This system would be inside the hot cell. It is equipped with a
turntable fitted with two arms: one for the dye penetrant system, the other
for the transducer array. A benefit of this system is the simple
mechanical arrangement with an optimized coupling, although the coupling
remains to be demonstrated. This coupling may present a problem since we
want to avoid significant amounts of water within the hot cell. There are
other benefits to this system, Including:

We expect to detect flaws of between 1% and 10% of the wall
thickness;
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FIGURE 8: Illustration of Non-Destructive Testing System

Flexibility of inspection of a selected joining process;

The possibility of combining this evaluation system with our
closure system in order to minimize transport of the container.
This could be achieved by having a plasma-arc torch on the same
turntable.

At Livermore, during Phase 2 of our program, we intend to utilize the UTB
(ultrasonics test bed) facility. This is a state-of-the-art robotics
system, with 14 axis, multitransducer capability. By using this system we
hope to demonstrate its capabilities for our requirements before having to
specify the final design of our remote hot cell facility.

In summary: in the completed Phase 1 of our program, we have screened a
number of candidate processes for fabricating, closing and testing our
containers. Ue have chosen three fabrication, and three closure methods
for further evaluation in Phase 2. For inspection purposes we will use
ultrasonic and dye penetrant techniques. In Phase 3 a specific
fabrication/closure process will be chosen for an advanced conceptual
design. On the basis of these studies, and our corrosion evaluation, we
will choose the most appropriate alloy.

CROSTHWAITE Why do you intend to backfill your container with argon?

RUSSELL We would like to consider the zirconium fuel cladding as a
barrier and the argon will add corrosion protection.
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Also, our temperatures are high, and we wish to avoid
oxidizing the cladding.

If you have to backfill, why don't you use helium instead
of argon, so that you can simultaneously perform a helium
leak test?

Since argon is a heavier atom, it is a little easier to
use.

Argon is cheaper than helium. However, we have not chosen
a particular inert gas. Helium could be used.

In your discussion of non-destructive evaluation methods
you only discussed weld inspection. Do you intend to do a
leak test?

We are not planning to do such a test, but if required to,
we will.

Backfilling to a fraction of an atmosphere with a heavy
gas like argon may be sufficient for your purposes.

That is a distinct possibility.

Do you really need to backflush with argon? Won't you
have sufficient corrosion protection for the cladding,
etc., simply by excluding oxygen during welding? After
all, you then seal the container without further ingress
of oxygen.

We have not fully analyzed the situation. However, since
we will be getting a wide variety of fuel to dispose of,
some of it could be wet. A combination of wet fuel and a
partial pressure of oxygen would attack the fuel. Also
water radiolysis inside the cladding could produce
oxidizing conditions. We need to analyze the situation
before we decide whether a partial atmosphere of argon is
sufficient.

Why do you have to take credit for the zirconium cladding?

In our overall performance assessment we have included a
term to take credit for the cladding in our code. We
don't need to invoke the cladding as a barrier in order to
meet our requirement of 300 years of containment.
However, I see no reason not to take credit for it.

In our assessment we assume that some of our containers
will be faulty but will succeed in passing our inspection.
Consequently, we assume that ~ 5% of our containers will
fail in the first 300 years. Hence, we take credit for
the cladding in order to prevent release of the fission
products still present after such a time period.
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5.2 A DOUBLE-WALL CONTAINER APPROACH TO MEETING
THE NRC REQUIREMENTS

D. Stahl
Science Applications International Corporation (SAIC)

Las Vegas, Nevada, U.S.A.

Before I present what I have to say I will tell you a little bit about my
involvement in waste management. The SAIC is a contract R and D company.
We employ about 9,000 people worldwide, the great majority of our employees
being in the United States. I work in the Nevada office dedicated to the
Department of Energy Yucca Mountain Program Office, which is responsible
for the high-level-waste repository program at Yucca Mountain, Nevada. My
specific responsibility is to provide technical support on the Waste
Package Program, including waste forms and container materials.

Waste package performance must meet the containment and release
requirements of the U.S. Nuclear Regulatory Commission (NRC). Section
10CFR.60-113 of the Code of Federal Regulations states the following:

(A) "Containment of HLW within the waste packages will be
substantially complete for a period not less than 300 years
nor more than 1000 years after permanent closure..."

(B) "The release rate of any radionuclide from the Engineered Barrier
System following the containment period shall not exceed one part
in 100,000 per year of the inventory of that radionuclide "

With regard to point A, the NRC has not yet defined what "substantially
complete" actually means. However, the Department of Energy has produced a
two-part description of what is meant by "substantially complete"
containment:

(1) A large fraction of the radioactivity will be contained within
the ensemble of waste packages for the duration of the
containment period; and

(2) Any radioactivity released from the set of waste packages will be
released at a very low rate relative to the total inventory.

These guidelines set the stage for the container performance program
described above by Kass and Russell.

Figure 1 shows the expected repository temperature and dose-rate profiles
at the container outer surface as a function of time. The temperature is
initially around 250°C but decays quite rapidly during the first 200 years
or so. Over the next 800 years or so (up to 1000 years), the temperature
decays more gradually to around 100°C. The radiation dose rate drops very
quickly over the first 300 years of containment to around 102 rad^h'1. The
dashed line in Figure 1 effectively divides the two profiles into two
distinct regions: an initial 300-year period when the temperature and dose
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rate are high but changing rapidly; and a period when both the temperature
and the dose rate are much lower and changing only slightly.

What I will now discuss is a slightly different containment option: a dual
metallic container. In Table 1, I have listed a number of performance

300 -

200 400 600 800 1000

TIME ( )

FIGURE 1: Expected Repository Temperature and Dose-Rate Profiles at the
Container Outer Surface as a Function of Time

TABLE 1

REQUIREMENTS/CONDITIONS OF DOUBLE-WALL METALLIC CONTAINERS

Requirement/Condition

Period of Performance, years

Radiation Field

Temperature

Degree of Wetness

Metallurgical Stability

Electrochemical Activity

Environmental Interaction

Mechanical Strength

Oxidation Resistance

General Corrosion Resistance

Pitting Corrosion Resistance

Crevice Corrosion Resistance

SCC Resistance

Outer Container

To ~ 300

High

High

Mostly Dry

Moderate

Anod i c

Moderate

High

Low

Low

Low

Low

Moderate

Inner Container

After ~ 300

Low

Low

Possibly Wet

High

Cathodic

Low

Low

High

High

High

High

High
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criteria for the outer and inner containers, on the assumption that the
outer container is designed to survive the first 300-year period and the
inner container to survive 1000 years or more. As indicated in the table,
the outer container would have to endure high temperatures and dose rates.
The inner container would, however, experience relatively stable conditions
with respect to temperature and radiation. For the outer container,
conditions will be relatively dry, a relative humidity of no more than 65%
having been calculated. In fact, the humidity is likely to be much less
than this. For the inner container, assumed exposed beyond 300 years, the
conditions will be mainly dry; however, there is the possibility that some
liquid water will contact some of the containers.

Because of these different exposure conditions, we can meet performance
needs with less stringent requirements for the outer container. For
example, the material used need only have short-term metallurgical
stability. In fact, we would not really care if the outer container
degrades slowly with time. If it does, then the material choices should be
such that any galvanic interaction between the two containers leaves the
outer container anodic and the inner container cathodic. As far as
reactions with the surrounding environment are concerned, only moderate
resistance is required for the outer container compared to the higher
resistance for the inner container. This difference in requirements
applies to the resistance to oxidation, general corrosion, pitting and
crevice corrosion, and SCC. The mechanical strength requirements are, of
course, much higher for the outer than for the inner container, because of
handling loads and the NRC requirement for retrievability.

From what I have heard at this meeting, a possible choice of materials
would be copper or a copper alloy for the inner container, and an iron- or
nickel-based alloy for the outer container. One major advantage of such an
arrangement is that we could use much simpler fabrication procedures and
our testing criteria would not be as stringent, because we could tolerate a
higher level of defects in both containers.

IVES It isn't clear to me that having to guarantee containment
for only 300 years with the outer container is easier than
guaranteeing its performance over 1000 years. Engineers do
not build structures to last even 300 years.

STAHL I think we are more likely to be able to justify 300 as
opposed to 1000 years.

SHEMILT If you have a double-walled container, isn't the closure
procedure made much more difficult? Also, when you breach
the outer container, don't you leave the inner container
susceptible to crevice corrosion?

STAHL That would be the case if we chose a material for the inner
container which was susceptible to that form of localized
corrosion. Obviously, we would need to choose and test our
materials carefully.
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Surely once you breach the outer container, you leave the
inner container susceptible to crevice and/or galvanic
corrosion effects. By putting an outer container around
it, are you not making the situation worse for the inner
container than if you simply used it alone?

We would definitely have to verify that the inner container
is not susceptible to such forms of localized corrosion.

How extensive are your site characterizations? Do you know
enough about your disposal site to answer these questions?

We haven't really performed a site characterization yet.
However, in order to meet the requirements specified in the
NRC regulations (10CFR.60-113), we have to specify an
acceptable container design. As discussed by Kass, we
could specify an exotic, and costly, single-containment
design. However, you may be able to achieve your goal more
cheaply by specifying either a coated material or a dual-
wall container.

With regard to the question on site characterization, it
isn't clear what the questioner's reservation was.

The point I wish to make is that you have not characterized
the site yet, but you have made a large number of non-
conservative assumptions. For instance, you have assumed
that there will be no hydrostatic and/or lithostatic
pressure and that your groundwater is benign. What will
the groundwater composition be at 250°C?

I disagree that our assumptions are non-conservative. Our
container skin temperature will be 250°C, but there will be
no water around the waste package. Also, it is not clear
to me why you question our assumption that we have no
lithostatic pressure.

Your vault is in an excavated rock formation, a large
excavation. What absorbs the lithostatic pressure? Do you
have another barrier between the rock and the container?

No, we do not have another barrier in there. However, the
creep properties of Ihe tuff are fairly well known. On the
basis of this knowledge, we do not expect any lithostatic
pressure to develop. With regard to the water composition,
we have taken J-13 veil water as a reference groundwater,
but, as I said, we also intend to study more aggressive
groundwaters.

If you put a large amount of waste in the rock at 250°C, I
don't think it is reasonable to assume the rock will never
crack or move.
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KASS The assumption that there will be no lithostatic pressure
was made by geologists, not by materials scientists. It is
in our site characterization document, which has undergone
extensive review.

CROSTHWAITE I think the point that bothers us is the potential for
developing differential stresses. The thermal/mechanical
stresses will be high.

STAHL The repository doesn't heat up instantaneously; it will
take over 20 years to reach the maximum temperature.

CROSTHWAITE What considerations have led you to discard titanium and
its alloys as potential container materials?

STAHL They were eliminated on the basis of a rather cursory
review done many years ago. However, as Kass said,
titanium alloys are materials we intend to review as
alternatives.

KASS It was claimed that titanium was difficult to weld. We do
not necessarily accept that conclusion and we intend to
have another look at those materials.

WESTERMAN I like the idea of multiple barriers. However, by having a
dual container you introduce the burden of having to prove
both materials meet their requirements.

BREHM How thick would each container be and what would be in the
annulus between them? Would they be electrically isolated
from each other?

STAHL So far we are discussing only a concept. Whether it is
necessary to have them electrically isolated is something
for the design people to look at. I would anticipate a
thickness of about 1 cm for each container. The annulus
would not be evacuated. It would probably contain some
inert gas.

WERME I have never been particularly keen on a dual-walled
container. We would like to use a straightforward steel
container. However, if that is unacceptable to the
authorities (SKM in Sweden), then we might contemplate an
outer container of copper. However, you will always have a
problem demonstrating that you know what conditions the
inner container would be subject to once you breach the
outer container.

INTERRANTE I would like to ask a question about the glass-filled
canister. Is there some reason why the Savannah River
people have no plans to use a sensitization-resistant alloy
in place of the stainless steel one they have chosen?



- 252 -

MOLECKE

INTERRANTE

MOLECKE

INTERRANTE

MOLECKE

STAHL

We have discussed this issue many times with the people at
Savannah River. They claim it is not their job to provide
the corrosion-resistant barrier. They will only accept
responsibility for the glass waste form. By so doing, they
avoid any involvement with the regulatory process. They
know their material is inferior to many others, but they
have no intention of changing.

Doesn't the Department of Energy have any control over the
choice of materials? Why don't they insist on the
multibarrier concept?

They claim that they are in agreement with the multibarrier
philosophy. They accept that the glass waste form is only
a short-term barrier, but they disclaim any responsibility
for the long-term barrier. I have tried to persuade them
to use titanium, but they will not hear of it.

Does the Department of Energy have the authority to tell
them what they must use?

Yes. It is a DOE facility.

It is a political problem. There are two separate
organizations involved. One is a commercial HLW
organization, and the other is a defense organization.
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VI. CONTAINER CORROSION
AND FAILURE MODELING
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6.1 DEVELOPMENT OF CONTAINER FAILURE MODELS

N.C. Garisto
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinawa, Manitoba, Canada

In order to produce a complete performance assessment for our (Canadian)
waste vault some prediction of container failure times is required. Of
course, a reasonable prediction of container failure times requires data
based on an extensive experimental program designed to understand the
corrosion performance of the container and to measure its corrosion rate.
Since this is a time-consuming process, modeling inevitably starts when the
required data is limited. However, we can still test the effects of
various possible failure scenarios on the rest of our vault model, i.e., on
our prediction of the rate of release of nuclides to the environment. For
instance, we can compare the consequences of the two scenarios:

(i) all containers fail at the same time;

(ii) containers fail with a smeared distribution.

When we make this comparison, we find that the maximum release rate is
lower for the smeared failure scenario than for the single-failure-time
scenario. However, the decrease in maximum release rate is not
significantly lower. Consequently, a distribution of failure times in this
fashion is insufficient to achieve acceptable release rates. This is one
example of how you can assume an input to your model and use it to assess
whether specific failure scenarios are reasonable or not.

For the two materials considered in the Canadian program, titanium and
copper, we have data on the frequency of failures due to manufacturing
defects undetected before emplacement. We also have an estimate (from L.
Crosthwaite) on the expected size of such defects.

By calculating the time it takes for water from a saturated buffer to enter
the container through this small defect, we obtained a delay time of
thousands of years. From such calculations, we could show that the
consequences of such small defects (< 1 cm ) in terms of the dose to man
are acceptable. Such an assessment of performance is acceptable in Canada
since, in contrast to the United States, we do not have specific
performance criteria for our container. The criteria are specified for the
whole vault system. Hence, it is acceptable to show that unavoidable
problems such as defects in a small number of containers do not affect the
overall performance significantly.

From the modelers point of view, it is not clear where we should start with
either titanium or copper. On the basis of the presentations at this
workshop, I would say that titanium appears to be a good material, provided
crevice corrosion is not extensive. It is up to the experimentalist to
justify that there is very little crevice corrosion and hydrogen
embrittlement occurring before repassivation of the crevice occurs. Once
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repassivation occurs, corrosion will be uniform and very slow. The
critical question is how extensive will crevice corrosion and hydrogen
embrittlement be before repassivation.

SHOESMITH

GARISTO

KING

GARISTO

KING

GARISTO

KING

GARISTO

We are of the opinion that only crevice corrosion is
significant. Our experiments show that if the crevice is
active enough to propagate for a substantial period of
time, then hydrogen entry will occur at the crevice site.
However, the rate of crevice corrosion will be fast enough
to make the rate of hydrogen embrittlement irrelevant.

With regard to copper, there appears to be some confusion
as to what the corrosion mechanism is. If the model claims
mass transport of oxidizing species to the container
surface is rate-controlling, then it is not a conservative
model if radiolysis products are neglected. This appears
to be the model adopted in Sweden. The Canadian model,
presented above by King, assumes that transport of the
corrosion product away from the corroding surface is rate-
controlling. One problem I anticipate with this model is
the fact that the container will be surrounded by an inch
of sand. Transport of copper through this layer will be
much faster than through the surrounding buffer and this
will exert a detrimental effect on the container
performance.

I don't think the amount of copper you will get in that
inch-thick layer of sand will be significant.

The mass transport of copper through the sand will be much
faster than through the buffer.

Yes, but all that does is move the constant concentration
boundary from the container surface to the sand/buffer
interface. While this new boundary condition is being
established the corrosion rate will be higher, but not for
very long.

My major concern with a mass-transport-based model is that
in such a model the performance of the container depends on
the performance of the buffer. If the buffer fails (e.g.,
cracks), then the corrosion rate of the container will
increase substantially.

You can take that situation into account by using a range
of diffusion (or transport) coefficients. If water is
transported through a crack, in the buffer, then transport
will be through the solution, and the diffusion (transport)
coefficient will be a maximum.

Yes, I agree that that kind of approach is possible.
However, such an approach weakens the multibarrier
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approach, since one barrier is used to overcome the
problems of another.

Another problem from the modeling point of view is to decide which data on
corrosion rates should be used in order to maintain a conservative
approach. As an example, we can consider the crevice corrosion results of
Westerman on titanium Grade-12, discussed above. Should we consider these
results when attempting to model crevice corrosion? If we do not consider
them, what grounds do we have to rule them out? Similarly with copper.
Lam (Ontario Hydro) showed results indicating that pitting was occurring on
copper. Despite these results, the general opinion seemed to be that
pitting of copper was extremely unlikely. Do we just ignore such results
or do we have to explain them and justify why we are excluding them from
our model?

VERME

SHOESMITH

I think it is a dangerous, if not impossible, task to
attempt explanations for everyone else's data. You are on
much firmer ground if you construct your model and make
predictions on the basis of your own data. Once you start
trying to explain other peoples' results, there is no end
to the process. You would have to attempt an explanation
for every stray piece of information in the literature.

Perhaps the only way to deal with such data is to define
the conditions governing your vault very specifically.
Also, you must know the parameters which govern your
container's performance and the range over which they can
vary. This range of variation must include the fringe
possibilities which make it conservative. Then, if you can
show that the other person's data are outside this range,
you are justified in ignoring it. If you cannot exclude
the data in this manner, then you must consider it.
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6.2 DEVELOPMENT OF A CONTAINER FAILURE FUNCTION FOR TITANIUM

B.M. Ikeda and D.W. Shoesmith

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba, Canada

In the earlier presentation (B.M. Ikeda et al., this proceedings, p. 43)
we described our experimental program designed to develop a good
mechanistic understanding of the crevice corrosion of titanium in hot
saline solutions. The results from this program and the more general
studies of the crevice corrosion process published by Oldfield and
Sutton (J.W. Oldfield, and W.H. Sutton, Br. Corrosion J., 13(1), 13,
1987) have enabled us to specify the conditions under which crevice
corrosion occurs, and the parameters of importance in determining the
rate at which the process proceeds. The overall process involves a
number of reactions, some of which are in competition. The "balance"
between these competing processes determines the crevice propagation
rate, and the balance itself is determined by the crevice geometry. The
geometry is important since processes such as transport and migration
are involved. Since for a container failure process it is impossible to
define this geometry, a predictive model based on explicit mathematical
expressions for the individual reactions would be extremely difficult to
develop. Consequently, any prediction of container failure times will
be based on measurements of crevice corrosion rates under conditions
that simulate those anticipated in a waste vault. Since we have a good
mechanistic appreciation of crevice corrosion, such an approach is
reasonable.

Before we describe our approach to modelling the crevice corrosion
process, we need to reemphasize a number of points made in our previous
presentations:

(1) Our electrochemical approach is a valid method of determining
the susceptibility of various grades of titanium to crevice
corrosion under a variety of conditions. Such experiments are
very important in deciding the operating limits (e.g., of
[Cl~] and temperature) for the various grades.

(2) Under the conditions expected in a Canadian waste vault,
hydrogen pickup leading to the formation of titanium hydrides
and embrittlement of the material appears to be significant
only under active crevice conditions. From our previous
discussion we concluded that the container failure model
should assume that penetration of the container wall will be
by crevice corrosion, not by cracking due to hydrogen
embrittlement.

(3) The initiation of localized corrosion processes, such as
crevice corrosion is difficult to predict. Any attempt to
determine the probability of crevice initiation would involve
the study of an impossibly large number of specimens.
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However, our experimental results show that it is not the
failure to initiate but the inability to propagate that
confers resistance to crevice corrosion. Hence, predictions
of container failure times must be based on tests where
initiation is forced to occur and the subsequent propagation
rate is measured. This approach is used in the series of
immersion tests described below. By designing our experiments
in this fashion, we avoid the problem of predicting the
probability of initiation, and our rates will be conservative
in nature.

(4) For grades of titanium shown to be susceptible to crevice
corrosion under the exposure conditions used, a supply of
oxidant is required to maintain the propagation step. In this
situation, the extent of crevice corrosion will be related to
the supply of oxidant. Also, there will be a threshold
oxidant concentration required to maintain the crevice pH
sufficiently acidic for crevice corrosion to continue.
Consequently, the limited rate of oxidant transport to the
container surface under vault conditions could very well
control the rate of crevice propagation at a low rate.

Bearing these points in mind, our approach to the prediction of
container failure times is outlined in Figure 1, where Ru is t.e
penetration rate for uniform corrosion; Rc+U is the overall pen*, "ration

Uniform
Conosion

Dissolution
very slow;
Ti slowly

gains weight

Instant Failures due to
fabrication defects

Crevice
corrosion

Initiation
occurs

Crevice repassivates.
A small amount of

crevice corrosion is
followed by

uniform conosion

Active crevice conosion |
occurs. The extent of
conosion is controlled

by oxidant supply.

Roc

FIGURE 1: Various Components in an Approach to Generating a Container
Failure Function
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rate for the situation where crevice corrosion is limited by repassivation
and, subsequently, corrosion proceeds uniformly; and Rcc is the penetration
rate for the worst possible situation, where crevice corrosion proceeds for
a long period of time. The expected variation in these rates with time is
shown schematically in Figure 2A, and the total extent of corrosion
penetration is shown schematically in Figure 2B. The container failure
time is, of course, the time at which the total penetration (crevice
corrosion + uniform corrosion) exceeds the corrosion allowance.

R

Time

B.
Time Failure

Time

FIGURE 2: Schematic Representation of the Expected Container Failure
Penetration Rate (A) and Total Penetration (B) as a Function of
Time

3 4

Some containers, ~ 1 in 10 to 10 (G. Doubt, Atomic Energy of Canada
Limited Report, AECL-8328, June, 1984), are assumed to fail immediately
because of undetected fabrication defects. The consequences of such
instant failures were discussed earlier by Garisto (N.C. Garisto, This
proceedings, p.255).

The experiments designed to measure these corrosion penetration rates are
under way. We have designed a series of immersion tests to determine the
depth of corrosion penetration with time for three materials at various
combinations of chloride concentration and temperature. The materials we
are studying include two Grade-2 titanium samples, one containing 0.02 vt.%
iron and the other containing 0.13 vt.% iron. The third material is a
Grade-12 titanium. The matrix of tests and the number of samples involved
are outlined in Figure 3. Chloride concentrations range from 0.97 mol/L
(in standard Canadian Shield saline solution) to 5 mol/L; temperatures from
80 to 150°C, and exposure times from 1 week to 2 years. Both artificially
creviced and planar samples are being used.

Uniform corrosion rates will be determined from weight-gain measurements
and, in a few cases, estimated from measurements of oxide thickness using
Auger spectroscopy. Measuring the crevice corrosion penetration rate is
more complex, since corrosion propagates at localized sites within the
creviced area, as indicated in Figure 4A. Each site can act as an
independent pit and penetration will occur unevenly, as shown schematically
in Figure 4B. Hence, estimating the crevice corrosion rates from weight-
change measurements will not yield the true penetration rate.
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FIGURE 3: The Experimental Matrix Used to Generate Samples for Determining
the Penetration Rates Needed in the Container Failure Model.
SCSSS stands for standard Canadian Shield saline solution
(D.R.M. Abry et al., Atomic Energy of Canada Limited Technical
Record, TR-189 (1982)) and SCSB stands for standard Canadian
Shield brine (M. Gascoyne, Atomic Energy of Canada Limited
Technical record, TR-403 (1986))

B.

FIGURE A: Schematic Diagram Showing Independent Active Sites Inside a
Crevice Acting as Pits. (A) A full view, (B) a cross-sectional
view.

One way to estimate the depth of penetration within a crevice is to produce
a metallographic cross section and measure the penetration depth optically
or by SEM. This technique may or may not produce a true penetration rate,
depending on where the cross section is taken from. A more reliable method
is to count the number of pits and corroded areas within the crevice using
an image analyzer. By mechanically polishing thin sections from the
surface and repeating the image analysis, we will obtain a distribution of
pits as a function of penetration depth and a measure of the maximum pit
depth, both as a function of time, as indicated schematically in Figure 5.
From these parameters the probability of finding a pit at a particular
depth can be estimated. By determining a large number of pit-depth
probabilities, a pit-depth probability distribution function can be



- 263 -

2*
1

i
S
fa

I

B.

Depth Time

FIGURE 5: The Expected Forms of Data That Can Be Obtained from Image
Analysis and Depth Profiling of Creviced Coupons. (A) shows
numbers of pits as a function of their depth, and (B) shows
the maximum depth (from plot A) as a function of exposure
time.

estimated for any exposure period (G.P. Marsh, I.D. Bland, and K.J. Taylor,
Harwell Report, AERE R 12665 (Oct. 1987)). If the probability distribution
is bounded, then it can be used to predict maximum pit depths. If the
distribution is unbounded, a maximum pit depth cannot be determined because
this type of distribution predicts a finite probability for an infinitely
deep pit.

To complete our analyses, we will determine the distribution of hydrides
within the creviced area and measure the extent of hydrogen pick-up using a
hot vacuum degassing technique.

By performing such analyses on the wide range of exposed specimens under
the various conditions outlined in Figure 3 we hope to be able to:

(i) Determine the susceptibilities of the three materials to crevice
corrosion;

(ii) Measure the uniform and crevice corrosion rates as a function of
temperature and chloride concentration;

(iii) Measure the extent of hydrogen pickup as a function of
temperature and chloride concentration; and

(iv) Predict the lifetime of containers under Canadian waste vault
conditions.

DISCUSSION

GARISTO

SHOESMITH

There seems to be a wide discrepancy in the published
values for the uniform corrosion rate of titanium. If you
use all this data you will obtain a wide range of container
failure times.

The higher rates of uniform corrosion are observed in
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acidic solutions at high temperatures. The data we have
obtained were measured in neutral chloride solutions and
are consistent with the values listed in a recent review by
Schutz and Thomas (R.W. Schutz and D.E. Thomas, in Metals
Handbook, 9th Ed., Corrosion, Volume 13, ASM International,
Ohio (1987), p. 669.)

WERME The uniform corrosion rates are generally so low you are,
in effect, quoting a detection limit.

SHOESMITH I doubt whether uniform corrosion rates have been measured
consistently as a function of time. But, as the oxide film
thickens, the rate will decrease with time to a very low
value.

WERME You would expect a logarithmic dependence of c .-rosion rate
with time. The oxide thickness would be about 50 nm or so
after one year.

SHOESMITH Over a long enough period of time, the oxide would reach a
steady-state thickness and the corrosion rate would become
constant and determined by the stability of the oxide film
in the exposure environment.

MARSH Could breakaway corrosion occur under vault conditions? It
is known to occur in nitric acid solutions.

SHOESMITH I wouldn't have thought that breakaway corrosion was
possible at the low temperatures expected in a vault.

MARSH The general understanding of oxide film growth processes is
that the oxide will thicken until the stresses build up and
the film cracks and exposes the underlying metal.

SHOESMITH I do not think the film will thicken to that extent. It
will achieve a limiting thickness determined by the
chemical stability of TiO2.

WERME The TiO2 film does continue to thicken, and over long
exposure periods could build up stresses.

SHOESMITH Perhaps we should examine situations where breakaway
corrosion is observed, such as on zirconium claddings.
There we may be able to estimate the fila thickness at
which breakaway corrosion is expected to start.

GARISTO I don't understand why you rule out hydrogen embrittlement.
Once the crevice has initiated, hydrogen pick-up will occur
and embrittlement will be possible.

IKEDA Yes, that will be the case if active crevice corrosion is
occurring. However, the crevice corrosion rate will then
be fast enough to make hydrogen embrittlement irrelevant.
However, we would like to use a material which will
repassivate and not allow extensive crevice corrosion. If
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repassivation is to occur we expect it to occur rapidly
before significant hydrogen pickup occurs.

The tests of Braithwaite and Molecke (Sandia) show that
crevice corrosion will not initiate. Why do you assume
that initiation will occur?

In many practical situations we do not expect it to occur.
However, to prove that initiation will not occur is very
difficult, if not impossible. By designing our experiment
to force initiation we avoid the need to prove it cannot
occur. Then you need only prove that the material will
repassivate, not propagate. This will be determined by the
basic metallurgical and chemical properties of the
material, and will not alter with time of exposure.

Is there any magnesium in the SCSB high salinity brine?

Not very much. That brine contains 75,000 ppm Ca2+, 40 to
50 ppm Mg2+, 25,000 ppm Na+ and 177,000 ppm Cl".

Does the pH of this brine change with temperature?

It is neutral when it is made up as a synthetic brine. I
don't know what the pH is at temperature.

Why would you need to use Auger spectroscopy to measure
film thickness? Couldn't you do it more economically by
film stripping techniques?

I don't think so. The films are difficult to strip off.
Generally, film removal is done by sandblasting.

We tried to use surface analytical methods before. It is
very costly and not as simple as it appears. The oxides
are thick enough that you need to argon sputter to find the
underlying metal. The titanium ions tend to be reduced in
the electron beam and your results are correspondingly
suspect.

I remember the report describing those results. The
technique used was ESCA. We intend to use Auger to avoid
long exposures, and to perform the depth profiles quickly.

The problems have nothing to do with the time taken to
perform the experiment. The method will always
underestimate the amount of oxide present, because as you
sputter and analyze, you reduce oxide to metal and you
think you are at the oxide/metal interface before you
actually are.

Is there any possibility of using impedance measurements?
The film will have a high dielectric constant, and some
form of film capacitance measurement would indicate the
film thickness.
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SHOESMITH The electrochemical technique of a.c. impedance could
measure film thickness. You would moddl the film as a
simple capacitor as you suggest, and, knowing its
dielectric constant, calculate its thickness.

IKEDA I don't think a.c. impedance would be sensitive enough. My
attempts to measure the capacitance of other thin
insulating films were unsuccessful.

STAHL Surely, a simple measurement of film thickness is
insufficient to give you a true measure of the corrosion
rate. If you are forming and dissolving film at the same
time, then a measurement of film thickness will
underestimate the corrosion rate.

IKEDA A comparison between the corrosion rates measured from
weight change measurements and those from film thickness
measurements will tell us if dissolution is significant.

LAM Could you measure the passive current by applying the
polarization technique under completely deaerated
conditions?

IKEDA I don't know whether we could actually make such a
measurement. We know the corrosion rates are very low. I
would anticipate difficulties in measuring the passive
current.

SHOESMITH All these suggestions that we look for a better technique
(than Auger) for investigating the uniform corrosion of
titanium are appreciated. The perception among the
questioners, that we have not adopted the best method to
measure thicknesses of TiO2 films, is probably valid.
However, if corrosion is simply by a uniform process
container lifetimes will be very long. Our major emphasis
is on crevice corrosion as the fastest potential failure
mechanism.

INTERRANTE Is your weight change data of any value at all in
estimating crevice corrosion rates?

IKEDA Only as a check. The crevice corrosion rate will be
estimated from the pit penetration measurements. However,
for any actively propagating crevice the great majority of
weight change will be within the creviced area. Hence,
there should be a correlation between weight change and
crevice penetration rate.

GARISTO Based on your crevice corrosion rate measurements, how long
do you predict the container will last?

SHOESMITH If you accept the averaged, but conservative, values
presented previously by Ikeda, then the container should
last 200 to 300 years. However, those data were recorded
on the material we know to be susceptible to crevice
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corrosion. Our present series of immersion tests will
compare the performance of this material to a much better
Grade-2 material as well as to Grade-12.

KASS Are you convinced that fabricating or welding the container
is not a problem?

SHOESMITH That is a question that should be addressed by Crosthwaite
who, unfortunately, isn't here today. We have never seen
any crevice corrosion on welded samples either in immersion
tests or in electrochemical experiments.

SORENSEN The welding, even of full-sized canisters, is almost
trivial.

GARISTO Have you decided that titanium Grade-12 is a better
material than Grade-2?

SHOESMITH It probably is, but the purpose of our experimental program
is to compare the behaviour of both glides of titanium. We
would conclude that, as far as Grade-2 titanium is
concerned, the iron content is very important. The
material with the higher iron content is much less
susceptible to crevice corrosion. The increased iron
content produces intermetallics and forces formation of
some /?-phase. This makes the Grade-2 closer in
microstructural properties to the Grade-12, where the
presence of nickel produces a /J-phase and intermetallic.
Their susceptibility to crevice corrosion also becomes very
similar. We are attempting to understand these
similarities (and differences) so that when we make a
recommendation we will have a good mechanistic basis upon
which to defend our choice.

GARISTO Can we make a case for titanium-12 as a container material?

SHOESMITH Yes, on the basis of the Sandia results. However, we still
need to explain the results of Westerman, which showed
significant crevice corrosion of titanium-12 in magnesium-
containing brines in the presence of irradiation.

IKEDA We feel comfortable in defending titanium-12 as a container
material. However, we have insufficient data to predict
actual container lifetimes.

STAHL Do you need to embark on an alloy development program in
order to optimize the chemistry?

SHOESMITH Such an optimization was undertaken by Schutz at TIMET for
titanium Grade-12. This work was done under contract to
Sandia. The conclusion from that study was that the
commercially available Grade-12 was acceptable. As far as
Grade-2 is concerned we are doing a small amount of work in
that area. We are looking at a range of iron contents and
a small number of heat treatments. These experiments are
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not extensive enough to be called an optimization program.
We are really interested in knowing whether iron content is
the important parameter in determining crevice corrosion
susceptibility. Titanium suppliers, such as TIMET, have
assured us that controlling the iron content is relatively
easy with the present fabrication process.

How microstructurally uniform are these materials?
Yesterday you showed evidence that iron was present in a
separate phase. If the material is homogeneous then I am
surprised that you observe pits within your crevices. I
see no reason why one part of the crevice should get ahead
of another, unless the material possesses some
inhomogeneity at which pitting can initiate.

Since we also have a cathodic reaction occurring inside the
crevice (i.e., proton reduction) we will have distinct
anodic and cathodic sites within the crevice. Hence, I
don't think it is too surprising that we see localized
pitting within the crevice.

Initially, we see a localized pitting process which is
consistent with the expectations of Sutton and Oldfield
(J.W. Oldfield and W.H. Sutton, Br. Corrosion J., 13(1), 13
(1987)). However, if crevice corrosion continues to
propagate these micropits appear to join, and propagation
appears to adopt a uniform corrosion front. We hope to
justify these tentative conclusions by our image analyzing
of immersion samples.

The distribution of pits, and their depth, appear to vary
from Grade-2 to Grade-12 titanium. This may be related to
the difference in /?-phase content between the two
materials.

Do you know how stable these microstructures are? What
effect will their stability or instability have on the
materials crevice corrosion behaviour over long exposure
times?

We discussed this question yesterday. I don't think
microstructural changes will be significant at the
temperatures expected in our vault. We expect the
temperature to be around 100°C for the first 100 years or
so and then to fall to 80°C or less.

Sensitization of Grade-12 titanium is only observed at high
temperatures in the range 700 to 850°C. Intermetallic
compounds of Ti2Ni are formed.

Our heat treatment changes the microstructure in the
opposite direction. When we start out we have beta phase
stringers through this material, but there are also
intermetallic particles (FeTi) sitting at grain boundaries.
The heat treatment gets rid of these stringers and small
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intermetalllcs (apparently; I can't say that we've done it
all in real detail) by redistributing the /J-phase around
the grains.

SORENSEN The Grade-2 and Grade-12 are both alpha-beta alloys where
the beta phase contains things like molybdenum, iron, and
nickel. These are all beta stabilizers. Typically the
beta forms at the grain boundaries of the alpha phase.

WESTERMAN When we recommended to the Salt Repository Project that
they eliminate the titanium Grade-12 in favour of the
nickel-based alloys we cited two things: one was the
crevice corrosion; and the other was the hydrogen-induced
delayed failure (HIDF) that has not been resolved. I'm
surprised that HIDF has not come up for discussion, it
being a real Achilles heel of the alpha-beta alloys, unless
it can be shown that mechanism of embrittlement isn't
operative. I don't hear anybody planning to study it.

IKEDA We do have some tests underway to look at crack initiation
and delayed fracture.

SHOESMITH Brian, you summarized yesterday our work on hydrogen uptake
as a function of crevice corrosion and stress/strain
levels.

IKEDA Here we are talking about delayed hydride fracture, as
opposed to embrittlement; i.e., relatively low levels of
hydrogen resulting in fracture under constant load
conditions. The tests we have planned haven't been
completed.

SHOESMITH How much hydrogen is required for delayed fracture to
occur?

WESTERMAN Well, it depends, but Dutton's and Puls' article indicates
10's of ppm is enough to do it; like 20 or 30.

INTERRANTE You say it is the two-phase alloy which is susceptible.

WESTERMAN Well the alpha-beta alloys are known to be susceptible to
the phenomenon.

INTERRANTE Do they crack along the boundary?

WESTERMAN I don't know. But the hydride platelets tend to reform at
the root of the advancing crack in a triaxial zone, and
since they are thermodynamically favoured there, the
hydrogen tends to migrate to that area and reprecipitate.
The crack front then follows the interface between the
platelet and the surrounding metal matrix.

WESTERMAN Lars, isn't this the phenomenon that caused titanium to
fall into disfavour in the Swedish program several years
ago?
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WERME

SHOESMITH

WERME

SHOESMITH

WERME

IKEDA

INTERRANTE

WESTERMAN

IKEDA

MARSH

Yes, it is. That was one of the reasons why we dropped
titanium as a canister candidate. We had to demonstrate
that delayed cracking would never happen. It happens with
carbon steels but it happens slowly and is under control.
It is almost impossible to definitely rule it out. In
carbon steels the process occurs and failure is actually
observed, but at a controlled rate. With titanium we face
the situation that in most cases it will not happen. You
cannot completely rule out the possibility. You have to
consider it and it's very difficult to study.

If it occurs is it going to be very rapid?

I don't think it will occur. However, don't your results
show that you can get hydrogen into your two-phase alloy,
titanium-12?

Are you referring to the experiments where we crack
titanium-12? Yes, but only at very cathodic potentials.

However, you do get more hydrogen uptake in titanium-12 as
opposed to titanium-2?.

We did our slow-strain rate tests with both titanium
Grade-12 and Grade-2 with the high iron content. We could
not induce cracking of the Grade-2 material, probably
because we couldn't break the film down for long enough.

The question that comes up is whether or not you'll be able
to prove that the phenomena will never occur over these
long time periods under your repository conditions. That
may be possible if the material can be shown to be
unsusceptible to the phenomenon. It may be very difficult,
despite what test results show over short times, to prove
that it will never happen. It is this inability to prove
nonsusceptibility lhat forces many to discard materials
that have potential problems like this one. Any material
with microstructural instabilities is questionable. I
don't think the scientific community, at least in the
United States, wants to skate on thin ice.

I would recommend that if you plan to use the titanium
alloys then you start investigating this sort of problem
very early. If you have to do anything like justify your
material to licensing bodies, as we have to do in the U.S.,
they will question you on such problems.

We have addressed the problem of delayed hydrogen cracking.
So far we haven't completed our tests, but the test results
indicate that at temperatures of 150°C, delayed cracking
does not occur.

If I remember correctly, the mechanism for delayed failure
is hydride formation. However, either the AECL or the
Sandia results showed that significant embrittlement only
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occurred when you got about 900 ppm of hydrogen in the
interior of the metal.

SORENSEN Those results were from slow strain rate experiments which
don't test for delayed hydrogen fracture.

MARSH 900 ppm is well above the solubility limit for hydrogen in
titanium. If you can form hydrides at much lower hydrogen
levels, they are not leading to embrittlement for some
reason which needs to be understood. Alternatively, the
kinetics of nucleation and growth of the hydrides are so
slow that you haven't actually formed them in substantial
amounts at that lower hydrogen level over the duration of
your experiment. If the latter is the case, then I don't
see how you can argue that your material is resistant to
delayed cracking on the basis of your experimental results.

INTERRANTE At the tip of the advancing crack, the situation is much
different than it is in the smooth bar specimens you use in
a slow strain rate test. At the tip of the advancing
crack, there's a very high triaxial compound of stress.
That region is like a well for hydrogen so that the
hydrogen concentration builds up greatly in that region.
This buildup is fine as long as the system is at
equilibrium. Any perturbation of that equilibrium
precipitates the hydrogen and immediately leads to
reactions such as the formation of the hydride. I suspect
that such reactions are not very reversible. Once the
hydride has formed, it's then present as a brittle
constituent and can crack. A new triaxial region is
established and the process can repeat. Hence, even with
relatively small total hydrogen contents in the material,
this hydride forms locally at the crack front and continues
to form and cause fracture. The time involved is minute
compared with the required lifetimes of materials under
waste vault conditions.

IKEDA

INTERRANTE

STAHL

You have to have a crack present in order for delayed
fracture to occur. It reduces to a problem of crack
initiation.

In one sense that is true, in another it isn't. If you
regard all fabricated structures as flawed structures, then
the same thing can happen, only to a lesser extent, in a
region near any flaw, an inclusion for example. At the
tips of the inclusion there would be a region of triaxial
stress at which the same phenomenon might occur. However,
the sharpness of the notch at that flaw is probably much
less than that of the one or two atom thickness sharpness
of a crack. Consequently, the concentration factor
wouldn't be quite as great.

For each of those geometries, there must be a critical
stress that causes the cracking to propagate.
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Yes, you'd need a critical stress to get a sufficient
buildup. However, it's not an easy problem to demonstrate
you're not going to have the critical stress, especially if
you assume, as many will, that you have yield level
stresses in some locations in any large vessel. If you
make such assumptions, it will be very difficult to prove
that you're never going to get delayed cracking.

The AECL defense against this scenario is to say that the
hydrogen doesn't get into the metal in the first place,
unless you have an active crevice.

SHOESMITH Yes.

MARSH You are assuming, then, that the TiO2 layer acts as a
diffusion barrier to hydrogen pickup?

SHOESMITH Yes, that would be the conclusion drawn from Oriani's
results (Y.J. Kim and R.A. Oriani, Corrosion (NACE), 43(2),
85, and 92 (1987)).

MARSH If that is the case then TiO2 is only a kinetic barrier.
Eventually, it will achieve equilibrium over a long period
of time.

SHOESMITH Equilibrium with what? We're not generating any hydrogen.

MARSH Equilibrium with hydrogen at the Eh at the surface of the
container in the vault environment.

SHOESMITH The Eh at the container surface will be positive because
it's passive, I don't see where we will get the hydrogen
from.

MARSH You haven't got water reduction going on, except in an
active crevice?

SHOESMITH

MARSH

That's correct. We only have significant reaction
occurring when we have an active crevice and we can't
attempt to defend an active crevice model. We can only
defend the material which is passive when the Eh at the
container surface will be positive. I don't see how we
generate the hydrogen to penetrate the passive film under
these conditions.

You don't anticipate that your repository will become
anaerobic?

SHOESMITH According to our experiments even under the most reducing
conditions we can achieve, the potential always indicates
an oxide-covered surface. We don't know the nature of the
film.

MARSH Titanium should stay passive even if there isn't any oxygen
present. There is little point arguing about the degree of
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passivity. Even if the oxygen activity is as low as 10
you will still have a passive film by virtue of the water
reduction. But then you'd be generating hydrogen at a rate
equivalent to whatever the passive corrosion rate was. It
may be very low, but it will be occurring.

WERME In Sweden, we didn't have to study hydrogen pickup. We
were told that the redistribution of the existing hydrogen
within the metal was enough to cause the problem. In
extreme cases, such as welding titanium to other metals,
the phenomenon has been observed. The hydrogen in the
metal moved into the weld causing a crack, to develop.
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6.3 DEVELOPMENT OF A CONTAINER FAILURE FUNCTION FOR COPPER

F. King and C D . Litke
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinava, Manitoba, Canada

What I would like to present is a simple approach to the modeling of
failure rates for a copper container under Canadian waste disposal
conditions. The advantage of a simple, obviously conservative approach is
that the level of sophistication of the modeling does not outrun the
quality of the input data. The test for such an approach is whether
conservatism can be maintained along with the simplicity.

Yesterday's and today's discussions indicated that two forms of corrosion
must be considered:

(i) Uniform Corrosion. Yesterday, I discussed our experimental
results indicating that the corrosion rate under vault conditions
will be controlled by the rate of transport of copper corrosion
products away from the container surface. This conclusion was
based on rotating disk electrode experiments and on compacted
buffer tests.

(ii) Pitting. The general opinion at this meeting appears to be that
pitting of copper is unimportant. However, since there are a
limited number of observations of pitting, it is difficult to
definitively rule out the possibility that pitting could occur
under vault conditions. Consequently, in order to maintain the
conservatism of our approach, we have included this process in
our model. Because we have no real experimental basis for
modeling pitting, we can include it in our model by adopting a
pitting factor. A reasonable factor would be 5, based on the
Swedish findings [1]. This factor would be multiplied by the
uniform corrosion penetration to obtain the maximum depth of
penetration.

With these two processes in mind, I would like to outline a simple approach
to predicting container lifetimes:

(a) Instant Failures

As with titanium, we need to take into account the short-term
failures due to fabrication defects not detected during the
container inspection process. The number of defective containers
will be somewhere in the range of 1 in 103 to 1 in 104 [2].
These containers are considered to fail instantly.

(b) Sorption by Buffer Material

It is not immediately clear what effect the clay/bentonite buffer
will exert on the corrosion of copper. The most aggressive
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possibility is that the clay acts like a sponge and sorbs
dissolved copper up to its cation exchange capacity. If we
assume that this copper is sorbed irreversibly, then we can
calculate the total amount of copper sorbed from the cation
exchange capacity and a knowledge of the total amount of clay in
the borehole in which the container is placed. If we assume that
such a sorption process occurs very quickly, then we can convert
the total amount sorbed into a sorption allowance. For the
Canadian reference vault design this allowance would be 3 mm.
Using a sorption allowance in this manner is equivalent to
assuming an instantaneous loss of 3 mm of the container wall
thickness.

(c) Uniform Corrosion

Having made this allowance for sorption by the buffer, we assume
that steady-state conditions are achieved for uniform corrosion.
The situation is shown schematically in Figure 1. A linear
concentration gradient is assumed to be established across the
buffer packed around the container. In our reference design this
will be ~ 25 cm thick. If we accept, on the basis of our
experimental program, that transport of dissolved copper down
this gradient is rate-controlling, then in order to calculate the
transport rate (and, hence, the corrosion rate) we need to know
the concentrations of dissolved copper at the metal/buffer and
buffer/rock interfaces.

Copper

Container
Co

Buffer Material

0

\

Coq,

Rock

25 cm

FIGURE 1: Schematic Representation of the Uniform Corrosion Model

At the buffer/rock interface we assume that the concentration of dissolved
copper (cm) is zero; i.e., as soon as copper arrives at this interface, it
is immediately swept away by groundwater flow through the rock. Obviously,
this is the worst possible case and is equivalent to placing the container
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in a badly fractured zone of the rock, with free-flowing groundwater. In
reality, in unfractured rock, the groundwater flow rate will be much lower
and the concentration of copper at the buffer/rock interface will be
greater than zero at steady state.

At the container/buffer interface we assume a constant concentration of
dissolved copper ( O , equivalent to the solubility of cuprous chloride
(CuCl) in 1.0 mol«L' potassium chloride solution. This value is
10"4 mol'cm"3, or 10"1 mol*!/1. This is a very high value and is equivalent
to assuming that a layer of CuCl will always be present on the copper
surface. Lifetimes calculated using this value will be conservative.

The third piece of information required to attempt a calculation of the
corrosion rate is the diffusion coefficient for cuprous species across the
clay buffer layer. On the basis of our buffer diffusion tests described
previously [3], we take a tentative value of 10" cm 's'1 for the diffusion
coefficient. It should be noted that we do not specify the nature of the
diffusing species.

Using these values, we can calculate the corrosion rate under steady-state
conditions from the simple expression

A

Corrosion Rate = — - Dhpl (1)

where Ac = co - <:„, as defined in Figure 1; Ax is the buffer thickness,
which is 25 cm in our reference vault design; AM is the atomic mass of
copper; and p is the density of copper. Using this expression to calculate
the rate, we can then calculate the penetration time, taking into account
the buffer sorption allowance and the pitting factor, from the equation

„ . „ . , , , . 2 (Container Thickness) - (Sorption Allowance)
Penetration Time = 3 (Corrosion Kate x Pitting Factor)

_ 1 (25 mm - 3 mm)
3 (Corrosion Rate x 5) ( '

A pitting factor of 5 can be considered a conservative value. The design
thickness of our copper container is 25 mm but only 2/3 of this wall
thickness is considered as a corrosion allowance. The remaining 1/3 of the
wall thickness can be considered the minimum required to maintain
mechanical integrity [4]. This accounts for the factor 2/3 in Equation (2).

If we accept these values, then we predict a container penetration time of
~ 3300 years. This value can be considered conservative because of the
high values for co (0.1 mol'L"

1) and the pitting factor (5) used in
Equation (2).

There are a number of advantages to such a treatment besides its obvious
mathematical simplicity:
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(i) The treatment is based on the known rate-determining step, which
gives us a justification for attempting long-term predictions;
and

(ii) Even though the rate of supply of oxygen may become rate-
controlling at long times, our model will still be on the
conservative side.

The major disadvantage of this model is that, at present, we have no firm
justification for our treatment of pitting.

It is possible that eventually a more sophisticated approach to modeling
copper corrosion will be required. However, the conceptual basis is
unlikely to change from that presented here.

(Note added in preparation: we have recently introduced some refinements to
the copper container failure model. The rate of uniform corrosion and the
extent of pitting attack are still calculated on the basis of the copper
transport rate-determining step and pitting factor, respectively. However,
instead of using Fick's 1st law to calculate the rate of transport of
copper at steady state, a more complicated convection-diffusion equation is
being used. This latter approach has already been used for other mass
transport processes within the vault. It may then be possible to include
the effects of retardation and precipitation in the failure model, if
necessary).

PRICE You have not considered the possibility that the initially
formed cuprous (Cu+) species will oxidize to cupric (Cu2+)
species at times much shorter than 3300 years. One would
expect these cupric species to be insoluble. Would this
not lead to faster corrosion?

KING

SARGENT

KING

We have considered the possibility of oxidation to the
cupric state. In fact, we have observed the formation of
insoluble cupric phases in our buffer tests at high
temperature. We are unsure of the nature of the species
being transported through our buffer in those tests. In
our laboratory experiments in 1.0 mol'L"1 sodium chloride,
we know the cuprous state is stabilized by complexation
with chloride. At high temperatures in synthetic
groundwaters in the presence of buffer, the situation is
obviously more complex.

What is the basis for assuming that the concentration of
copper at the container/buffer interface is 10"1 mol*!/1?

That value is the solubility of cuprous chloride in
1.0 mol'L"1 potassium chloride. Our rotating disk
electrode studies demonstrate that the transport of the
dissolved copper species away from the corroding copper
surface is rate-determining. Consequently, we know that
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INTERRANTE

KING

the rate of the reversible metal dissolution reaction is
fast and, hence, close to equilibrium. Therefore, the
concentration at the metal surface is given by a Nernstian
relationship. If we were to use our measured values for
the corrosion potential in such a relationship, then we
would predict a value of 10" mol*L~ for the concentration
of cuprous species at the electrode surface. Thus, the
value of 10 mol«L is very conservative.

If cupric species are formed, then we would expect basic
cupric chloride [5], which has a solubility product of
10 , to precipitate. If we used this value and
calculated the surface concentration of dissolved cupric
ion in neutral, 1.0 mol'L"1 KC1, we would obtain a value of
10" mol*L" (10 mol'cm" ). This is a much lower value
than the one we have adopted in our prediction of the
penetration time. Hence, although we may be uncertain of
whether this concentration is determined by a solubility or
the corrosion potential under vault conditions, we are
erring significantly on the conservative side. A better
understanding of the real surface chemistry is obviously
required.

Would you explain your rationale for adopting a sorption
allowance?

The real function of the clay is still uncertain. It
behaves as an ion exchanger. We are assuming that the
copper ions in the solution are sorbed irreversibly by the
ion-exchange sites. If we assume that every exchange site
in the clay can sorb a copper cation, then we can calculate
the total amount of copper sorbable from the cation
exchange capacity of the clay (80 meq/100 g) and the weight
of clay packed around a container in a borehole. If we
assume that this copper is lost evenly by corrosion over
the whole container surface, then the total amount sorbed
by the clay is equivalent to the loss of 3 mm of container
wall thickness. The adoption of a sorption allowance is
equivalent to assuming this 3 mm of wall thickness is lost
instantaneously.

However, there is another school of thought that states
that the copper is not strongly sorbed by the clay.
Exchange between the copper in the pore water and the clay
occurs, but is not irreversible. Hence, the . Lay can be
considered as exerting a retarding factor on the transport
of copper through the clay. In these circumstances, it
will be better to treat the copper/clay interaction by the
use of a retardation factor. Such a treatment will involve
the solution of a much more complex diffusion/convection
/retardation set of equations.
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INTERRANTE Is your treatment of the sorption process as irreversible
conservative?

KING

WERME

KING

Yes

Is CuClj the species which sorbs onto the clay?

We don't know. You would expect cupric species to be more
strongly sorbed than cuprous species.

WERME If the copper is in the anionic form, how do you know it
will sorb at all?

KING We have no evidence that it sorbs. All we know is that the
predominant species in bulk 1.0 mol*L NaCl solution is
CuClj. We are assuming that a similar species will
predominate in the buffer.

STAHL

KING

Where did you get your value for the diffusion coefficient
of copper in the clay?

The value of 10"7 cm2«s~l is from one of our buffer
diffusion tests. It is supported by values from the
literature.

STAHL

KING

SARGENT

Is the value conservative?

No, we consider it to be realistic.

It isn't clear to me why the value of 10 mol'L" is a
conservative value for the concentration of dissolved
copper species at the container/clay interface.

KING Since we are unsure of the boundary condition at the
container surface, we adopted the value of 10"1 mol'L"1,
which is the solubility limit for CuCl in 1.0 mol'L"1 KC1.
If we use calculations based on the Nernst equation for the
electrochemical reactions known to be occurring, then, at
the corrosion potentials we measure, we would expect
surface concentrations of dissolved copper in the range
10"4 to 10"6 mol'L'1. By adopting the maximum concentration
value achievable at the solubility limit, we have taken the
most conservative situation.

STAHL

KING

Your surface concentrations may be conservative, but your
diffusion coefficient value of 10" cm »s" is not.

No. It is a realistic value. However, we do know that it
is well below 10 cm »s" . We hope to determine a more
accurate value from our buffer diffusion tests now in
progress.
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STAHL

KING

STAHL

FORSLUND

KING

FORSLUND

KING

SHOESMITH

FORSLUND

SHOESMITH

FORSLUND

SHOESMITH

There may be some effect of water chemistry on the
diffusivity of copper.

That may be true. However, in the strong saline solutions
expected in a Canadian vault, the effect of chloride would
be expected to dominate the water chemistry.

That is something you must demonstrate for your arguments
to be convincing.

Why do you claim that your model is still conservative at
low oxygen, or oxidant, concentrations?

The results I presented yesterday showed that transport of
the anodic dissolution product away from the container
surface is rate-determining. However, as the concentration
of oxidants falls, eventually transport of oxidant to the
metal surface will become rate-limiting. This will take a
long time since the concentration of oxidant will be
maintained by the radiolytic decomposition of water. But
even when this happens, we assume that the rate-determining
step remains the transport of anodic product. Since this
step is no longer the slowest step, it is conservative to
assume that it is still rate-determining.

As the oxidant concentration changes, the chemistry will
change. At higher oxygen concentrations Cu
be stabilized.

II solids will

KING

In the strong saline solutions we have studied, we have
observed a predominance of cuprous chloride species even in
aarated solutions.

Are you claiming that under oxidizing conditions another
copper solid will be stabilized, and then this phase will
establish the surface concentration of dissolved copper?

Yes.

That is a possibility we need to consider.

If instead of sorption of copper by the buffer, you get a
precipitation reaction, how will this affect your model?

If dissolved cuprous species are oxidized and precipitated
as insoluble cupric solids, then this will be to our
advantage since it will be removing oxidants from the
buffer, and hence preventing their corrosive interaction
with the metal container.

By examination of our buffer experiments, it is clear that
we have cupric species present. So far, we have very
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SHOESMITH

MARSH

KING

MARSH

KING

limited data from our buffer tests. If for longer tests
the copper profile deviates from that expected for a simple
diffusion process, we may be able to say something about
the sorption or retardation process occurring in the
buffer. At present, we can say very little.

If anything happens to the corrosion product in the buffer,
such as precipitation, then the equilibrium established at
the metal surface could be disturbed. When this occurs,
and assuming it is fast, anodic transport may no longer be
rate-determining. The corrosion rate will then increase
until it becomes limited by the next slowest step in the
overall corrosion process. According to the results
presented yesterday by King [3], the next slowest step in
the overall sequence will be either the cathodic reduction
of oxygen, or the transport of oxygen to the cathodic site.

Such a change in the rate-determining step would mean that
we wouldn't have to consider the complexities of the anodic
dissolution reaction. Rate control by the kinetics of
oxygen reduction would not be surprising, since this
reaction is a notoriously slow reaction. If this reaction
was rate-controlling, then from the data presented by King
[3] we would expect the corrosion rate to increase by about
a factor of five. Eventually, of course, this reaction
would become controlled by the rate of transport of oxygen
to the container, as assumed in the Swedish model for
copper corrosion.

Your reaction scheme is cuprous chloride dissolution driven
by oxygen reduction. If so, then the pH at the container
surface will eventually build up since oxygen reduction
produces hydroxyl ions which are not consumed in the anodic
reaction. Eventually, this must lead to a change in the
thermodynamics.

We are not claiming that CuClj will be the only species in
our buffer experiments or under vault conditions. As I
discussed above, we do see the formation of basic cupric
chloride species, presumably due to the presence of
oxidant, and the formation of hydroxyl ions in the buffer.
Whatever the species in the buffer, our results so far
indicate that transport of copper species is rate-
determining.

Such complications are important in determining the
boundary condition at the container/buffer interface.
Consequently, they will have a significant impact on the
surface concentration of copper and thereby control the
corrosion rate.

I agree. The surface chemistry will be more complex than
we assumed in our model.
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GENERAL DISCUSSION

BREHM I have been doing some work for a program called
"Performance Assessment - Scientific Support". The purpose
of this program is to assess the value of data and whether
it is appropriate to use in models that will eventually be
submitted to Nuclear Regulatory Commission scrutiny.

When we attempt to justify the choice of a material based
on its performance in various industrial applications, we
have a dilemma. Uniform corrosion failures in industry and
service are very rare, because it is easy to design against
such failures: you either increase the thickness or choose
another material. However, designing a waste container to
survive hundreds of years is not a normal problem. In
order to satisfy regulatory boards, a model will have to
take into consideration situations not normally considered
for simple industrial applications. The considerations
include the following:

(i) The effect of gradients (temperature, radiation, concentration).
Such gradients are unavoidable in a waste repository. The skin
temperature of the container will be high, depending on fuel
parameters, and will decrease with distance from the container.
The concentration of radiolysis products will be highest at the
container surface. Migration of these species into the
surrounding buffer will affect the local chemistry.

(ii) A model must be able to treat upset and worst-case conditions.
The discussion we have just had on copper is a good example of
this. In order to treat such situations, any model must be
applicable under the limiting conditions expected in a
repository.

(iii) A model must address a range of possible mechanisms. The
discussions at this workshop have attempted to do just this.

(iv) The effect of radiation. This particular variable is central to
the issue of nuclear waste containment and has not been
adequately addressed at this workshop. Questions we could ask
include:

(a) Is the only effect of radiation to increase the concentration of
oxidizing species, or can it also change the mechanism of
corrosion?

(b) Is there a threshold level for such a switch in mechanism?

When we were discussing the effects of radiation on the
crevice corrosion and hydrogen embrittlement of titanium,
we could not decide what the effect of radiation was. The
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data of Westerman suggest that crevice corrosion was
accelerated by radiation, whereas the data of Ikeda
indicate that radiation caused a crevice to repassivate.
It was suggested that at one dose rate radiation might
enhance the crevice corrosion of titanium, whereas at
another dose it may inhibit it.

Obviously, we do not have clear answers to many of these
issues.

INTERRANTE In many cases I do not believe that you can obtain answers
to such questions. Considering the time scales involved
for waste isolation, how will you know that the mechanism
you prove is operating initially will still be operating
after tens or hundreds of years? You will have to feel
very confident that you understand the fundamentals of the
processes involved before you can extrapolate with any
confidence. Not only do you need to have excellent kinetic
data, but you must have a good knowledge of the
uncertainties involved.

STAHL On that same point, how do we assess the value or
applicability of accelerated tests?

SHOESMITH We have two choices. Either we state that such long-term
predictions are impossible, or we accept that it is
possible to do enough physics, chemistry and metallurgy to
define the performance of our vault.

IVES I would think that the first of those two choices is the
most appropriate. The question of gradients is a good
example to discuss. When corrosion failures occur in
industry, they commonly occur in places where heat exchange
is occurring, i.e., where a temperature gradient is
present. The situation where the failure occurs is
generally one which was not considered possible by the
designer. Has anyone addressed the question of the
presence of hot spots on the containers? The container is
acting as a heat exchanger for the transfer of radioactive
decay heat from the waste to the surroundings. Surely the
behaviour in such situations will be extremely difficult to
predict. If you cannot predict such microdetails of the
operation, how can you justify your predictions?

SHOESMITH If we conclude that there is no hope of defining our vault
conditions in sufficient detail, then we cannot make
predictions. What we need to do is define the limiting
conditions beyond which it is unreasonable to go. Then we
have to justify the performance of our container within
those limits. Such a process will include the second-
guessing approach specified by Brehm. Beyond our
experimental and modeling approaches we can only use
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natural analogues or historical artifacts to provide
operating experience.

If you choose a material that has a known susceptibility to
localized corrosion or has unstable microstructures, then
you are asking for trouble. Thermodynamically you can
predict the stable end-states. Predicting the approach to
these states will be extremely difficult. Even for
corrosion allowance materials such as carbon steel, this
workshop has discussed the possibility of pitting, hydrogen
embrittlement and stress corrosion cracking. These are all
unpredictable Iocali2ed corrosion problems. In order to
make a prediction you have to prove that there is no
susceptibility to such processes over the whole lifetime of
the vault.

That is the crux of our approach to the corrosion of
titanium. We are trying to prove that the material is not
susceptible to, say, crevice corrosion over a much wider
range of conditions than we anticipate in the vault. We
are not simply attempting to prove that it is not
susceptible, but to prove that the material possesses the
fundamental ability to resist that form of corrosion. You
either have to concede that our approach is acceptable or
suggest ways to improve it.

Since titanium is susceptible to crevice corrosion, you are
asking for trouble by using it. In the long run you cannot
predict its behaviour.

Our experimental program is designed to demonstrate that
our material is not susceptible to crevice corrosion under
even the most aggressive conditions anticipated in a waste
vault, or, even if the material is susceptible, that the
extent of corrosion is limited. The unpredictable step in
localized corrosion is the initiation step, and it is often
assumed that if initiation does occur then propagation is
inevitable. We adopted the worst-case scenario and forced
initiation to occur. By so doing we were able to
demonstrate that under many conditions the crevice did not
propagate but repassivated. This is a property of the
material, not a function of the environment, and is not
likely to change with exposure time.

I would like to add a few comments to the discussion on the
delayed cracking of titanium Grade-12. I am in the process
of reviewing a document written on delayed hydrogen
failure. People at Sandia have been investigating the
cracking of hydrogen-charged Ti-12. They have observed a
drop in the fracture toughness with the addition of
hydrogen. They also did some constant-load long-time
tests. They found that the hydrogen-induced slow crack
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growth thresholds were not significantly lower than the
corresponding fracture toughness values. These results are
promising.

SCHULTZ The question of gradients was brought up by Brehm. These
are important points that have not received much
discussion. I have heard no discussion of the possibility
of voltage gradients. So far, the only voltage gradients
considered are local ones. Is it possible to have voltage
gradients outside the container?

SHOESMITH In the sense that we have electrochemical potential
gradients due to the movement of charged species, for
example, radiolysis products or corrosion products, away
from or to the container surface, I would agree with you.
However, since a vault will be placed in an insulating
medium well away from potentially conducting ore bodies, I
do not think we have any long-range voltage gradients in
our vault. In other words, I do not think we will couple
our container to a conductive ore body and generate a
voltage difference that will drive the corrosion of the
container. I do not think this situation, sometimes
encountered with buried pipes, will be a factor.

MARSH I would like to make a general comment on the question of
whether we have overlooked some vital corrosion process,
and the question of whether our predictions will be valid
since over vault lifetimes something totally unforeseen may
occur. We do not have a mechanistic model for identifying
potential processes.

The starting point for our program is the sum of present
knowledge. We start with the questions:

(i) What is known about the corrosion of these materials?

(ii) What corrosion processes threaten their long-term integrity?

What has worried me about this discussion is that, even if
we deal satisfactorily with all the known corrosion issues,
there are people who are saying that there may be some as
yet unknown process that will fail our container. If this
last point is accepted, then we may as well give up now.
If we accept that our knowledge base will always be
inadequate, then there is no point in proceeding any
further.

SHOESMITH I agree. If you do not think what we have said is
adequate, then you should offer us a realistic scenario of
what we still have to consider.

IVES This is an engineering problem and we are obliged to
attempt to solve it.
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The purpose of workshops like this one is to present our
analyses of the problem under consideration. First, we
state the nature of the problem and what we need to
research, and then we say how we are doing our research.
The comments we require are queries over our procedure,
doubts about our analyses, advice on problems we may have
overlooked. This kind of discussion will help us take our
research as far as is possible and, hopefully, help us to
achieve our objectives. If you are going to tell us that
our knowledge is inadequate to even define the problem,
then we have reached a total impasse.

If the last point of view is accepted, then we are reduced
to studying natural analogues.

Exactly. In that case we would consider only copper, which
is known to occur naturally, and possibly iron, which has
been around for approximately 2000 years.

We have spent the great majority of this workshop trying to
define our models and focus on the essential requirements
to justify them. Now we are throwing all that discussion
away and stating that we can only rely on broad, ill-
defined geochemical and historical analogies.

The most conservative position is to take no credit
whatsoever for the container.

If we chose to do that, then I would suggest that every
other barrier in the vault system could be destroyed by
similar arguments. We are attempting projections over 500
to 1000 years. For many of the other barriers the
extrapolations are orders of magnitude greater and, hence,
the objections would be orders of magnitude greater also.

The effects of radiation have only received rudimentary
consideration. Generally, the approach has been totally
empirical, and comparisons have been attempted between
incompatible systems. For instance, I don't think you can
compare the results of tests in large volumes of solution
to tests performed in packed buffers with limited amounts
of water present. In the first case the majority of the
deposited energy will be in the water, whereas in the
latter case significant amounts of energy will be deposited
in the solids. You need to ask yourself the question, "Is
there significant energy transfer from the solid to the
water?"

If you are suggesting that we need to undertake a much more
rigorous study of radiation effects, then I would agree
with you. However, the empirical approach is not totally
invalid. Such an approach at least gives you a measure of
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the sensitivity of your system to the variable being
studied. For instance, if we compare the corrosion rate in
the presence of the maximum radiation dose to the rate in
the absence of radiation, then at least we know the
magnitude of the effect. If the effect is significant you
have to study it in detail.

The point I am trying to make is that the effect of
radiation will be very dependent on what is present in the
total system. For instance, if you irradiate pure water
with no vapour phase present, there is no net decomposition
of water. However, if a significant air space is present,
substantial decomposition occurs. If impurities or trace
elements are introduced, then radiolysis yields can be
increased by orders of magnitude. Isn't it likely that the
effects of radiation will be magnified by the presence of
the container?

We suspect that you could be right, and yesterday Marsh and
I discussed what were the realistic G-values for the carbon
steel system. My argument was that, when you have a very
large metal surface area to solution volume ratio, you
might get very high G-values because the surface corrosion
reaction would act as a sink for oxidizing radiolysis
products. However, Marsh presented good evidence that,
although G-values were increased, the increase was not
major.

With titanium, we observed an apparently large effect of
radiation at relatively small doses. The crevice corrosion
process appeared to be shut down (i.e., repassivation
occurred) in the presence of radiation. However, the
surface area of exposed metal within the crevice is very
large compared with the volume of water within the crevice
and, hence, very little radiolysis product would be
required to cause repassivation. It is possible that major
increases in G-values could be obtained in this case.

One possibility not discussed in this workshop is that the
radiation energy could be collected by semiconducting
oxides and then relayed to the solution. This is
equivalent to the photoelectrochemical effect observed on
semiconducting oxides, including TiO2.

Many of these possibilities could be studied, but would
require a concentrated effort presently not available.

I am confused about the container/buffer boundary condition
used in King's copper model. Is the dissolution of copper
different to the dissolution of glass or U02 fuel? For
these last two materials we consider dissolution to be
totally irreversible, whereas for copper we assume that it
achieves equilibrium.
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SHOESMITH It is a totally different situation to that which exists
with glass. Glass could never achieve a reversible
situation since it is not thermodynamically stable under
any conditions. On the other hand, copper, and for that
matter U02, is thermodynamically stable under certain
conditions. When a solid is thermodynamically stable in a
given environment, it must pass the test of microscopic
reversibility, i.e., if you disturb the equilibrium
slightly, will it return to the equilibrium state? This is
the situation that exists with copper in contact with
1.0 mol'L"1 NaCl, except that there is a slow dribble of
dissolved copper away to the environment. This dribble is
slow enough that the further dissolution of copper is
sufficiently fast to maintain the equilibrium.

SHEHILT I am glad that we finally mentioned the chemical potential
in this workshop. That concept was developed by J. Villard
Gibbs and it is his birthday tomorrow.

SHOESMITH That seems an appropriate point to call it a day.
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