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PREFACE

The Materials Interface Interactions Test (Mill') is an in situ glass waste form
(nonradioactive defense high-level, other high-level, and transuranic waste tbrmulations), brine
leaching, and container metal interactions test. lt was conducted in the bedded salt at the WIPP
facility from January 1986 through July 1991, when it was retrieved successfully and completed
on schedule after five years of heated test operations. Sandia National Laboratories and
Westinghouse-Savannah River Technology Center cooperatively directed and conducted the
MIIT program, with international participation and cooperation from seven foreign countries plus
multiple U.S. laboratories. An international workshop meeting of ali test participants, to discuss
initial data after two years of testing and future plans for the MIIT, was sponsored by the
Commission of the European Communities (CEC), the Commissariat /t l'Energie Atomique
(CEA, France), and the Savannah River Laboratory (on behalf of the U.S. Department of Energy)
and held in Cadarache, France, in October 1988. The proceedings of this Workshop on Testing

of High-Level Waste Glass Under Repository Conditions were published by the CEC, in
Proceedings." Testing o.1"High-Level Waste Forms Under Repository Conditions, Report EUR
12017 EN, 1989, Ed. T. McMenamin (McMenamin, 1989).

The three papers in this report were presented at the second international workshop to
feature the WlPP Materials Interface Interactions Test. This Workshop on In Situ Tests on

Radioactive Waste Forms and Engineered Barriers was held in Corsendonk, Belgium, on
October 13-16, 1992, and was again sponsored by the CEC. The Studiecentrum voor
Kernenergie/Centre D'Energie Nucleaire (SCK/CEN, Belgium), and the U.S. Department of

Energy (via Savannah River) also cosponsored this workshop. Workshop participants from
Belgium, France, Germany, Sweden, and the United States gathered to discuss the status, results,
and overviews of the MIIT Program. Nine of the twenty-five total workshop papers were
presented on the status and results from the WIPP MlIT program after the five-year in situ
conclusion of the program. The total number of published Mill" papers is now up to almost
forty. Posttest laboratory analyses are still in progress at multiple participating laboratories. The
first MIIT paper in this document, by Wicks and Molecke, provides an overview of the entire test
program and focuses on the waste form samples. The second paper, by Molecke and Wicks,
concentrates on technical details and repository relevant observations on the in situ conduct,

sampling, and termination operations of the MlIT. The third paper, by Sorensen and Molecke,
presents and summarizes the available laboratory, posttest corrosion data and results for all of the
candidate waste container or overpack metal specimens included in the MlIT program.

Attendance at this workshop allowed us to continue interactive discussions with multiple
foreign scientists (of previous acquaintance) on the topics of both WIPP and several foreign in
situ tests and results, and future plans on the topic of performance testing of nuclear waste

packages. Workshop participants discussed problem areas for performing in situ tests, related
laboratory analyses of samples, and limitations of the subsequent interpretations. Participants
were close to unanimous in proclaiming the usefulness and validity of in situ testing, particularly
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for evaluating the relative in situ durability or performance of nuclear waste forms--when
combined with complementary laboratory programs and analyses. There was an excellent
interchange of analytical data and interpretations between the various workshop participants
concerning multiple aspects of the MIIT program during this workshop.
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1.0 OVERVIEW OF THE
MATERIALS INTERFACE INTERACTIONS TEST (MIIT)"
INTERNATIONAL IN SITU TESTING OF WASTE FORMS

AND PACKAGE COMPONENTS

George G. Wicks
Savannah River Technology Center

Westinghouse Savannah River Company
Aiken, SC 29808

Martin A. Molecke
Sandia National Laboratories

Department 6345
Albuquerque, NM 87185

ABSTRACT

The first in situ leaching tests to be conducted in the United States involving
burial of simulated high level waste glasses and proposed package components, began in
July 1986. In July 1991, the experimental portion of this 5-year program was completed,
on schedule. Almost 2000 samples of waste forms, package component metals and
geologic specimens were buried in the bedded salt site at the Waste Isolation Pilot Plant
(WIPP), near Carlsbad, New Mexico. The program, called the Materials Interface
Interactions Test (MIIT), involved the underground emplacement and subsequent
assessment of the performance of 15 different waste glass and waste form compositions
supplied from 7 countries, along with assessment of the effects of a variety of proposed
waste container or overpack components.

Samples and solutions were obtained from the WIPP at pre-determined time
intervals over the 5-year testing program. Analyses of samples were conducted using an
integrated study approach, involving the input of many laboratories and universities in
France, Germany, Belgium, Canada, Japan, the United Kingdom, Sweden, and the United
States. This program represents the largest and most cooperative venture of its type in the
international waste management community. Because of the structure of this program
and its cooperative nature, resources and expertise were able to be pooled and a quality
program containing a high caliber of work was produced in a cost effective manner.

All samples have now been exhumed from WIPP and although analyses are still
in progress, important results have already been obtained. These results will be of benefit
to a wide cross-section of the waste management community and contribute to national
and international waste management goals. An overview of the MIIT program will be
presented and during this Workshop, we will be hearing described some the of many
interesting and important findings that have been made, thus far. These results will be
documented by our colleagues in this effort, the Commission of European Communities
(CEC). These proceedings will be published in book form, as done for the earlier
workshop on in situ testing, jointly organized by the CEC, US DOE, and CEA held in
Cadarache France, in October of 1988 (McMenamin, 1989).
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1.1 BACKGROUND

For more than a decade, a primary objective of the high level waste management
program at the Savannah River Site (SRS) has been to safely and effectively immobilize
approximately 34 million gallons oi' high-level radioactive waste (HLW) (currently stored
mainly in a liquid form in large underground tanks on site), into borosilicate glass (Wicks
and Bickford, 1989). The waste glass products will then be permanently disposed of by
deep burial in a geologic repository. The vitrification building, the Defense Waste
Processing Facility (DWPF), has recently been completed at SRS and later this year, cold
chemical runs will be started. The almost 1 billion dollar DWPF is scheduled fbr actual

production in 1994. Important to this program is the ability to understand and assess
waste glass performance, especially under repository relevant conditions. As part of this
goal, the Savannah River Site has been involved in a multi-phase experimental eftbrt for
many years which is summarized schematically in Figure 1-1 (Wicks, 1986; Wicks,
1985a).

An important part of this effort involves repository-relevant testing which
includes (a) laboratory-scale waste glass leaching studies, (b) repository simulation tests
(rock-cup experiments), and (c) in situ or field experiments. The in situ testing efforts
involve (1) the burial of Savannah River (SR) waste glass samples in the granite site at
Stripa in Sweden, (2) burial of SR glasses in clay at Mol, Belgium, (3) in situ testing of
SR samples in limestone at Ballidon in the United Kingdom and (4) field testing of SR
and international compositions in the salt at WIPP in the United States. By putting
together all of these elements of the repository related program, with those of the
remaining integrated program, one can obtain the most complete picture possible of the
performance of SR waste glass during fabrication, transportation, interim and final
storage (Wicks, 1992).

1.2 THE WASTE ISOLATION PILOT PLANT (WIPP)

The mission of the Waste Isolation Pilot r'lant or WIPP was defined by Congress
as "providing a research and development facility to demonstrate the sale disposal of
radioactive waste resulting from the defense activities and programs of the United
States." Construction of the WIPP began in 1981 in the salt beds in Carlsbad, New
Mexico. The WIPP excavation consists of more than four miles of tunnels at a depth of
approximately 655 meters in the Salado Formation. This facility will be used to (a)
permanently isolate transuranic (TRU) waste generated from U.S. defense programs, and
(b) to serve as an "underground laboratory" to evaluate and demonstrate safe and
effective disposal of TRU wastes (simulated and actual), as well as defense high-level
waste (simulated DttLW only) (Sandia National Laboratories, 1985; Matalucci et al.,
1982; Sandia National Laboratories, 1983).
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Parametric Studies
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Approach

Figure 1-1. Simplified overview of the SRL Waste Glass Program.
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1.3 MATERIALS INTERFACE INTERACTIONS TEST (MIIT)

An overview of the entire MIIT program and its logistics is summarized in the
flowsheet given in Figure 1-2. The representation outlines participating nations, waste
form types, pre- and post-test analyses, responsibilities, engineering support and
measurements, and documentation of results.

1.3.1 Stripa Experience

The MIIT effort which is described in detail elsewhere (McMenamin, 1989;

Molecke and Wicks, 1985; Wicks, iv85b; Wicks et al., 1987; Ramsey and Wicks, 1988;
Wicks and Molecke, 1986; Wicks and Molecke, 1988), is a part of the WIPP
underground testing program. These in situ experiments represent a "second generation"
of the Swedish Stripa tests. In 1982, in a joint effort with KBS-Sweden, the University of
Florida, and SRS, over 100 simulated SR waste glasses were buried in the granite site at
Stripa in Sweden. Over the next two years, samples were extracted from burial, analyzed,
and results documented (Clark et al., 1984; Zhu et al., 1985; Lodding et al., 1986). lt was
found from this study that the SR waste glass compositions performed very well in the
field, in fact even better in the field than would be expected from many so-called
"standard laboratory leaching tests." MIIT is derived from this Swedish experience and
contains a number of simila:ities as well as important and unique differences and
improvements, which characterize this effort.

1.3.2 MIIT-MI and MIIT-SS Experiments

The MIIT program contains two basic types of experiments. First, are the MIIT-
MI (Multiple Interactions) studies. These experiments involve stacking ali of the

different types of samples to produce the various glass/metal/salt interactions of interest.
These tests are designed to conveniently evaluate the effects of the many different
package components on glass durability, in a limited number of experiments. Analyses
are based predominantly on surface studies and weight losses.

The second type of test is the MIIT-SS (Solution/Surface Interactions). This
represents most of the MIIT effort and also a significant and unique improvement on
existing in situ experimentation. Due to the design of these tests, both solution data and
time dependent or kinetic information can be obtained for the first time, in a test of this
type. To conduct these experiments, an entire borehole must be dedicated to one
relatively simple set of interfaces. Therefore, the MIIT-MI and the MIIT-SS experiments
complement each other.
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Figure 1-2. Overview of the MIIT program.
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After ali samples were emplaced, the MIIT program was officially begun on July
22, 1986, which marked the turning on of the fifty MIIT heaters. In January and February
of 1987, the first group of samples were removed from test after being buried for six
months and in July of 1987 the 1-year samples were exhumed, in July of 1988, the 2-year
samples removed, and in July of 1991, the final group of 5-year samples were removed,
thus completing the testing phase of this program. Technical details and a description of
test operations and observations on the sample retrievals are described in a separate paper
in this workshop (Molecke and Wicks, 1993). A pictorial collage summarizing
fabrication, installation, and retrieval of MIIT samples is given in Figures 1-3 through
1-14.

1.3.3 Unique MIIT Features and Resulting Cost Avoidance or Savings

Because of the unique design of MIIT, two very important sets of data can be
obtained that are not generally available in other types of field experiments; [1] solution
data to correlate with surface studies; and [2] time dependent data from individual
boreholes, due to the sub-assembly design. To provide these data, the MIIT-SS tests are
modular in design as illustrated in Figure 1-15, for glass/metal/salt interactions. The
assembly consists of four identical units that are removed iizJividually after 6 mo., 1-yr.,
2-yrs. and 5-yrs., respectively. This design allows a significant reduction in the number
of boreholes needed to produce the same amount of data. This is not only important from
a technical viewpoint, but also is cost effective, lt has been estimated that the reduction
in boreholes and associated mining, hardware and field support results in a cost savings
of approximately $2.2 million dollars.

In addition to savings resulting from experimental design, further costs are
avoided due to the very cooperative nature of the study and the sharing of the large
analytical load. As a result of each country sharing sample fabrication costs and the many
bulk and surface pre- and post test analyses, an additional $2.0 million dollars is avoided.
These estimates are based on U.S. costs and for only those samples assessed thus far. It
must be emphasized, that while cost savings are always desirable, the most important
benefit of the cooperation in this program is the improved quality and credibility of the
data produced.

1.4 MIIT OBJECTIVES

The overall objectives of the MIIT International In Situ Testing Program are as
follows: (Wicks, 1985b):

• Assess the performance of Savannah River Defense Waste Processing
Facility [DWPF] waste glass compositions under anticipated and
accelerated testing conditions relevant to a salt environment.
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Figure 1-15. WIPP IVIIITsample assembly.
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• Compare the relative performance and behavior of SR waste glass with the
performance of other U.S. and foreign waste glasses, under similar,
repository-relevant test conditions.

• Determine any effects of waste package component materials on waste

glass durability and provide potential input to waste package designers.
• Provide a standardized, in situ data base on waste glass leaching

including relevant interactions with metal canister or overpack
components, salt and brine. This in situ data can then be correlated with
other in situ data and the large body of existing laboratory data.

• Contribute to mechanistic studies aimed at understanding the behavior of

waste glasses by coupling solution analyses with surface studies. This
information can help in development of source terms that can be used to
describe long-term waste form and package materials' behavior in salt.

• Provide data that will ultimately be useful in a technical data base to help
demonstrate compliance with emerging specifications and regulations.

• Provide a large body of in situ test information, data, results and

experience to be freely shared by ali test participants and interested parties.

1.5 MIIT TEAM

In addition to the co-sponsors of the MIIT program, Sandia National Laboratories,

Albuquerque, New Mexico, and the Savannah River Site, Aiken, South Carolina, there
are many other participants involved. Some contributors supplied samples, some are

participating in post-test analyses and some participated in a Peer Review process of the
entire MIIT program. Additional U.S. participants include the Hanford Waste
Vitrification Project, Battelle Pacific Northwest Laboratory, the University of Florida,
Catholic University of America, University of New Mexico, the Pennsylvania State
University, Clemson University, and the Materials Characterization Center. International

representatives include Hahn-Meitner Institute and Kernforschungszentrum Karlsruhe
(Germany), Centre D'Etudes Nucleaires (France), Atomic Energy of Canada, Ltd.
(Canada), British Nuclear Fuels, Ltd. (United Kingdom), Studiecentrum Voor
Kernenergie/Centre D'Etude de L'Energie Nucleaire (Belgium), Japan Atomic Energy
Research Institute (Japan), and the Chalmers Institute of Technology (Sweden).

1.6 MIIT EXPERIMENTAL MATRIX: GLASS, METAL AND GEOLOGIC
SAMPLES

The MIIT program, consisting of MIIT-MI and MIIT-SS experiments, involves

testirig of almost 2000 samples in 50 boreholes. This program can be broken into a 7-part
effort (Molecke and Wicks, 1985), each part containing a different experimental

configuration or stacking of samples and hence, a different series of associated objectives
(Wicks et al., 1987). The entire 7-part program is summarized schematically in Figure 1-
16, and in Figure 1-17, the layout of each assembly in Room J in WIPP is shown.
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7-Part Program & Borehole/Assembly Configurations
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Figure 1-16. WIPP/SRL MIIT Program.
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Figure 1-17. Schematic layout of Room J, MIIT boreholes, and 7-part MIIT Program.
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There are 15 distinct waste glass and waste form systems, along with variations of
these systems, that have been supplied from seven different countries in the MIIT
program. These compositions are listed below and given in more detail in Tables 1-1 and
1-2.

1.6.1 U.S. Waste Form Compositions

• SR 165/TDS waste glass; prepared by Savannah River (SR)
• SR 165/TDS waste glass specially prepared at SR for Pacific Northwest

Laboratory (PNL) studies
• SR 165/TDS waste glass chemically doped and Co-60 irradiated;

prepared by SR
• SR 131/35% TDS waste glass; prepared by SR
• 76-68 waste glass supplied by PNL; prepared by SR
• HWVP-HW39 waste glass; supplied and prepared by Rockwell Hanford

Operations (RHO)
• CU borosilicate waste glass; supplied and prepared by The Catholic

University of America
• Basalt, a natural glass analogue; prepared by SR
• ARM-l, a standard reference glass; developed and supplied by the

Materials Characterization Center (MCC)

1.6.2 International Waste Form Compositions

• SON 68-18-17-L1-C2-A2-Z2; supplied and prepared by Centre D'Etudes
Nucleaires de la Vallee du Rhone (CEN/VALRHO), France

• SM 513LVll; supplied and prepared by Hahn-Meitner Institut (HMI),
Germany

• AECL-GC.NACTS 33; supplied and prepared by Atomic Energy of
Canada Ltd. (AECL), Canada

• AECL-AS-981; supplied and prepared by AECL, Canada
• FLK TRUW, WG124; supplied and prepared by Studiecentrum Voor

Kernenergie/Centre D'Energie Nucleaire (SCK/CEN), Belgium
• AVB/SAN 602519 L3C2; supplied and prepared by SCK/CEN, Belgium
• JAERI-Z-20/JW-A; supplied and prepared by Japan Atomic Energy

Research Institute (JAERI), Japan

• BNFL WG; supplied and prepared by British Nuclear Fuels Ltd (BNFL),
United Kingdom

As a result of the MIIT program, a compositional correlation was found which
tied together the various waste glass compositions (Ramsey and Wicks, 1990), based on
the use of bonding energies, structural roles of components and leaching characteristics.
This analysis is based on the fact that in ali glass systems, components can play only one
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of three basic roles; network formers, intermediates and modifiers. When the various

waste glass compositions are plotted in these terms, we find that they are very similar.
These data suggest that the behavior of these systems may be similar as well as the
dominate mechanisms of glass dissolution. In addition, the data further suggest, that
within a given group of compositions (e.g., borosilicate glasses), the behavior of glasses
such as the SR compositions and others, would be expected to be similar to other glasses
in actual production world-wide. This compositional correlation or commonality is
illustrated in Figure 1-18.

There are eleven different potential waste container or overpack metals in the
WIPP MIIT program. These include: A216 carbon steel, copper, grade-2 titanium,
Hastelloy C4, Inconel 625, lead, TiCode 12, 304L stainless steel, NS 24/309 stainless
steel, 316 stainless steel, Belgium carbon steel. In addition to the metal samples, there are
also three geologic sample types included in MIIT. These are rock salt and calcium
sulfate from the WIPP mine, and a potential backfill mixture composed of 70% bentonite,
30% sand.

Of the 50 MIIT boreholes containing MIIT assemblies, 46 were emersed in salt-
equilibrated brine and heated to 90°C while the remaining four boreholes contained
samples also heated to 90°C but in dry salt. Most boreholes were run in duplicate and
samples were exhumed for post-test analyses and assessment in four time intervals of 6
mo., 1 yr., 2 yrs., and 5 yrs.

1.7 MIIT RESPONSIBILITIES, ANALYSES AND MEASUREMENTS

The MIIT tests are operated and managed jointly by Sandia National Laboratories
(SNL) and the Savannah River Site (SRS), and sponsored by the U.S. Department of

Energy. Sandia was responsible for procurement and installation of all MIIT hardware
and for conducting the tests within the salt mine. Additional responsibilities also
included preparation of brine leachants and fabrication of selected metal, backfill and salt
samples for testing, and subsequent correlation of ali analyses and interpretations
pertaining to these materials.

The Savannah River Site had primary responsibility for ali activities involving
waste forms. This included identifying key participants and coordinating the many
individual and cooperative analytical studies being performed. In addition to these tasks,
SRS was also responsible for providing SR simulated waste glass samples, aged glass and
basalt, and preparing the MCC ARM-1 standard glass for testing. SRS also performed
some solution analyses in cooperation with WIPP and Catholic University of America
and conducted selected surface and bulk studies of leached waste forms. Coordination of

ali samples and interactions of the MIIT program and subsequent coordination and
correlation of the many analyses and interpretations that resulted from this program, were
among the most important tasks of the MIIT Glass Studies Coordinator (GSC) at SRS.
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GLASS FORMERS

[60, 40, 0] [60, 15, 25]

MIIT Waste Forms & Systems

1 AECLAS 8 SRL 165/28% TDS
2 AVB/SAN 60 9 HWVP-HW39
3 TRUWWG124 10 CATHOLICU
4 BASALT 1 1 PNL 76-68
5 SON 68-18 12 ARM-1
6 HMI PAMLEA 13 JAERI-Z-20
7 BNFLWG 14 SRL 131/35% TDS MODIFIERS INTERMEDIATES

1 5 AECLGC

Figure l- 18. Compositional correlations of MIIT waste forms.
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WIPP also provided important field measurements relevant to the MIIT study and

obtained both selid and liquid samples as defined in the MIIT Test Plan (Molecke and
Wicks, 1985). Examples of measurements conducted in the field included temperature
readings, leachant and leachate pH values, and solution volumes lost and added. In
addition, WIPP provided 'over-coring' of selected boreholes at the end of the 5-year test
period.

As part of the MIIT effort, each of the active participants were responsible for
fabricating their waste forms in accordance with procedures provided by the GSC. They
were also responsible for some pre-test chaiacterization of their product, including
identifying samples, performing dimensional and weight measurements, optical
microscopy as well as performing any other characterization that they believe important.

In addition, each participant was asked to contribute to overall post-
characterization of not only their waste forms, but other participants' forms as weil.
These analyses include, Scanning Electron Microscopy (SEM), Electron Microprobe
Analysis (EMP), Secondary Ion-Mass Spectroscopy (SIMS), Auger Electron
Spectroscopy (AES), Scanning/Transmission Electron Microscopy (STEM), Electron
Spectroscopy for Chemical Analysis (ESCA), X-ray Energy Spectroscopy (XES) and
Wide Angle X-ray Diffraction (WAXD). In addition, the University of Florida, in
cooperation with SRS, provided pre-characterization of ali waste form samples by
Fourier Transform Infrared Reflection Spectroscopy (FTIRRS) for quality assurance

purposes.

- In order to keep track of the almost 2000 individual samples, interactions and
subsequent analyses performed in MIIT, a master computer listing was formed which
allowed the many samples to be listed in terms of assembly number, sample type,
interaction, time of burial, glass OZlentation, individual glass ID number and MIIT code
number, which describes the complete in situ history of the sample. This listing also
included the type of analyses to be performed and who had the samples. This listing
could be rearranged raFidly to pick out any of the parameters or combination of
parameters listed above. These listings were made for each of the four time intervals.
The first page of the 5-yr. samples tracking listing is shown in Table 1-3 for illustration.

In addition to the variety of sophisticated surface analyses performed, solid and
solution analyses were also conducted using techniques such as Inductively Coupled
Plasma Spectroscopy (ICP) and Atomic Absorption (AA). Brine solution analyses were
provided by Sandia, SRS and especially Catholic University of America. These data were
then correlated to bulk and surface studies. In Figure 1-19, the various MIIT analytical
techniques, involving bulk, surface and solution analyses, are summarized schematically.
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Figure 1-19. Surface analyses of SRL Y leached glass surface layers.
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1.8 CONCLUSIONS

In conclusion, the MIIT program is one of the largest cooperative efforts ever
undertaken by the waste management community. Due to the unique design of these
experiments and as a result of the cooperative nature of these tests, an extensive database
is currently being produced, which has already been of benefit to national and
international waste management goals and to a variety of disciplines. These in situ tests
are an invaluable step in gaining an understanding of the performance of waste glass in a
realistic repository environment and in helping to assure confidence in the safe and
reliable performance of waste products during final disposal (over 40 individual
references including McMenamin, 1989; Wicks et al., 1990; Wicks et al., 1992).
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2.0 MATERIALS INTERFACE INTERACTIONS TEST (MIIT)
DETAILS AND OBSERVATIONS ON IN SITU

SAMPLE RETRIEVALS AND TEST TERMINATION

Martin A. Molecke
Sandia National Laboratories

Albuquerque, NM 87185 USA

and

George G. Wicks
Westinghouse-Savannah River Technology Center

Aiken, SC 29808 USA

ABSTRACT

The Materials Interface Interaction Tests (MIIT) program involves the comparative
performance-evaluation testing of multiple U.S. and foreign nuclear waste glasses
(nonradioactive), potential canister and overpack metals, brine, and geologic materials in
the rock salt repository environment at the Waste Isolation Pilot Plant (WIPP) facility.
We emplaced about 2000 materials specimens onto fifty separate test assemblies and
exposed them to a heated, salt-brine environment at the WIPP for multi-year periods. We
successfully terminated the in situ conduct of the MIIT in July 1991, after five years of
testing, and retrieved all samples for posttest laboratory analyses. These 5-year glass and
metal samples, along with samples previously retrieved after 0.5, 1, and 2 years, are being
analyzed in multiple international laboratories, in a cooperative testing effort. Individual
test participants will present available laboratory results, and interpretations, on MIIT
specimens in this workshop. Our focus in this paper is to summarize technical details and
repository-relevant observations on the in situ conduct, sampling, and termination
operations of the MIIT experimental program. Such information should be useful for the
interpretation of the laboratory-based analyses. This information also will be relevant
and instructive for other organizations contemplating, planning, or conducting additional
materials-related, in situ tests.
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2.1 INTRODUCTION

The Waste Isolation Pilot Plant facility is planned to be the first deep geologic,
nuclear waste isolation repository in the United States, and is located near Carlsbad, New
Mexico. The underground portion of the WIPP is approximately 655 meters l:,elow the
surface, mined into the thick bedded salt deposits of the Salado Formation. The WIPP, a
U.S. Department of Energy facility, will be used (a) to serve initially as an "underground
laboratory," to evaluate and demonstrate safe and effective disposal of both transuranic
(TRU; simulated and actual) and defense-related high-level wastes (DHLW; simulated
only), and (b) to permanently isolate transuranic wastes generated from U.S. defense
programs (Tyler et al., 1988). Construction of the WIPP facility began in 1981 and is
now essentially complete. This facility is scheduled to begin accepting actual TRU
wastes in 1993, for testing.

The Materials Interface Interactions Tests (MIIT) program is an important,
multinational cooperative segment of tlb,e WIPP Waste Package Performance (WPP)
program (Tyler et al., 1988; Molecke and Wicks, 1986; Wicks and Molecke, 1988; Wicks
and Molecke, 1989). This WPP program includes the direction and performance of ali
materials-related, and associated technical operations-related, in situ testing on
simulated (nonradioactive) remote-handled and contact-handled TRU and DHLW waste

containers and emplacements and, for the MIIT, high-level waste forms contributed by
non-U.S, participants (Molecke, 1993; Molecke, 1984; Wicks, 1985; Wicks et al., 1987).

The predominant goals of the WIPP WPP testing program are to provide: comprehensive
in situ and supporting laboratory data bases for waste package engineered-barrier material
selections, testing, and detailed evaluations; fabrication and test experience for waste
package designs and design options; and, repository relevant data for the WIPP
performance assessment modeling studies (Tyler et al., 1988). The WPP in situ testing
program was also designed:

• to provide relevant scientific and technical guidance plus information for
supporting both performance assessment and regulatory compliance
evaluations, and;

• to support eventual radioactive waste repository operations at the WIPP
facility, and elsewhere.

The MIIT is one of the major, predominantly non-TRU-related experimental
programs conducted at the WIPP facility (Tyler et al., 1988). The MIIT involves the
comparative performance-evaluation testing of multiple simulated (i.e., nonradioactive)
,',iaclear waste glasses, potential waste canister or overpack metals, brine, and geologic
materials in the WIPP rock salt repository environment (Molecke and Wicks, 1986;
Wicks and Molecke, 1988; Wicks and Molecke, 1989; Wicks, 1985; Wicks et al., 1987;

Molecke et al., 1989). The major intent of the MIIT program is to evaluate, then model,
glass waste form in situ leaching behavior(s) and comparative performance, metal
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sample(s) corrosion (Molecke et al., 1989), and overall interactions in a heated, brine-salt
geologic repository environment. The MIIT Principal Investigator, from Sandia National
Laboratories, and the MIIT Glass Studies Coordinator, from Westinghouse-Savannah

River Technology Center, technically directed and conducted the MIIT program at the
WIPP (Molecke and Wicks, 1986). The MIIT program also includes a major degree of
international participation by multiple researchers in the United States, Canada, Belgium,
France, Germany, the United Kingdom, Sweden, and Japan. Ali of the MIIT participants
are associated with transuranic or high-level waste form development and testing, and
have provided test samples (glass waste forms and metals) and/or are participating in
posttest sample analyses (Molecke and Wicks, 1986; Wicks and Molecke, 1988; Wicks
and Molecke, 1989; Wicks, 1985; Wicks et al., 1987; Molecke et al., 1989; Molecke,

1989). Overall details on the MIIT program and its participants have been described
previously and will be reviewed in this workshop (Wicks and Molecke, 1993).

We developed the concept for the MIIT program in late 1984 then revised,
documented, and received formal DOE approval in 1985 and 1986 (Molecke and Wicks,
1986; Wicks, 1985). We installed the MIIT materials specimens onto 50 separate test
assemblies (Wicks et al., 1987), then emplaced them into cored holes in the salt of WIPP
Room J in February 1986. MIIT heated test operations were initiated in July 1986. We
continued testing for five years, through July 1991, when the in sxtu portien of this
program was successfully retrieved, then terminated. We retrieved specific test
assemblies and samples for multiple posttest laboratory analyses alter 0.5, 1, and 2 years
of test exposure (Wicks and Molecke, 1989; Molecke et al., 1989; Molecke, 1989), as
well as at the 5-year termination point. Brine leachate samples were retrieved at these
and multiple, additional time intervals.

Our focus in this paper is to summarize technical details and repository-relevant
observations on the in situ conduct, sampling, and termination operations for the MIIT
experimental program. We shall briefly summarize details of the various test samples
and associated equipment necessary for in situ test performance; more comprehensive
test descriptions, details, and reviews have already been documented (Molecke and
Wicks, 1986; Wicks and Molecke, 1988; Wicks and Molecke, 1989; Wicks, 1985; Wicks

et al., 1987; Molecke et al., 1989; Molecke, 1989). In this paper, we intend to emphasize
descriptions of the test and operational difficulties encountered for the two- through five-
year period of conduct. Such information should be useful for assisting in interpretations
of the laboratory-based analyses. We also believe that this information should be
relevant to, and instructive for, other organizations contemplating or conducting other
materials-related in situ tests. In this workshop, individual test participants will present
available posttest results and interpretations on, primarily, the retrieved glass waste form
MIIT specimens (Wicks and Molecke, 1993). We will also summarize the corrosion
results of the various metal samples in a separate paper (Sorensen and Molecke, 1993).
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2.2 EXPERIMENTAL

2.2.1 Overview and Test Assemblies

The total MIIT experimental array involves the multi-year, in situ testing and
posttest (laboratory) analyses of almost 2000 different specimens of various waste form
glasses, candidate waste container or overpack metals, WIPP rock salt, etc., emplaced
onto 50 separate test assemblies. Individual test assemblies consist of multiple samples,
combinations of samples, and different experimental configurations or stacking sequences
of samples, producing various interface-interactions of interest. Ali "pineapple-slice"
shaped samples are stacked around a central, electric rod heater (Molecke and Wicks,
1986; Molecke, 1989). The specific glass and metal specimens on each test assembly,
and their arrangements, are summarized elsewhere (Wicks et al., 1987); Figure 2-1
shows a representative MIIT assembly with metal samples. The types of specimens will
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Figure 2-1. Representative WIPP MIIT assembly with metal samples.
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be described in Section 2.2. Ali sample assemblies were tested in duplicate, in case
specific specimens or groups of specimens were damaged or lost during the retrieval
process, to be described. We also included three additional, identical "blank" test
assemblies, into the overall experiment matrix, but with only test hardware and n___Q
materials samples on them. These three assemblies were immersed in test holes filled
with brine, in order to provide brine control blanks for the leachate solution analyses.

Ali test assemblies were hooked-up to underground power supplies and
instrument monitoring, control, and data-handling systems (Molecke and Wicks, 1986;
Molecke, 1989). The data acquisition and control systems, including the aboveground
computers, are described in Section 2-4. We have documented details of the test rod
heaters, other hardware, and associated instrumentation elsewhere (Molecke and Wicks,

1986). Further test hardware details were reviewed in the last workshop and will be
expanded upon herein only as relevant (Molecke, 1989).

The overall MIIT program consists of two basic experiment subsets (Wicks, 1985;
Wicks et al., 1987), the MIIT-SS (Solution/Surface Interactions) and the MIIT-MI
(Multiple Interactions) studies. The MIIT-SS subset represents the bulk of the total MIIT
effort and includes 38 of the 50 sample-containing test assemblies. Ali of the MIIT-SS
assemblies were immersed in brine at the initiation of testing: 28 have only glass (one
type per assembly) and WIPP rock salt sample disks; 2 have only glass samples; and 8
have (one) glass, (one) metal, and rock salt samples. Individual MIIT-SS test assemblies
were dedicated to the evaluation of one relatively simple set of materials test interfaces
(i.e., one glass type with or without one metal type) interacting in a heated brine-salt
repository relevant environment. We designed the MIIT-SS sample assemblies to obtain

two specific, very important sets of data: (1) time-dependent data from separate glass
and metal specimens from individual test holes, available from a four-part test
subassembly type of design (this setup allowed specimens to be individually removed
after 0.5, 1, 2, or 5 years of test exposure) and (2) brine solution-leachate composition
data (concentrations of leached and original ions, pH), to correlate with glass surface
studies (Wicks and Molecke, 1989; Wicks, 1985; Molecke et al., 1989; Wicks and
Molecke, 1993).

We designed the MIIT-MI experiments to help evaluate the effects of many
different package component interactions on glass waste form(s) and metals durability, in
a limited number of tests. Multiple glasses, metals, etc. were tested simultaneously.
Interpretations of the "simple"-system M!IT-SS test data will aid in and directly
complement the interpretation of the more "complex"-system MIIT-MI tests. There were
a total of twelve MIIT-MI test assemblies. Eight were immersed into initially brine-filled
test boreholes. The other four were surrounded by initially dry, finely crushed WIPP salt
rather than brine, for baseline comparisons; these are considered quite "repository
relevant."
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2.2.2 MIIT Materials Specimens and Brine

Glass Samples: The MIIT test specimens include a total of about 980 waste form
samples. The glasses, predominantly borosilicates, are ali simulated or nonradioactive
and are representative of various defense HLW, other HLW, TRU, natural analogue, and
reference compositions. These consist of fifteen different waste form glasses, seven

formulations contributed by multiple U.S. laboratories (with the bulk quantity originating
at the Savannah River facility), and eight types contributed by our foreign participants.
Exact compositions, preparation details, and suppliers of the glasses are summarized
elsewhere (Molecke and Wicks, 1986; Wicks, 1985; Wicks et al., 1987; Molecke, 1989).
Ali of the glass specimens are flat, annular-ring ("pineapple-slice") disks with an outer
diameter of 53.3 mm (2.1 inch), an inner diameter of 20.3 mm (0.8 inch), and a thickness

of 3.8 to 5.1 mm (0.15 to 0.20 inch). The "pineapple-slice" sample configuration was
derived from earlier in situ waste form-leaching tests in the Stripa facility in Sweden
(Wicks, 1985). Each sample has one polished face and an edge notch for locating
purposes. The polished face of the samples were located either face up or face down on
the test assembly. This placement allowed any effects caused by precipitates settling out
of solution to be differentiated.

Metal Samples: There are a total of 278 individual metal samples of eleven
different metal alloys used in the WIPP MIIT (Molecke and Wicks, 1986; Wicks, 1985;
Molecke et al., 1989; Sorensen and Molecke, 1993). The tested alloys, ali proposed for

waste canister or overpack use, include: titanium alloys (grade-2 and grade-12),
austenitic stainless steels (304L, 316, and NS 24/AISI 309), carbon steels (ASTM
A216/WCA and Belgian C), Hastelloy C4, Inconel 625, copper, and lead. There were a
minimum of three different types of metal alloy in each of the MIIT-MI assemblies and
only one specific alloy on the eight MIIT-SS assemblies with metals. No two metals on
an assembly were allowed to physically touch during the test period. Ali of the metal
samples are flat, annular disks with an outer diameter of 38 mm (1.5 inch), an inner
diameter of 20.3 mm (0.8 inch), and a thickness of about 6.4 mm (0.25 inch). Some have

circumferential welds to allow posttest evaluations of weld and weld heat-affected zones,
in addition to posttest analyses of uniform and localized corrosion attack. Most of the
disks also have four 3.2-mm (0.125 inch) holes through the disks. These holes are
representative of potential pits; more importantly, they allow easier penetration of brine
to the metal-other material interfacial surfaces. We provide further details on these MIIT
metal alloy samples, plus a summary of their corrosion behavior results, in a separate
paper in this workshop (Sorensen and Molecke, 1993).

WIPP Salt and Backfill Specimens: Annular disks of rock salt were machined
from large cores (41-cm diameter) of halite obtained at about the 650-m horizon of the
WIPP. Disk specimens are of large-crystal halite plus impurities and are basically
identical in mineralogic content to the rock salt (test boreholes) that surround each
emplaced test assembly. The rock salt at the WIPP testhorizon is predominantly a

2-6



heterogeneous mixture of halite (NaCI), with a maximum of 5 wt. % total of the
following minerals: anhydrite (CaSO4), polyhalite [K2MgCa2(SOn)o2H20], assorted
clays, quartz (SiO2), gypsum (CaSO4o2H20), and magnesite (MgCO3). There are
heterogeneous, mineralogical salt/impurity variations on a centimeter-to-meter scale.
Individual salt disks have an outer diameter of 43.2 mm (1.7 inch), an inner diameter of
20.3 mm (0.8 inch), and a nominal thickness of 19.1 mm (0.75 inch).

We also fabricated several sample "backfill" disks made of 70 wt. % bentonite
clay and 30 wt. % silica sand, for use in a few of the test assemblies. This backfill
material has been evaluated and previously tested for remote-handled TRU (Molecke,
1993) and DHLW (Tyler et al., 1988; Molecke, 1984) applications in the WIPP. This
bentonite/sand mixture was uniaxially compressed at 20 MPa (Molecke and Wicks,
1986) into annular disks with a final density of 1.8 g/cm 3. Backfill disks had an overall
size identical to the rock salt disks. Individual geologic material disks were placed

adjacent to either glass or metal samples, to provide an interface for interactions. We
specifically made the diameters of the glass, metal, and geologic test specimens different,
in order to produce sample/liquid interfaces, plus glass/glass, glass/metal, glass/salt, and
metal/salt interfaces.

Brine Leaehant: We used WIPP Brine A as the initial leachant liquid in all the

(brine-filled) MIIT emplacement holes (Molecke and Wicks, 1986). Brine A is a

concentrated Na-Mg-K-C1-SO 4 brine that is representative of rock salt fluid inclusions
and intergranular liquids. The initial concentrations of the major components in Brine A,
in units of molarity and/or mg/1 (ppm) are:

Na+ = !.83 M, Mg ++ = 1.44 M, K+ = 0.77 M, Ca ++ = 0.02 M, Li+ = 20 rag/l,

Rb + = 20 rag/l; C1- = 5.35 M, SO4- = 0.04 M, B (as BO3-) = 0.02 M or 1200 mg/I,

HCO 3- = 0.01 M Br- = 0.01 M, I- = 10 mg/l; and, pH = -6.5

This brine leachant was kept in equilibrium with the host rock salt and the sample
assemblies at about 90 + 10°C. As such, its composition changed as a function of time,
as rock salt and impurity dissolution and precipitation, plus waste form leaching,
occurred. We previously documented the periodic analyses results on the brine
compositions (Molecke et al., 1989). Over most of the two- to five-year test period of the
MIIT, the test assemblies were immersed not in brine, but were encased instead in near-

solid, slightly damp (precipitated) salts. The precipitated salts were predominantly NaCI,
with much smaller amounts of gypsum, carnallite [KMg(CI) 3 .6 H20], possibly bichofite

[MgCI2°6H20], and other minor phase (Molecke et al., 1989). While this condition
makes interpretations of waste form leaching tests more difficult, it is considered quite
realistic and (salt) repository relevant; interactions take place in the presence of wastes,
waste package materials, (initially dry) host rock, and any intruding liquid leachant.
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2.3 EXPERIMENTAL OPERATIONS AND OBSERVATIONS

2.3.1 Test Experiment

We installed ali of the MIIT sample_, onto individual test assemblies in January

1986, then emplaced these assemblies into WIPP test boreholes in February 1986.
AssembJies were allowed to remain at ambient temperature, about 30°C, in leachant
brine, until the test rod-heaters were energized. This heater turn-on (the formal test
initiation) __ccurred on July 22, 1986, after we received the required Department of
Energy/WIPP Project Office approval. Following turn-on, the power (wattage) of the
rod-heaters were increased, then periodically adjusted so that the resultant brine
temperatures were maintained at about 90 +__10°C, as monitored with two thermocouples
in each test borehole.

Each test borehole was located in a relatively thick layer of rock salt (halite) in
the northern half, and eastern side of test Room J in the WIPP. Room J, as mined, was
3.7 x 7.0 x 29.9 m (12 x 23 x 98 ft.),H xW x L. Because of another WIPP waste

package performance experiment occupying the same test room, the ambient air
temperature in Room J was about 40°C (Tyler et al., 1988; Molecke and Wicks, 1986).
More than 50 test emplacement holes were cored into the floor of this room, with each
hole initially being 8.3 cm (3.25 in.) in diameter, and either 1.2 m (4 ft.) or 2.1 m (7 ft.)
deep. The longer holes extended very near, or into, a bedded layer of anhydrite. Multiple
spare holes were also drilled for future use, such as for test replacements (after
sampling/retrieval periods) and as blank/control holes.

We examined several of the emplaced test assemblies and boreholes
approximately five weeks after they had been filled ",vithbrine. We found that essentially
ali of the bentonite/sand backfill disks, and a large fraction of the rock salt disks, had
dissolved in the brine. They were no longer present nor available for posttest analyses.
F,'ecipitated salt on the surfaces of most test specimens served to replace the rock salt
disks in providing salt-waste form interfaces.

2.3.2 Test Assembly Retrievals

During the course of this program, we retrieved and sampled each test assembly
four times, after 0.5, 1, 2, and 5 years of heated operations. After sampling and

maintenance operations, to be described, the assemblies were reemplaced for further
testing, except after the final, 5-year termination period. With about 50 test assemblies to
be retrie,ved each sampling period, the total retrieval and reemplacement process was very
labor intensive and time consuming. This process required a total of about five weeks
each period, with the participation of about eight people, including the principal
investigator, the glass studies coordinator, highly qualified and dedicated technicians,
drillers, and instrumentation installers. The final, 5-year sample retrieval and in situ test
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termination cycle required only two weeks of work; there were no subsequent
maintenance and reemplacement activities.

We removed 45 test assemblies for sampling at the 0.5-year retrieval period;
another 5 assemblies were also retrieved for maintenance purposes only. Most of these
retrievals occurred during January to March 1987. Five of the assembly retrievals
occurred in May 1987; these were delayed due to the late arrival of a longer coring
barrel, required to accommodate the 1.8 m-long MIIT-MI test assemblies. One test
assembly was retired from testing at this point, as originally scheduled; the rest were
reemplaced for further testing. The l-year sampling period extended from August to
October 1987 and also included the retrievals of 50 test assemblies. Three MIIT

assemblies were retired at this point, two as scheduled, and one due to sample coring-
damage. Ali damaged samples were removed for posttest analyses. At the 2-year
retrieval period, from August to September 1988, 48 assemblies were removed for
sampling and maintenance, two were retired as scheduled, and another 15 assemblies
were prematurely retired due to significant coring damage. This left 32 sample
assemblies (including 3 blank assemblies) that could be reemplaced for the full 5-year
testing period. Fortunately, replicate specimens from duplicate test assemblies
compensated for many of the coring-damaged or destroyed glass specimens; therefore,
many of the desired time intervals and samples of interest were retained. The electrical
heaters for ali of these remaining assemblies were turned off on June 26, 1991. These
assemblies were successfully retrieved during July 1991, after a total of 4.82 to 4.96 years
of heated testing at the WIPP. We officially completed the in situ conduct of the MIIT at
this time, on schedule. Posttest laboratory analyses of numerous retrieved specimens are

still in progress at many cooperating laboratories.

Due to extensive precipitation buildup of salts in each test hole, assembly
retrieval operations required the overcoring of each test assembly from the emplacement
hole and the surrounding, encapsulating rock salt. The WIPP drilling crew normally used
a 10-cm diameter by 1.2-m long core barrel, connected to a mining drill rig. A 12.7-cm
by 2.1-m long core barrel was used for the longer MIIT-MI test assemblies. We had
originally anticipated in the MIIT Test Plan (Molecke and Wicks, 1986) that overcoring
was probably not necessary, but changed our plans to always overcore after encountering
some difficulties when physically pulling several assemblies five weeks after

emplacement. We have documented the overcoring retrieval and subsequent
reemplacement operations in a separate, safety and quality assurance-approved WIPP
(internal) procedure.

We immersed the overcored, retrieved test assembly into a large water bath to
wash and scrape off the precipitated salt shell. During the 0.5- and 1-year retrievals,
precipitated salts nominally encapsulated from 25% up to 100% of the overall assembly
length. The 2-year and 5-year test assemblies were totally salt-encased. All assemblies
were removed and washed-off, whether samples were to be taken or not. We carefully
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removed the appropriate glass and metal samples from the top end of the assembly using
scalpels, dental picks and water jet-irrigators, other tools, and much manual labor. The
precipitated salt behaved like a strong cement, bonding everything together into one large
mass. We advisedly added hammers and chisels to the required tool set at the 5-year

sampling period, to more rapidly help remove large chunks of salt not immediately
adjacent to glass samples. Originally, we planned to remove test specimens from the
bottom end of each assembly (Molecke and Wicks, 1986; Wicks, 1985; Wicks et al.,
1987), but switched to top sampling because of severe salt cementing of test hardware at
the assembly bottom. If at ali possible, we did not disturb or remove glass and metal
specimens on the rod assembly that were not scheduled for retrieval.

Some of the glass specimens were found to be cracked or chipped during the
overcoring-retrieval and sampling process; most samples were still quite adequate for
analyses. Unfortunately, a small number of glass samples were fractured so much, i.e.,
shattered, that identification was not possible. The quantities of damaged glass
specimens increased after multiple retrievals, particularly at the 2-year sampling period,
and especially for the 1.8-m long MIIT-MI assemblies. This damage was unavoidable,
particularly considering the "brute force" overcoring technique required to free assemblies
from the encapsulating rock salt. We must commend the skill of the dedicated drilling
crew personnel for keeping sample coring damage to a minimum.

We photographed many samples for further documentation after the removed
glass and metal samples had been rinsed off and carefully identified. We then wrapped
the glasses in brine-moistened towelettes (to prevent drying of glass surface layers), and
wrapped the glass or metal specimens in individual plastic bags tbr transfer to the
appropriate analysts.

Other Observations:

1. When the MIIT-MI test assemblies that were surrounded by initially dry,
crushed salt (rather than brine) were removed for sampling after two and
five years, we found that they were in contact with slightly damp salt, not
dry. The source of this moisture was found to be interconnections to
adjacent, brine-filled boreholes; refer to Section 2.3.3.

2. During the 0.5-, 1-, and 2-year sample retrieval periods, we found a dark
blue, to brown, to black-colored dispersed precipitate or colloid mixed
with precipitated salts near the top of the test emplacements which
contained mild steel A216/WCA metal specimens. A significant amount
of this material was also found in solution and precipitated on glass

samples. This corrosion-product material was primarily magnetite and
hydrous ferric-iron hydroxy carbonate (pyroaurite) (Molecke et al., 1989).

2-10



3. During the 2- and 5-year sample retrievals, we also found considerable
bonding between adjacent A216/WCA metal and glass waste form
samples and lead-glass samples. This metal-glass bonding or "sticking"
made specimen retrievals very difficult, particularly in the assemblies
containing lead.

2.3.3 Assembly Reemplacement Activities

We repaired the remaining segments of each test assembly, as necessary, prior to
reemplacement for the next test-exposure period. Damaged electric rod-heaters were
replaced as necessary; ali rod-heaters were wrapped in new Teflon tape. Any cracked
glass samples to be tested further were held in place on the rod-heater with additional
Teflon tape. Missing samples were replaced with thin Teflon sheet spacers to prevent any
unwanted interfaces from occurring. We stored each restored test assembly in a large
plastic bag until it could be reinstalled. We also added some brine to each bag to
maintain a humid environment, to prevent sample surface drying.

Due to some brine-dissolution occurring in many holes and the effects of retrieval
overcorings, we had ali the test holes refurbished prior to assembly reemplacements. The
top surface of the holes were leveled to help ensure tighter fits for the metal seal-plate
hardware (Molecke and Wicks, 1986; Molecke, 1989). Many boreholes had to be
abandoned after use primarily due to excessive brine leakage (observed during periodic
brine refilling activities) and interconnecting cracks to other test holes (observed during
coring-retrieval activities). These interconnections allowed some mixing of brine
leachates between holes and may complicate interpretations of the analyzed leachant
compositions (Molecke et al., 1989). Interconnections were due to either minor, isolated
(mining, excavation-induced) cracks in the host rock salt formation, or from cracking-
porosity in, or through, an anhydrite (CaSO4) impurity layer just below the bottoms of the
test holes. We also abandoned a few boreholes because a larger than 10-cm (4-inch)
diameter core barrel was used to retrieve a "stuck" or tilted, off-center assembly in a
hole.

Some test assemblies were reemplaced into either new, spare boreholes or into
boreholes that had been occupied by removed and retired test assemblies, but were still
good. At the 0.5-year retrieval period, we switched two assemblies into a previously used
borehole and one assembly into a new, spare hole. At the l-year retrieval period, we
switched one assembly into previously used boreholes and five into new, spare holes. At
the 2-year retrieval period, we switched seven assemblies into previously used boreholes.

We found it necessary to destroy, then replace ali thermocouples during each test
assembly retrieval and reemplacement cycle. Initially, instrumentation technicians would
snip-off the top end of each installed thermocouple prior to beginning the overcoring.
The old thermocouples would normally be encased in precipitated salt, then removed
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along with the test assembly. However, the thermocouple removal procedure was soon
modified when we observed that the core barrel could occasionally grab onto a
thermocouple, whip it around inside the test hole, and, unfortunately, damage some glass
specimens. As soon as this problem was observed, during the 0.5-year retrieval cycle, we
modified the thermocouple removal procedure. The test drillers now would mechanically
pull each thermocouple (and the separate liquid fill tube) from the test hole prior to
overcoring (Molecke, 1989). No glass or other samples would then be damaged by
spinning thermocouples. Instrumentation technicians would then install two new Type E,
Chromel-Constantan thermocouples (3.2-mm in diameter, sheathed in corrosion resistant
Inconel 625) per hole, as part of the borehole refurbishment procedure.

While we had anticipated the periodic reinstallation of new thermocouples in
each test hole following coring activities, we had not anticipated the extent of failure of
the electric rod-heaters. These rods were Chromalox type CIR cartridge heaters, with

Incoloy 800-cladding, initially; they were replaced later by more corrosion-resistant
Inconel 625-clad heaters. Heater failures were due predominantly to mechanical coring
damage, usually at the bottom of the rod, or from twisted-off power leads at the heater
top occurring during the coring process. Five failures were due to electrical shorting of
power leads at the top end of the heater; several of these failed heaters were repaired by
installing shrink-wrap insulation on the power leads. Two other failures were due to
corrosion of the heater Incoloy 800-cladding. Brine was able to penetrate and moisten the
internal refractory insulation, causing swelling, and resulting in a bubble aneurysm-type
failure. A total of twenty five rod heaters were replaced during the periodic retrieval
cycles. We replaced six heaters during the 0.5-year retrievals. Five were replaced at the
1-year point. Thirteen were replaced at the 2-year point, including the two heaters that
failed by corrosion. Also, one heater failed after about 4.5 years, due to a nonrepairable
electrical short, but was left in place until test termination. After the 2-year sample

retrieval period, ali the assemblies were 0.9 m in length. We reemplaced the (fewer)
remaining glass and metal specimens from the original 1.8 m-long MIIIT-MI assemblies
onto 0.9 m-long rod heaters.

Finally, we reemplaced each test assembly into their original (or substitute, as
necessary) borehole, added a measured amount of new Brine A to fill, connected and
checked the instrument and power cables, and then turned the individual assembly on
again. This reinitiation of heated testing usually occurred within one to two weeks after
the assembly had been overcored and sampled.
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2.3.4 Brine Monitoring, Control, and Sampling

We monitored the volume of brine leachant in each MIIT emplacement hole
frequently, to ensure that the brine always covered the test samples. The liquid level was
maintained at about 5 cm below the top seal plate, well above the top of the sample stack.
No glass specimens were ever exposed to air due to a low brine level. For the first four
months of the MIIT, observed rates of brine loss ranged from about zero up to 500
ml/day, averaging about 130 ml/day. Therefore, we maintained brine monitoring and
refilling activities at once/each weekday; this was a very labor-intensive activity. Most
of the liquid loss was due to volatilization of water vapor past the top seal plates on the
assembly (Molecke and Wicks, 1986; Molecke, 1989). Some loss was due to fractures in
the rock salt, with some observed interconnections and brine inflow or outflow to

adjacent boreholes. We were able to significantly minimize volatilization losses by
packing finely powdered salt around and over the top hole-seal plate. This salt packing,
assisted by brine-salt consolidation, helped form a better vapor barrier. The average rate
of liquid loss was cut to about 60 ml/day by this technique, allowing us to change the
brine monitoring frequency to three times/week. Daily records were kept on the quantity
of refill liquid used in each MIIT test borehole. However, there is no way to estimate
what fraction of water was vaporized, was lost to fracture flow, or was incorporated into
hydrated, precipitated salts. As such, the validity of performing liquid (mass) balance
calculations appears questionable.

Replacement leachant, when needed, was injected through a 6-mm diameter,
Inconel 600 liquid-fill tube, that extended down towards the bottom of the emplacement
hole. The added liquids (not saturated at temperature) percolated upward through the
denser, existing (saturated) leachant. Due to thermal convection currents, we assume that
this system was almost self-stirring. For the first six months of the MIIT, we used WIPP
Brine A as the replacement liquid, as requested by the test peer reviewers (Molecke,
1989). However, since most fluid was lost due to water volatilization, continued addition
of concentrated brine resulted in a very significant amount of salt precipitation buildup in
the test holes, almost filling them up with solid salt. We first noticed this salt
precipitation buildup after about two months of heated testing. After four months, 29 of
the 53 emplacements had significant salt buildup or were essentially solidified. After five
months, 43 of the test emplacements were so affected. Precipitation within the test holes
also tended to heavily coat the surfaces of the test specimens with salt.

Starting after the end of the first 0.5-year retrieval period, we added either Brine A
or deionized water as the replacement liquid, on alternate weeks, as necessary. This
procedure was used through the 2-year sampling period and helped minimize salt
precipitate buildup somewhat while still maintaining (some of) the leachant as saturated
brine. The addition of liquids after the initiation of the 2- through 5-year test period was
different and is discussed in Section 2.5.
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We previously documented the operations and schedules for obtaining MIIT brine
leachate samples for composition analyses (Molecke et al., 1989). Solute analytical
results for many of the brines were also summarized, through the 1-year sampling period
(Molecke et al., 1989).

2.3.5 Temperature Monitoring

We monitored the brine leachant temperature(s) in each test borehole with two
thermocouples attached to the borehole salt wall. One of these thermocouples was near
the top of the test assembly, the second was nearer the bottom (Molecke and Wicks,
1986; Molecke, 1989). For the first two years of MIIT conduct, most recorded

temperatures were in the range of 90 + 10°C, with the top thermocouple (usually)
registering the higher temperature. Immediately after periodic assembly retrieval and
reemplacement, and turn-on of the electric rod-heater, the brine temperatures would take
several days to increase from about 40°C back up to 90 + 10°C. For the 2- through 5-
year period of test conduct, measured temperatures were generally in the range of 85 +
10°C. There were many brief periods of power outages at the WIPP site during this time
period; sharp drops in temperature of 10° to 15°C would occur and would last about a
day.

On a weekly schedule, we also obtained secondary, manual readings of brine

leachant temperature near the top of the brine in each emplacement hole. We considered
this manual "dip-temperature" procedure to be necessary after salt precipitate buildup in
test holes became significant, and self-mixing of the leachant was hindered. Our concern
was that salt precipitates in the hole, between the wall-mounted thermocouples and the
centrally located, heat-generating rod heater, would result in incorrect (low)
thermocouple readings, causing us to incorrectly readjust the power to the rod heater.
About one month after test turn-on, we conducted a manual, dip-temperature mapping of
several test holes, as a function of depth, as a check. We observed a dip-temperature

range of 84.9 ° to 92.7°C, from 5 to 81 cm-deep in a MIIT-SS borehole. We also
observed up to a 3.5°C temperature range horizontally, between the hole wall and the
hotter surface of the rod heater. The corresponding thermocouple readings were 87.7°C at
-30 cm in the brine and 75.5°C at -60 cm. In a longer MIIT-MI borehole, the observed

dip-temperature range was 83.2 ° to 88.5°C, from 7.5 to 150 cm-deep, at the borehole
wall. This range compared to thermocouple readings of 83.9°C at -60 cm and 72.0°C at
-91 cm. We also determined that after appreciable salt precipitation had occurred in the
borehole, the dip-temperature at about -5 cm into the brine could be influenced by
stratification of a magnesium-rich component at the top of the brine (Molecke et al.,
1989). This magnesium-rich brine layer could have a very high boiling point. In several
instances, we measured dip temperatures up to about 130°C, while the remote-reading
thermocouples (both above and below the test specimens) indicated temperatures in the
range of 80° to 95°C (Molecke et al., 1989). The measured dip temperature could,
therefore, be excessively high in relation to the brine temperatures adjacent to the glass
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specimens located further down. Therefore, we adjusted the power to the rod heater
based predominantly on the recorded temperature of the top-most thermocouple, with the
dip temperature acting as an additional influencing factor.

2.4 DATA SYSTEMS

2.4.1 Data Acquisition System

The MIIT electric rod-heaters and thermocouples were connected to a
computerized, data acquisition system, DAS. Individual heater voltages, wattages, and
borehole in situ temperatures at multiple locations were monitored and recorded every 4
hours. This DAS provides both easy access to test data for evaluation and permanent
records for later detailed analyses.

Essentially, the underground segment of the DAS consists of a controlled-
environment recording shed (station) that contains power supplies, signal conditioners,
data scanners, digital multimeters, and calibrators. Analog voltage data from individual
gages are periodically interrogated by the digital voltmeters. The resultar._ digital signals
are communicated from the underground to the surface by means of a IEEE-488 interface
data bus. The aboveground portion of the DAS consists of a multitasking and multi-user
ModComp minicomputer system (ModComp Classic 7840) that converts the raw data to
engineering units, stores the data in both raw and converted forms, provides plots and
data listings, and manages remote (user) access via modem (Mcllmoyle et al., 1987).

This DAS has a capacity of more than 5,000 data channels, adequate to operate the MIIT
as well as ali other Sandia-conducted underground WIPP experiments (Tyler et al., 1988).
The DAS was designed, procured, installed, and is being operated by Sandia National
Laboratories. Full details on this WIPP DAS can be found elsewhere (Tyler et al., 1988;
Mcllmoyle et al., 1987).

Manually acquired data (dip temperatures, pH measurements, brine composition
analyses, glass leaching, and metal corrosion data) are handled separately (Molecke and
Wicks, 1986; Wicks and Molecke, 1988; Wicks and Molecke, 1989; Wicks, 1985; Wicks
et al., 1987; Molecke et al., 1989; Molecke, 1989). These data are inputted into a
computer spreadsheet (LOTUS 123) for organizatior, al purposes, comparisons, data
listings, plotting of graphs, and transfer to other participants, as required.

2.4.2 Data Management System

The database management and reduction system provides data plots and displays
that have been appropriately corrected for errors or adjustments and that represent quality
assurance-checked, in situ measurements (Tyler et al., 1988; Mcllmoyle et al., 1987;
Munson et al., 1990; Ball and Shepherd, 1987). Essentially, this effort consists of: 1. an

integrated database management system titled WISDAAM, an acronym for the WIPP In

2-i5



Situ Data Acquisition, Analysis, and Management system (Munson et al., 1990); and, 2.
a data reduction software program called UNDERDOG (Ball and Shepherd, 1987), to
assist in performing the necessary functions for data corrections, adjustments, display,
output, etc. UNDERDOG is an acronym for the Underground Nuclear Depository
Evaluation, Reduction, and Detailed Output Generator, and is documented elsewhere
(Ball and Shepherd, 1987).

The WISDAAM system for the WIPP was developed especially for multi-user
access to the database. This database is stored in a MicroVAX II computer at Sandia
National Laboratories. The WISDAAM system and the UNDERDOG software were used
to process the remotely-read instrumentation data for the MIIT. Ali such data are
"certified" as approved by the test Principal Investigator and quality assurance (QA)
stamped. Such certified data is available for use in analyses by interested parties
associated with the MIIT or other WIPP-related programs.

2.5 ADDITIONAL TERMINATION ACTIVITIES AND SUMMARY

After almost three years of heated testing, i.e., about one year after the initiation
of the 2- through 5-year test period, further leachant liquid-refill additions were
discontinued. By then, ali the test boreholes were essentially filled with precipitated salt
(refer to Section 2.2 for analyzed content), not brine. From this point through test
termination, we added deionized water to the top of each borehole biweekly, simply to
maintain a degree of moistness in the salt. Because of this precipitation, we had already
ended the collection of brine samples for future solute analyses several months after the
start of the 2- through 5-year test-exposure period. At this point, if not before, the
Materials Interface Interactions Test assemblies can be considered, more correctly, as part

of a waste form-damp salt interactions test, not as an idealized waste form leaching test.
This title of the test program reflects this fact.

For most of the final three years of in situ conduct of the MIIT program, except
for the 5-year retrievals and test termination, we conducted the test in a "maintenance"
only mode. We were basically compelled to start the MIIT test maintenance mode by a
combination of two occurrences:

1. the cessation of liquid addition and leachant sampling activities, due to
extensive salt precipitation;

2. a shift in the overall WIPP program focus and resources, away from high-
level waste test-associated activities towards, almost exclusively,
transuranic waste testing, modeling, and performance assessment-related
activities.
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Many of the MIIT waste form glass and essentially ali of the metal samples
recovered during all four of the retrieval periods have now been returned to the multiple

participating laboratories for final posttest analyses. Many laboratory analyses are still in
progress and will continue for some time. Interpretations of available results will be
discussed in this workshop. Many more results and interpretations are expected over the
next several years and will be documented separately by multiple test participants.

In this paper, we have provided a detailed summary of technical and operational
aspects for the in situ conduct of the MIIT experimental program in the WIPP facility.
We have included descriptions of relevant occurrences and problems encountered over

the five-year period of test exposures, multiple assembly retrievals, materials sampling,
and assembly reemplacements. This information should complement and aid in

interpretations of the laboratory results obtained by our test coparticipants. It is also
such occurrences and observations that unavoidably make an in situ test significantly
more difficult to conduct and control than a laboratory test. However, we feel that these
occurrences, and the interactions and complexities that may have resulted from them, also
make the in situ tests more realistic and repository relevant. We anticipate that this
information can be relevant and instructive for other organizations contemplating,

planning, or conducting additional materials-related, in situ tests.
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3.0 SUMMARY OF THE WIPP MATERIALS INTERFACE
INTERACTIONS TEST- METAL CORROSION

N. Robert Sorensen and Martin A. Molecke
Sandia National Laboratories

Albuquerque, NM 87185 USA

ABSTRACT

Several series of in situ, high-level and transuranic waste form-leaching and waste form-
engineered barrier materials-interactions tests were conducted at the Waste Isolation Pilot
Plant (WIPP) facility, near Carlsbad, New Mexico, in the USA. This multi-national
effort, the WIPP Materials Interface Interactions Tests (MIIT), involves the underground
testing of about 1900 (nonradioactive) waste form, metal, and geologic samples in the
bedded salt at the WIPP. This test program started on July 22, 1986 and has achieved its
projected five-year lifetime. Ali in situ samples have been retrieved and sent to multiple
laboratories for posttest analyses. Most of the analyses on metal samples have been
completed and the results are summarized in this paper. The tested metal alloys proposed
for waste canister or overpack use included titanium alloys (grade-2 and grade-12),
Hastelloy C4, Inconel 625, austenitic stainless steels (304L, 316, and NS 24/AISI 309),
carbon steels (Belgian C and ASTM A216/WCA), copper, and lead. After five-years of
test exposure immersed in WIPP brine A and/or salt at about 90°C, the corrosion-resistant
materials (Ti, Inconel, Hastelloy) exhibited very little corrosion. The austenitic stainless
steels suffered pitting, crevice corrosion, and some evidence of stress corrosion cracking.
The carbon steels, copper, and lead exhibited both extensive general and localized attack.
Details of the test, analyses, and results obtained will be discussed.
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3.1 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP), a U.S. Department of Energy facility, is
the first deep geologic, nuclear waste isolation repository in the United States. The WIPP
is located near Carlsbad, New Mexico. Its underground portion is about 655 meters
below the surface, in the thick bedded salt (halite) deposits of the Salado Formation. The
WIPP will be used first (a) to serve as an "underground laboratory.," to evaluate and
demonstrate the safe and effective disposal of transuranic (TRU) wastes, (Tyler et al.,
1988) and then (b) to permanently isolate TRU wastes generated from U.S. defense
programs. The WIPP facility is now essentially complete and is anticipated to begin
accepting TRU wastes, for test purposes, in 1993.

The Materials Interface Interactions Test (MIIT) is one of the major experimental
programs conducted at the WIPP facility (Tyler et al., 1988). lt involves the in situ
leaching and interactions testing of about 2000 (nonradioactive) high-level and
transuranic waste form, metal, and geologic samples in the bedded rock salt. The WIPP
MIIT international, cooperative program was conducted and managed by principal
investigators from Sandia National Laboratories and Westinghouse-Savannah River
Fechnology Center. MIIT glass waste form and metal samples were supplied from, and
are being analyzed by eight countries (Molecke and Wicks, 1986; Wicks, 1985). The in
situ conduct of the MIIT program extended from heated-test initiation, in July 1986,
through the completion of the five-year test assembly and sample retrievals, in July 1991.
Samples were obtained and analyzed after testing periods of 0.5, 1, 2, and 5 years.
Technical objectives of the MIIT, preliminary details on ali test samples, and descriptions
of in situ test operations and posttest sample analyses through the first two-year period of
conduct have been presented previously (Tyler et al., 1988; Molecke and Wicks, 1986;
Wicks, 1985; Wicks et al., 1987; Molecke, 1988; Wicks and Molecke, 1989; Molecke,

1983) and will not be repeated in this paper. Updates on these topics, through the five-
year retrievals plus termination of the MIIT, will be presented in other papers in this
workshop (Molecke and Wicks, 1993; Wicks and Molecke, 1993).

The major purpose of this paper is to summarize the laboratory, posttest corrosion
results, metallurgical evaluations, and interpretations for ali metal samples retrieved from
the WIPP MIIT program. This information can help in the development of source terms
and performance assessments that can be used to describe long-term waste package
behavior in salt.

3.2 EXPERIMENTAL

3.2.1 Metal Samples

Eleven separate metal alloys were incorporated into the MIIT test assemblies.
Each alloy was considered primarily as a potential high-level waste package canister or
overpack material. Lead was included principally to evaluate potential impacts on waste
form glass leaching -- due to lead in brine solution or coated/precipitated onto the glass
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surfaces. A brief listing of the metals used in the WIPP MIIT, relevant test details, and
the organizations supplying the metals and providing posttest analyses, are as follows
(Molecke and Wicks, 1986):

Sandia National Laboratories (United States):
1. ASTM Grade-12 titanium (TiCode-12), both with and without welds
2. stainless steel 304L, both with and without welds
3. lead

Battelle Pacific Northwest Laboratory (United States):
4. cast mild steel ASTM A216/Grade WCA, with and without welds
5. Inconel 625, both with and without welds

Atomic Energy of Canada, Ltd., Whiteshell Laboratory (Canada):
6. copper
7. ASTM grade-2 titanium (chemically pure)

Studiecentrum Voor Kernenergie/Centre D'Energie Nucleaire (Belgium):
8. Hastelloy C4
9. Belgian carbon steel (Bcl-C)

Centre D'Etudes Nucleaires de la Vallee du Rhone (France):
10. NS24/AIS1 309 stainless steel

Kernforschungszentrum Karlsruhe and Hahn-Meitner Institut (Germany)
11. stainless steel 316

Inconel 600, Inconel 625, and Incoloy 800 were also included in the test since
they are the materials of construction of much of the test hardware. Most of the metal
annular disks have four 3.2-mm (0.125 in.) holes drilled through the samples at 90°;
these holes are representative of potential pits. Overall dimensions and fabrication details
of these MIIT metal samples are described elsewhere (Molecke and Wicks, 1986;
Molecke, 1988).

3.2.2 Overview

The above metal samples were included on twenty of the total of fifty (non-blank)
MIIT assemblies. Eight of the metal sample-containing assemblies were part of the
MIIT-SS (Solution/Surface Interactions) subset of tests, immersed in brine (Molecke and
Wicks, 1986). These MIIT-SS (part II-B [Wicks et al., 1987]) assemblies consisted of a
single glass waste form (SRL Glass 165/TDS, "Y" [Wicks et al., 1987]) in contact with a
single metal alloy, either stainless steel 304L, titanium grade-12, cast mild steel
A216/WCA, or lead.

The remaining twelve metal sample-containing assemblies were part of the MIIT-
MI (Multiple Interactions) subset of studies, eight immersed in brine and four surrounded
by initially dry, WIPP crushed salt. There were a minimum of three different types of
metal alloy in each of the MIIT-MI assemblies. No two metal samples were allowed to
physically touch during the test period. Individual metal samples were either in contact
with a glass, salt, or bentonite/sand backfill material disk. When metal and non-metal
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samples were removed from a test assembly during the periodic sampling periods, a
Teflon disk would be inserted between adjacent metal samples, to prevent direct contact.
Teflon tape was wrapped around the central rod heater (sheathed in either Inconel 625 or
Incoloy 800) to prevent contact with the metal sample disks.

All but four of the MIIT assemblies were initially immersed in a high Mg-Na-K
chloride concentrated brine, WIPP brine A (Molecke and Wicks, 1986), controlled at
about 90° + 10° C. As a function of test time, however, sodium chloride and other

minerals would precipitate out (Molecke, 1988; Molecke and Wicks, 1993), yielding an
increasingly magnesium-rich, concentrated brine. Within a matter of several months,
most test assemblies would be immersed in near-solid hot salt, not brine.

Preliminary corrosion results for short time samples were reported previously
(Molecke et al., 1989). Those data are included in this report to provide a complete
history of metal corrosion in the MIIT program.

3.2.3 Metal Sample Analyses

The initial corrosion analyses for ali of the MIIT metal specimens retrieved after
0.5 and 1, 2, and 5 years of test operation have been completed. The MIIT metal
specimens were initially cleaned of clinging salt precipitates in an ultrasonic water bath;
a soft bristled brush was used to remove the clinging salt. The samples were rinsed in
deionized water, blown dry, and photographed. Any significant corrosion products were
sampled and analyzed separately. In some instances, significant quantities of salt and/or
corrosion products adhered to the surface of the samples. These were often removed with
a metal scraper. In such instances, care was taken to prevent metal removal during the
procedure. Ali retrieved samples were then chemically cleaned using ASTM specified
procedures (G1-81); to remove corrosion products. Samples were then weighed to the
nearest 0.1 mg, visually evaluated for both uniform and localized attack, and evaluated in
more detail as justified. Control samples exposed only to laboratory air at room
temperature were also analyzed for comparison. Specimens were then returned to their
originating organization for any further, destructive analyses. Results from these
destructive analyses will be reported in the future by cooperating test partricipants.

Grade-12 titanium and stainless steel 304L samples, both unwelded base alloy and
those with circumferential welds, were sectioned and metallurgically evaluated (by
Sandia National Laboratories) for any alterations. The purposes of the metallurgical

analyses are to evaluate any changes in microstructure caused by the thermal and
chemical exposures to hot, saturated brines at about 90°C, and to observe any material
degradation such as general corrosion, pitting, or cracking. The metallurgical evaluations
consisted of (1) a visual examination of the water-rinsed parts with a low-power optical
microscope to look for gross corrosion or cracking on the outer surfaces; (2) high
magnification optical microscope examination of polished and etched metallurgical cross-
sections of segments of the disks mounted to show surfaces exposed to brine; and, (3)
Knoop microhardness measurements were made on metallographically polished cross-
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sections of each stainless steel 304L and Grade -12 titanium sample using a 200-g load
and a loading time of 15 seconds. These microhardness measurements can be a sensitive
indicator of microstructural changes affecting the alloys' strength that are difficult to
resolve by optical metallography. The welded samples were included to investigate
brine-exposure effects on weld microstructures (fusion zone and heat-affected zone), as
well as to assess effects of welding-induced residual stresses.

3.3 RESULTS AND DISCUSSION

3.3.1 Metals Corrosion and Metallurgical Alteration Results

Data plots in Sections 3.3.1.1 through 3.3.1.5 show the corrosion weight changes
of the various metals over the 5 year exposure period. Corrosion rates are determined
from weight change data. In almost all instances, the nature of the corrosion attack was
not confined to general attack. Even in absence of pitting, the corrosion was localized to
certain portions of each sample. This made calculating the corrosion rate in units of
microns per year (or some other thickness change) essentially meaningless. Thus, the
corrosion data are presented simply as changes in weight.

3.3.1.1 Austenitic Stainless Steels

Three austenitic stainless steel alloys (304L, 309, and 316) were tested in the
MIIT program. Samples of type 304L SS were tested in both the welded and unwelded
condition. Figure 3-1 shows the corrosion data fbr type 304L. There is a general and
steady increase in the amount of material removed from the samples. There is significant
scatter in the data, indicating both a variability in corrosion rate and the presence of
localized attack. Figure 3-2 shows the corrosion rate for type 309 and 316 stainless steels.
They exhibit behavior and corrosion rates similar to the 304L. The 316 corroded at a
slightly higher rate than the 309. The 316 stainless steel samples all exhibited localized
attack in the form of pitting and possible crevice corrosion. No general attack was
evident, nor was there any indication of stress corrosion cracking. The weight change data
show that the corrosion reaction continued throughout the 5 year test, with no indication
that the reaction is being limited by a passive film or the presence of a corrosion product
film.

Both the welded and unwelded stainless steel 304L specimens exhibited good
uniform corrosion resistance, with no evidence of pitting or crevice corrosion. In general,
the welded samples appeared to corrode faster than the unwelded samples. For the
welded disks, there was no apparent relation between time and severity of attack. The
unwelded samples showed very little weight change, and no evidence of pitting, cracking,
or crevice corrosion; the degree of attack on these samples does appear to be a function
of exposure time.
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The stainless steel 304L samples did, however, show susceptibility to chloride-
induced, transgranular stress corrosion cracking in both the welded and base metal disks.
In Sample D4 (no weld, 1-year exposure), cracks extended from the disk inner diameter
to the 3.2-mm-diameter drilled hole, and from the same hole to the outer diameter of the

disk. It was not possible to determine the initiation locations of these large cracks. Some
small transgranular cracks obviously initiated at the drill hole. Shallow pits 100 - 150
micrometers deep were also visible around the hole. No pitting or cracking was observed
on the inner- or outer-diameter surfaces of the disk. There was a qualitative increase in
the extent of cracking with exposure time: Sample C9 (welded, 0.5-year exposure) had
short transgranular cracks approximately 100-micrometers long starting from the drilled
hole; Sample CII (welded, l-year exposure) contained four large transgranular cracks
which connected the inner- and outer-diameter of a drilled hole. Many more similar, but
more extensive cracks were observed for the 2-year exposure samples; these have not yet
been quantified. Celd work from the hole-drilling process may have accelerated cracking
at the small holes; a sheared zone roughly 100-micrometers thick was seen around the
drill holes in the stainless steel samples. Cold working could provide enough residual
stress to promote stress corrosion cracking. In any case, 304L SS, as expected, was
highly susceptible to stress corrosion cracking in the chloride-containing brine test
environment.

3.3.1.2 Titanium Alloys

None of the Grade-12 titanium (TiCode-12) test samples showed any evidence of
general corrosion, stress corrosion cracking, crevice corrosion, pitting, or changes in
microstructure. Neither general nor localized attack was significant in these samples. The
6 month and 1 year samples were pickled in an agressive manner during post test
evaluation, resulting in some metal removal. This accounts for the higher apparent
corrosion rates for these samples. The cleaning procedure was changed for the remainder
of the samples to prevent or limit the amount of metal removed during cleaning. The rest
of the samples show very little corrosion. There is, however, a slight correlation between
exposure time and weight loss, indicating that the samples were corroding at a very low
rate. Both the grade 12 and grade 2 Ti exhibited similar weight change characteristics as
shown in figures 3-3 and 3-4. Their corrosion rates were significantly lower than those of
the austenitic stainless steels.

On the we!ded samples, the grain structure was evident in the weld affected zones,
but there was no evidence of gross material removal. Exterior surfaces and
microstructures of the tested samples were unchanged from the control samples.
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3.3.1.3 Lead

Lead samples were used in these tests more to determine the effects of disso' :ed
lead on glass leaching than for metal corrosion rates. The lead exhibited a large range of
corrosion rates. In some instances, more that 1/10 of the lead disk had been removed; in
most cases, a correlation was observed between time and amount of material removed.
The lead underwent both general and localized attack. Localized attack was observed on
the top and bottom surfaces of the disks, but was most severe on the (most exposed) outer
edge of the disk. At the 2-year sampling period, there was also appreciable bonding
between adjacent lead and glass disks. This bonding made sample separations very
difficult, much more so than in the case of A216/WCA metal-glass bonding (Molecke,
1988; Molecke and Wicks, 1993).

The lead samples removed from the MIIT test were ali covered with a white lead
corrosion product. Once the corrosion products were removed, all of the samples
exhibited substantial corrosion, although the severity of attack ranged from nominal to
severe. One sample (E28) had corroded to the extent that a section comprising almost 1/4
of the sample was missing. Samples El9 and El7 also exhibited substantial corrosion.
There was no evidence of pitting or cracking in any of the lead samples. The weight
change data is presented in Figure 3-5.

3.3.1.4 Steel

Ali of the mild steel type A216/WCA samples suffered significant uniform
corrosion with voluminous corrosion products present. General attack in the form of
severe etching was observed. Some of the samples also suffered severe localized attack
in the form of crevice corrosion. The localized attack seemed to occur with triangular
symmetry around the sample, and seems to associated with the welds placed in the disks.
Weight losses appear to be random with respect to time, and probably reflect the onset of
localized corrosion rather than time of exposure (Figure 3-6). The frequency of localized
attack for welded samples was considerably higher than for the unwelded samples.

3.3.1.5 Copper

Ali of the copper samples suffered general attack only. Discoloration of the
surfaces was observed, but, in general, there was no evidence of localized attack or stress
corrosion cracking. Measured weight changes were initially quite small (up through 1
year of exposure) but increased with increasing exposure time. At least I sample (C6)
also exhibited some localized attack at the edge of the sample. The weight changes were
significant, although the samples were not destroyed due to corrosion. The weight change
data in shown in Figure 3-7. There is a correlation between exposure time and weight
loss, which indicates that the samples continued to corrode throughout the entire MIIT
test. The short time samples (< 6mo.) exhibited almost no weight loss. There may be an
induction period before the copper begins to corrode. Once the process is initiated, attack
continues at a substantial rate.
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3.4 CONCLUSIONS

Interpretations of the extent of MIIT metal sample corrosion in a brine and salt
environment at 90° + 10°C have been described and are fairly straightforward. Grade-12

Ti, grade-2 Ti and inconel 625 exhibited excellent corrosion resistance. The austenitic
stainless steels were practically immune to general corrosion. They were quite
susceptible, however, to localized attack and exhibited pitting, crevice corrosion and
stress corrosion cracking. The mild steels ali underwent extensive corrosionl They
exhibited a combination of general and localized attack. The lead samples suffered
mainly general corrosion, with the severity of the attack varying among samples. The
copper coupons suffered more corrosion than anticipated, with a mixture of both general
and localized attack being observed. Further, more detailed corrosion results will be
documented in the future, by individual MIIT program partricipants.
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