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Preface to Deliverable Draft (August 30, 1996) 

This draft report of the revised Volume 3 of the Engineered Materials Characterization 
Report (EMCR) is a Yucca Mountain Project deliverable. After informal and formal 
review, the report will be published as a UCRL report. This event is scheduled for 
February 1997. The published report may contain additional test and modeling data, 
depending on the progress made in the early part of FY-97. Further revision to the 
EMCR will be made in succeeding years. 

This draft report generally reflects the level of effort in each WBS element and in each 
technical activity. There is some unevenness, because more progress has been made in 
some activities than in others. Some of the technical activities require a large outlay of 
expenditures to purchase specimens, equipment, and instrumentation. Restricted funding 
has delayed some of the progress. These activities also require a great amount of time in 
setting up the equipment. Therefore, certain "thin" sections of this report act as a sort of 
"place holder" where planned work will eventually fill these sections in future revisions. 

In order to meet the deliverable schedule, some of the figures and illustrations are in draft 
form. Because several sections relied on input from individual principal investigators, 
the system of references varies from section to section. These deficiencies will be 
overcome in the formally published report. 



1.0 Introduction 

The Engineered Materials Characterization Report (EMCR) serves as a source of 
information on the properties of materials proposed as elements in the engineered barrier 
system (EBS) for the Yucca Mountain nuclear waste repository. The initial version of 
this report was compiled in December 1994. In the initial version, the report was divided 
into three volumes: Volume 1 covered the background and history of the materials effort. 
Volume 2 covered the properties of materials of paramount interest to the waste package 
design effort. Volume 3 covered the corrosion data and modeling efforts. The present 
report is a revision to Volume 3 and updates information on the corrosion (and other 
degradation modes) behavior of candidate materials for the various components of the 
EBS. It also includes work on the performance modeling of these materials. The 
contents of Volumes 1 and 2 are not being revised at this time. Most of the effort has 
historically been and continues to emphasize the metallic barrier materials for the waste 
package container. However, work was begun in FY-95 on the "basket" materials that 
will control criticality in the large, multiple-assembly spent nuclear fuel waste packages. 
In FY-96, work was begun on evaluating materials that would be emplaced outside the 
waste package, but which would function as part of the EBS. These materials have 
generally been placed under the category of "backfill", although they may properly be 
serving as a packing, backfill, or invert materials, as will be explained later. Some work 
was fkded  in FY-94 on non-metallic barriers, but has not been actively funded since that 
time. The accomplishments of the FY-94 were written in a survey report. A summary of 
that report is included in this revision of EMCR Volume 3. 

The current waste package design focuses on a multiple barrier container, consisting of 
an outer barrier made from a corrosion allowance material and an inner barrier made 
from a corrosion resistant material. Multiple barrier containers will be used for packages 
containing spent nuclear fuel and for those containing high level vitrified waste. The 
principle is that the different types of barrier materials will respond quite differently to 
the changes of environments that will occur over the very long time periods of concern 
for waste containment. An important part of the waste isolation strategy at Yucca 
Mountain is to design the waste package repository so that the environment surrokding 
the waste packages remains warm and dry for a very lengthy period. The thick outer 
barrier of the waste package (on the order of 10 cm thick) is expected to slowly oxidize 
under these conditions. As the temperature drops and conditions become progressively 
more humid, a point is reached where aqueous corrosion effects may develop. Corrosion 
allowance materials, such as carbon steel, are proposed for the outer barrier, and these 
materials would withstand the low temperature oxidation and would corrode at moderate 
rates once they are wet. 

Depending on h ~ w  aggressive the water is to the steel (and this depends largely on the - 
, 

chemical composition of the water), the outer barrier would eventually be breached in 
places, exposing the inner barrier to the environment. The inner barrier is proposed to be 
made from a highly corrosion resistant material. Currently, a number of nickel-base and 



titanium-base materials are under consideration for the inner barrier. The individual 
electroche~nical corrosion potentials of the inner and outer barriers are expected to be 
quite different, such that the outer barrier will be the anode and the inner barrier, the 
cathode when the metals are in electrical contact with one another. Thus, the outer 
barrier is expected to "cathodically protect" (same meaning as galvanically protect) the 
inner barrier for as long as some of the outer barrier material remains. The eficiency of 
the protection depends on how the two materials are bonded or otherwise connected and 
characteristics of the environment to distribute the electrolytic current between the two 
metals. The cathodic protection protects against general corrosion (rate of general 
corrosion is expected to be very small even without cathodic protection), and, more 
importantly, against localized corrosion. However, there are some complications that 
may arise, and these are discussed in the section on galvanic interactions. 

Once the outer barrier is corroded away, the inner barrier is subject to attack by the 
environment. The inner barrier is designed to be around 2 cm in thickness. Again, 
depending on the severity of the water chemistry and choice of material, the corrosive 
attack may be extremely modest and provide for a very long life, but of greater concern is 
the possibility of localized corrosion (e.g. pitting or crevice attack) or stress corrosion 
cracking. Several activities in the testing program are directed to determining whether 
these forms of corrosion will limit the container performance. 

In much the same way that the appearance of a water film on a metal surface exposed in 
a sufficiently humid atmosphere marks the beginning of the electrolytic processes of 
aqueous corrosion, the water film also supports microbiological life. In the hot, dry 
repository, microbially influence corrosion (MIC) seems an impossibility, but as 
temperatures cool and humidities rise, M E  becomes a real possibility. As will be 
discussed in the section on MIC, several different microbial species attack corrbsion 
allowance materials, like carbon steel. There are fewer kinds attacking the corrosion 
resistant materials, but MIC evaluation remains one of the important areas of study in 
evaluating candidate materials. 

Potential problems associated with the welds or with embrittled microstructures can 
occur throughout the containment period. Phase instability leading to cmbrittlement is 
one such cause, and many times the brittle phases preferentially form in and around the 
welds. Also, undetected weld cracks may grow after container emplacement in the 
repository. Temperature and strain in the metal may affect the propensity toward brittle 
phase fonnation. Unrelievkd residual stress in the welded areas is a source of strain that 
may affect metallurgical transformations. Environmental factors, such as hydrogen 
production during electrochemical reactions, may also play a role in affecting cracking in 
and around the welds. 

The sequence ofpossible container degradation events is shown in Figure 1 - I .  Efforts - 

in waste package design, container materials selection, and container fabrication/welding 
process specifications have the obvious goal to eliminate some of these degradation 
modes or to reduce their probability to within the limits of "substantially complete 



containment". The waste package container materials testing and modeling work is 
organized to resolve the technical issues surrounding corrosion and other degradation 
modes. This has been the basis of the Metallic Barriers Scientific Investigation Plan 
(SIP), which is the main planning document for the various technical activities 
supporting materials evaluation. The SIP is briefly described in the next section, and 
then the progress made on the individual activities is detailed. Most of the effort to date 
has been in the Metallic Barriers task dealing with the waste package multi-bamer 
container, and this work is discussed in Section 2.0 Then, the materials work on other 
parts of the engineered barrier system is discussed. 
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2.0 Waste Package Container Materials 

2.1 Metallic Barriers Scientific Investigation Plan 

A completely revised metallic barriers Scientific Investigation Plan (SIP) was prepared in 
December 1994. This revision was necessary because of the change in the waste package 
container design from a single-metal thin-walled container to a multiple barrier thick 
waste package. All of the planned technical activities were re-organized and rather 
detailed descriptions were written for each activity. The SIP further discusses the 
interfaces between the metallic barrier work and the work proceeding in other parts of 
the project, particularly Waste Package Design ( WBS 1.2.2.3), Performance 
Assessment,(l.2.5.4), Near-Field Environment (1.2.3.1 O), and Waste Form (1.2.2.4) and 
the kinds of information transmitted from one part of the project to another. The EMCR 
is one of the vehicles of transmission of information from the Metallic Barriers work, as 
well as work on the other EBS materials, to the other parts of the project. The waste 
form work ( I )  and the near-field environment work (2) also produce similar types of 
comprehensive reports transmitting information, and like the EMCR they are periodically 
revised. The waste package design effort also produces periodic reports , summarizing 
and detailing the many aspects of its work. Of particular interest to the waste package 
materials work is the processes that will be used to fabricate and weld the multiple 
barrier container. 

The SIP was then again revised in June 1995, but this revision was relatively minor and 
involved some rearrangement of the technical activities. The current version is SIP CM- 
01, Rev 3 (4) . There are four major ca&gories of activities in the SIP. 

(1) Degradation Mode Surveys (DMS) and Information Bases (IB) 

This group of activities is a consolidation of available information ralted to the expected 
performance of candidate materials. Degradation mode surveys cneter specifically on 
collection of information on failure modes of materials, notably the various forms of 
corrosion, but also include oxidation and embrittiement phenomena. Information bases 
are collections of information on properties of candidate materials, such as physical and 
mechanical evaluation activities. 

(2) Corrosion Testing and Physical Properties Evaluation 

Thrs area comprises the largest effort in the Metallic Barrier task. Because of the 
multiple barrier nature of the waste package design and range of thermal loads for design 
of the repository, a rather comprehensive testing program is needed to evaluate the 
performance of materials under a wider range of repository environmental conditions. 
Several candidate materials are under consideration for the container. Multiple barriered 
configurations of the waste package container are comprised of an outer barrier made of 



a corrosion allowance material and an inner barrier made of a corrosion resistant 
material. Different concerns are addressed for each barrier in the testing program. 

(3) Model Development of Performance Behavior 

This group of activities serves two major purposes. One major purpose is to support the 
materials recommendations. A key selection criterion is the predictability of the 
performance of the material. The second major purpose is to furnish the performance 
assessment effort with our best understanding of how the selected material will perform 
in the repository environment. To these ends, it is importatn to obtain repository-relevant 
data from the testing activities and to interpret these data with an understanding of the 
mechanisms of materials behavior. 

(4) Materials Recommendations 

Materials recommendations are one of the two primary applications of the work in this 
WBS. The recommendations are based on results of the other three groups of activities 
and on information and results obtained by other WBS elements, especially Waste 
Package Design. 

The work discussed in the next sections is organized along these same general lines. 
Most work to date has been in the testiilg area, but some effort has been made in the 
modeling area as well. Preparation of degradation mode surveys is being completed, 
while most of the work on materials recommendation is in the future. 

References for Section 2.1 

1. R. B. Stout and H. R. hider, "Preliminary Waste Form Characteristics Report," LLNL 
Report UCRL-ID 1083 14, December 1994 

2. D. G. Wilder, "Preliminary Near Field Environment Report", Volumes 1 and 2, LLNL 
Report UCRL-LR 107476, June 1993 

3. T. L. Lotz et al, "Waste PackagelEngineered Barrier Segment Conceptual Design 
Reporty7, TRW Report BBA000000-0 17 17-5705-00006, rev OOA, October 1995 

4. R. D. McCright, Metallic Barriers Scientific Investigation Plan, WBS 1.2.2.5.1, SIP 
CM-0 1, Revision-3, June 1996 



2.2 Degradation Mode Surveys on Container hlaterials 

Surveys of degradation modes of the different candidate materials were first begun for 
materials under consideration for the Site Characterization Plan -- Conceptual Design 
(SCP-CD) in 1987-88. This design was centered on a thin-walled container made from a 
single metal. Wall thicknesses on the order of 1 cln were under consideration, and the 
waste package were smaller in diameter. Since some of the candidate materials for the 
SCP-CD are also candidate materials for the present multiple barrier design, these 
degradation mode surveys are still useful. The original set of degradation mode surveys 
comprised an eight volume set covering austenitic alloys (including Alloy 825) and 
copper-base alloys (including 70130 copper nickel)'". All corrosion-relevant factors 
considered, Alloy 825 (a Ni-Fe-Cr-Mo alloy) was superior to the austenitic stainless 
steels, and the 70130 Cu/Ni was generally superior to the other copper-base alloys. For 
these reasons, these materials were carried as candidate materials for multiple barrier 
waste package containers. 

Later, a degradation mode survey was focused on four Ni-Cr-Mo alloys, including alloys 
C-22, C-4, C-276, and 625.(2) All of these alloys show exceptional resistance to 
localized corrosion and stress corrosion cracking because of the high alloy content. The 
"critical potential" for localized corrosion attack in aggressive acidic chloride solutions 
increases with the molybdenum content of the alloy. All of these materials show 
excellent corrosion resistance to general, pitting, and crevice corrosion in sea water and 
in hot brines. They also appear to be immune from hydrogen embrittlement in the 
annealed condition, but they may be susceptible when strengthened by cold working or 
ageing and exposed to aggressive environments and coupled to an active metal (like 
carbon steel). With regard to phase stability, this survey concluded that Alloy C-4 is 
superior to Alloys C-22, C-276, and 625. Alloys C-22 and C-276 are susceptible to 
intermetallic and carbide precipitation. Alloy 625 is susceptible to carbide precipitation 
and microstructural ordering. Alloy C-4 appears to be the most resistant to adverse 
microstructural changes. Although the localized corrosion resistance may be similar for 
these alloys under long term repository conditions, the differences in phase instability 
and the manfiestations of this instability in affecting either a brittle microstructure or one 
more prone to hydrogen embrittlement may be the most distinguishing feature of these 
alloys. 

More recently, degradation modes of iron-base corrosion allowance materials were 
surveyed. 0, Based on this literature review, it appears that the addition of chromium 
significantly enhances the oxidation resistance in these materials. As to general 
corrosion resistance, the low alloy steels, plain carbon steels, and cast irons seem to 
corrode at similar rates when exposed to an aqueous environment. However, other 
factors beside the corrosion resistance are important in distinguising among the various - 

grades of steel and cast iron. These include several issues in the fabrication and welding 
of thick-sectioned containers. 

* 



Also, a degradation mode survey was compiled on some of the additional nickel-bearing 
candidate alloys that were not covered in previous literature reviews.(" This included 
Alloy 400 (also called Monel400), a Ni-Cu alloy, and Alloy G, including its derivatives. 
Alloy G is also called Hastelloy G and is a Ni-Fe-Cr-Mo alloys. Its most current 
modification is as Alloy G-3. Monel400 is widely used in sea water applications 
because of its generally low general corrosion rate and resistance to chloride-induced 
stress corrosion cracking. When these alloys are compared to Alloy 825, Alloy G-3 
shows usually better resistance to localized corrosion in aggressive environments. 
Lacking a Cr and Ma content, the localized corrosion resistance of Alloy 400 in 
aggressive media is much inferior to that of Alloys 825 and G-3. However, Alloy 400 
merits consideration as an alternative (although more costly) to carbon steel for the outer 
barrier if environmental conditions corrode the steel at too high a rate. The overall 
corrosion resistance of Alloy 400 (and also that of 70130 Cu/Ni) is intermediate between 
the Fe-base corrosion allowance and highly corrosion resistant materials. 

In preparation is a degradation mode survey on galvanic corrosion effects between 
materials proposed as candidate materials for the outer barrier and for the inner barrier 
This survey cites references on carbon and low alloy steels, copper-nickel and nickel- 
copper alloys, stainless steels, nickel-rich stainless alloys, nickel-base alloys, and 
titanium and its alloys. An important item in determining container performance is 
whether corrosion of the outer barrier serves to protect the inner barrier, and for how long 
this protection may operate. The efficiency is also dependent on how the two barriers are 
fhricated and how they contact one another. The survey also based the discussion on the 
eiectrochemical basis for galvanic effects (the Wagner-Traud mixed potential theory) and 
how this may be used in the demonstration of galvanic effects. This will be more fully 
explained in Section 2.8 of this report. Finally, the survey pointed out the possible 
complications between an anodic carbon steel and a cathodic Ni-base or ~i-base couple, 
including formation of ferric ion corrosion products from the steel and hydrogen 
evolution on the more cathodic member of the couple. 

The degradation mode surveys on the individual candidate alloys comprise Metallic 
Barriers SIP Activity E-20-32. The galvanic effects degradation mode survey between 
the barrier materials is Activity E-20-33. Information bases, in the form of compilation 
of mechanical and physical properties of the candidate materials were collected and 
presented in Volume 2 of the original EMCR. These are Activities E-20-35, andE-20-36, 
respectively. Finally, preparation of the updated EMCR is Activity E-20-39. 

References for Section 2.2 

1. J. C. Fanner et. Al., "Survey of Degradation Modes of Candidate Materiais for High-kvel Radioactive 
Waste Disposal Containers, Volumes 1-8", LLNL Report UCID-2 1362 (1968) 

2. G. E. Gdowski, "Survey of Degradation Modes of Four Nickel-Chromium-Molybdenum Alloys", LLNL - 

Report UCRL-ID- 108330, March 1991 



3 .  D. W. Vinson, W. M. Nutt, and D. B. Bullen, "Survey of the Degradation Modes of Candidate Materials 
for High Level Radioactive Waste Disposal Containers, Iron-Base Corrosion-Allowance Materials" LLNL 
Report UCRL-CR- 120464, June 1995 

4. D. W. Vinson and D. B. Bullen, "Survey of Degradation Modes of Candidate Materials for Nigh-Level 
Radioactive Waste Disposal Container -- Nickel-Copper Alloys", LLNL Report UCRL-CR- 122862, Sept. 
1995 

5. A. K. Roy and D. A. Jones, "Degradation Mode Survey Galvanic Corrosion of Candidate Metallic 
Materials for High-Level Radioactive Waste Disposal Containers", in preparation. 



2.3 Oxidation/Corrosion Transition 

(inpui-for fltis sectio?? qfilze reporf M ~ U S  provided by Greg C;dowski) 

The presence of water vapor in air can have a significant effect on the corrosivity of that 
atmosphere [I]. At high vapor pressures of water, water adsorption occurs and the 

. corrosion/oxidation process is "aqueous film electrochemical corrosion" as opposed to 
"dry oxidation" which occurs at low water vapor pressures. Gaseous and solid state 
processes that control "dry oxidation" are oxygen adsorption and dissociation, and ionic 
and electronic diffusion through the oxide layer on the metal surface. Corrosion I 
oxidation processes are accelerated during "aqueous film electrochemical corrosion" 
because oxygen reduction is enhanced in the aqueous film and ionic transport also occurs 
in the aqueous phase. 

The water vapor pressure at which water condensation occurs increases with increasing 
temperature. It is usually more convenient to consider the amount of water in an 
atmosphere in terms of relative humidity, which is a measure of the degree to which the 
atmosphere is saturated with water. Relative humidity is defined as the ratio of actual 
water vapor pressure to the saturated water vapor pressure. 

The transitional relative humidity (RH) where corrosion 1 oxidation changes from "dry 
oxidation" to "aqueous film electrochemical corrosion" is typically referred to in the 
corrosion literature as the "critical relative humidity" (CRH). In actuality, there is not 
usually an abrupt transition at a particular RH. The change occurs continuously, but the 
corrosion/oxidation rate accelerates with increasing RH. The choice of the CRH is then a 
somewhat arbitrary choice based on what is defined as an accelerated corrosion rate 
compared to oxidation in a "water-free" or "dry" atmosphere. (The continuous change in 
the corrosion rate with RH has to do with the surface heterogeneity where water 
adsorption can occur at sites such as structural defects (e.g. porosity), impurities, and 
contaminants.) 

A metal or alloy's susceptibility to "aqueous film electrochemical corrosion" is 
dependent on the metal or alloy itself, and the presence of gaseous andlor surface 
contaminants. In particular hygroscopic contaminants tend to be aggressive enhances of 
aqueous film electrochemical corrosion. 

The general characteristics of aqueous film electrochemical corrosion have been 
established at ambient atmospheric temperatures. The objective of this work is to 
understand the effect of elevated temperatures on the kinetics and mechanism of aqueous 
film electrochemical corrosion. In particular, the corrosion / oxidation behavior of 
carbon steel in air with varying relative humidities at 65°C and 80°C was studied. The 

- 

oxidation/corrosion transition is of primary interest for the outer barrier materials. 



2.3.1 Corrosion artd oxidation processes 

Dry oxidation leads to the steady build up of an oxide layer. Oxidation rates can be 
limited by adsorption and dissociation of oxygen on the oxide layer and / or transport of 
ions through the oxide layer. In general the thicker the oxide layer, the slower the 
subsequent oxidation rate; typical corrosion rates are parabolic in time. Less protective 
oxide layers tend to be porous or cracked. Unless there is spalling of the oxide layer, the 
oxide layer will continue to grow. Because of the slow oxidation rates at low 
temperature, studies of the kinetics of oxidation processes are usually obtained at high 
temperatures 

Aqueous film electrochemical corrosion occurs in the aqueous films on metal surfaces. 
It should be emphasized that "aqueous films" can be localized on surfaces, that is, 
located at surface defects or contaminants. Depending on the metal or alloy, this type of 
process can have a greatly enhanced corrosion rate relative to dry oxidation. As 
discussed below, this type of corrosion is dependent on relative humidity and the 
presence of deleterious contaminants. Electrochemical corrosion can be very aggressive 
if the oxide layer formed is porous (that is, nonprotective). In addition to metal loss by 
formation of the oxide layer, metal can be lost by dripping of water off the material or 
washing the aqueous film off by water. 

In oxidizing atmospheres the controlling chemical reactions in aqueous film 
electrochemical corrosion are: 

Fe + , ~ e ~ +  + 2e' (oxidation) 
and, O2 + H20 -+ 20H-- (reduction). 

As long as these reactions are operative, corrosion will occur. The corrosion literature 
indicates that certain conditions must exist in order for these reaction remain sustainable. 
1) Oxygen reduction occurs on metal oxide, and in order for this to occur the oxide must 
be electrically conductive (21. From a corrosion point of view the electrically conductive 
oxides are Fe304 (magnetite) and a defective g-FeOOH structure. The non-conductive 
oxides are non-defective g-FeOOH, a-FeOOH, and Fe203 (hematite). The defective g- 
FeOOH structure forms under reducing conditions, while the non-defective g-FeOOH 
structure forms under oxidizing conditions. 2) The metal must be in contact with the 
water layer. 

Corrosion studies have indicated that accelerating factors for sustained aggressive 
electrochemical corrosion are a film thickness greater than 10 pm [2] and electrolytes in 
solution. A sufficiently thick film is required because as film thickness decreases the 
solution will become saturated with iron and hydroxyl ions, and iron oxides will 
precipitate. The-thin film allows rapid resaturation of the film with oxygen; the oxides - 

formed are non-conducting and therefore corrosion rate diminishes. Electrolytes enhance 
corrosion rates by their hygroscopic nature, that is, water adsorption occurs at RH values 



less than saturation, and because of their contribution to the electrical conductivity of the 
solutions. 

2.3.2 Factors affecting "critical relative humidity" 

Factors which may affect the "critical relative humidity" of a particular metal include the 
surface condition, surface contaminants, and gas phase contaminants. Salts affect the 
CRH by their hygroscopic nature and because they can accelerate electrochemical 
reactions (i.e. they are electrolytes). 

It has been shown that the aggressiveness of salts deposited on a metal surface in humid 
air is related to the hygroscopic nature of the salts [3,4]. In particular it has been 
observed that aggressive corrosion occurs at ambient conditions when the relative 
humidity of the air is near or exceeds the equilibrium relative humidity (or equivalently 
the water vapor pressure) above a saturated solution of the salt. This has been 
demonstrated at room temperature for numerous salts on carbon steel [4]. The salts 
tested included those with high equilibrium relative humidities, Na2S04 (93% RH) and 
NaCl(78% RH), to those with low equilibrium relative humidities, NaI (43% RH) and 
LiC1(15% RH). 

Duly [3] showed sea salt deposits were corrosive to mild steel even at relative humidities 
below the equilibrium RH, although at the lower relative humidities the corrosion was 
limited to the periphery of the salt deposits. Aggressive corrosion occurred when liquid 
water was visible on the metal surface; this occurred when the relative humidity was 

'* 

greater than or equal to 80%. 

It is of interest to know if the relationship between equilibrium RH and aggressiveness of 
salts deposits extends to higher temperatures. This will in part depend on the 
hygroscopic property of the salts at high temperature. Greenspan [5] has compiled 
equilibrium relative humidity data above saturated salt solutions for numerous salts. The 
data indicates that the equilibrium RH typically are within * 20% of their value at room 
temperature. The exceptions are those salts that can decompose into volatile , 

components, such as carbonates. The equilibrium RH were not reported at high 
temperatures for these salts. 

Air contaminated with certain species, such as, SO2 and C02, can also change the critical 
relative humidity. Brown'and Masters [6] showed that steel at room temperature was 
aggressively attack by SO2-contaminated air at relative humidities greater than 60%. 
Corrosion rates were 100 times greater than those at lower relative humidities. In 
contrast, S02-free air at 100% RH corroded at rates less than 10% of that for SO2- 
contaminated air at 80% RH. 

- 



2.3.3 Thermogravimetic Analysis Apparatus 

Testing is being performed in an extensively modified commercial thermogravimetric 
analyzer (TGA) apparatus, a Cahn model TG-13 1 .  A schematic of the modified 
apparatus and simplified illustration of the reaction chamber are shown in Fig. 2.3 -1. 
The main components of the apparatus are: a microbalance, a reaction chamber, 
temperature-humidity sensor, and a humidified air delivery system (not shown). The 
TGA work comprises Activity E-20-47 in the Metallic Barriers SIP. 

The microbalance has a manufacturer stated capacity of 100 grams and a sensitivity of 
1.0 pgrams. In practice the sensitivity of the balance is about 20 pgrams. A test 
specimen is suspended on a wire from one arm of the microbalance. An inert counter 
weight specimen of nearly equal weight to the test specimen is suspended on a wire from 
the other arm of the microbalance. The counter weight specimen in this testing is made 
of platinum. The specimens are suspended vertically from the wires. 

The temperature-humidity sensor is a Vaisala Model 230, which is equipped with an 
RTD temperature sensor and a humidity sensor. The manufacturer stated range of sensor 
is 0 to 100% RH in the temperature range of -40 to + 180 "C. The temperature-humidity 
sensor is in the reaction chamber and is situated just below the test specimen. 

The reaction and reference chambers, and the associated support hardware were custom 
designed. The reaction and reference chambers are basically doubled-walled glass 
cylinders with silicon oil flowing through the outer annulus providing temperature 
control. Temperature of the silicon oil'is controlled by a programmable heatingkooling 
unit. With this arrangement the temperature change across the length of the specimen in 
the reaction chamber is less than a degree centigrade, and the centerline temperature of 
the test specimen is maintained within * O.S°C. (In the manufacturer supplied furnace 
the temperature change across the length of the specimen was about 15°C.) The redesign 
support hardware was necessary to accommodate the added weight due to the chambers, 
the temperature-humidity sensors, and part of the humid air delivery system. The 
chambers move vertically in order to allow changing of specimens. 

The reactant air delivery system consists of MKS direct liquid injection (DLI) apparatus 
and flow-rate-controlled, purified-air feed. The purified air is mixed with the water 
which has been vaporized in a high temperature vaporizer. The water vapor content of 
the air is controlled by changing the flow rate of de-ionized water to the vaporizer. The 
water flow rate is controlled by a micropurnp assembly. Water delivery rates to the 
vaporizer can be varied between 0.006 and 2 cubic centimeters per minute. (In one set of 
tests the reactant air was purified house air that was humidified by bubbling it through a 
heated deionized water bath. Humidity control with this bubbler arrangement was poor 
and very ineffective for humidifying the air at temperatures greater than 65°C.) 

The test specimen and the reaction chamber wall are separated by a glass cylinder that 
was open at the bottom and vented directly to the laboratory. The reqctant gas was feed- 



in at the top of the reaction chamber. It  was, therefore, in contact with the length of the 
chamber wall before contacting the test specimen. The air flow was vertical across the 
length of the specimen. All feed lines to the reaction chamber were heated in order to 
prevent water condensation. 

The test parameters (time, temperature, specimen weight gain, and relative humidity) 
were recorded and stored electronically. In addition the reaction chambers being made 
of glass allows visual inspection of the speciinens during testing. 

The primary test speciinens were made of A5 16 Grade 55 carbon steel and have nominal 
dimensions of 5.1 cm x 1.3 cm x 0.16 cm. Other specimens used were made of AISI 
1020 carbon steel and had nominal dimensions of 4.4 cm x 1.3 cm x 0.16 cm. The 
specimens were cleaned and degreased in acetone and isopropanol. Sodium chloride 
(NaC1) was deposited on specimens by immersing the specimens in 50% acetone / 50% 
water solution saturated with sodium chloride. Non-adherent salt was removed by 
wiping the specimens with a clean wipe. The amount of salt deposited was recorded and 
was about 5 milligrams. Care was taken not to inadvertently contaminate the speciinens 
prior to insertion into the reaction chamber. 

2.3.4 TGA Results and Discussion 

Clean polislzed surface 

In the temperature range 60 to 90°C the oxidation/corrosion of clean and polished 
specimens at low relative humidities &is within the detection limit of the TGA. At 
relative humidities above 85% some oxidation of the specimens occurred. The weight 
gain of the specimens as a function of time at various temperatures and at high relative 
humidities is shown in Fig. 2. At each temperature there was an induction period before 
any detectable weight gain occur. At the lower temperatures the oxidation of the metal 
started at a point and spread outward from there. At the highest temperature tested 
(95"C), the oxidized metal was limited to surface imperfections on a certain part of the 
specimen. In each case the oxide was adherent. (Identification of the surface oxide 
formed will performed in FY- 97.) 

The slopes of the initial oxidation rates on the clean surfaces indicate that the 
susceptibility to oxidation is greater at lower temperatures. There are several possible 
explanations for this: 1) oxygen solubility decreases with increasing temperature, 2) the 
amount of adsorbed water decreases with increasing temperature, 3) an artifact of the 
surface condition of the specimens (e.g. more defective specimens were tested at lower 
temperatures). Although the last explanation cannot be ruled out, it would seem that 
difference in the oxidation rates is due to the amount of adsorbed water on the surface for 
the following reason. The steady state water film thickness on a metal surface at ambient 
temperature is less than 2-3nm at relative humidities less than 95% [7]. Increasing 
temperatures are expected to decrease the amount of adsorbed water. Due to the relative 



thinness of the oxide layer it is not expected that oxygen resupply of the water would be 
limiting. 

In any case it must be emphasized that the oxide layer that fonns under these conditions 
is adherent and is therefore "protective" in that the oxidation rate will decrease with 
tirne. The planned microstructural examination of the surface oxide formed will give 
additional information on the "protectiveness" of the oxide formed. 

Clean, etched surfaces 

AISI 1020 carbon steel specimens (non QA specimens) were used in the initial tuning of 
the test apparatus. In this capacity the test specimens were reused often. In between 
tests, the oxide layer that formed on the specimens was removed by chemical etching. It 
is expected that this process resulted in roughen surfaces relative to a polished surface. 
However no quantitative measure of the degree of roughening was made. (Testing of 
porous oxide covered specimens is planned for FY-97.) 

The weight gain of these specimens was recorded as a function of time and relative 
humidity at 65OC (Fig. 2.3 - 3). (It should be noted that in these tests the humid air was 
formed with the bubbler arrangement, and RH control was * 10% around the stated RH 
value.) At relative humidities of 65 and 75%, weight gains were small and gradual. 
However at relative humidities above 85%, the weight gain was initially rapid, but then 
decrease with time as the oxide layer built up on the surface. Maximum weight gain 
recorded with the 80 hr test period was about 6 mg. Note that these specimens have 
about 15% less surface area than thoseuse in the other testing. 

Visual examination of the specimens showed that those which were exposed to the 
higher relative humidities were covered with a uniform reddish-brown oxide, while those 
which were exposed to the lower relative humidities looked to be unoxidized. 
Examination with an optical microscope at higher magnification showed that for the 
specimen oxidized at RH > 85%, there were small uniformly scattered regions which 
were not oxidized to a significant extent. For the specimens oxidized at RH < 75% the 
faces of the specimens showed little indication of oxidation, however the edges of the 
specimens tested at 75% RH had characteristics similar to those of the specimens 
oxidized at the higher RH, that is, the presence of the reddish-brown oxide. 

The outer reddish-brown oxide was powdery and non-adherent, and could be easily 
removed by light brushing of the surface. There appeared to be an inner oxide that was 
more adherent, that is, it was not remove by light brushing of the surface. 

Salt covered surfaces 

Contamination of the surfaces with a fixed amount of sodium chloride had a dramatic 
effect on the susceptibility of the specimens to aqueous film electrochemical corrosion. 
Figure 2.3 - 4 is a plot of the weight gain of the salt covered speci~neps versus time at 



various relative humidities and 80°C. Also include in the plot for cornparlson purposes I S  

the data for clean surface at 85% RH. The offset for the 88% RII in  comparison to the 
78% and 63% RH data just reflects the earlier introduction of humid air into the reaction 
chamber. 

Several features of the data in Fig. 2.3 - 4 are worth emphasizing. 

1) Note that there is a large increase in the initial corrosion rate with increasing 
M. This is discussed in more detail below. 

2) After the initial high corrosion rate at high RH, note the decrease in corrosion 
rate with time. It appears that either a protective layer is forming with time or 
that the salt somehow becomes incorporated into the oxide and its effectiveness at 
facilitating the electrochemical reactions decreases. Investigating the surface 
structure of the oxide will also be useful in determining the reason for the 
decrease in oxidation rate (FY97 plan). Tests are also planned to redeposit salt on 
a corrode surface to determine that surface's susceptibility to this additional salt 
load. 

It also appears that for the 78%RH test the weight gain ceases at long times and 
may even be decreasing. A similar result was seen at 88%RH (not shown). The 
test run at 63%RH was probably terminated too soon to see this phenomenon. 
This decrease in weight could be due to spalling of the oxide layer and/or a 
transformation of the oxide. Unfortunately the test apparatus is not set up to 
catch particles that may spa11 fiom the surface. An oxide transformation from 
FeOOH to Fe203 with the loss of volatile water would result in a weight loss. 

2FeOOH + Fe203 + HzO 
There is a driving force for this reaction because Fe203 is the thermodynamically 
stable oxide phase under oxidizing conditions. Again the surface characterization 
to be performed in FY97 may be able to identify the mechanism responsible for 
this weight loss. 

3) There is significant corrosion at relative humidities below the equiiibriurn 
relative humidity of a saturated NaCl solution; the equilibrium RH value is about 
76% at 80°C [S]. This is probably due to the strong adsorption of water on the 
salt particles without the salt necessarily dissolving in the adsorbed water to a 
significant extant. (The equilibrium RH values are determined for a homogenous 
system (aqueous solution), while adsorption on the surface is a heterogeneous 
phenomenon.) Therefore caution must than be exercised in using the equilibrium 
RH values for determining aggressive corrosion at least at these temperatures. 
The equilibrium RH are probably still a good qualitative guide to the aggressive - 

of a particular salt. 



Figure 2.3 -5 is an expanded view of'the ~nit ial  tveight gain as t'unction of't~~nt. It shows 
the large increase in the initial oxidation rate wrth  increasing R11. I-rom the plots rhe 
initial rate of weight gain was determined and a corrosion rate calculated from thc weight 
gain rate and assuming hematite (Fe203) was formed; these calculations are shown in 
Table 2.3 - 1 .  (Assuming other oxides formed would change the rate by + 35'/0.) The 
results show the rather dramatic increase in initial corrosion rate with adsorbed salt and 
increasing RH on salt covered surfaces. Compared to a ciean surface (959'0 R H )  the 
initial oxidation rate on the salt covered surface at a comparable R l i  (8S0/b) increases by 
factor of 10,000. On salt covered surfaces in the RH from 48 to 63% increases the initial 
corrosion rate by over a factor of 100. Further increases of RH from 63 to 88% increases 
the initial corrosion rate by a factor of 17. The increase in the initial rate in going from 
48 to 88% RH is allnost a factor of 2000. 

Table 2.3 -1. Initial rate of weight gain of sodium chloride covered specimens at various 
RH and 80°C, except the 95% RH test which was for a clean surface at 75°C. A 
corrosion rate (or metal consumption rate) was calculated assuming a uniform oxidation 
of the metal and that hematite (Fe203) was formed. 

Relative Humidity (%) mglhr p m/yr 
95* 0.004 6.7 
48 0.020 35. 
6 3 2.3 4000. 
78 6.2 1 1000. 
8 8 38. 67000. 

* clean surface 

In each test the corrosion started at visible salt deposits, but eventually spread across the 
entire surface. The rapidness of the spreading increased rapidly with increasing RH. The 
final corrosion product in each case \as a reddish b r o w  product. The conosion product 
formed at 43% RH was fairly adherent in that it some could be removed by rubbing with 
a clean wipe. The corrosion product formed on surfaces at RH values greater than or 
equal to 63% was brittle and nonadherent; it flake off with the simple touching. 
Preliminary investigation of the surface structure with scanning electron microscopy 
revealed a whiskered structure for the outer oxide formed. This is typical of the oxide 
formed in chloride containing environments. More detailed investigations of the oxide 
structure and.composition are planned for FY-97. 

2.3.5 Tentative Conclusions and Future Work 

This work investigated the effect of relative humidity on the corrosion / oxidation of 
carbon steel, both clean and covered with a fixed amount of NaCI. I t  \vas found on clean - 

polished surfaces that high relative humidities (> 85%) were necessary in order to 
detected enhanced corrosion relative to "dry oxidation" over time periods of about 100 
hrs. This is consistent with other studies which showed that significant water adsorption 



docs  no^ occur on ~mlishcd contaminant-free surfaces at RI3 less than 95%. Hence the 
aqueous filnl elec~roclicm~cal corrosion occurs only at high RI 1 under these conditions. 

Chenlical ctching of the surface enhances the susceptibility to electrochemical corrosion 
at loner R1-l values. This is probably due to a surface roughening although residual 
etchant on the surface may have enhanced the susceptibility. In either case water 
adsorption occurred at lower RH values than on a polished surface. At high RH values 
(85 and 90%), the initially high corrosion rate decreased with increasing time. The outer 
oxide formed on these surfaces was non-adherent however the inner oside was not easily 
remo\cd. 

On NaCl covered surfaces the susceptibility to aqueous film electrochemical corrosion 
was significantly enhanced relative to the clean surfaces. At about 88% RH the initial 
corrosion rates were up to 10,000 times faster than on a clean surface under similar 
cond~tions. The initial corrosion rate decreases with decreasing RH. With increasing 
time at high KH the corrosion rate decreased and in fact seemed to plateau within the 
detectable weight measurement. It is expected that the same effect would occur at the 
lower RH \lalues with time after the corrosion had reach the same extent as at the high 
RH. The ineffectiveness of the deposited salt at sustaining the corrosion may be due to 
"incorporation" of the salt in the oxide layer. With redeposition of salt the rate may 
return to its initial rate (testing is planned to investigate this). 

Future studies will extend the characterization to higher and lower temperatures; in 
particular, the corrosion susceptibility will be studies at temperatures above 100°C where 
hygroscopic salts \Nil1 enhance the adsdiption of water. Other factors that may affect 
aqueous film electrochemical corrosion, such as, gas phase contaminants, surface 
contaminants (such as, salts), and surface condition (e.g. previously oxidized, scratched) 
w i l l  also be investigated. Longer term tests will be performed in controlled temperature 
and humidity chambers as MB Activity E-20-59. 

The planned microstructural investigation of corrosion product formed on the surfaces 
under the different test conditions will give important information that will help elucidate 
the mechanism of the corrosion process. This information is necessary for the modeling 
of the corrosion process. (See Section 2.10 of this report ) Planned testing includes 
identification of the oxide crystal structure and composition, determination of the surface 
morpholo~.  
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Fig. 2.3 - 3. Weight gain versus time at various relative humidities and 65°C. 
Specimens were chemically etched before testing. 
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2.4 Long Term Cotnprehensive Corrosion Tests 

A corrosion test facility is under construction in which a number of vessels will contain 
corrosion test specimens for long term exposure to repository relevant environments. 
When completed, corrosion tests will run for at least a period of five years, and some 
tests may continue for much longer periods of time beyond the license application period 
and into the repository construction period. The tests are said to be comprehensive, in 
the sense that many forms of corrosion can be tested: general corrosion, pitting corrosion, 
crevice corrosion, intergranular corrosion, stress corrosion, hydrogen embrittlement, and 
galvanic corrosion. Different specimen configuration allow measurements of different 
forms of corrosion. A planned interval test approach will be used, in which large 
numbers of specimens are initially exposed to the test environment and then periodic 
withdrawals of specimens are made and the specimens characterized. Thus, the time- 
dependence of the corrosion phenomena can be determined. Because the information 
from the long-term comprehensive corrosion test is expected to be a key piece of 
information for licensing, the test is planned to operate under strict quality assurance 
controls. The long term comprehensive corrosion test is MI3 SIP Activity E-20-50. 

2.4.1 Test Environments 

The test environments are construed to be of the "bounding" type and were selected so 
that there would be an expectedly large difference in behavior for the different candidate 
materials. Several discussions were held with several principal investigators in the 
geochemical and geological disciplines on which type of water would be appropriate, a 
groundwater composition like the 5-13 well water or water simulating the "perched 
water" that could be extracted from the Topopah Spring member. In any case, the water 
composition. would be simulated in the laboratory by making up the water froin various 
ionic compounds, since it would be impractical to obtain the water from the site. Finally, 
at a workshop held in March 1996, it was determined that the "base composition" would 
be a water containing ten times the ionic composition of a water whose composition was 
between that of J-13 well and the perched water. 

Formulas have been developed for making up these test environments. The formulas 
were based on previous experience at this laboratory and at Argonne National Laboratory 
on making up simulated 5-13 well water from various ionic salts. In order to make up the 
more "concentrated" waters,'the EQ316 geochemical modeling code was run to test for 
the interactions between ionic species since the solubility products would be exceeded 
for some (particularly for Ca and Mg containing compounds). Details of the formulas to 
be used were prepared as technical implementation plans (TIPS). The characteristics of 
the four bounding water environments have been estimated from the geochemical code, 
as follows: - 



( 1 )  the "base case" water with the low concentration of ions ivill have a pll of8.5 and 
contain 1700 ppm total dissolved solides. For the purpose of comparison, this water is 
estimated to contain 67 mdliter chloride ion. 

(2) the base case water concentrated 100-fold, with the high concentration of ions will 
have a pH of 10 and contain 146,000 pprn total dissolved solids. This water is estimated 
to contain 6700 ppm chloride ion. This bounding environment represents what would 
happen with repeated plumes of pluvial water descending toward the repository, 
encountering the thermal zone, evaporating and concentrating dissolved salts. Finally, 
after the container surface temperature reaches the water boiling point, subsequent 
plumes of water will dissolve the halo of salts and carry these to the container surface. 

(3) the concentrated water acidified with sulfuric acid to a target pH of around 2. This 
water is estimated to have a total dissolved solids content of 146,000 ppm and contain 
24,200 mglliter of chloride ion. This bounding case represents the condition where 
microbial activity from certain species have produced acidic metabolic products. It also 
represents a bulk test condition simulating the case of a localized, sequestered water 
chemistry, such as that produced in a creviced geometry. 

(4) the concentrated water alkalized with calcium hydroxide to a target pH of 12. This 
water is estimated to have a total dissolved solids content of 132,000 ppm and contain 
20,900 mglliter of chloride ion. This bounding case represents water conditioned by 
prolonged contact with cementitous materials used to line the drift wall or used in the 
invert material underneath the waste package emplacement. 

The four proposed bounding environments provide a range of pH (acid, neutral, and 
alkaline) and a range of ionic strength (dilute and concentrated). Generally speaking, the 
pH and the Eh of the water have a profound effect on metal corrosion, so that species that 
affect pH and Eh usually affect corrosion. It is noted that simply the concentration of the 
ionic species moves the pH into the mild alkaline range, probably because of the 
increased bicarbonate ion concentration and its influence on the bicarbonatelcarbonate 
equilibrium. The ionic strength affects the conductivity of the water, which in turn , 

affects "local corrosion cell action" on the metal surface. From the point of view of 
metal corrosion, the species normally found in the 5-1 3 well water and other NTS 
groundwaters are expected to give the following general reactions: 

Anions 
Chlorides andfluorides - usually aggressive, since they tend to break down 
protective passive films on many metals 
Sulfates -- somewhat aggressive to some metals; indifferent effects on others 
Nitrates -- oxidizing, therefore aggressive to some metals; promote passivity on 
other metals 
Bicarbonales -- tend to buffer pH, indifferent effects or even protective effects if 
calcium andlor magnesium are present 



Silicufes -- because presence of alkaline earth ions favor scale formation, ofien 
protective to metals 

Cations 
Sodiunz, potassiunz, culciunz, and nzagnesiunz ions -- depending on which anions 
are also present, these ions have an indifferent to protective effect, the latter if pH 
is increased andlor Ca- and Mg-rich protective scales form on metal surface 
"Heavy metal ions " -- largely absent from tuff repository groundwaters, but 
would have important effect on metal corrosion since they are oxidizing and acid 
hydrolyzing. The effects of ferric ions produced Erom corroding rock bolts, steel 
mesh to support the drift, conveyances to transport and support waste packages, 
emplacement drift rails, etc. could be significant. 

The corrosion response is a composite of the separate influences of these different ions. 
In many cases, it is the ratios of the concentration of aggressive ionic species to those of 
the protective or indifferent species that determine the overall corrosivity of the water. 
This is why it is important that the combined effects of all the various water constituents 
are present in the long term corrosion test. 

The test vessels are filled to approximately 60% of their volume so that when the 
specimen racks are inserted, half of the test specimens will be fully immersed in the 
aqueous phase and the remaining half exposed to the vapor phase above the water. A 
few specimens will be placed right at the water line. Because the vessel is closed and 
reasonably tight, this atmosphere will become saturated with water vapor. Atmospheric 
air will be passed into this vapor spac$to insure that the normal oxygen, carbon dioxide, 
and other atmospheric gas levels will be maintained in the vapor and in equilibrium with 
the dissolved gases in the liquid. O2 and C02 are the main gases of interest because of 
their effect on Eh and pH, respectively. 

Two test temperatures were selected for the long term tests, 60 and 90°C. These 
temperatures are bounding in the sense that the highest corrosion rates for the corrosion 
allowance materials will be found in this range and the effects of localized corrosion and 
stress corrosion cracking will be greatest in this temperature range for the corrosion 
resistant alloys. The test conditions were based on recommendations made at the YMP 
Materials Workshop held in May 1994 and reported in Volume 1 of the original EMCR. 

Z.4.2 Test Vessels 

In order to contain the bounding environments, the choice of construction material is 
very important. The test vessels measure 1.3 m x 1.3 m x 1.3 m. Foremost, it was 
desirable to have as inert a material as possible (and one which would not degrade over 
the prolonged test periods) at the temperature, pH and water chemistry envisioned for - 

each bounding environment. Also, it was desirable not to have too costly a material. 
Therefore, Teflon-type materials were out of consideration because of the cost in making 
vessels of the size required, although some of the individual internal qomponents in the 



vessel are coated with Teflon. Discussions were hcid with several colleague 
knowledgeable about polyineric materials and their performance in various aqueous 
media. Additionally, potential vendors were queried. Ultimately, it was detennined that 
a fiberglass-reinforced, vinyl ester polymer (I-Ietron 922) material was suitable for 
construction of all the vessels except for the vessels to be used in the very alkaline 
environments (pH 12). This same material was used for construction of the internal 
specimen racks, as well. The test vessels and test racks were manufactured by Fibreglass 
Reps (Antioch, CA). Vessels to accommodate the very basic solutions must be 
constructed from a different material: Siloxirane 2 13 1 was identified for this purpose. 

Construction and installation of 12 fiberglass-reinfoced, vinyl ester polymer vessels was 
completed in FY-96. These 12 vessels will be used for exposure of specimens to the first 
three test environments, the "dilute water", the "concentrated water" and the "acidified 
concentrated water7'. At the time of this writing (late August 1996), start-up of the first 
increment of 12 vessels is due any time. 

2.4.3 Test Specimens 

Because the long-term test is also a comprehensive test for several mode of corrosion, 
three different specimen configurations are exposed in the test environment. A "weight 
loss" coupon, of approximate 5 cm x 2.5 cm x 0.3 cm thick, yields information on the 
rate of general corrosion. Examination of the pattern of attack reveals whether the 
corrosion is uniform, or shows localized attack such as pitting or intergranular. A 
"crevice" specimen, 5 cm x 5cm x 0 . 3 ~  cm thick, arranged so that a Teflon sleeve held in 
place by a metallic Belleville washer \;rill assure formation of a tight crevice. Teflon 
used by itself tends to creep at the test temperature so that the crevice geometly changes 
with time and usually becomes less tight. Third, a plastically strained U-bend specimen 
is used to determine stress corrosion cracking and hydrogen embrittlement susceptibility 
The U-bend specimens are 0.16 cm thick and formed to be 3 cm high x 1.9 cm wide. In 
all cases, the test specimens are carefully isolated from mounting bolts and hardware. 
The specimen configurations are depicted in Figures 2.4-1 through 3. These specimen 
designs are based on ASTM standard configurations for corrosion testing. All test , 

specimens were procured from Metal Samples Inc. (Munford, AL) 

Some 13,000 specimens were procured in FY-96 in the three configurations. The initial 
materials to be tested are arranged in three categories: 

Corrosion Allowance materials: 
Wrought carbon steel (AISI 10 1 8) 
Centrifugally cast carbon steel 
2.25 Cr - 1 Mo alloy steel 

- 
Interntediate Corrosion Resistant Alloys: 
Alloy 400 (Monel400) 
70-30 Cu-Ni (CDA 7 15) 

UNS KO 1800 
UNS J02501 
UNS K 2  1590 

UNS NO4400 
UNS C71500 



Corrosion Resistailt Alloys 
Alloy 825 (IncoIoy 825) 
Alloy G-3 (Hastelloy G-3) 
Alloy C-22 (Hastelloy C-22, Inconel 622) 
Alloy C-4 (Hastelloy C-4) 

Titanium Grade 12 
Titanium Grade 16 (Ti-0.05 Pd) 

UNS NO8825 
UNS NO6985 
UNS NO6022 
UNS NO6455 

UNS R53400 
none to date 

Other materials may be added at a later date, especially specimens of Alloy 625 (UNS 
N06625). 

For the first series of corrosion tests in the first 12 vessels (referred to as Increment I), 
the test specimens are kept within their respective categories in order to avoid any cross 
effects between corrosion products. It was felt that the corrosion products from the 
highly corrosion resistant nickel-base alloys and titanium-base alloys will be so 
minimally produced, that these specimens can be mixed in the same vessels. In a later 
increment of tanks, galvanic specimens will be placed where the cross effects are 
definitely wanted. These will be discussed later. For Increment 1, the current plan is to 
install specimens of carbon and alloy steels in vessels containing the "dilute" water and 
the "concentrated" water environments at the two test temperatures (thus requiring four 
tanks), the specimens of the Ni-base and Ti-base highly corrosion resistant materials in 
the dilute and concentrated water environments at the two temperatures (thus requiring 
another four tanks). Then, specimens of these same Ni-base and Ti-base alloys, and 
specimens of the intermediate copper and nickel bearing alloys will be placed in the 
acidified concentrate environment. It is desirable to start an early exposure of these two 
categories of materials to the most aggressive environments. Plans are to build additional 
test vessels in FY-97 as Increment 2 so that additional combinations of materials and 
environments can be tested. 

An initial design for a galvanic test specimen was completed in FY-96 (shown in Fig. 2.4 
- 4 , but funding did not permit acquisition of the test specimens and test vessels. The 
galvanically coupled specimens will be tested in the same environments as the single 
metal specimens, but they will be tested in separate vessels. However, the design of the 
galvanically coupled specimens will be revised in FY-97 in order to simulate a number of 
ways the two barrier may be fabricated. For instance, if the two barriers are fabricated as 
separate containers and then slipped one into the other, the contact between the two will 
be more or less casual. At the other extreme, if the two barriers are clad, the contact is 
everywhere intimate and complete. In between these two extremes, there are fabrication 
processes, such as a sort of "shrink-fit" that would assure close contact over nearly all of 
the surface. Also, in some of the looser-fit configurations, the annulus could be filled - 

with metal powder or shot to provide some electrical continuity. For these reasons, a 
great deal of care should be exercised in the specimen design, and perhaps more than one 
specimen configuration will ultimately be used. 



2.4.5 Test Operation 

In order to heat the vessels, two 6-kW immersion heaters are placed in each vessel. 
Temperatures are measure by thermocouples. An Allen-Bradley Programmable Logic 
System (PLS) provides the feedback to the electrical system to increase or decrease the 
power input. The solutions are slowly stirred . The liquid level in each vessel is 
controlled by three sensors. If the liquid level falls (for instance, due to evaporation), the 
PLS signals to draw in distilled water to restore the liquid to the proper level. The test 
vessels were constructed to be reasonably tight to minimize water loss. If for some 
reason, the level rises, the operator will be called and power shut-off to prevent an 
overflow. The vessels are well insulated to minimize heat loss, so that in the event of a 
power failure, the temperature will only slowly drop. Power outages of less than 4 hours 
will hardly cause a noticeable temperature decrease. 

Test temperature and the liquid level are the only two parameter which are controlled. 
Other parameters will be measured, and, in some cases, adjustments made over the 
duration of the test. These parameters include pH, solution chemistry, oxygen content, 
and microbial activity. Although it may have been desirable to try to control all of these 
variables, the system to do so would have been enormously complicated and costly. 

Each test vessel holds six test racks. These are planned so that a rack can be withdrawn 
from the vessel at the scheduled time interval for inspection of the state-of-corrosion of 
the test specimens. Five planned intervals for inspection are after 6 months of exposure, 
1 year, 2 years, 3 years, and 5 years.  h he sixth rack is for additional test specimens, if 
needed). At each withdrawal period, the weight loss coupons will be reweighed and the 
corrosion rate calculated. Surfaces will be inspected for evidence of localized corrosion. 
The creviced regions will be the focus of investigation, as will the stressed U-bend 
surfaces. Some specimens contain welds, so that the weld and associated heat-affected- 
zone will be the object of inspection. Depending on what is initially observed, 
appropriate types of analyses will be pursued to fully characterize the specimens. 
Periodic withdrawals of water samples will provide an analysis of any water chemiqtry 
changes. These samples will also be characterized for the nature and extent of microbial 
activity. 

2.4.6 Test Start-up and Future Work 

As stated previously, the start-up of the first vessels is about to occur. The first vessels to 
go on-line will be those containing carbon and alloy steels in the two near-neutral 
environments, followed by the corrosion resistant nickel-base and titanium-base 
materials in these same environments. Then, tests in the acidified environment will be 
started for the cmosion resistant and for the intermediate materials. Depending on the - 

level of funding, additional vessels and hardware will be acquired for completing the 
planned test matrix for the range of environments and candidate materials. It is possible 
that some revision in the choice of enviroments will occur, since the porrosion (at least of 



the corrosion resistant materials) will be so greatly reduced to negligible amounts in the 
very high alkaline environments. Also, the susceptibility to localized corrosion for the 
corrosion resistant materials is very much reduced (see Section 2.5). On the other hand, 
testing in nloderately acid environments (pH 4-5) may be very instructive in projecting 
the performance of these inaterials, since the intermediate pH condition also represents a 
condition caused biotically (microbial activity) or abiotically (creviced geometry), and a 
condriion nzorc likely to occur. However, no firm decision has been made on which 
environments to pursue and which vessels to allocate to which environments. Also, in 
the coming year, vessels for exposing the galvanically coupled specimens will be 
procured and installed, and a decision reached on which environments to use for these 
tests. 

The long-term comprehensive corrosion test is a cornerstone for much of the testing 
effort. Several other activities interface with the long term test. For example, the 
electrochemical testing, described in Section 2.5, predicts the relative susceptibilities of 
the candidate materials to localized corrosion; the long term corrosion test validates 
whether these predictions are true for the longer term. Future electrochemical work will 
focus on measurements of the corrosion potential over the same range of pH and 
electrolyte concentrations as the long term test. These measurements are important for 
modeling efforts. Parts of the long term comprehensive corrosion test have counterparts 
in the shorter term stress corrosion tests and galvanic corrosion tests, to be discussed in 
Sections 2.7 and 2.8. The saturated steam conditon existing in the top half of the test 
vessels represents a condition approaching 100% relative humidity, and thus is an 
extension of data points obtained at lower humidities, as described in Section 2.3. 
Although the long term comprehensivecorrosion test was designed to be indifferent to 
microbial activity (in the sense that neither microbes were inoculated nor were 
bactericides used to prevent their development), periodic measurment and interpretation 
of microbial activity will correlate with work discussed in Section 2.6. 



Figure 2.4 - 1 Assembly of corrosion coupons for weight loss measurements in 
term comprehensive corrosion test. Besides general corrosidn, examination of 
corroded surface will reveal susceptibili~y to pitting corrosion, crevice corrosio 
selective leaching, and intergranular corrosion. The Teflon spacers maintain e 
isolation between specimens and the mounting hardware. 
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Figure 2.4 - 3 U-Bend assembly for the long-term comprehensive corrosion test. 
Specimens are deformed plastically. The zirconia washer provides electrical isolation 
from the mounting hardware. If the material is sensiti;e to stress corrosion cracking or 
hydrogen embrittlement, cracks will form on the ''V and run perpendicular to the 
direction of the bend. 
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2.5 Electrochemical Corrosion Testing 

Inpu! to  t/zis section qf the report was provided by Ajit Zioy. 

2.5.1 Potentiodynamic and Potentiostatic Polarization 

Electrochemical polarization experiments are being performed on several candidate 
materials for the corrosion resistant inner barrier to evaluate their susceptibility to 
localized corrosion, such as, pitting in deaerated acidic, neutral, and alkaline brines 
containing 1,5, and 10 weight percent (wt%) NaCl at room temperature, 60°C, and 90°C. 
Materials tested include iron-nickel-chromium-molybdenum (Fe-Ni-Cr-Mo) Alloys 825, 
G-3, and G-30, nickel-base Alloys C-4 and C-22, titanium-base alloy Ti Gr-12, nickel- 
copper Alloy 400, and 70130 Cupronickel. For comparative purposes, austenitic Types 
304 and 3 16L stainless steels are also being tested. The chemical compositions of these 
alloys are shown in Table 2.5.1. All test solutions were prepared with distilled water and 
reagent-grade chemicals. While acidification was done by adding sulfuric acid to the 
brine, calcium hydroxide was added to prepare the alkaline salt solution. The pH of 
these solutions ranged between 2 and 3,6 and 7, and 10 and 11, respectively. This work 
constitutes Metallic Barriers S P  Activities E-20-43 and E-20-44. 

A three-electrode technique was used to conduct cyclic potentiodynamic polarization 
(CPP) and potentiostatic polarization experiments in Pyrex corrosion cells that contained 
a test specimen as a working electrode, two graphite counter electrodes, and a Luggin 
capillary connected to reference electrode. While, initially, a saturated calomel reference 
electrode was used at ambient temperature and 60°C, AgIAgCl was later used as the 
reference electrode at all test temperatures. Cylindrical specimens were used in the CPP 
tests. Specimens used in the potentiostatic polarization experiments were disc-shaped. 
The test specimens were polished with 600-grit paper and cleaned with distilled water, 
acetone, and ethanol prior to their exposure to the test solutions. 

Prior to conducting the polarization experiments, a few confirmatory tests(') were , 

performed on Type 430 stainless steel in deaerated 1.0 N sulfuric acid solution at 30°C to 
obtain the standard polarization plots, and to verifL the reproducibility of the 
instrumentation. Electrochemical potential was applied to the test specimens using 
EG&G Models 273 and 283 potentiostats, controlled by an IBM-compatible PC with 
EG&G Model 2521352 Softcorr II software. A controlled-temperature water bath 
maintained the test temperature at the desired value within t O.l°C. For elevated 
temperature tests, a Pyrex condenser was fitted to one port of the cell to capture 
evaporated water and return it to the test cell. Dynamic potential scans were carried out 
in CPP experiments in the noble direction at the ~ ~ ~ ~ - s ~ e c i f i e d ( ' )  rate of 0.17 millivolt 
per second commencing at the stable corrosion potential (E,,), and continuing to a - 

potential sufficiently noble to cause pitting prior to reversing the scan at the same rate. 



In electrochemical terms, the initiation of pitting occurs at a critical potential'2), , 
which is used as a tneasure of resistance to pitting corrosion. At E,;, , the anodic 
polarization curve changes its slope abruptly, showing a dramatic increase in current 
density (Figure 2.5 - 1). The more noble E,,, is, the more resistant the material is to 
pitting attack. For susceptible metals and alloys, as the direction of polarization is 
reversed after some degree of anodic polarization above E,,, , a hysteresis is observed in 
which the return polarization curve follows an active (higher current) path, compared to 
the initial anodic one. The crossover at the passive current density defines a 
repassivation or protection potential(2), E,, , below which established pits are presumed 
not to continue to grow. By contrast, new pits can initiate only at potentials above EPit. 
Between EPmt and Epit, new pits cannot initiate, but old ones can still grow. 

hi, values measured by CPP experimenfs were used in selecting the controlled potential 
to be applied in potentiostatic polarization tests involving a few selected susceptible 
materials. These tests were performed only in the acidic brine to evaluate pit growth at 
90°C at applied potentials at or above the measured %it values. 

The pH of the test solution was measured at room temperature both before and after each 
experiment. At the conclusion of each test, the specimen was cleaned with distilled 
water, acetone, and ethanol. The cleaned specimen was visually examined, followed by 
an optical microscopic evaluation to detect the presence or absence of pitting. The 
specimen underwent further metallographic examination if pits were detected by optical 
microscopy. 

2.5.2 Cyclic Potentiodynamie ~olar&ation Test Results 

~esul ts '~ '~ '  indicate that, as expected, Types 304 and 3 16L stainless steels were 
susceptible to severe pitting corrosion in all three tested environments at 60°C and 90°C 
showing discernible %it values. Alloy 400 and 70130 Cupronickel showed propensity to 
dissolution in all environments, both at ambient and elevated temperatures. Thick, 
orange-colored corrosion products were seen floating in the solutions, suggesting that 
elemental nickel, relatively electronegative compared to copper (i.e. -250 mV versus 
+337 mV, SHE), might have undergone preferential dissolution in response to the 
application of potential during the CPP experiments. As with austenitic stainless steels, 
the maximum current density attained just prior to the potential scan reversal was quite 
high. 

With respect to the localized corrosion behavior of Fe-Ni-Cr-Mo alloys, Alloys 825, G-3, 
and G-30 suffered from pitting corrosion in acidic brines at all three chloride levels 
tested, with Alloy G-30 showing the least attack. Figure 2.5 - 2 shows a plot(6) of as a 
function of chloride concentration for all three alloys, showing a shift in Epit to more 
negative (or active) values with increasing chloride concentration. This observation is - . 

consistent with the results obtained by other investigators(738). In the presence of chloride, 
pitting of susceptible metals and alloys is due to the breakdown of protective oxide film. 
It has been suggested(739) that transition from passivity to pitting condjtions can be 



explained by a competitive adsorption mechanism by which chloride ions (C1-) move into 
the double layer (oxidelliquid interface), eventually reaching a critical potential, E,,, , 
corresponding to the Cl- required to displace the adsorbed oxygen species. The 
relationship between E,,, and pH for these three susceptible materials in solutions 
containing 10 wt% NaCl is illustrated in Figure 2.5 - 3'6). It is obvious that for all three 
alloys, E,,, was shifted significantly to more noble values with a change in pH from acidic 
to neutral, as expected. The more active E,, value in acidic solution is the result of 
acceleration of the cathodic reaction due to the high concentration of H' ions. At 
alkaline pH, Alloys G-3 and G-30 showed slightly lower E,,, values compared to those in 
neutral solution. However, Eplt for Alloy 825 was shifted to a more noble value at 
alkaline PI-I. The fact that hi, was shifted to more positive values in alkaline brines 
(compared to that in acidic solutions) is in line with the well-established pitting 
inhibition effect of hydroxyl ions(''). No explanation can, however, be provided as to the 
cause of lower Epi, value for Alloy 825 at the neutral pH. As to the effect of C1- 
concentration and pH on E,,,, , no consistent pattern was observed. 

The overall results from the CPP tests indicate that of all the materials tested, Alloys C-4 
and C-22, and Ti Gr-12 exhibited the maximum corrosion resistance, showing no pitting 
or general corrosion in any environments tested. These three highly corrosion-resistant 
materials maintained their shiny surface appearances even after exposure to the test 
solutions. 

An effort was also made to correlate Em, to the test temperature and the solution pH. 
However, no consistent pattern was observed(3). At least in the case of variations in 
temperature, the lack of a consistent pattern is to be expected based on similar studies 
conducted by other investigators. 

A comparison of the material responses to electrochemical polarization to high anodic 
potentials is illustrated in Figure 2.5 - 4. Cylindrical specimens were exposed to acidc 
brine at 90° C and polarized from E,, to potentials well into the transpassive region. 
The surfaces indicate the relative susceptibilities of the candidate materials to these 
aggressive conditions. The two stainless steels showed extensive pit formation, while the 
higher Ni alloys, G-3 and 825, showed fewer pits. Alloy G-30 showed some very light 
pits, while Alloys C-4 and C-22, as well as Titanium Grade 12, were free of pits despite 
the harsh conditions. The Cu/Ni alloys, Monel400 and 70130 copper nickel, underwent 
enhanced general corrosion at these high anodic potentials. 

A limited number of longer-term (2-8 hours) potentiostatic polarization tests were 
performed(5) using Alloys 825 and G-3 in the acidic brine at 90°C to characterize the 
numbers, sizes (depth and diameter) and shapes of pits formed. In contrast to fairly deep 
round pits observed with Alloy 825, pits observed in Alloy G-3 specimens were 
elongated and deeper. These data are expected to be used in developing and verifjring - 

stochastic pitting models. The data obtained on Alloy 825 and used in the stochastic 
pitting model are further described in Section 2.11 of this report. 



2.5.3 Electrochemical Testing Future Work 

CPP experiments are ongoing to evaluate the effects of C1- concentration, pH, 
temperature, and potential scan rate on E,,, and E,,,, for inaterials susceptible to pitting 
corrosion. Determination of the potential scan rate effect forms and extrapolating the 
scan rate to zero provides the linkage between the potentiodynamic and potentiostatic 
methods. The effect of ferric ion will then be investigated, since ferric ion will be 
produced by the corroding steel outer barrier material. Ferric ion, particularly in acidic 
solutions, is well known as favoring pitting corrosion on some of the nickel-base alloys 
that are candidate materials for the inner barrier. 

Susceptibility to stress corrosion cracking (SCC) is also dependent on electrochemical 
potential, and there is a "critical potential" for the onset of these phenomena. Work is 
proposed to determine these critical potentials using strained electrodes to determine the 
potential at which the current rises appreciably due to film breakdown and rapid 
dissolution. This is the work described in Metal Barrier Activity E-20-45. Efforts are 
also being made to initiate galvanic corrosion studies of candidate waste package 
container materials using both electrochemical and immersion techniques. (MI3 Activity 
E-20-46). Finally, in conjunction with the environments used for long term 
comprehensive corrosion test, determination of the corrosion potentials of the candidate 
materials in these environments, and possible changes in the corrosion potential with 
exposure time, will be performed as MI3 Activity E-20-5 1. 
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Table 2.5.1 

Chemical Composition of Materials Tested (Weight Percent) 

Material - He$ NO. - C & P  S & - Ni - Cr - Mo & 

Type 304 SS K299 0.07 i.55 0.031 0.009 0.48 10.18 19.90 0.10 ~ a l  

Type 3 16L SS* 16650 003 2.00 0.03 0.03 0.75 10.00 16.00 2.00 Bal 
(rnax) (rnax) (rnax) (rnax) (rnax) - 14.00 - 18.00 - 3 00 

Alloy 825 HH3884FG 0.03 - 0.00; 0.33 39.84 22.11 3.40 Bal 

Alloy (3-3 1298558857 0.004 0.80 0.009 0.003 0.36 Bd  22.26 6.88 19.29 

Alloy (3-30 l810397529 0.01 i.10 0.013 0.002 0.30 Ba! 29.30 5.10 15.00 
l 

a Alloy C-4 1245550905 0.004 0.16 0.006 0.006 0.02 ~ a i  15.66 15.49 0.25 

A ~ I O Y  C-22 1227793285 0.004 0.26 0.008 0.002 - ~ a i  21.80 13.60 4.70 

Ti Grade- 12 G9557 0.0075 - - 0.75 - 0.30 0.13 

Alloy 400 DO68 0.050 1.01 - 0.007 0.050 66.46 - 0.93 

Ti - - Al - Cu -- Others 

- N-0.10 (rnax) 

- W-3.2O;V-0.14 
CO-1 .65 

Bal - - 0-0.14;N-0.0065 
Y-c0.005;H-0.00 16 

0.002 31.49 - 

Bal Pb-0.05 (max) 
Zn- I .OO (rnax) 

'Nominal composition per ASME Specification. SA-240, 1990. Actual composition was not analyzed 
'NominaI composition per ASTM Designation: B 171 / B 171M-91a. Actual composition was not analyzed 
NA Not available ' 
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Figure 2.5-3 Epit (Ag/AgCl) VS pH in S O ~ U ~ ~ O ~ S  Containing 
10 wt% NaCl at 90°C 
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Pigure 2-5-4 comparison of specimen surface appearance 
of all materials tested in acidic brine at 90°c 



2.6 Microbiologica lly Influenced Corrosion (M1C)Testing 

(input to fhis section of tiqe report was provided by Joanne Horn and Deiti~y Jones) 

Native microorganisms reside within the potential repository environment. Microbial 
communities have been characterized from a variety of deep sub-surface environments, 
and previous work has already identified some of the native microbiota in the Yucca 
Mountain region (Russell et al, 1994). Microbes vary widely in their types of metabolic 
activities, and the consequent alterations to the surrounding environment that they can 
facilitate (Horn and Meike, 1995). Presumably, native microbes that are currently 
present have or have had adequate nutrient resources for their existence. The 
establishment of bacteria introduced through drift constuction will likewise be dependent 
on adequate nutrient supplies and their rates of adaptation to the repository environment. 

Conditions anticipated upon waste emplacement in the Yucca Mountain repository will 
include extreme heat, desiccation, and possibly high levels of ionizing radiation. The 
initial presence of extreme conditions within the repository may not completely preclude 
microbial activity; even if general conditions extend beyond those able to support 
microbial activity, there may be micro-environments in which environmental extremes 
are mitigated. In any case, eventual repopulation of the near-field environment through 
re-entry of water carrying both nutrients and microbes is anticipated as overall repository 
conditions become less extreme. Organisms that thrive at high temperatures or which 
form spores under adverse conditions will be extant within the native or introduced 
microbial communities at Yucca Mountain. These species will regain activity as 
conditions become favorable. Microbial populations may acidify and otherwise alter the 
water chemistry of the near-field repository environment, as well as directly affect the 
corrosion of waste packages. The degradation of materials and the consequent alteration 
of the aqueous chemical environment will depend on the presence of adequate nutrients 
and water to maintain at least a minimum of activity. 

Work in the microbially-influenced corrosion activity seeks to establish the range of 
probability, rate, and required conditions for rnicrobially influenced corrosion of 
candidate metal barrier materials in the proposed Yucca Mountain (YM) Repository. 
Specifically, the work described here is designed to at least initiate the determination of 
1) whether microorganisms contained within the postconstruction YM environment 
possess activities that have been associated with metal corrosion, 2) define boundary 
conditions for these activities and characterize their rates under varying conditions, and 
3) the rate of microbially-influenced corrosion of candidate metal barrier materials under 
accelerated testing conditions. Screening and quantification of microbial corrosion 
activities will establish the likelihood and conditions under which bacterially-facilitated 
metal corrosion may occur, and may thus impinge on the design of various repository 
elements. Accelerated testing will provide the degree of resistance of various candidate 
alloys to microbial corrosion, and thereby contribute information germane to the final 
choice of waste package materials. A survey of MIC effects on both the outer barrier 
candidate materials and the inner barrier corrosion resistant material isunderway as 



Metallic Barrier SIP Activity E-20-60. Much of the work to date has beet1 focused on 
isolating and culturing the various strains of bacteria known to influence the corrosion of 
candidate materials for the waste package container. 

2.6.1 Microbial Mechanisms of Metal Corrosion 

Currently, it is recognized that microbial corrosion is a complex group of interacting 
processes, carried out by a number of classes of bacteria (as reviewed by Borenstein, 
1994; illustrated in Fig 2.6 -1). Bacteria which secrete exopolysaccharides form slime 
capsules that obstruct the free diffusion of oxygen to the metal surface; this is 
exacerbated by aerobic slime producers embedded within the slime layer that consume 
available oxygen. The anoxic environment within the slime creates a electrochemical 
potential change beneath the film which degrades the protective metal oxide film and 
causes pitting. The creation of anoxic cells also facilitates the growth of sulfate reducers. 

Iron oxidizing bacteria use ferrous ions as an electron source, generating ferric ion which 
precipitates as an oxide. The resulting tubercles also act to create anoxic cells beneath 
colonies of these organisms. Additionally, ferric cations attract and combine with free 
chloride anions, producing ferric chloride, which is very aggressive toward many metals. 

Many micro-organisms secrete organic and inorganic acid metabolites into the 
surrounding environment. Clearly, the priduction of oxidizing acids (including sulfur 
oxidizers that cause the formation of H2S04) are directly corrosive, and contribute to 
hydrogen generation for consumption by sulfate reducers. 

Not all of these microbial processes occur in every instance of MIC. Rather, the different 
classes of microbes, each contributing, their own corrosive properties, occur in various 
permutations, depending on the metal surface and surrounding environmental conditions. 

2.6.2 Prior Studies Performed in the Near Field Environment Task 

Growrh of Whole YM Communi/ies 

As part of the Near Field Environment Task, samples of Topopah Springs tuff were 
initially aseptically collected from a mined Fran Ridge outcrop (the Large Block Test 
Site, LB), and rock excavated during construction of the Exploratoly Studies Facility 
(ESF, Yucca.Mountain, NV). The aim was to collect rock samples which had been 
exposed to construction activities and were representative of the postconstruction 
repository environment. Bacteria which had been introduced by construction machinery, 
introduced materials, and human intervention could thus be included in subsequent 
isolations and testing. 

Growth rates of YMderived microbial communities were determined by adding log of 
crushed rock samples (1.68-2.36mm grain size) to 50ml of R2 broth, a low nutrient 
formulation (Reasoner and Geldreich, 1985). Samples were incubate4 aerobically by 



shaking in covered flasks at ambient temperature, 30°c, and 50'~. Sterile controls were 

prepared by repeated cycles of autoclaving (120'~) and incubation. Growth was 
monitored by periodic live plating of appropriate dilutions on R2 agar (Difco). Growth 
rates of whole cormnunities of YM-derived microorganisms in low nutrient R2 broth 
varied somewhat, depending on the temperature of incubation. While communities 

grown at room temperature or 30'~.  showed altered doubling times with respect to those 

gown at 50°c., all cultures, demonstrated significant increases in cell numbers, ranging 
to over 20,000 cells/ml of media, at the conclusion of the 10 h. growth pcriod (Fig. 2.6- 
2). Additionally, it was found that some bacterial isolates, most likely spore-forming 

species, survived repeated exposure to 120'~. 

These results reveal that even a modest nutrient source supports significant logarithmic 
growth of native and introduced YM bacteria, and total microbial cell densities reach 
similar levels regardless of the temperature of incubation (Figure 2.6.2). Probable spore- 

forming microbial species were able to survive repeated autoclaving (120°c), 
demonstrating that even at the highly elevated temperatures expected to occur after waste 
emplacement in the repository, some of the endogenous microbiota may be able to 
survive through these extended periods of intense heat. 

Microorganisms were isolated both aerobically and anaerobically from whole and 
aseptically-crushed (1.7-2.4mm) rock samples at room temperature by plating directly, or 
washing rock samples with Artificial 5-13 Pore Water (APW, Amy el a!., 1992), and 
plating onto low nutrient R2 agar. Organisms that survive in nutrient-depleted 
environments and at elevated temperature were isolated from crushed samples (1.0g) 
after extended growth (aerobic incubation, 72 h.; anaerobic incubation, 17 days) in R2 

broth at room temperatures and 50'~. After extended cultivation, samples were 
incubated on R2 agar at the temperature of previous growth. 

Plating of whole and crushed rocwwashes at room temperature on R 2  agar showed 
higher species diversity contained in LB samples than those obtained from ESF samples. 
Also, crushed rock/washes displayed generally lower species diversity and cell numbers 
than those arising from whole rock (e.g., Fig.2.6 -3). Finally, greater diversity and cells 
numbers were obtained after growth under aerobic conditions than under anaerobic 
culture conditions. 

Extended growth at room temperature and 5 0 ' ~  showed generally a low diversity of 
microbial forms (one to three cell types). Iiowever, high cell numbers were reached after 

8 9 extended growth under aerobic conditions (2 x 10 -10 cells/ml), while anaerobic 
conditions produced low cell densities (e.g., 140 cells/ml), and no growth was evident 

after extended anaerobic incubation at 50'~. 
b 



Since manipulation of rock samples has been reported to alter the kinds and numbers of 
organisms recovered (Haldeman el uZ., 1994), our results regarding the number and types 
of organisms from whole versus crushed rock, are consistent with past findings. 

YM tuff was collected and crushed exposed to the ambient air, also initial transfers of 
organisms cultivated on oxygen-depleted agar plates and broth were briefly exposed to 
air. Therefore, it must be assumed that those organisms cultivated under reduced 
conditions are either somewhat aero-tolerant (i.e., oxygen is not completely toxic to 
them, for at least brief periods), or they are capable of both oxic and anoxic growth (so- 
called "facultative anaerobes"). This became more evident in the results of subsequent 
experiments (below). 

It may also be expected that both higher temperatures and anoxic conditions could result 
in lower cell numbers and diversity of those microbes obtained under these culture 
conditions. Topopah Springs tuff and its associated pore water has been characterized as 
generally containing a significant amount of oxygen (Buscheck and Nitao, 1994)- such 
that strictly anaerobic, or even facultatively anaerobic organisms, might be expected in 
lower abundance relative to strict aerobes. Since elevated temperatures are not the norm 

in the subsurface, those organisms adapted to growth at 50'~. may not likewise be 
immediately expected to be present in high abundance. However again, the 
demonstration that at least some organisms at the YM site are capable of growth at 
higher temperatures and under lower oxygen tensions shows that a subset of the extant 
YM microbial community harbor the potential to grow and survive at elevated 
temperatures and under reducing conditions . 

LB samples, originating from a Fran Ridge outcrop that more closely resembles the 
geological characteristics of the repository unit, display greater microbial diversity (on 
R2 agar) that those from the ESFexcavated rock, which had not yet reached the 
repository horizon. Thus, greater microbial diversity might be extant in the repository 
horizon than in overlying geological units. 

The paucity of microbial forms after extended growth is expected. It is accepted that 
under stressed conditions, such as those created by the depletion of nutrients, that only a 
few members of the community are equally well-adapted to exploit the minimal 
resources available; these will outgrow those species less able to compete. 

While any given growth media (e.g., R2) permits only the growth of a small fraction of a 
microbial community (Atlas, 1982; Roznak and Colwell, 1987), a multiplicity of 
microbial types were still detected from whole and crushed YM rock on R 2  media; 
henceforth these were treated as a sample of the total microbial community present at 
this site. A representative group of distinct individual. isolates were purified by repeated 
streaking of single colonies, many of these were identified by fatty acid analysis (Welch, 
199 1 ; Analytical Services, Inc., VT), but some remain unidentified. A1 1 purified isolates 
(ca. 60) were preserved for use in further experiments. a 



Identified and preserved YM bacterial isolates included representatives of the following 
genera: Hucillus, Ar/lzrobucler, Cellulomonus, Corynebucleriurn, Pseudomonus, 
S~upl~ylococcus, X'un~homonus, and Fluvobac~erium. These bacterial classes collectively 
contain members that are capable of forming spores, producing acids, degrading a wide 
variety of organic compounds, and remaining active under both oxic and anoxic 
condi lions. 

2.6.3 Enrichment of Corrosion-Specific Bacteria from YM Tuff 

The oxidation of Fe(I1) to Fe(II1) and the reduction of sulfate to sulfide are elements of 
different microbial metabolic pathways that have been linked to metal corrosion 
processes (Lee ec ul., 1994; Borenstein, 1994). Therefore, efforts were made to culture 
organisms that carry out these transformations from YM geologic samples. Iron 
oxidizers, such as species of bacteria of the genus Thiobucillus, utilize Fe(I1) as an energy 
(electron) source with the concomitant production of Fe(LU), and they obtain carbon for 
cellular growth by fixing carbon dioxide from the surrounding environment. The ferric 
iron produced by these bacteria can react with iron sulfide (pyrite) spontaneously to form 
more ferrous ions and sulfuric acid As a result iron oxidizing bacteria have evolved to 
function under very acidic conditions. 

Iron oxidizing microorganisms were cultured from YM tuff by inoculating 5g samples of 
crushed tuff into media previously reported to support the growth of these organisms 
(i.e., ATCC Media #64, containing Fe(TIE), no exogenous carbon source, and at pH 2.8; 
Gherna el ul., 1989). As a control for suitable growth conditions, three known and 
characterized iron-oxidizing microbial strains were grown in parallel with those enriched 
from YM tuff (Thiobucillus ferrooxiduns ATCC#2 1834, # 14 1 19, #33020; Gherna el al., 
1989). 

Sulfate reducing bacteria use sulfate as a terminal electron sink, thereby transforming it 
to sulfide. These organisms typically are grown with lactate as a carbon and electron 
source. Thus, to encourage the growth of these organisms from YM geologic media, 5g 
samples of aseptically ground tuff were similarly inoculated into two types of media 
containing sulfate and lactate (Baar's media and sulfate-reducing media; Gherna el a!., 
1989; Atlas of Microbiological Media). The suitability of growth conditions was judged 
by the growth of a known sulfate-reducer, Desulfovibrio vulguris ATCC#29579 (Gherna 
el ul., 1989), grown in parallel with test samples. 

All cultures were incubated at room temperature and periodically, 5-10% of the culture 
was transferred to fresh media; a total of four transfers were made over several months of 
incubation. In this fashion, if iron-oxidizing or sulfate-reducing organisms were extant 
within the samples, their growth would be encouraged due to hospitable culture 
conditions, over other members of the microbial community. 



All control strains grew well under the conditions provided, showing that the media and 
conditions used did allow growth of these types of organisms. The iron-oxidizing 
enrichments from both LB and ESF geologic samples, likewise produced iron-oxidizing 
cultures (as adjudged by later plating on solid ISP media; Manning, 1975; Fig. 2.6.4 ). 
However, sulfate reducing bacteria were not recovered from either ESF or LB tuff, 
despite repeated attempts using two types of sulfate reducing media and the growth of the 
control strain under the same conditions. Sulfate reducing bacteria were recovered using 
the same enrichment techniques from some select sites within the ESF, demonstrating 
that the presence of sulfate reducing bacteria, key players in the corrosion process, are 
clearly not ubiquitous. 

Enrichment cultures may or may not be a single bacterial species or strain, and thus it 
must be assumed in the absence of further characterization, to be a consortium of 
bacteria all having either sulfate-reducing or iron- oxidizing metabolic modes. Iron- 
oxidizing enrichment cultures were frozen for preservation and use in further 
experiments, as were the sulfate reducers that were obtained outside the immediate YM 
site. 

Iron reducing strains, which use Fe(II1) as a terminal electron acceptor producing Fe(II), 
may effect corrosion directly by anodic depolarization (Westlake el ul., 1986), and affect 
the availability and source of Fe(I1) for subsequent microbial iron oxidation. As an initial 
attempt to enrich these organisms from YM rock, 5g of crushed ESF and LB material was 
inoculated into a media formulation that provided lactate as a carbon and energy source 
and nitrate as an electron acceptor (Meyers and Nealson, 1990). This type of media has 
been shown to support the growth of iron reducing strains under aerobic growth 
conditions, however it should be noted that it will also support the growth of other types 
of organisms as well. A characterized iron reducer, Shewunelfu pufrficiens ATCC#807 1 
(Gherna el al., 1989), was grown in parallel as a control. Growth was observed of both 
the control strain and arising fiom crushed YM rock samples, and periodic transfer of the 
cultures were carried out (as above). Finally, after four transfers, the enrichment culture 
was Erozen for future analysis. 

Colorimetric assays for determining the concentrations of Fe(lI) and Fe(U1) using 
ferrozine reagent (Lavley and Phillips, 1987; Greenberg el ul., 1985) were tested using 
water as a solvent. Linear standard curves were obtained [with a dynamic range 
extending 5-100ppm Fe(XI)] under these conditions. Iron oxidizing and possible iron- 
reducing consortia will be analyzed to quantifL their rates of iron reduction/oxidation 
using these assay techniques. 

2.6.4 Screening for Acid- and Sulfide-Producing Bacteria 
Screening for Acid-Producers 

The production of organic acids as products of microbial central metabolism is well- 
documented (Horn and Meike, 1995). The generation of acids has been both directly and 
indirectly linked to metal corrosion. Microbially-generated acids haye been shown to 



directly dissolve the protective calcareous film on stainless steel (Little, 1987). Coupling 
of protons with electrons results in electron removal from the cathode (Borenstein, 1994), 
and forms hydrogen which is a substrate for microbial sulfate reduction (Fig; 2.6 -1Pope 
el ul., 1994). Therefore, the library of YM isolates that were recovered from LB and ESF 
geologic samples (above) were screened for those that demonstrated a decrease in pH 
during active growth. 

As an initial screen to identify acid-producing strains among the preserved YM microbial 
isolates, all isolated strains were grown separately in R2B media (with or without 
amendment of 0.5% glucose), using the pH indicators bromocresol purple (pKidiator=5.3) 
or methyl red ( pKi,d,,,o,=4. 1). Under these conditions, a change in the color of the 
culture indicates the production of acid, thereby providing a rapid means of assessing 
acid production by the 46 strains tested. Anaerobically-grown strains were incubated 
under anaerobic conditions, while aerobically-isolated strains were cultivated with 
aeration, and all strains were incubated at either room temperature or 50°C., depending 
on their temperature of isolation. Sterile, uninoculated controls were included in all 
experiments. The pH endpoint was determined using a standard pH meter for at least one 
trial. 

Results revealed that both growth and acid production were more rapid when the media 
was amended with glucose. This is not surprising given that acid production is largely a 
result of carbon utilization; addition of glucose provides at once more carbon and energy 
for growth, together with a greater potential rate of acid generation. When 46 bacterial 
isolates were tested with glucose amendment, 10 (21.7%) of these displayed a decrease 
in pH (from about pH 7.0) to pH 5.3 or less after a period of growth lasting from 3 to 16 
days. When glucose was not added to the media, only 5 strains tested showed similar 
extents of acid production. Sterile control cultures maintained the initial pH of the 
media. While there was some interference of the pH indicator with measurement of the 
pH endpoint (probably due to titration of protons by the indicator) and even growth in 
some instances, the lowest pH attained was 4.46 after a 76 hour incubation by a 
Pseudomoms s~ufzeri LB isolate in media with added glucose and the methyl red 
indicator. 

These results indicated that microbially-induced metal corrosion will be accelerated with 
inclusion of a readily metabolizable carbon source which promotes both growth and acid 
production. Thus, materials testing should include added glucose in the media, as glucose 
will contribute towards accelerated testing conditions. Compilation of the screening 
results revealed eleven strains that produce acid under the described conditions of 
growth, which included members of the genera Cellulomonas, Pseudomoms, 
Flavobucrerium, Bucillus, and Arachniu. (Table 2.6 -I), five strains were further 
analyzed to determine their rates and extents of acid generation, and to further determine 
conditions under which acid is produced; these strains would be considered for specific 
inclusion in accelerated materials testing (below): LB-71 h-RT-13 (Pseudomoms 
sfulzeri); ESF-71 h-RT-4 (Flavobuclerium esferoaromalicum); LBan-U7 



(uncharacteized); LB-7 1 h-50-3 (Bucillus pumilus GC subgroup B); LBan-C I (poorly 
matched to Propiorzibacleriurlz). 

Screenin2 for Sulfide Producers 

Microbially-produced sulfide may be corrosive to metals, as are the ferrous suliides that 
form when produced sulfide reacts with solubilized ferrous ions. Most often these 
activities are associated with sulfate reducing bacteria, which directly promote corrosion 
by depolarizing the cathode through consumption of available hydrogen from the metal 
surface (Borenstein, 1994). Attempts to isolate sulfate reducers from the immediate YM 
environs failed. However, microbes can also produce sulfide by the decomposition of 
proteins, a process known as "putrefaction" or "desulfurylation", in which the sulfur- 
containing amino acids methionine and cysteine are broken down, releasing sulfide in the 
process. 

While the evidence that sulfide and ferrous sulfide direcfly contribute to metal corrosion 
is not entirely conclusive (Licina, 1988), a screening technique was devised to detect 
desulfurylating microbes among the preserved isolates contained in the YM library. 
These efforts were aimed at determining whether YM microorganisms harbor 
desulfurylation capabilities, assessing the potential contribution of desulfurylation to 
metal corrosion (i.e., the direct effects of sulfide and ferrous sulfide), and to ascerlaining 
those alloys that may be more resistant to these microbial products. 

All preserved isolates were screened in test tubes containing R2 agar supplemented with 
0.75% proteose peptone #3 (Difco), to provide an excess supply of amino acids for 
desulfurylation reactions (R2 normally contains only 0.05% of peptone; Reasoner and 
Geldreich, 1985). Additionally, the media contained 0.05% lead acetate, which 
precipitates as lead sulfide when sulfide is produced as result of microbially-driven 
peptone decomposition; the lead sulfide is detected by blackening of the agar medium. 

The library of YM bacteria were each individually inoculated into R2+peptone+-lead agar 
acetate media contained in screw-top test tubes, by streaking on top of the agar surface 
(exposed to the air in the headspace of the tube) and stabbing into the agar within the 
tube (under which conditions growth is anoxic or micro-aerobic). Sterile, uninoculated 
control tubes were monitored in parallel with inoculated ones. All samples were 
incubated at room temperature or SO0 C., depending on the temperature of strain 
isolation. Growth and (lead) sulfide generation was monitored over a 34 day period. 

2 1 of the 45 aerobic strains tested (46.7%) demonstrated sulfide production in the oxic 
area of the culture (none of these were strains that were isolated and incubated at 50°C.), 
whereas only three of the aerobically-isolated strains (all 50' C. isolates) showed sulfide 
production in the anoxic area of the culture. Three of the 17 (17.6%) anaerobically- 
isolated bacteria tested showed sulfide production in the anoxic butt of the tube, one of 
these had significant sulfide production under aerobic conditions as well. A total of 7 of 



the 17 (4 1.2%) anaerobic isolates displayed some detectable sulfide production under 
aerobic conditions. No sulfide production was detected in any of the sterile controls. 

These results demonstrate that a significant proportion of YM bacterial isolates are 
capable of producing sulfide viu putrefaction under both oxic and anoxic conditions, at 
least when provided with excess protein substrate. Isolates of Pseudomonus, 
E'luvobucietiunt, Bucillus, Arucl~niu, and Ceilulomorws were all found to produce 
sulfide; four of these isolates were found to produce both acid and sulfide using these 
screening techniques (Table 2.6 -1). The use of these putrefying bacteria in accelerated 
corrosion tests should allow a more precise determination of whether hydrogen sulfide 
and associated metal sulfides are directly capable of causing corrosion to waste package 
alloys. Since these microbes generate sulfides in the absence of sulfate reduction (and 
hydrogen utilization), the effects of only sulfides on corrosion can be assessed absent 
cathodic depolarimtion effects. 

All strains were incubated under aerobic conditions, by streaking on top of the agar, as 
well as under [somewhat] reducing conditions by stabbing into the semi-solid agar 
surface. Many of the aerobic strains were capable of growth w i t h  the agar (all of the 
50°C.-incubated cultures grew well under these anoxic conditions), and some of the 
anaerobes were also capable of growth under aerobic conditions. This may have been 
expected since the selection and transfer protocols used (above) precluded the isolation 
of "strict" anaerobes (i.e., those to which oxygen is toxic). Employed methods resulted in 
isolation of organisms that were at least tolerant to limited exposure to oxygen or are so- 
called "facultative anaerobes", which are capable of both oxic and anoxic metabolism. 
Likewise, some of the "aerobes" can be facultatively capable of anoxic growth. 

Several of the identified sulfide producers were further quantitatively analyzed for their 
rates and extents of sulfide production (below). 

2.6.5 Screening for Slime under Varying Culture Conditions 

The production and export of polysaccharides (long chain sugars) to the exterior of cells 
is characteristic of many bacterial species. Exopolysaccharide production results in the 
build-up of a slime layer which protects, embeds, and allows anchorage of cells to solid 
surfaces. The microenvironments contained within slime layers (or "biofilms") can be 
drastically altered from the general conditions in the exterior meileu, and from other 
areas within the biofilm. Generally, it can be expected that differential nutrient 
concentrations, relative humidity, and oxygen tensions exist throughout the film 
(Costerton and Geesey, 1985). Consortia composed of different microbial species can 
become embedded by polysaccharide produced by one or more consortia1 members and 
these slime capsules provide a three dimensional spatial configuration and permit 
concentration gradients that facilitate intermicrobial interactions. Slime producing 
organisms probably indirectly contribute to corrosion by permitting adherence and 
facilitating interactions among the different types of organisms that cause corrosion. 
Girect effects of slime on corrosion include the creation of differentiql aeration cells and 



localized elevations in ion gradients, which in turn form crevices under which corrosion 
is accelerated (Borenstein, 1994; Costerton and Boivin, 1991). 

Since slime production is an integral element of microbially-induced corrosion, the 
library of YM bacterial isolates was screened for slime production first on R2 agar and 
then R2 + 0.5% glucose agar, R2 + 0.75% peptone agar, and R2 + 0.5% glucose + 0.75% 
peptone agar. All isolates were incubated anaerobically or aerobically at room 
temperature or 50" C., depending on their mode of isolation. Slime production was 
assessed by observation of gross colony morphology: the appearance and quantity of a 
viscous slime layer was noted and scored (e.g., Fig 2.6 -5). 

Prodigious amounts of polysaccharide were produced by two Bacillus isolates and two as 
yet unidentified isolates with very similar colony morphologies. All of these strains were 
identified as sulfide producers in former screening analyses, however none of these were 
identified acid-producers (above, Table 2.6 -1). Moderate quantities of slime were 
generated by five other YM strains that included representatives of the genera 
Ar~hrobucier and Pseudomonus. Retesting of six of these slime generators on R 2  agar 
supplemented with peptone and glucose revealed that slime production varied with media 
type. The greatest degree slime production occurred on media containing glucose for two 
of the strains tested. This observation is in agreement with the fact that the synthesis of 
polysaccharides requires sugar precursors; amended glucose provides a source of 
building blocks to support slime synthesis. The other isolates showed little difference in 
the quantity of polysaccharide produced between media types, and one strain showed no 
growth at all on R2 + peptone. A single anaerobic isolate demonstrated copious slime 
generation on R2 agar. 

These results demonstrate that YM isolates are capable of slime production under low 
nutrient conditions, and could therefore play a role in corrosion of waste package 
materials. Generally it appears that the availability of carbohydrates could increase slime 
production, and possibly accelerate corrosive microbial activities. 

2.6.6 Rates of Acid Production Under Varying Growth Conditions 

Five strains identified in preliminary screening for the production of acids were further analyzed 
for their rates and extents of acid generation in R2 media containing additional peptone and 
glucose. Each strain was separately inoculated into R2, R2+0.5% glucose, R2+0.75% peptone, 
and R2+peptone+glucose. Cultures were incubated either anaerobically in serum bottles with 
pre-reduced media, or aerobically in shake flasks at either 30" C. or 50°C., depending upon the 
mode of isolation. The pH was monitored in withdrawn samples periodically over a three to five 
day period (Fig 2.6 -6). 

The two anaerobic strains showed a negligible effect of added glucose and peptone, and the pH 
did not fall below pH5.2 in either of these cultures. The aerobically-incubated strains, however, 
showed greater dependence of the composition of the growth media on the production of acids. 
The Psezdomonus slulzeri isolate, LB-7 1 h-RT-13 only generated aci4 when glucose was added 



to the R 2  media, displaying a decrease to pH4.2. The pH probably did not decrease coordinately 
after growth of the P. s/u/zeri in R2+glucose+peptone media due to dea~nination of amino acids 
contained in the added peptone, which releases alkaline amines, counteracting the effects of acid 
production. This counter-effect of added peptone was not as evident in the Pseudonzunus 
pseudofr~vu isolate, LB-71 h-RT-4, which showed decreases in pH aiter growth in both 
R2+glucose and R2+glucose+peptone, as did a 50" C.-isolated strain, LB-71 h-50-3 (most 
probably a Buciiius). 

In summary, the effect of available nutrients on the production acids by YM isolates varies by 
strain. Some isolates are only capable of acid production when supplied with an added carbon 
source, others are less affected by this requirement and are capable of acid generation even when 
available carbohydrate concentrations are minimal. Also, the presence of other metabolizable 
nutrient sources can affect overall pH; if endproducts include alkaline compounds (such as 
amines produced by deamination of amino acids), then acid production can be mitigated. The 
rates of acid production, in view of the long time spans that must be considered to evaluate the 
integrity of the YM repository, are significant. Rates of acid production over a three to seven 
day period are measurable and result in  orders of magnitude differences in proton 
concentrations. 

2.6.7 Rates of Sulfide Production by YM Isolates 

Seven YM isolates identified as sulfide producers (viu desulfurylation) were analyzed for their 
rates of sulfide production under aerobic and anaerobic conditions, because it had already been 
shown that many isolates are capable of growth at high or low oxygen tensions (above). All 
strains were inoculated into R2 media amended with 0.75% peptone. Both anaerobic (contained 
in serum bottles with pre-reduced media, cysteine as a reducing agent and rezasurin as a redox 
indicator) and aerobic (contained in flasks) were incubated at 30°C. or 50°C. unshaken to 
minimize air stripping of the produced hydrogen sulfide. Uninoculated media was also 
incubated to detect spontaneous abiotic sulfide production. Periodically, samples were 
withdrawn, cells removed by filtration, and the supernatants analyzed using a modification of the 
methylene blue assay, which relys on the reaction of sulfide, ferric chloride and dimethyl-p- 
phenylenediarnine to produce methylene blue (measured spectrophotometrically, 664nm 
(Greenberg er ul., 1985). Standard curves were prepared using sodium sulfide diluted in the 
appropriate media, and sample sulfide concentrations were calculated by interpolation of the 
standard curve. 

Preliminary results (depicted in Fig 2.6-7.) showed that sulfide production viu desulfurylation 
increased for all tested strains within a two day incubation period, even in anaerobic cultures 
which metabolize and grow more slowly than do aerobic cultures. Sulfide concentrations 
increased to about 500ppb for all strains grown under anaerobic conditions and to approximately 
150ppb for the same isolates incubated aerobically. Sulfide concentrations continued to increase 
in aerobically grown cultures, reaching a maximum of approximately 330ppb over a 7 day 
period, although extents of maximal sulfide concentrations varied between the strains tested. 
Thereafter, aerobic sulfide production, in general, decreased until 22 days after initiation of 
growth, when there was again a trend towards increasing sulfide founp in the media. 



These aerobic incubation results could be explained with reference to volatilization of hydrogen 
sulfide from the culture, combined with an initial growth phase, followed by cell death. In 
"batch" cultures such as those tested (which are not continually fed), growth of aerated cultures 
continues for a relatively short time, probably at the most for a week, after which nutrients are 
exhausted. While efforts were made to minimize the loss of sulfide through volatilization, it is 
estimated that sulfide losses resulted from inadvertent air-stripping in the death phase of the 
cultures where little or no new sulfide production could replace that which had been lost. The 
final increase at day 22 may be due to the growth of surviving cells on those that had died, with 
concomitant sulfide production resulting from metabolism of the amino acid content of dead 
cells. 

Anaerobically-grown cultures also displayed a decrease in sulfide concentrations, starting after 
two days of incubation. In most cases, these decreased to zero over a 17 day period of 
incubation. These cultures were contained in sealed vials, and maintained under reducing 
conditions. Thus, loss of hydrogen sulfide from the media through volatilization is unlikely. 
Rather, since the employed assay only detects the presence of soluble sulfides, it is likely that 
sulfide may have precipitated by interacting with other media components. 

While these preliminary analyses are not entirely conclusive, it is important to note that 
microbially induced sulfide production increased significantly above background levels, was 
detected among a wide variety of YM isolates under both aerobic and anaerobic conditions, at 
least when strains were provided with an excess sulfur source (in the form of added peptone). 
These preliminary results additionally aid in determining conditions under which to conduct 
accelerated testing of alloy candidates, and which strains to include in accelerated corrosion 
tests. 
2.6.6 
E687 Preliminary Corrosion Testing of Carbon or Mild Steel 

An electrochemically-based system for monitoring of microbial corrosion rates was devised 
(schematic of the system depicted in Fig. 2.6 -8) that employs test cells assembled from 4cm 
diameter, 13cm long glass flat-bottom test tubes containing R2 media prepared using APW to 
simulate the electrolyte present at the YM site. A low concentration (0.5%) agar was added to 
the media such that its final consistency is a semi-solid which somewhat impedes the diffusion 
of air into the system. Working and counter electrodes were sealed into the cell through a soft 
rubber stopper. The 1020 carbon steel working or specimen electrode in each cell was a sheet 
ribbon approximately 5-mm wide, 1-mm thick, immersed to a length of about 10 cm, giving an 
exposed surface area of 9.7 cm2. The 0.5-mm Pt-wire counter electrode was coiled around the 
working electrode while avoiding contact between them. The saturated calomel (SCE) reference 
electrode was immersed in a second identical test tube containing aqueous 1% KC1 connected to 
the test cell through an agar-KC1 salt bridge of 1.5-mm polyethylene tubing. This work is being 
performed under a sub-contract to the University of Nevada, Las Vegas with Prof Penny Amy as 
the lead Principal Investigator, 



Slime-producing strains isolated from the YM m~crob~al comrnun~ty. and sulfate reducing, and 
iron oxidizing bacterial consortia were enriched from Yucca Mountam using techniques similar 
to those described (above). Each consortia was grown separately in their respective media to a 
standard cell density. Triplicate sterile test cells were inoculated as follows: each of the three 
consortia individually, pairwise combinations, and all three consortia inoculated together. 
Abiotic, sterilized, control cells were also prepared in triplicate to evaluate abiotic corrosion 
effects. The inoculated and abiotic cells were finally sealed around the rubber stoppers with 
paraffin tape to prevent biological contamination during subsequent long-term exposures. 
Polarization resistance (PR) measurements (Stern, 1958) were conducted at regular intervals on 
each cell by conventional potential-scan methods using a potentiometer and accompanying 
software (Gamry Instruments, Inc., PA). During polarization resistance measurements, potential 
was scanned from -10 mV to +I0 mV at a maximum rate of 0.05 mV/sec, above which the 
polarization resistance curves became scan-rate dependent and did not represent necessary 
steady-state conditions (Jones, 1996). The software automatically calculated the polari~ation 
resistance, Rp, from the slope at the origin of the PR curve; and calculated the corrosion rate 
(current density), icorr according to the method of Stem (1958): 

Rp = 2.3 korr (Pa + PC) 

Finally, the corrosion rate was calculated from icorr using Faraday's Law. The P, and P, 
are terms expressing the Tafel slope for the respective anodic and cathodic polarizations 
from the corrosion potential. They are t r e a d  as constants and included in the 
calculational software. 

Corrosion rates generated from collected data varied considerably between replicates 
(e.g., Fig 2.6 -9), however averages of the data points between replicates appear to 
representative of observed trends and the variation decreased after approximately SO days 
of incubation. Also variation was considerably less in abiotic control cells. Pairs of 
consortia1 types may have somewhat higher early corrosion rates, but with time decrease 
to near the same levels as the single consortia1 tests. Still, the combination of all three 
types of consortia shows significantly higher corrosion rates than any of the rest, 
especially up to about 20 days, where they reach a maximum, and then drop to lower 
values approaching corrosion rates for sulfate reducing bacteria alone (Fig 2.6 -9). Data, 
at this time, are only available up to only about 65 days for tests employing combinations 
of bacterial types. 

While it took several weeks to sufficiently establish conditions to measure significant 
corrosion rate changes using this described system, it appears that the iron oxidizers had 
the least effect on enhancing the corrosion of carbon steel, followed by slime-producing 
bacteria. The sulfate reducers appear to have the greatest ability to corrode carbon steel. 
Clearly, from these results it is evident that given a complete microbial community 
including all three of these classes of organisms, corrosion could proceed up to five times 
the rate as that observed in their absence, given the required conditions for microbial 
growth and activity. The system, as employed, does have some limitations: the observed 

* 



decrease in corrosion rates probably results due to the depletion of oxygen within the 
system, which may not be representative of in siiu repository conditions. Within the 
window of time between establishment of conditions and the observed decrease in 
corrosion rates, however, the system appears useful to determine corrosion rates of 
candidate barrier materials. 

Corrosion rates were increased from approximately 1 mpy (abiotic control) to 1.5 mpy, 2 
mpy, and 3 mpy in cell environments containing, iron-oxidizers, slime producers, and 
sulfate reducers alone, respectively; to somewhat higher levels when paired together in 
various combinations. In a mixture of all three bacterial classes, corrosion rates reached 
a maximum at 5 mpy and decreased thereafter, probably due to oxygen depletion in the 
sealed electrochemical measurement cells. 

These results support a microbial corrosion mechanism in which anaerobic sulfate 
reducers grow most efficiently and corrosion is exacerbated under exopolymer films and 
insoluble Fe(OH)3 deposits, with reduction of dissolved oxygen required on surrounding 
oxide and sulfide surfaces. 

2.6.9 Optimization of the Corrosion Testing System and Future Plans 

Corrosion rate determinations will be carried out on mild steel coupons as described above at 
temperatures elevated to 50°C. In addition, individual YM strains culled from various screening 
and assay results (Table 2.6 -1) will be used in a similar fashion, in various combinations, to 
assess the resistance of more corrosion-resistant alloys (e.g. nickel containing alloys, such as 
Monel400 and Incoloy 825), the results will be compared to corrosion tests run under sterile 
conditions and those employing whole YM-derived microbial communities. The work on the 
corrosion resistant alloys is being performed at the LLNL site. 

Testing of the more corrosion-resistant metal alloys, such as nickel-base and titanium-base 
alloys, necessitate a more sensitive detection of corrosion rates (since corrosion is anticipated to 
progress at a slower rate). Thus, improved inoculation protocols are devised, whereby bacteria 
are directly inoculated onto alloy coupons prior to insertion in the test cell, to decrease observed 
variations between otherwise like replicates, and improve the signal to noise ratio of compiled 
data. Also, various concentrations of APW have been tested with different amendments to the 
basic R2 media (i.e., added glucose and peptone), to improve the conductance of the media and 
accelerate rates of different corrosive microbial activities. Initial corrosion monitoring of 
stainless steel alloys will be undertaken at room temperature, and subsequent tests will be 
conducted at elevated temperatures. Finally, corrosion activities will be screened and assayed 
under differing environmental conditions to continue to assess bounding conditions for 
microbially-induced corrosion and aid in determining the rates of these activities under 
simulated repository conditions. 

Periodic samples are also planned to be taken from the test solution in the long-term 
comprehensive corrosion test (discussed in Section 2.4) and will be analyzed for microbial 
activity. * 
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Zd- 
Table,l. Yucca Mountain Bacterial Isolates Displaying Corrosion-Related 

Activities 

Strain#'  Species identificationb Acid Productionc Sulfide productiond Slime Production" 

ESF-C 1 Cellulomonas flavigena X X (oxic) 
LB -7 1 h-RT- 13 Pseudomonas stutzeri X 
ESF-7 1 h-RT-4 Flavobacterium esteroaromaticum X X (oxic) 
LBan-U7 uncharacterized X 
LBan-UW2 Cellulomonas turbata X 
LB-7 1 h-50-3 probably Bacillus sp. X 
ESFan-U4 Bacillus circufans X 
LBan-C1 Arachnia propionica (poor match) X X (oxic/anoxic) 
LBan-UW2 Cellulomonas turba ta X 
LBan-U1 Cellulomonas galida X 
LBan-U2 Bacillus pabuli X X (anoxic) 
LBan-U3 Bacillus pantothenticus X (anoxic) X 
LB -7 1 h-50-2 Bacillus putnilus subgroup B X (anoxic) 
LB-7 1h-50-4 Bacillus subtilus X (anoxic) X 
LB-7 1h-50-6 probably Bacillus sp. X (anoxic) X 
ESF-7 lh-RT-1 Flavobacterium esteroaromaticum X (oxic) 
LB-C1 uncharacterized X (oxic) X 
LB-C2 uncharacterized X (oxic) 
LB-C7 Pseudomonas stutzerf X (oxic) 
LB-7 1 h-RT- 15 Pseudomonas pseudoflava X 
LB-7 1 h-RT-4 Pseudomonas pseudoflava X 

. LB-CW-6 Arrhrobacter oxydans X 

'ESF=Exploratory Study Facility; LB=Large Block; an=isolated under anaerobic conditions; C=crushed rock isolate; U=uncrushed rock 
isolate; W=isolated from after washing rock; ?lh=isolated after 71 hours of growth; RT=room temperature isolate; 50=50"C. isolate 
b~etermined by fatty acid analysis using the MIDI/Hewlett Packard microbial identification system (MIS; Analytical Services, Inc., VT); 
identification of given isolates may be tentative due to a lesser degree of similarity with type organisms contained in the MIS database 
'Determined after growth in R2 media (Reasoner and Oeldreich, 1985) with or without 0.5% glucose and pH indicators bromocresol 
purple and methyl red.' 
d~etermined after growth in R2 agar media (Difco) containing 0.75% proteose peptone #3 (Difco) and lead acetate 
"Determined after growth on R2 agar (Difco) . 
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Fig-2-61 Microbial contributions to metal corrosion. Acid-producing bacteria generate protons that 
contribute to metal dissolution and form hydrogen when coupled with corrosion-generated 
electrons. The resulting hydrogen, together with sulfate, is consumed by sulfate-reducing bacteria, 
resulting in sulfide production. Consumption of hydrogen by sulfate reducers drives corrosion by 
eliminating the layer of hydrogen that would otherwise occlude the metal surface, a process 
termed "cathodic depolarization." Sulfide couples with dissolved ferrous ions to form ferrous 
sulfide. Ferric ions generated by iron oxidizing bacteria bind chloride ions, generating iron 
chlorides which contribute to pitting. 
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Fig.2-6-2 Effect of temperahue on the gmwth rates of whole YM microbial communities in 
KZ media. Crushed YM tuff was inoculated in media and incubated aerobically at 20°C 
(m), 30°C (O), or 50°C (A). Periodically samples were withdrawn and cell count was 
determined by live planting (X), sterile uninoculated media incubated at 20°C. 



Fig.2.6-3 Bacterial growth arising from Large Block tuff (Fran Ridge, NV). Whole and crushed tuff, and 
artiticial well 113 water (Amy el al., 1992) which had been used to wash tuff samples were plated on R2 agar 
media (Difco) under aerobic conditions and incubated at room temperature. Each of the spots on the agar 
surface is a bacterial colony originating from a single cell. 



ESH enrichment Thiobacillus ferrooxidans 

Fig.2.6-4 Enrichment of iron oxidizing organisms from ESF tuff. Tuff samples were incubated in ATCC 
Media #64 (Ghema el al., 1989), as was Tlziobacillus ferrooxidans, a characterized iron-oxidizer, which was 
grown separately. After periodic transfer of the cultures, both were plated out on ISP agar media (Manning, 
1975). Colony morphology indicated iron scavenging from the media (i.e., note clearing of the media in areas 
of high growth) and deposition of ferric iron oxides (i.e., rust color), both characteristics of iron oxidation, in 
both the known Tlriobacillus culture and the enrichment from ESF tuff. 

Fig-2.6-5 Exopolysaccharide slime synthesis by a Pseudomonas Large Block (Fran Ridge, NV) isolate, as a 
function of available nutrients. The bacterial isolate was plated onto R2 agar media (Difco), with the indicated 
amendments and incubated at room temperature. No growth at all occurred on R2 containing 0.75% peptone, 
however when both 0.5% glucose and peptone were incorporated into the media a good deal of viscous slime 
production was observed. While R2 agar alone produced some slime, growth was light on R2 containing 0.5% 
glucose. 
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Fig-2-6-6 Effect of nut&& and growth on acid production in individual YM isolates. Each indicated 
isolate was inoculated into R2 media (a), R2 + 0.5% glucose (m), R2 + 0.75% pmteose peptone #3 
(A), and R2 + glucose and peptone (+). Periodically, through subsequent growth the pH of the media 
was determined. 
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Fig.2.6-7 Sulfide production by individual YM isolates grown in R2 media amended with 
0.75% proteose peptone #3 (Difco) under anaerobic (Panel A) and aerobic (Panel B) 
conditions. Samples were taken periodically following inoculation into fresh media and 
assayed for soluble sulfide concentrations as described in the text. , uninoculated 
control; 0, Bacillus subtilus (LB-71h-50-4); A, Flavobacterium esteroaromaticum 
(ESF-7lh-RT-I); X , Cellulomonas jlavigena @SF-Cl);. , Bpcillus sp. (LB-71h-50-6); m, 
Arachnia propionoica (LBan-Cl); , Pseudornonas stutzeri (LB-C7); A, Bacillus pabuli 



Fig.2.6-8 Electrochemical cell for monitoring microbially-induced corrosion rates. Current is applied 
through the platinum electrode, and potential differences are measured with respect to the 
reference electrode. 
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Fig.2.6-9 Variation of corrosion rates among replicates inoculated with iron-oxidizing bacteria. 

'I'riplicate mild steel coupons were inoculated at time 0 with the same enrichment culture of iron 
oxidizers. The corresponding corrosion rate of each inoculated coupon was monitored as described 
in the text (open symbols). The calculated average corrosion rate (closed symbol) of all three 
inoculated coupons at each time point is shown. 
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Fig*2*6-10 Comparison of corrosion rates of mild steel after inoculation with various types of 
microorganisms. Corrosion rates were monitored as described in the text after coupons were 
left uninoculated (O), or were inoculated with iron-oxidizing bacteria ( x ), sulfate reducing 
bacteria Q), exopolysaccharide slime producing organisms (0); mixtures of iron oxidizers and 
sulfate reducers a), slime producers and sulfate reducers @); slime producers and iron 
oxidizers (0 ), and slime producers and iron oxidizers and sulfate reducers ( I). 



2.7 Stress Corrosion Cracking (SCC) Testing 

Activities are proposed for determining the stress corrosion cracking (SCC) susceptibility 
of candidate materials, both those for the inner barrier and the outer barrier. Often, the 
stress corrosion cracking concerns center around the welded area because unrelieved 
residual stress is most often found here, a resultant from the welding operation. Stresses 
near the yield stress of the metal are introduced in the welded area; this level of stress is 
usually sufficient to cause SCC in susceptible materials. Also, the rapid cool down and 
non-equilibrium conditions after the welding operation can favor microstructures more 
prone to SCC. Strain energy in the welded regions can also provoke phase 
transformations. Although the so-called "assembly welds" used to fonn the empty 
container can be stressed relieved, post-weld heat treatments of the final closure weld are 
much more limited or practically impossible. Much of the same concerns are also 
present for hydrogen embrittlement (HE), the major difference being that SCC is 
associate with the anodic process of intense but very localized dissolution to initiate the 
fracture while HE is associated with the cathodic process of hydrogen discharge on the 
metal surface and subsequent entry of hydrogen into the metal and its residence in a 
susceptible microstructural feature. Exposure of the stressed U-bend shaped specimens 
in the long term comprehensive corrosion test is a qualitative evaluation of the 
susceptibility of candidate materials to SCC and HE. Additional work is aimed at 
determining more quantitative aspects of these phenomena. 

There are a number of ways to perform SCC (and HE) tests. Two approaches discussed 
in the Metal Barriers SIP are self-loaded tests and externally loaded tests. As contrasted 
with the U-bend specimens which are smooth (uncracked) and plastically stressed (but 
the stress not measured), these two approaches use fracture mechanics techniques for 
very accurate calculation of the stress (or more accurately the stress intensity). Both 
approaches use pre-cracked specimens so that the emphasis is on measuring the 
propagation of the crack. 

2.7.1 Self Loaded Stress Corrosion Tests 

In self-loaded tests a wedge is inserted into the crack to maintain a high stress intensity at 
the tip of a crack (generally, cracks have been previously initiated by fatiguing in another 
apparatus) while exposed to the test solution. The advantage of self-loaded specimens 
(as contrasted to externally loaded specimens) is that many specimens can be 
simultaneously emplaced in the same test solution so that different alloys, different 
microstructures, and replicate specimens can be tested together. Specimens are removed 
periodically to check visually and microscopically for crack elongation in SCC' 
susceptible materials. Often, the specimens are intentionally broken open so that the 
stress corrosion crack length can be measured (it will be a different color). There are a 
number of specimen geometries and loading arrangements that have been developed by 
the ASTM and other organizations over many years. One such geometry is the "double 
cantilever beam (DCB)". Knowing the specimen dimensions, the eqdilibrium wedge 



load, and the crack length, the stress intensity can be calculated from a fracture 
mechanics formula. By measuring the crack length at different exposure limes to 
determine the crack velocity, the crack velocity is plotted against the changing stress 
intensity. When the crack velocity approaches zero, the stress intensity is said to be the 
critical stress intensity for SCC (K,,). The value of the critical stress intensity is 
important to waste package design because it indicates the combination of maximum 
stress and surface flaw size that can be tolerated. Generally, one designs for the 
operating stresses to be much lower than the critical stress. 

In FY-96 DCB specimens of the corrosion resistant candidate materials were procured. 
Several test cells were acquired, but funding and other priorities curtailed initiation of 
these tests. These tests are expected to start in FY-97 (as Metal Barrier SIP activity E-20- 
56). Various heat treatments will be performed on some of the specimens, since several 
of these alloys are more prone to SCC and HE in certain microstructures. Specimens of 
the corrosion allowance materials will be acquired and tested in somewhat different 
aqueous environments. Carbon steels are susceptible to SCC in relatively high pH 
environments in which they begin to passivate. This susceptibily also depends on 
microstructure. A further advantage to using the self-loaded types of specimens is that 
they are amenable to electrochemical control, meaning that potentials can be applied to 
the specimen to accelerate the cracking. 

2.7.2 Externally Loaded SCC Tests 

The other generic type of SCCIHE test involves application of the load from outside the 
test cell so that the specimen is simultaneously stressed and exposed to the aqueous 
environmenl. The apparatus for applying the load can be very simple to rather complex. 
Techniques for measuring crack formation and growth range from the very simple to the 
more sophisticated. One type of testing that has been used in the nuclear energy industry 
for estimating crack propagation in light wAer reactor components is the reversing DC 
technique, in which the crack elongation is measured as the small change in electrical 
resistance as the crack grows. The sensitivity of this technique is very high so that crack 
growth rates on the order of 10 'lo meterslsec can be measured. Pre-cracked compact 
tension fracture mechanics specimens are used. The stress on the specimen can be 
applied as a constant load or cyclically. Generally, cyclic tensile loads (as opposed to 
tension-compression loads) are more damaging to metals (and therefore advantageous for 
an accelerated test) because broken passive films on the metal do not have the 
opportunity to "heal" between tension cycles. 

A series of reversing DC SCC tests were operated under contract to Argonne National 
Laboratory (J. Y. Park and D. R. Diercks, PIS) for several years. Specimens of the 
corrosion resistant alloys (Alloys 825, C-22, and Ti-Grade 12) were exposed to artifical J- 
13 well water at 93 OC. Different stress intensity values and different load ratios (also 
called R values and defined as the ratio of the minimum stress to the maximum stress) 
were used. As might be expected, these alloys did not show any SCC or HE 
susceptibility in the conditions tested. Because of funding limitation? and the fact that 



these are costly tests because they tie up pieces of expensive equipment for long periods 
of time (and thus limit the numbers of environments that can be tested), they were 
discontinued in 1995 in favor of self-loaded SCC tests. The purpose of the self-loaded 
SCC test is to screen alloy/environments so that eventually the more definitive reversing 
DC tests can be run at a later time when the choice of materials is more narrowed. The 
reversing DC test is superb for determining KI, in a quantitative way. (MB Activity E- 
20-55) 



2.8 Galvanic Corrosion 

As explained previously in Sections 1.0 and in 2.2, galvanic corrosion will occur because 
of the electrochemically dissimilarity between the metals proposed for the outer barrier 
and those proposed for the inner barrier. However, the galvanic effect can be used 
favorably in the sense that the material comprising the outer barrier will corrode 
sacrificially and thereby protect the inner barrier. Proposed testing work to determine the 
galvanic effects between candidate materials for the outer and inner barrier has been 
discussed in Section 2.4 on the long-term corrosion test. Additional work to determine 
some of the electrochemical parameters that govern galvanic corrosion is described as 
Metal Barrier SIP Activity E-20-46. 

2.8.1 Factors Itifluencitlg Galvanic Corrosion 

Any factor that affects corrosion of a single metal may also control galvanic corrosion 
involving two or more dissimilar conducting materials. Besides flow rate and pH, these 
factors include temperature, electrolytic composition, surface condition of the metals, 
thermomechanical history of the surfaces, and many more factors too numerous to 
mention. Factors such as the anodelathode area ratio, distance between electrically 
connected materials, and geometric shapes are unique to galvanic corrosion behavior of 
many different metals and alloys. Area effects involve the ratio of the surface area of the 
more noble to the more active member. An unfavorable area ratio exists when the 
surface area of the cathodic member is larger compared to that of the anodic one. Under 
this condition, the anodic current density on the more active material will be extremely 
large, thus leading to more pronounced galvanic attack. On the other hand, large anodic 
surface area and smaller surface area of the noble member produces only slightly 
accelerated galvanic effects because of enhanced polarization of the cathodic member. 
In the case of a thick barrier of carbon steel coupled to a Ni-base or Ti-base inner barrier, 
the exposed area of the carbon steel will, for the mast part, be much greater than that of 
the inner barrier. Only in the final stages of consumption of the outer barrier will the 
area ratios change substantially and favor more rapid corrosion of the remaining carbon 
steel. Thus, the area ratio effect is considered to be favorable. The same argument 
would hold for a Cu-Ni alloy as an outer barrier corroding sacrificially to protect a more 
corrosion resistant inner barrier material., made of a Ni-Cr-No alloy or a Ti-base alloy. 

As to the effect of distance between metals in the galvanic couple, dissimilar materials 
usually suffer greater from galvanic corrosion than those separated by larger gaps. 
Conversely, the galvanic or cathodic protection offered by the sacrificial material is not 
as effective when the gaps are large and the contact is not continuous. The distance 
effect is also dependent on the solution conductivity since the path of current flow is the 
primary consideration. Sometimes, the solution conductivity and geometric factors are 
referred to as the "throwing power" of the current in much the same way the term is used 
in e1ec6~1at in~ and battery operations. Although a continuous, complete bond between 
the twhe ta l s  is desirable to assure full cathodic protection, some discontinuity can be 



tolerated particularly if the electrolyte is sufficiently conducting. Also, cathodic 
protection works in degrees, meaning that if the contact is less than ideal, the corrosion 
on the more noble metal, while not entirely eliminated is nevertheless decreased from 
what it would have been if the metals were disjoined. The processes used for fabricating 
the individual barriers and configuring the waste package has an obvious effect on the 
efficacy of the cathodic protection. Tightly bonded processes such as cladding one metal 
onto another assure everywhere intimate contact. On the other extreme, fabricating the 
two barriers as separate shells and slipping one over the other is bound to create some 
points of contact, but result in inany gaps between contact points. Not only does this 
result in less efficient cathodic protection, but the gapped regions may act as crevices and 
may be beyond the "throwing power" of the electrolyte. Recently, the design group has 
proposed a "shrink fit" approach to assure a reasonable degree of contact between the 
two metals. 

2.8.2 Measurement of Galvanic Effects 

Work began in FY-96 to build an electrochemical test cell in which the common 
potential of the couple and the current (magnitude and direction) between members of 
the couple are measured. The test cell can accommodate different size specimens to 
simulate different area ratios between cathode and anode, as well as testing at different 
temperatures and in different electrolytes. For the coupled test specimens, the change of 
the potential with time and the current with time are measured. These test use the 
PotentiostatlGalvanostat (described in Section 2.5) as a zero resistance ammeter for 
accurate measurement of the galvanic current. Because of funding and personnel 
limitations, little experimental work has been performed to date but plans are to begin an 
earnest effort in this activity in FY-97. These electrochemical test methods are 
quantitiative and very useful for interpretation of results from the long term galvanic 
corrosion tests. 

Although the galvanic effects appear to be mostly positive in protecting the inner barrier, 
there are two potentially damaging "side effects". First, corrosion products from the 
sacrificial material, e.g. femc ion (but also cupric ion if one of the Cu-Ni alloys were 
used as the outer barrier) in conjunction with chloride may create an aggressive local 
environment. Second, hydrogen evolution and subsequent entry into the cathodic 
member can be damaging to titanium and some microstructural conditions in the nickel- 
base alloys. Both of these phenomena will be investigated. 

In addition to the long-term galvanic tests planned for FY-97 (Section 2.4) , weld-clad 
specimens made by the Waste Package Design group will be tested. These were made by 
repeatedly and separately depositing weld wire corresponding to Alloy 825 and to Alloy 
625 onto carbon steel plate to build up a layer of the more corrosion metal. Specimens 
will be cut from this plate and exposed to the test environments of the long term, 
comprehensive corrosion test as a proof of principle. 



2.9 Corrosion Modeling 

2.9.1 Types of Corrosion Models 

Modeling work proposed for the waste package container is organized according to 
degradation mode and described in the Metalic Barriers SIP. All of the degradation 
modes will have a deterministic model, in which the rate of attack is described in terms 
of important parameters, that are physical (for example, temperature), chemical (for 
example, pH and chloride ion concentration), metallurgical (for example, alloy 
composition and alloy microstructure) and mechanical (for example, stress). Not every 
degradation mode will have a parameter from each of the four categories. However, 
some parameters, such as temperature and alloy composition, affect just about every 
degradation mode. 

In addition to the deterministic component, some degradation modes have a probabilistic 
component in their models, as indicated in Table 2.9 - 1. These modes include most of 
the localized corrosion and forms of environmentally accelerated cracking. While 
advances in corrosion science have fostered a better understanding of how and why 
metals corrode and, therefore, have improved our capability of predicting corrosion 
behavior, there are some aspects of corrosion phenomena that are still only explainable 
statistically. Local perturbations in the structure and compositions of usually protective, 
passive films on metals plus local perturbations in electrolyte composition give rise to 
variations in electrochemical potential on a micro-scale (on the order of a few 100 A) 
with the result that localized corrosion (such as pitting) is favored by these variations in 
conditions over small regions. Similarly, the distribution of mechanical strain is subject 
to local perturbations in a real metal because of structural inhomogeneities from one 
location to another (on a similar scale to the electrochemical potential variations). Thus, 
stress corrosion cracking oflen shows a probablistic component because of a non-uniform 
electrochemical potential distribution and a non-uniform strain distribution. 

Microbially influenced corrosion (MIC) is an even more complex case. Because the 
attack resulting from MIC is often of a localized nature, it is expected that 
electrochemical perturbations will also introduce a probabilistic term in the MIC model. 
Additionally, the biochemical variations surrounding microbial activity is expected to 
introduce a fiuther probablistic consideration. 



TABLE 2.9 -1 Tvpes of Models for Metallic Barrier Depradation Modes 

DEGRADATION MODE TYPES OF MODELS 

Low Temperature Oxidation Deterministic 

General Corrosion Deterministic 

Intergranular Corrosion Deterministic 

De-alloying or Selective Deterministic 
Leaching 

Galvanic Effects Deterministic 

Pitting Corrosion Deterministic and Probabilistic 

Crevice Corrosion Deterministic and Probabilistic 

Stress Corrosion Cracking Deterministic and Probabilistic 

Hydriding and Hydrogen Deterministic and Probabilistic 
Embrittlement 

Microbiologically Influenced Deterministic and Probabilistic 
Corrosion 

Phase Instability and Deterministic and Probabilistic(?) 
Embrittlement 

Notes and Commentarv on Table 2.9 -1: 

1. Electrochemical pertwbations give rise to probabilistic terms in modeling pitting, crevice, stress corrosion, hydrogcn 
embrittlement, and microbiological forms of corrosion. Additionally stresslstrain perturbations result in probabilistic 
terms for stress corrosion and hydrogen embrittlement. 

2.. Because rates of phase transformations are governed by temperature, chemical gradients, and strain, there is the 
possibility that some of the strain effects can be treated as probabilistic. At this stage, w e  arc unsurc whether a 
probabilistic term will be needed for the model of this degradation mode. 



2.9.2Candidate Materials and Modeling Needs 

Several candidate materials are under consideration for the multi-barriered container. 
Each barrier has a somewhat different function, and this has been described in detail in 
the Metallic Barriers SIP. Candidate materials fall into two major categories: corrosion 
resistant materials and corrosion allowance materials, with a third category of 
"intermediate" materials whose performance has features of both categories. 
Functionally, the inner barrier will be fabricated from a corrosion resistant material while 
the outer barrier will be made from a corrosion allowance material or an intermediate 
material. For the purposes of modeling activities, this intermediate category has 
performance modeling needs somewhat between the other two categories, but is probably 
closer to the corrosion allowance category. 

The candidate corrosion resistant materials consist of three groups: (A) Ni-Cr-Fe-Mo 
alloys with the nickel content running 4040%. Specific candidates are Alloy 825 and 
Alloy G-3. (B) Ni-Cr-Mo alloys with the nickel content running around 60%. Specific 
candidates are Alloy C-22 and Alloy C-4. (C) "Lean" titanium-base alloys (containing 
less than 2% alloying elements). Specific candidates are Ti Grade 12 and Ti Grade 16. 
The candidate corrosion allowance materials are carbon steel (carbon content 0.20 to 
0.25%) in cast form and in wrought form, and a low chromium-molybdenum alloy steel. 
The "intermediate" candidate materials are Alloy 400 (a Ni-Cu alloy) and 70130 copper- 
nickel. 

The emphasis of modeling activities over the next several years will vaqt from one 
category of materials to another. This is natural, since the primary reason for considering 
materials from different categories is their expected differences in performance. The 
following list, in Table 2.9.3, gives the modeling needs by degradation mode for the three 
categories of materials. The degradation modes are arranged in the same order as in 
Table 2.9.1; this listing does not follow any particular order of priority (see Table 4 for 
that). Testing and other experimental work may reveal additional degradation modes that 
need to be addressed. 



TABLE 2.9.-2 Expected Models to be Develor~ed for Different Categories of 
Container Materials 

Corrosion Resistance Materials (e.g. Ni-Cr-Mo-Fe, Ni-Cr-Mo, and Ti Alloys) 

Intergranular Corrosion 
Pitting Corrosion 
Crevice Corrosion 
Stress Corrosion Cracking 
Hydriding and Hydrogen Embritlletnent 
Galvanic Effects 
Microbially Influenced Corrosion 
Phase Instability and Embrittlement 

"Intermediate" Materials (e.g. CulNi and NiICu Allovs) 

Low Temperature Oxidation 
General Aqueous Corrosion 
Intergranular Corrosion 
Pitting Corrosion 
De-alloying 
Galvanic Effects 
Microbially Influenced Corrosion 

Corrosion Allowance Materials (e.a. Carbon and Alloy Steels) 

Low Temperature Oxidation 
General Aqueous Corrosion 
Stress Corrosion Cracking 
Hydriding axld Hydrogen Embrittlement 
Galvanic EEmts 
Mcrobially Influenced Corrosion 



2.93 Key Parameters 

Table 2.9 -3 gives an estimate of the key parameters for the individual degradation mode 
models. These are arranged according to whether they are expected to play a major role 
or a minor role in the model, in the sense that a "majory7 parameter will affect the rate 
significantly, while a "minor" parameter will affect the rate only moderately (if at all). 
This is, of course, an arbitrary call. Furthermore, the parameters are given in very 
roughly the order they are expected to influence the corrosion rate in the respective 
models. Whether or not this is the case will have to be verified by testing. Note that the 
alloy colnposition is almost always the first listed parameter, because with such a diverse 
range of candidate materials we are considering, this is the primary variable. It is 
expected that models for carbon steel will be quite different from those for 70130 copper- 
nickel , which will be quite different from those for Alloy C-22. Alloy microstructure, 
which can be thought of as the alloy composition at a very local level, figures as an 
important parameter in many degradation modes. Since the alloy microstructure is most 
likely to vary in and around the welds, this is one way to account for differences in 
behavior for welded materials. 

Other important variables come from the composition of the water that will contact the 
metal container. The compositional parameters are the chemical species present in 
groundwaters associated with the Topopah Spring tuff member, such as water from the J- 
13 well, are representative of water that will contact the container. For the most part, it is 
the anionic species, such as chloride, sulfate, nitrate, that most influence corrosion 
behavior; cationic species mostly influence the pH, which of course, influences corrosion 
so that the effect of cations is most appropriately handled by the pH term. In some cases 
where the effects of individual ions are not known, these are lumped these together as 
"electrolyte species'. Because silicate chemistry is complex, silicate is indicated simply 
as SiOz. 

It is always well to remember the interrelationship of various parameters, especially the 
chemical parameters. Changing the composition of one electrolytic species generally 
changes other compositional terms. The solution pH and electrochemicat potential, E , 
are the manifestations of combined effects of a number of individual chemical species, 
and are, therefore, important indicators for characterizing the environment. 

For the oxidation mode, the environmental parameters are expressed in terms of chemical 
species present in the vapor phase. These are combined together under atmospheric 
contaminants, such as S02,H2S, NO2, and various entrained ionic salts. 



TABLE 2.9. - 3 Key Parameters for Individual Degradation Mode Deternlinistic Models 
DEGRADATION ROLE PARAMETERS 

MODE 

Low Temperature Major alloy comp., T, humidity, 02. atniosperic contaminants 
Oxidation Minor co2 

General Corrosion Major alloy con~p., pH, T, 02, NO3-, radiolysis products 
Minor alloy micro., ~ r ,  F, HCO~., sio2 

Intergranular Corrosion Major alloy comp., alloy micro., 02, NO<, pH, T, radiolysis 
Minor other electrolyte spccies 

De-alloying or Major alloy comp, alloy micro., pH, O2 
Selective Leaching Minor other electrolyte species 

Galvanic EfEects Major alloy comp. of both metals, area ratio between metals, T, 02, some 
electrolyte species, alloy micro., corrosion products tiom sacrificial metal 
(e.g., ~ e ' ~ ,  CU"), pH 

Minor other electrolyte species 

Pitting Corrosion Major alloy conlp., Cr, pH, T, E, Olr NO3-, alloy nucro., SO4-, F 
Minor other electrolyte species 

Crevice Corrosion Major alloy comp., crevice size, C1-, pH, T, E, 02 ,  NO; 
Minor SOge, F, alloy micro., HC03', Si02 

Stress Corrosion Major alloy comp., 0, alloy micro., T, pH, E, Cr alloy mnicro.,02 
Cracking Minor other electrolyte species 

Hydriding and Major alloy comp., a, pH, E, alloy micro., T, O2 
Hydrogen Minor Cr, SO;, other electrolyte species 
Embrittlement 

Microbiologically Major alloy comp., pH., T, 02, SO;, HCOj, alloy micro. 
Influenced Corrosion Minor other electrolyte species 

Phase Instability and . Major alloy comp., alloy micro., a, prior metallurgical history, T 
Embrittlement Minor 

Notes and cotnmentarv on Table 3; 
1. Symbols: T = temperature; E = electrochemical potential, a = stress (applied because of the loads s u p p o d  by the 
container or residual because of stressed imparted during container fabrication and welding).. Other symbols and 
abbreviations should be self-evident. 
2. Galvanic Effects are a special case. Galvanic effects can be a degradation mode if one metal accelerates corrosion on 
another, but the effects em be M~ial if corrosion of one metal protects thc other metal from cmosion. Scvaal 
different galvanic couples are under consideration. It is difficult to condense the interactions into this short table, but 
suffice it to say that many of the effects of particular electrolytic species will depend on the particular galvanic couples 
undcr consideration. Corrosion products, especially those from the more sacrificial metal (a corrosion allowarm or 
intermediate materiaT) will also alter the local chemistty and may influence subsequent corrosion activity on the mom 
corrosion resistant material. 
3. Phase Stability and Embrittlement is the only purely "metallurgical" model in the list, bccause this degradation mode 
does not depend on chemical parameters in the environment. It does depend on temperature in the environment (T), 
however. It is also sensitive to the "prior metallurgical history", meaning details of the fabrication and welding used to 
make the container, particularly the times at the various process temperatures. 



2.9.4 Effect of Time 

Time has not been considered directly as a parameter, although time itnpacts the effect of 
the various physical, chemical, metallurgical, and mechanical parameters listed in Table 
3. These parameters will surely change with time, especially over long periods of time. 
Most modeling activities are planned to produce a debvadation mode rate for a p e n  set 
of physical, chemical, metallurgical, and mechanical parameters. Ultimately, in order to 
estimate penetration damage to the container, the rate must be multiplied by the time 
interval over which the given set of conditions applies. Scenario development and 
analysis This is where scenario development and analysis comes into play, and I urge 
close collaboration between the performance assessment and materials modeling (and 
testing) efforts. 

In models for some of the degradation modes, there is expected to be a change in the rate 
with time even though conditions (physical, chemical, metallurgical, and mechanical) 
remain unchanged (at least on a macroscopic scale). An  example is general aqueous 
corrosion on many materials. The rate is initially high, but decreases steadily as 
protective films form on the metal to slow down the corrosion rate. In this case, the time 
factor can be directly incorporated into the model. A different kind of example occurs in  
localized corrosion (such as pitting or crevice atlack) where initially the rate is 
imperceptible until the correct combination of conditions develop on a microscopic level, 
initiating a critical size embryo that then begins to propagate at a measurable rate. This 
time effect is also considered in the model for these kinds of corrosion. In this case, the 
time factor is important in developing the probabilistic aspect of the model. 

2.9.5 Status of Modeling Effort 

The modeling effort to date has been limited to development of a model for low 
temperature oxidation (Metallic Barriers SIP Activity E-20-75) and one for piting 
corrosion (Activity E-20-80). These are described in the sections to follow. The model 
on low temperature oxidation of iron and steel is a deterministic model, while the model 
on pitting corrosion of highly corrosion resistant material is an example of a probabilitic 
model. Many more modeling efforts are planned, particularly as results from the various 
testing activities become available. 



2.10 Modeling of Low Temperature Oxidation of Iron and Low 

Carbon Steel 
(inpul lo l11is secfion oflhe reporf was provided by Greg Henshall) 

Wrought and cast low-carbon steel are candidate mna€erials for the thick (e.g. 10 cm) 
outer barrier of waste packages being considered for use in the potential geological 
repository at Yucca Mountain. Dry oxidation is one potential degradation mode for these 
materials at the moderately elevated container surface temperatures expected, e.g. 323 - 
533 K (50 - 260 OC). Due to the long limes for which this barrier must remain intact, 
mathematical models are required to extrapolate the available short-time experimental 
data. The approach taken in this study was based on the theory of oxidation for iron and 
low-carbon steel, and employed a numerical integration technique to solve the resulting 
differential equation for arbitrary thermal histories. A simple method for estimating the 
effects of spalling of the oxide was also included. 

2.10.1 ~evelo&t~ent of the Model 

A variety of hysical theories exist to describe the oxidation of metals at constant 
temperature in iron, a logarithmic relationship exists between oxide thickness and 
exposure time at low tern eratures (i.e. near room temperature) and for oxide films less 7 than about 0.1 pm thick I2 . For oxide thicknesses of practical importance to WP 
degradation, however, both theoretical treatments and the available experimental data 
show that the oxidation of iron and low-carbon steels at moderately elevated 
lemperatures (293 < T < 843 K) is diffusion controlled and therefore obeys a parabolic 
rate law if the temperature is constant. 

In general, the parabolic oxidation of iron and low-carbon steel produces multi-layered 
scales due to the variable oxidation state iron. In order of proximity to the metal surface 
these are: FeO (wiistite), Fe304 (magnetite), and Fez03 (haematite). However, at 
temperatures below 843 K (570 OC), FeO is thermodynamically unstable, so only Fe304 
and F q a  form ['I. At these moderately elevated temperatures, the Fe3O4 layer is found 
to be much thicker than the Fez03 layer, at least for scales up to about 20 pm thick 131 

Therefore, it was assumed in this study that the oxide scale consists of only Fe304 at the 
temperatures of interest This assumption significantly simplifies the model while 
providing predictions that are reasonably accurate, as shown in the next section. 

In addition to the assumptions af parabolic oxide growth (far constant temperature) and 
the presence of only magnetite in the scale, several other assumptions were made in 
developing the model. First, the FegO4 oxide was assumed to be 100% dense, consistent 
with observations 12'] for layers up to about 20 pin thick. Second, Arrhenius behavior 
with a constant activation energy over the relevant temperature range was assumed. As 

* 



discussed below, this appears to be a reasonable approximation of the oxidation behawor 
for iron in Lhe 323 - 533 K regime. Finally, the oxide was assurned to be free of cracks 
and adherent to the metal surface; a specific exception to this assulnption is described 
later. 

Mathematically, the parabolic growth rate of a single-species oxide can be expressed [ I ] :  

where x is the oxide Ihickness, I is exposure time, and ktp is the parabolic rate constant. 
The temperature dependence of the oxidation rate is governed by the Arrhenius behavior 
of ktp: 

where kp is a constant, Q is the activation energy for the oxidation process, H is the gas 
constant and T is absolute temperature. Literature values of kp and Q for iron and low- 
carbon steel are given in Table 2.9.3.1. In the parabolic regime and at temperatures 
helow 723 K (450 O C ) ,  Q appears b be constant at about 104 kJfmol(25 kcal/mol). The 
values of k p  given in Table 2.10 - 1 vary considerably, possibly because the 
measurements were made using a variety .of materials and environments. 

I 4.3 I 773 15 
Notes: 

' 

Table 2.10 - 1. Oxidation of Iron and Carbon Steel at Mo lerately Elevated Temperatures. 

I ha 
RegimeC I Alloy I Ref. 1 

P 1 Pure Fe 1 7,s 1 

Q 

a Representative or maximum values were selected from the data provided. 

T I h a x  b 

Based on a fully dense layer of Fe30q 

L = lnprithrniq P = pambolic 
Measured. at 573 K 
Measured at 569 K 



I' kfcrlsurcd at 723 K 

6 0- - 100 klllr~ol for 670 T 723 K, Q-34 kJ/nlol for 723 T 853 -C 
Measured at 673 K 

Equations ( 1 )  and (2) can be easily integrated analytically for simple (e.g. constant) 
tetnperature histories. However, to perform the integration for arbitrary, complex 
temperature histories, such as those expected in the repository, a numerical approach 
employing the Forward Euler method [ 5 ]  was implemented. Combining Eqs. (1) and (2) 
and writing the result a s  a difference equation gives: 

AX = [k, e x p ( a / x ~ ) ] ) ~ t  

where is the increase in oxide thickness over the time step A. Writing Ax as 

\r~hcrc the subscript "i" denotes the current time step, equation (3) can be written 

This non-linear equation in the single unknown, xi, can be solved using any standard 
method for solving non-linear equations in one variable. A bisection technique [ 5 ]  was 
cl~osen because it is simple and robust. Also note that Eqs. (3) - (5) represent an implicit 
scheme for solving the diffixential equation (1). Therefore, while this method is 
unconditionally stable, the computed oxide thickness will depend on the time-step size. 
Therefore, convergence of the solution was confinned by decreasing & until the final x 
values varied by less than a specified tolerance, typically 0.1%. 

For pred~ct~ng the degradation of WPs it is the metal genetration,g, caused by oxidation, 
not the oxide thickness, that needs to be calculated. Again assuming a fully dense Fe304 
oxide formtng on pure iron, p can be computed from the oxide thickness using: 

where y, and are the density of the oxide and the metal, M, and MM are the 
molecular or atomic weight of the oxide and the metal, and NM is the number of moles of 
mela1 atoms per mole of oxide (3 for Fe3O4). For simplicity, the densities were assumed 
to equal their room temperature values. 

Ii is unreal~stic to assume that a 10-cm thick metal barrier will completely oxidize 
without cracking or spalling of the oxide scale. Such defects in the oxide decrease its 
protectiveness and increase the oxidation rate because fresh metal is exposed and/or a 
fast diffusion path for oxygen is created. Therefore, a mservative apprwh  was taken 
to estimate the effects of mechanical defects in the scale. It was assumed that, due to the 
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bu~ldup of mechanical stresses in the oxide as its thickness increases, a critical thickness 
exisis a1 which these stresses exceed the fracture strength of the oxide. Once this critical 
thickness, x,, is reached the oxide is assume to completely spa11 away, exposing the bare 
metal surface. At this point, the parabolic oxidation process begins as if no oxide had 
ever been present; i.e. x = 0. Of course, the metal penetration does not return to zero 
when x = 0, but continues b accumulate. In this case, the accutnulated penetration, P, is 
cornputed from Eq. (7): 

where n is the number of spa11 events or "cycles" andpj is computed from Eq. (6). While 
such a model is certainly over simplified, it provides a conservative way in which to treat 
defwts in the scale. The use of such a conservative approach is justified later. 

2.10.3 Nurnel*ical Results 

The accuracy of the assumptions used in developing the model, other than those 
associated with spalling, were tested by simulating literature data for the oxidation of 
iron and low-carbon steel at constant temperature. Figure 1 presents such data for both 
pure iron and for a low-carbon steel. In bath cases, the increase in oxide thickness with 
increasing exposure time is nearly parabolic over the range studied. These results 
confirm the hypothesis that the dry oxidation of these metals is diffusion controlled and 
can be modeled using Eq. (1). As show in Fig. 2.9.3.l(a), the simulated oxidation rate 
is consistent with the data of Caplan and Cohen [33 for iron up to an oxide thickness of 6 
pm. The data of Boggs and Kachik [4] for 0.99% C steel are simulated with nearly the 
same accuracy up to x = 16 pm, as shown in Fig. l(b). The accuracy of the simulations 
shown in Fig. 1 suggests that the assumptions used to develop the model are reasonable 
for oxide thicknesses up to at least about 20 pm. 
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Fig. 210 -.I. Model simulations of oxide ~rowth are compared with. dab for (a) iron. oxidized 

at 773 K in a 1 atm. 02 environment [3] and (b) 0.99% C steel oxidized at 773 K .in a 10 

torr 02 atmosphere [4]. 

With the accuracy of the model confirmed for simple, constant-temperature conditions, 
predictions of oxidation were Lhen made for complex, repository-relevant temperature 
histories. First, calculations were made using the WP surface temperatures calculated by 
Buscheck et al. 19' Then, to increase the conservatism of the predictions, the 
temperatures calculated by Buscheck et al. were increased by 100 K for all exposure 
times. Figure 2(a) compares this "extreme" temperature history witha polyaomial 
approximation used for the oxidation calculations. Based on the experimental data given 
in Table 1, values of kp = 4.3 x 10-5 cm2h and Q = 104.6 W/mol were used inthese 
calculations. The use of k p  = 4.3 x 10-hm2/s is conservative since this was the largest 
value indicated by the literature data. Figure 2(b) shows the resulting oxide thickness 
and metal penetration predictions. Note that the oxidation rate is not parabolic because 
the temperature is not constant. The metal penetration following 5000 years of exposure 
to thls severe temperature history is predicted to be only about 0.127 mm, less than 
0.13% of the expected container thickness of 10 cm. Using a phenomenological 



appioach, Slahl and McCoy [ lo]  also predicted that little metal penetration of carbon 
steel would occur due to continuous dry oxidation under repository-relevant conditions. 

-+ Penetration 

- SIUII T C I M  Time (years) SIM 11 ~ 6 0  pld Ti me (years) 

Fig 2 10 - 2 (a) The "extreme" temperature history (soljd circles) is compared with a polynomial 

approx~mation. (b) corresponding model predictions of the oxide layer thickness and 

metal surface penetration histories assuming continuous axide growth. 

1)ekcis in the oxide, such as cracking or spalling, would increase the metal penetration 
rate above that computed assuming a defect-free, adherent oxide layer. Using the 
approach described previously to account far such defects and the temperature history 
shown in Fig. 2.10 - 2 (a), predictions of the surface penetration into iron or low-carbon 
steel were made. Values of the critical oxide thickness for spalling, x,, were chosen to be 
either x, = 0.02 mm or xc = 0.1 mm. The former roughly corresponds to the maximum 
oxide thickness cited in literature studies ofccmtinmus oxide growth on iron and steel at 
the relevant temperatures (see Table 2.10-1). Since spalling was never observed in these 
studies, this value provides a reasonable lower limit on x,. The second value, x, = 0.1 
mm, was chosen arbitrarily to assess the influence of this parameter on the predictions, 
The values of k,, = 4.3 x 10-5 cm*/s and -(L! = 104.6 k311llol again were used in these 
calculations 

As shown in Fig. 2.10 -3, final metal penetration depths are larger than if oxide growth is 
continuous, Fig. 2.10 -3 (b), but are still small. Therefore, the veryconsewative method 
used to treat defects in the oxide still results in the prediction that dry oxidation damage 
rs minimal. For xc = 0.02 mm, Fig. 2.10 - 3(a) shows that the value of P following 5000 
years of simulated exposure to the extreme temperature history is predicted to be 
approximately 1.7 mm, or about 1.7% of the expected container thickness. Increasing xc 
to 0.1 mm decreases the predicted value of P to approximately 0.35 mrn. In this case, the 
discontinuous rate of metal penetration caused by discrete spdl events is clearly 
apparent 
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Fig 2 10 -3 P r e d ~ c t ~ o n s  of the trme-dependent penetratron of a n  iron or low-carbon steel 

surface subjected lo the extreme temperature history shown in Fig 2.10 -2 (a) for: (a) xc 

= 0 02 mm and (b) xc = 0 1 mrn 

210.4 Tentative Conclusior~s and Future N'ork 

Based on the physically-based model calculations presented here, dry oxidation is not 
expected to significantly degrade the performance of thick, corrosion allowance barriers 
constructed of lowcarbon steel even for very long time periods (hundreds to thousands 
of years). Further studies are in progress to consider internal oxidation and the effects of 
water vapor in the atmosphere. Thc transition from dry oxidation to wet corrosion, 
which is the focus of the experimental work, discussed in Section 2.3, is an important 
boundary for this model. Once aqueous conditions are established on the carbon steel 
surface, the degradation rate becomes higher and the pH and several other chemical 
parameters become influential in determining the degradation rate. A deterministic 
model is planned on general aqueous corrosion. 

References for Section 210 

1 N. Birks and G H Meier, Itrrrcwl~~cf~ot~ lo lIrgh ~en~fxr~~lrtrr  (hdafrott ofMefals, Edward Arnold, 
London (1  983) 

2 R B Runk and H J Kim. Or~datrc~r ojA4eraI.s 2,285 (1970) 

3 D Caplan and M Cohen, Corr. .%I 6, 3 2 1 ( 1966) 

4 W. E. Boggs and R. H. Kachik, .J. Elecrrocltem. Soc. 116,424 (1 969) 

5 G E. Forsythe, M. A. Mnlcolnl and C. 9. Molcr, Cottip1rfc.r Mefhal.ifor Mu~heniatical Contpirtatioiis, 
Prenticc-Hall, Englewood Cliffs, New Jcrsey (1977). s 



6 L J Caulc, K f l  Buob, alid M Cohen, ./. lilcctrochen~. SOC. 108, 829 (1961). 

7 0 Kubaschewslii and B E Hopkins, Oxidutioti of Metals arid Alloys, Academic Press, London, p. 
108-1 10 (1962) 

8 hl I{. Davies, hl. T. Simnad and C. E. Birchenall, .I. Metals 3, 889 (195 1). 

9 T A Buscheck, J J Natao and S F Saterlie, in I f ~ g h  Level Radioactive Waste Mutiagemenr: 
/'rocredjrrps o/ rhc I-‘!fib lt~~~rt~uriotral Corrjerence, ANS, La Grange Park, IL and ASCE, New York, 
pp 592-6 10 ( 1994) 

10 D Stahl and J K. McCoy, "Impact of Thermal Loading on Waste Package Material Perfomlance," in 
Sc.i~*trrjfic Hasi~/or A'I~CICIU~ Waste Ma)~ugcmet~t X171//, Materials Research Society, Pittsburgh, PA, 
pp 67 1-678 ( 1995) 



2.1 1 hiodeling Pitting Corrosion of Corrosion Resistant Alloys 

2.1 1.1 Introduction 

Current waste package designs consider using a highly corrosion resistant material, such 
as a Ni- or Ti-base alloy for the inner barrier. Normally, such alloys are protected by a 
passive oxide film, but if they become wet and C1- or other aggressive species are 
present the passive film can break down locally, causing local id  corrosion. Of the 
three forms of localized corrosion], 1.e. pitting, crevice corrosion, and stress-corrosion 
cracking, that are likely to occur on container surfaces exposed to repository 
environmenr, pitting corrosion was chosen for detailed modeling. Pitting corrosion was 
selected because it  bears many similarities with crevice corrosion. Therefore, many 
aspects of the pitting modcl are expected to be directly applicable 10 the crevice 
corrosion model. It was decided to defer development of'a validated model of stress- 
corrosion cracking until additional experimental information on the stress-corrosion 
behavior of candidate container materials under repository rcleva~~t cond~tions becorne 
available. 

Factors driving the developnlent and experimental validation of a pitting corrosion   nod el 
are centered around the need to understand the behavior of candidate waste container 
materials that may undergo localized corrosion in repository-relevant environments. The 
availability of such a model would minimize the risk of missing some critical interaction 
of material and environment that would result in premature failure of the conhiner. The 
specific factors include: 

1. A total lack of operational information on long-term storage of high-lcvcl 
nuclear waste; 
2. Uncertainty and variability in the environmental conditions, and possible 
changes in these conditions; 
3. The need to make technically defensible extrapolations to very long times 
based on experimental data bases developed over very short tlmes (w~th 
respect to repository lifetimes); and 
4. The need to make technically defensible extrapolations to very large 
exposed surface areas based on experimental data bases doveloped over much 
smaller areas. 

In contrast to uniform corrosion where mechanistic modeling has been successful, a 
statistical approach to characterizing and modeling localized corrosion appears to be 
necessary, even though the data requirements are large1'] One advantage of a statistical, 
or stochastic, model is that the evolution of the pit depth disiribulion, not just the time 
required for initial penetration of the containers, can be computed. From this 
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infonnat~orl the area ava~lable lor release of rad~onuclides through the containers can be 
estln~ated as a function of t in~e"~ l'his sectlon describes a phenomenological approaclz 
for conlputing the time evolution of these distributions that is largely stochastic in nature 
but comblnes some elements of the deterministic aspects of pit growth. 

The pit depth distribution, or pitting corrosion damage function, is illustrated 
schematically in Fig.2.11 -1. I t  is simply a plot of the number (or frequency) of pits at a 
particular depth vs depth. The damage function may be represented by smooth curves, as 
in Fig. 1, or as a series of histograms, as shown later in this report. From a modeling 
standpoint, the damage function is computed for various exposure times assuming that 
the metal being pitted is infinitely thick. These curves then can be compared with the 
actual wall thickness of the waste package container, as shown in Fig.2.11 -1. The 
predicted time required for the first pit to penetrate the container wall is that at which the 
computed damage function first intersects the line corresponding to the wall thickness (12 

in Fig. 2.1 1 - 1 ). At longer times, the nzirzrber of pits penetrating the container wall is 
proportional to the area under the damage function curve for pit depths greater than the 
wall thickness (the shaded area under the r 3  curve). The calculated depllzs of through- 
wall pits have no physical s~gnificance, since a pit cannot have a depth greater than the 
wall thickness. 

Container 
1, (c.g. 50 yrs ) Wall 

Thickness 
I 
I 

I 
I 
I 

Pit Depth 

Figure 2 1 1 -. 1. Schematic illustration of the pitting corrosion damage function. 
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Figure 2.1 1 -.2. The induction time distribution for 72 identical Type 304 stainless steel 
specimens immersed in NaCl solution Data of Shibata and ~ a k e ~ a r n a ~ .  

2.1 1.2 The stochastic nature of pitting corrosion 

Experimental studies have shown that the initiation of corrosion pits is a stochastic 
process. Shibata and Takeyama4 were the first to show that the critical potential 
necessary to induce pitting and the "induction" time elapsed before pits become 
observable are both statistically distributed quantities. For example, Fig. 2.1 1 -2 presents 
their data showing the distribution of induction times for 72 identical Type 304 stainless 
steel specimens subjected to identical conditions. The dala exhibit a wide distribution of 
induction times, suggesting that pit initiation occurs stochastically. 

There is also evidence that the growth of existing pits is a stochastic process. This 
hypothesis is supported by the fact that a wide distribution of pit depths occurs in a single 
specimen subjected to a nominally uniform environment. In a study of the pit depth 
distribution evolution in mild steel, Marsh cr identified four factors having the 
potential to produce the wide distribution of pit depths observed on any given sample: 

I )  The pits will have different initiation times; 
2) Many pits will cease to propagate following limited growth; 
3) The morphology of the pits will vary, with some favoring more rapid mass and 

charge transfer, and hence faster propagation rates; and 
4) Some pits will initiate at metallurgical features which may favor more rapid 

propagation, e.g. inclusions and grain boundaries. • 



I-urtller suppofi for the concept of srochastic pit growtll is givcn by the data and analysis 
of ~ z i z ~  for the pitting corrosion of aluminum in tap water. Figure 2.1 1 -3 shows the pit 
depth distribution data of Aziz. When lirst exposed, a large number of pits initiate and 
start propagating. After a short time, many pits progressively stifle while only a portion 
of the population continues to grow, resulting in a backwards "J" shape to the low depth 
portion of the distribution (This finding supports the concept of permanent pit growth 
cessation introduced in Section 2.1 1.4) For those pits still growing, the random influence 
of the environment on propagation rates results in a bell-shaped distribution, which 
moves as a body toward larger depths. (This finding directly supports the concept of 
stochastic pit growth.) After much longer exposures, the mode, i.e. peak, of the 
distribution becomes stationary and only the deeper pits continue growing. These pits 
grow at a steadily decreasing rate (which supports the use of a nonlinear increase in pit 
depth with time introduced in Section 2.1 1.4), and the majority of the pits eventually 
stifle. These last two findings rnay result froni the build-up of corrosion products within 
and over pits. 
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Figure 2.11 -3. The distribution of pit depths as a function of exposure time for Alcan2S-0 
aluminum immersed in tap water Oata of ~ z i s .  

2.1 1 3  The Initial Model 

Stochastic pit inhiation and growlh 

Over the past several years, a physically-based, phenomenological, stochastic model of 
pit initiation and growth has been d e ~ e l o p e d ~ - ~ .  This model is b a d u p o n  the theory10 
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Figure 2.1 1 - 4. Model predictions of the distribution in stable pit induction times (arbitrary 
units). Three of the 75 simulations did not produce a stable pit within 75 time steps. 

In the initial model, the effects of stochastic stable pit growth on the damage function 
-evolution were included using a simple approach: growth of a stable pit during a 
particular time step occurs only if a randomly generated number between 0 and I is less 
than the prescribed growth probability, y. Physically, ycorresponds to the probability 
that a pit will grow an increment in depth in one unit of time. 

An-example of the model predictions for stable pit growth under conditions of constant 
environment is given as a series of histograms in Fig.2.11 - 5. Each plot gives the 
number of pits (per unit area) at-each depth for a particular exposure time, where time is 
given in number of time steps, 4. (As discussed later, quantitative calculations for 
which-exposure times and pit depths have physically meaningful units require 
experimental data to fit the parameters in the model.) For short times (10 steps) the 
distribution is narrow, with a large number of pits at low depths. As time increases, the 
total number of pits increases (40 steps) and the peak in the distribution occurs at an 
intermediate depth. The number of pits at very low depths is now less than at shorter 
times. At long times (100, 125 steps), the number of pits stays fairly constant and there 
are few (if any) pits at low depths. The distribution also begins to broaden and the 
number of pits at the peak of the distribution is less than at shorter times. The depth at 
which the peak occurs-continuously increases with time. Many of these gross features 
are consistent with the data published in the literature, e.g. Fig.2. I 1 - 3. However, the 
linearly increasing maximum pit depth with increasing exposure time and the nearly 
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that small fluctuations in the local conditions ( e . ~ .  electrolyte chemistry, fluid flow rate, 
surface topography, near-surface mrcrostructure) cause local breakdown of  he passive 
surface film, resulting in the "birth" of metastable pits or "embryos". Many of these 
embryos become unstable when the local conditions change and repassivation, or 
"death", of the embryo results. Once a surviving embryo reaches a critical size or age 
(the two are assumed to be closely related), i t  becomes a permanent or "stable" pit and 
cannot die. 

Monte Carlo computer codes have been developed to simulate the stochastic processes of 
embryo birth, death, and the establishment of a stable pit7. These codes establish a unit 
area that is divided into individual "cells" to represent a metal surface in contact with an 
aggressive environment. During each time step, a random number between 0 and 1 is 
generated for every cell that does not already contain an embryo or stable pit. If this 
random number is less than the user-prescribed birth probability, A, a pit embryo is 
placed in that cell; otherwise the cell remains empty. Physically, R corresponds to the 
probability that, over the area of one cell in a unit time, the local conditions will cause 
the passive film to break down, thereby initiating a microscopic pit embryo. 

For each cell containing an unstable pit embryo, another random number IS then 
generated. If this number is less than the input death probability, p ,  the embryo dies and 
is removed from that cell. The death probability corresponds to the probability that a 
specific pit embryo, or breakdown in the passive film, will repassivate during a unit time. 
Pit embryo death has been linked physically, for example, with a reduction in the 
hydrodynamic boundary layer thickness, which causes a loss of the local concentration 
excursions needed to support the pit embryo']. 

The "age" of each surviving embryo, 1.e. the number of time steps it has survived sincc 
birth, is incremented at each step and compared with the critical age, r,. If the age of an 
embryo equals G, a stable pit is formed in that cell which is present for the remainder of 
the simulation. Physically, the critical age can be related to the ratio of the minimum 
stable pit depth to the velocity of pit embryo propagationll. The minimum stable plt 
depth is related to the surface roughness and the thickness of the hydrodynamic boundary 
layer, and the velocity of propagation depends on the electrochemical potential, 
aggressive ion concentration, and the nature of the alloy. Finally, note that all three of 
the pit initiation parameters (A, p, 5,) can be related to experimentally measured 
quantities7. 

An example of the model predictions for pit initiation is shown in Fig.2.11 -47. The 
parameters used to make this calculation (given in the figure) were chosen arbitrarily, so 
quantitative agreement with Fig. 2.1 1 - 2 is not expected. Qualitatively, however, the two 
distributions are similar, suggesting that the model treats pit initiation in a realistic way. 
Quantitative comparisons between the model predictions and pit initiation data have been 
given elsewhere7 and support the same conclusion. 



symmetric shape of the distribution are inconsistent with the available data, as described 
in Section 2.1 1.4. 

The utility ofdamage function evolution predictions like those given in Fig. 5 for 
purposes of WP container performance assessment (PA) can be demonstrated as follows. 
Consider the units of pit depth in Fig. 2.1 1 - 5 to be millimeters, and consider a WP 
container 32 mm thick. For times of 10 and 40 steps all of the pits have depths less than 
the thickness of the container, so no release of radionuclides can occur as a result of 
pitting. Figure 5(c) shows that the time required for first penetration of the container is 
about 100 Ar, since at this time the first pit with a depth equal to 32 mm has developed. 
With further exposure to a time of 125 dl, Fig. 2.11 - 5(d) shows that approximately 25 
pits have calculated depths ' 32 mm, and so will have penetrated a unit area of the 
container. While the results in Fig. 2.11 - 5 are only qualitative, quantitalive predictions 
could be made by experimentally measuring pit depth distributions over a range of 
constant environmental conditions, and using the results to provide quantilative values of 
the model parameters for materials of interest. 

One major purpose of modeling pitting corrosion of WP containers is to estrapolate 
short-time "accelerated" test data to the extremely long service times. Since accelerated 
testing will require environmental conditions more aggressive than those espcled in the 
repository, these extrapolations will require quantitative predictions of the effects of 
environment on pit initiation and growth rates. Simulating the effects of environment on 
pitting also will be required to explore container performance for various environmental 
scenarios, including the case in which the environment changes with time. 
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Figure 21 1 - 5. Evolution of the computed damage function histogram for times of (a) 10, (b) 40, 
(c) 100, and (d) 125 steps. An exponentially decreasing birth probability and a stochastic growth 

probability. of 0.25 were used in the.calculations7. Pit depths are in arbitrary units. 



In the context of the stochastic pitting model, the goal is to model the environmental 
sensitivity of the stochastic parameters: A, p,  Q, and y. Rigorous development of such 
relationships has not yet been possible because it would require considerable 
experimental work. Therefore, simple but physically reasonable phenomenological 
expressions have been developed based on a variety of experimental data from the 
literature. The purpose of this exercise was to provide the means for qualitatively 
illustrating the potential power of the stochastic approach for predicting the pitting 
response to various environments. Future efforts should be aimed at improving the 
physical basis of these expressions, expanding their scope, and quantitatively exploring 
their predictive capabilities. 

Three important environmental parameters have been included in the illustrative model: 
electroche~nical potential, E, chloride ion concentration, [Cl-1, and absolute temperature, 
T. Other variables, such as pH, oxygen concentration and the presence of other ions in 
solution, would need to be included in a complete analysis. Based on a wide variety of 
published experimental data, the following phenomenological expressions for the 
environmental dependence of the stochastic parameters were determined7: 

-where the A's, B's and C's are constants, the Q's are activation energies and R is the gas 
constant. 

Using Eqs. (1)-(4), predictions of the effects of E, [Cl-1, and Ton a variety of 
pitting phenomena have been made798. In general, the predictions are qualitatively 
consistent with published experimental data. Most importantly, it has been 
demonstrated7 that this expanded stochastic model can predict the pit depth distribution 
evolution for continuously changing environmental conditions of the kind actually 
-expected in the repository. Consider the simple, but plausible, environmental scenario 
shown in Fig.2.9.3.67. Figure2.1-1 - 7 shows-the behavior of the stochastic variables 
computed by Eqs. ( l j ( 4 )  for this environmental history. Note how the simple 
environmental changes can cause complex changes in the stochastic variables, and thus 
the pitting response. This prediction suggests the need for sophisticated models, not just 
simple empirical laws, to predict the pitting response under realistic conditions, From 
the time evolution of the stochastic variables, the model can then predict the evolution of 
the damage function, Fig.2.11 - 8. Note how the complex environmental history has 
produced a pit depth distribution following an exposure of 1 15 steps that has a complex 



shape compared to the simple shape given in Fig. 2.1 1 - 5. As described earlier. 
distributions like those shown in Fig. 2.1 I - 8 can be cornpared with the thickness of the 
waste package container to assess its integrity. Thus, even for complex environmental 
histories, the model can predict when the container is first breached by a single pit and 
then how many pits per unit area will breach the container as a function of time for 
longer exposures. This information then could be used in a more complete PA model to 
predict radionuclide release rates. 

Deficiencies of the initial srtodel 

The pit depth distributions predicted by the initial model for constant environmental 
conditions, e.g. Fig.2.1 I - 5, properly exhibit an intermediate peak but incorrectly 
simulate a nearly symmetrical distribution. Data for a wide range of materials and 
testing conditions reported in the l i tera t~re5.~-~2-1~ show that such distributions actually 
have a positive skew. In other words, the peak in the distribution occurs toward small p ~ t  
depths and a relatively long "tail" is exhibited at large depths, e.g Fig. 2 1 1 - 3. While 
this feature of the data may seem to be a minor detail, efforts to more accurately niodcl 
the tail of the distribution are justified because the deepest pits are the rnost slgnlficant In 
terms of waste package container degradation. 

Related to the lack of a positive skew in the predicted pit depth distribut~ons IS  the 
assumption that all stable pits continue to grow, albeit in  a stochastic manner, throughout 
the entire simulation. As discussed in Section 2.1 1.2, a variety of data suggest that many 
small pits cease to grow early during exposure, probably due to a lack of available 
reactants, such as oxygen and electrons. Further, deep pits may cease to grow later in the 
exposure due to capping or clogging with corrosion products. The initial model could 
not simulate such behavior. 

Despite the fact that pits grow to have a wide distribution of depths, indicating a 
probabilistic aspect to pit growth, many theories treat pit growth deterministically, 
typically as a problem in diffusionl7. (Of course, the applicability of such theories to 
millimeter-scale pits is debatable.) These diffusion theories and a variety of 
experimental observations6.17 suggest that the pit growth rate decreases as the exposure 
time and pit depths increase. Equation (5) is often used to phenomenologically describe 
these deterministic aspects of pit growth (for constant environmental conditions): 
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Figure21 1 - 6. The. hypothetical environmental history used to make. the- predictions given in 
Figs.2.11 - 7 and 2.1 1 - 8. Time, electrochemical potential and chloride ion concentration are in 
arbitrary units. 
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Figure21 1 - 7. The. time-dependence-of the. stochastic parameters resulting from the 
environmental history given in Fig. 2.1 1 - 6. 
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Figure 2.1 1 - 8- The damage-function rivoluiion resulting from the-environmental history 
depicted in Fig. 2.1 1 -.6. Pit depths are in arbitrary units. 
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where d is pit depth, f is exposure time, and A andp are constants. typic ally,^ < I with 
values of 0.3 and 0.5 being quite common. However, the model presented in Section 
1 1.3 predicts that the median and maximum pit depth increase linearly with exposure 
time for constant environmental conditions. This prediction stems from the assumption 
that the growth probability, y, is independent of exposure time or pit depth, and the 
assumption that pit depth is directly proportional to the computed "age" of the pitg. 

Finally, while the physical basis for modeling stochastic pit initiation is solidly based on 
the theories and experimental results stemming from several careful investigations, the 
physical underpinnings of the stochastic pit growth model are more tenuous7-9. 
Therefore, it was desirable to improve the link between the pit growth model and 
accepted physical theories so that model extrapolations of laboratory data can be made 
with more confidence. 

2.1 1.4 The Improved Model 

Clzanges to tlae model 

As discussed earlier, experimental evidence suggests that many pits cease to propagate 
following a limited amount of growth. To accommodate this observation, a new 
stochastic variable was introduced into the model: the probability that during any given 
time step a stable pit willpermanently cease to grow, 7. Again, a random number 
between 0 and 1 is generated at each time step for every growing pit, and if this number 
is less than or equal to q the growth of,that pit is permanently halted. 

To account for the nonlinear pit depth increase as a function of exposure time discussed 
in Section 2.1 1 - 3, the phenomenological relationship given in equation (5) was 
incorporated into the model using two different approaches. The first, or "preliminary," 
approach to including this deterministic aspect of pit growth involved a straight-forward 
extension of the model described in Section 2.11 -3. The "revised" approach involved a 
new interpretation of stochastic pit growth and included other changes to make the model 
more physically realistic. 

In the preliminary approach, Eq. (5) was incorporated directly into the model with one 
slight modification. Instead of representing the exposure time, t is the pit "age," which is 
less than the actual exposure time for two reasons. First, it takes some "induction" time, 
z, to initiate a pit following exposure (Section 2.1 1 -3). Second, pits are assumed to 
grow, or "age," stochastically with some probability y, and may permanently cease to 
"age" with some probability 7; i.e. pits do not age during all time steps. Thus, at the end 
of a simulation the pits have a distribution of "ages," from which the corresponding 
depths are computed using Eq. (5). Of course, Eq. (5) is not ideal for modeling purposes 
because it precludes easy treatment of variable environmental histories. However, it was 
worthwhile to use this equation in combination with the concepts of stochastic pit growth 



arid prrnanent growth ctssalion as a means to begin exploring lnodels incorporating both 
the detcrlninistic and probabilistic aspects of pit growth. 

In the revised model, the use of exposure time as an explicit variable to describe a 
decreasing pit growth rate, Eq. (9, was eliminated. In addition to precluding the easy 
treatment of variable-environment exposures, the explicit use of exposure time is 
physically unrealistic since it is the increasing diffusion distance (i.e. pit depth), not 
exposure time per se, which causes the decrease in pit growth rate.. The revised model 
also employs a new approach for simulating the stochastic aspects of pit growth. This 
approach was motivated by the interpretation of experimental pit depth distribution data 
by Marsh er ai.5. These investigators suggested that the stochastic variation in pit growth 
rates stems from the variations in pit morphology and local metallurgical conditions 
which cause variations in the charge and mass transfer rates from pit to pit. Thus, pits 
grow continuously but at a variety of rates. The permanent pit growth cessation 
probability, q, also was included in the revised model. 

To incorporate these two new concepts of stochastic pit growth into the model, Eq. (5) 
can be modified as follows: 

\\(here in this case I IS the actual exposure time and the superscript k is used to distinguish 
among all the ~ndividual pits in the simulation. Note that each pit has its own induction 
time, kr, and its own value of A. The stochastic variation in pit growth rates ,is simulated 
by randomly assigning a specific value of k/i for each pit from a prescribed, possibly 
nonuniform, distribution. In the analysis performed here, it is assumed that the values of 
Aif are distributed according to a normal, or Gaussian, distribution. Taking the time 
derivative of Eq ( 6 )  and substituting for the quantity ( t  --kz) by inverting Eq. (6) gives 
an equation for the rate of pit growth that depends only on the depth of the pit, and not on 
the exposure time. Writing this equation in incremental form with dl as the timestep 
sue gives. 

where 

and the subscript i denotes the current time step. Thus, at any time step i in the 
simulation, the increment in pit growth can be written as a function only of the time step . 

size, the pit depth at the previous time step, and the constants 644 andp: 



Calculations have shown that the pit depth distributions predicted using Eq. (9) are 
independent of time step size if the proper modifications are made to the input 
probabilities (e.g., A, p, 11) to account for a change in At 7. 

To implement Eq. (9), a method was established for producing random values of k/i from 
a population that is normally distributed. An algorithm was identifiedl89l9 that produces 
random values from the standard nonnal distribution using a uniform random number 
generator, such as the one already impleinented in the initial Monte Carlo code. Thus, 
for any value taken randomly .from the standard normal distribution, 2, the value of k/l 
with the corresponding cumulative probability is simply: 

where aand p are the standard deviation.and mean of the desired k~ distribution, which 
are input prior to the simulation. 

2.1 1.5 Model predictions 

Flgure 2.1 1 - 9 illustrates the.capability of the new model in its preliminary form to 
simulate the complex time evolution of the pit depth distribution. For this simulation, 
the probability of initiating a new pit embryo was decreased exponentially with exposure 
time7 such that no new pits were initiated for exposures greater than approximately 50 
time steps. The parameters affecting the-growth of these pits, y, q, A andp, were chosen 
arbitrarily and are given in the figure. Following 100 time steps, Fig. 2.11 - 9(a), the 
distribution exhibits.a peak at the lowest depths, followed by a decrease in the number of 
pits with increasing depth, and then a second local maximum. This gives the backwards 
"J" shape to the.initia1 part of the distribution noted by Aziz (Fig.2.11 - 3). 
Experimentally, this portion of the distribution was attributed to the stifling of shallow 
pits. In the model, this same feature is caused by the permanent cessation of growth for 
many small pits through the-parameter 71, As the exposure time increases, the heights of 
the two peaks decrease somewhat as the distribution broadens, Fig. 2.1 1 - 9(b). The 
broad distribution of pit depths, particularly beyond the backwards "J" feature, was 
attributed by Aziz6 largely to the randomly-varying propagation rates for individual -pits. 
This same characteristic is predicted by the preliminary-model largely through the 
stochastic growth probability, y. With fMher. increases in exposure time, the two peaks 
remain stationary and only the deepest pits continue to grow, creating a long f'tail" to the 
distribution, Fig. 2.11 -9(c). This same feature in the data of Aziz, Fig. 2.1 1 -3, is caused 
by the eventual stifling ofmost pits, so that only a few grow to large depths. Consistent 
with this finding,. the growth cessation probability, 71, causes most pits to stop growing 
after 500 time steps. Finally, note in Fig. 2-1 1 -3 that the maximum pit depth, dm, 
increases ever more slowly as the exposure time increases. A similar phenomenon is 
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evldenr in Fig.2. I 1 -9. Following 100 tlnie steps ti,,,, - 3.5, while after a five-fold 
Increase In exposure tlrne tl,,,,, has less than doubled to 5.5, Fig. 2.11 -9(c). This 
prediction results partly frorn the use of Elq. (5) with p - 0.5. In addition, the rate of 
increase for (I,,, slo\vs due to the use or 11 0.0 1.  Consider that for an exposure of 500 
steps only four of the initial 590 pits are still growing. This implies that the pits which 
early in the exposure were of maxirilum depth probably have permanently halted, 
requiring shallo\ver pits to grow and become the deepest active pits at longer exposures. 
In surnmary, the complex pit depth distribution evolution exhibited in Fig. 2.11 - 3 is 
qualitatively predicted by the new preliminary model through the consideption of both 
the stochastic and deterministic aspects or pit growth. 
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F~gure 2 11 - 9. Dlstrlbut~on In p ~ t  depths computed by the preliminary model for the growth 
parameters given in the figure and exposures of: (a) 100 time steps, (b) 200 time steps, and (c) 

500 time steps. Pit depths are in arbitrary units. 

Of course, the evolution of the pit depth distribution is sensitive to the input parameters 
affecting pit growth. Calculations have sho\vn that the shapes of the distributions during 
various stages of evolution are most sensitive to the relative values of the pit growth and 
cessation probabilities, yand q. Experimental measurements of the pit depth distribution 
evolution for materials and environments of interest would be required to quantitatively 
determine values of y, q, and the other model parameters. 

Figure 2.1 I - 10 presents the results of calculations similar to those shown in Fig. 2.11 - 9 
but performed using the revised model. A permanent pit growth cessation probability of 
q = 0.01 and a time exponent o f p  - 0.5 again were used in these simulations. For 
relatively short exposure times, r.g.  50 time steps, Fig. 2.1 I - 10(a) shows that the 
distribution of pit depths is nearly syrnmetrtc. In the revised model, this distribution in 
pit depths is largely caused by the distribution in A values, Eq. (lo), since each-active pit 
grows during every time step. Note that the backward "J" shape of the distribution at 
small pit depths present in the data of Aziz6 and in the calculations presented in Fig. 2.11 
- 9 is absent in Fig.2.11 - 10. Fortunately, this aspect of the distribution has little 
practical importance because the pits are small and don't grow. For intermediate 
exposures, Fig. 2.11 - 10(b) shows that much of the distribution moves as a body toward 
larger pit depths so that the distribution remains roughly "bell" shaped. However, it 
becomes somewhat skewed toward small pit depths with an increasingly long tail at large 



dcptl~s. S~rnilar features are observed in the data given in Fig.2.1 I - 3 for pits beyond the 
back\vard "J." Finally, for relatively long exposures, Fig. 2.11 - lO(c} shows that the 
distribution has become nearly stationary, with only the deepest pits continuing to grow, 
making the tail at large depths more extensive. Again, this feature of.the predictions is 
qualitatively consistent with that computed.by the preliminary model and observed 
experimentally, Fig. 2.1 1 - 3. 
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F~gure 2 11 - 10. Distribution in pit depths computed by the revised model for the growth 
parameters given in the figure and exposures of: (a) 50 time steps, (b) 200 time steps, and (c) 

500 time steps. Pit depths are in arbitrary units. 

The ne\v model, both in its preliminary and revised forms, is capable of simulating the 
nonlinear dependence of the maximum pit depth on exposure time (for constant 
environmental conditions). Figure 2.11 - 11 shows an example for the revised 
formulat~on using input values o f p  = 0.5 and q = 0.001. The plot with linear axes, Fig, 
2 1 1 - 1 1 (a), emphasizes the striking decrease in the pit growth rate with increasing 
exposure tinie and pit depth. The logarithmic plot in Fig. 2.11 - 1 l(b) shows that, as 
expected, the predicted time exponent equals the input value ofp, so long as significant 
permanent pit growth cessation .has not occurred. . This latter phenomenon is what causes 
the computed maximum pit depth at 5000 steps to be somewhat below the 1ine.forp = 

0.5. 

In summary, the new model is capable of qualitatively reproducing the shapes of the pit 
depth distributions typically observed experimentally, including the presence of a long 
tail at large depths. The new model also predicts a nonlinear increase in maximum pit 
depth with increasing exposure time, consistent with a wide variety of data, .These 
improvements stem from a combination of changes related to the stochastic and 
deterministic aspects of pit growth.. Minar differences exist between the preliminary and 
revised versions of the new.mode1 in the details of their-predictions regarding pitting . 

damage (also see Section 2.1 1 -3). However, neither method is clearly superior to the 
other in the accuracy of its predictions, though the revised model has a stronger physical 
basis. Experimental data relevant to modeling pitting corrosion of waste package are 
required to make a final judgment regarding the suitability of the two methods. 
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Figure 2 11 - 11 Revised model predictions of the time dependence of the maximum pit depth 
are plotted on (a) hear  and (b) double-logarithm~c axes. P I ~  depths are in arbitrary units. 

2.1 1.6. Dcpcndencc of hiaximun~ Pit Depth on Surface Area Exposed 

Thc method of "extreme-value statrstrcs" (EVS) is comrnonly cniployed in the analysis 
of experimental pit depth data6.12-14. EVS is particularly valuable for predicting the 
commonly observed logarithmic increase in maximum pit depth with increasing 
specimen or senlice component surface areaS+6,14,15. In the context of waste package 
container design and performance assessment, EVS analysis of laboratory data collected 
on a limited number of small specimens might provide the means to predict the 
probability of pits reaching significant depths (c .g  equal to the container thickness) over 
the surface of an entire container, or many containers. Such a prediction should be 
accurate so long as the extrapolated maximum pit depth exceeds the deepest measured 
pit by no more than about a factor of three6. Fortunately, this provides an extrapolation 
in exposed surface area of up to three orders of magnitude. 

Given the utility and wide acceptance of EVS to analyze pitting damage, it  is useful to 
determine if the stochastic pitting model is consistent with this method. Therefore, 
modifications to the Monte Carlo code were made which follow from the actual 
experimental procedure described by Aziz6. First, an individual test coupon is simulated 
by a single model "run" using a unique "seed" value to initiate the random number 
generator7. Using a single set of input parameters, an N-run simulation is performed in 
which each run begins with a different random number seed. This procedure 
corresponds to the exposure of multiple, identical test coupons to the same corrosive 
environment, as described by Aziz6. Analogous to the experiments, the surface area 
simulated is proportional to the number of runs in  the sirnulation, since one run 
represents a unit surface area. Following each run within a particu1ar.N-run simulation, 



rhc rnaximum co~nputed pir depth is stored. Once all N runs have been completed, these 
values are sofled in ascending order, providing "data" analogous to those collecled 
experimentally6: 

The cumulati\le probability that the deepest pit is less than or equal to dmm" is then 

computed from these data as: 

These probabilities fro111 the Monte Carlo simulation are then analyzed using the most 
common expression for the expected extreme-value distribution6: 

where j*,, is the "reduced variare." The reduced variate is defined as: 

where 14 is the  node" (highest point of the extreme-value distribution) and a is the 
"scale" parameter measuring the width of this distribution. The values of u and a are fit 
to the Monie Carlo "data." Eq. ( 1 I ) ,  as follows. First, Eq. (13) is solved for y,, giving: 

where Om is computed from the Monte Carlo results using Eq. (12). For each value of 

Om, a correspondingym is computed from Eq. (1 5). Then, the data pairs (dmMm, ym) are 

plotted on linear axes and fit to Eq. (14) using linear least squares analysis to determine 
a and u. Extrapolation of this fitted line provides predictions of the probability and 
exposure time required for the occurrence of a pit of any given depth6. 
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Figure 2 11 - 12 Pred~ct~ons of the increase in maximum pit depth with increasing exposed 
surface area from (a) the preltminary model, and (b) the revised model Pit depth and surface 

area are in arbitrary units 

In general, the stochastic nlodel is consistcnt with the EVS theory. For csatnpls, it has 
been shoivng that the dm"'"" \ 9 ~ - ) t m  plots predicted by the stochastic rnodcl arc 

qualitatively consistent with those measured experimentally in several material- 
environment systems6.'*-14. Most importantly, consistent with previous EVS analyses 
and data. the stochastic model predicts that the maximum pit depth increases 
logarithmically with increasing exposed surfacc area, Fig. 2. I 1 - 12. Thus, by performing 
simulations with identical input parameters and varying the numbers of runs, the effect of 
exposed container surface area on the maximum pit depth can be predicted by the 
stochastic model. 

2.1 1.7 Experimental Validation 

Modeling cannot progress without input from experimental data. Experimental data are 
required to fit the model parameters so that quantitative predictions can be made, to 
verify the accuracy of the model, to validate the basic model assumptions, and if 
necessary to re-formulate the model. Ideally, the process of modeling and testing is 
iterative, with these efforts taking place in parallel so that results from one can drive 
improvements in the other. Plans for experimental support of the stochastic modeling 
effort have been madeZ0-22 but funding constraints have limited the execution of these 
plans. 

To date, the experimental validation of the models has been limited to a few preliminary 
measurements of the.pit depth distribution evolution in Alloy 825. Briefly, these 
experiments involve exposing flat specimens to an aggressive aqueous environment. A 
constant electrochemical potential is applied to the specimens to induce relatively rapid 
pitting under controlled conditions. Each specimen is removed from the aggressive 
environment following a prescribed exposure time, and examined to measure the 



distribution of pit depths. The evolutiorl of the distribution with increasing exposure 
time can then be coml)ared \vi th  model predictions to test the assutnptions and equations 
used in the model. 

Specifically, potentlostatic polarization experiments were performed on 1 cm2 samples 
of Incoloy 825 immersed at 90 "C in 5% WaCl aqueous solution containing sulfuric acid 
(pH - 2.6). These data were acquired by the procedures discussed in Section 2.5 of this 
report. Using optical microscopy, the depth of each pit was measured by calibrated 
focusing and the pit diameters were measured with a filar eyepiece. (Note that pits with 
depths less than about 25 pm, of which there were many, were not measured). Exalnples 
of the measured pit depth and diameter distributions are given in Fig. 2.1 1 - 13. These 
distributions are qualitatively similar to the predicted distributions shown in Fig. 2.11 - 
10 for relatively short exposures. In particular, there is a peak in the distributions at an 
intermediate depth or diameter However, the long tail in the distribution at large depths 
(or diameters) that IS predicted by the model for long exposures is not observed in the 
short-exposure distributions given in Fig. 2.1 1 - 13. Longer time exposures are required 
to test this prediction of the model. Table 2.1 1 - 1 gives a summary of the measured pit 
depth data gathered ro date Although these data are insufficient to draw many firm 
conclusions, it  appears that increasing the applied electrochemical potential, Eapp, 
increases the number of pits per unit area. The effects of exposure time and 
electrochemical potential on pit depths are not yet clear. 

Pit Depth (rnrn) Pit Ommeter (mrn) Pit Aspect Ratio 
I 

Figure 2.1 1 -13 Experimental d~stributions of (a) prt depth, (b) diameter, and (c) aspect ratio for 
lncoloy 825 immersed for 240 minutes at 90" C in pH 2.57, 5% NaCl solution and polarized at 

402 mV SHE Unpubltshod data of Henshall and Roy 1231. 



Table 2.1 1 - 1 .  Pit depth distribution data for 1 cm2 samples of Incoloy 825 immersed in 
acidified brine (5% NaCI) at 90 OC. Data oSIienshall and Roy [XI. 

Figure 2.11 -13(c) shows the distribution in pit aspect ratios, defined as the pit depth 
divided by the diameter. If the aspect ratio is less than one (broad, shallow pits), 
automated pit depth measurement techniques may be viable for future work, or the pit 
diameter could be used as a conservative measure or damage. The data given in Fig 2 1 1 
- 3(c) reveal that all pits have an aspect ratio less than one for this experiment, though 
testing under somewhat different conditions revealed aspect ratios of up to 2. Again, 
more data are required to make a firm conclusion regarding pit aspect ratlos in Alloy 825. 

2.11.8 Summary and Conclusions 

A phenomenological, stochastic model of pit initiation and growth has been developed in 
support of waste package container design and performance assessment. This model can 
simulate the time evolution of the distribution in pit depths on a metal surface exposed to 
an aggressive environment. A review of the initial model revealed i t  to be capable of 
realistically simulating stochastic pit initiation. This model also includes simple 
phenomenological relationships describing the environmental dependence of the 
stochastic parameters. Therefore, it can simulate pit initiation and growth under 
variable-environment histories, such as those anticipated in the repository. 

Recent improvements to this model have focused on pit growth and the time evolution of 
the pit depth distribution. These improvements include the capability to model 
permanent pit growth cessation, methods to deterministically predict a nonlinear increase 
in maximum pit depth with increasing exposure time (for constant environmental 
conditions), and a more physically realistic treatment of stochastic pit growth. These 
improvements have resulted in predictions that are qualitatively more consistent with a 
variety of experimental data in the literature, for example the development of pit depth 
distributions with a positive skew and a long tail at large pit depths. Further, this model 
has been shown to be consistent with extreme-value statistical methods for predicting the 
logarithmic increase of maximum pit depth with increasing exposed surface area. 



A crit~cal ncrd has betn identilied for generating experirnental data lor candidate 
container materials exposed to repository-relevant environments. These data are 
required to quantitatively assess and further develop the model. Preliminary pit depth 
distribution data for Alloy 825 (Incoloy 825) have been presented. These data are 
qualitatively consistent wit11 stochastic model predictions of a peak in the pit depth 
distribution ar intermediate depths, and show that this alloy is susceptible to pitting under 
aggressive conditions. 
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2.12 Materials Recommendations 

The Metal Barrier SIP identifies three activities (1,-20-90, -91, and -92) associated with 
recommendations of materials for the multi-barrier waste package container. These 
include the developtnent of selection criteria, the selection process itself, and 
development of specifications for the selected material. Work is proposed to work 
closely with the waste package design group in these activities. In most instances, the 
selection criteria divide into a group of engineering considerations (cost, fabricability, 
weldability, previous experience) and performance considerations (rnostly corrosion 
properlies, but some interest in metallurgical stability and mechanical properties). 

The updated candidate list for the waste package container, as well as those for the other 
EBS materials, was published in 1995 [I]. Since that time, work has not progressed at 
LLNL on quantifying selection criteria. Recently, the waste package design leam has 
requested a re-examination of Alloy 625, also known as Inconel 625 (UNS N06625), a 
Ni-Cr-Mo, alloy as a candidate material for the inner barrier. Their request was made on 
the basis of perceived improved weldability of Alloy 625 compared to other candidate 
alloys in this class of material. A report from the des~gn team is in preparation that 
addresses their reasons for including it among the candidates. Alloy 625 contains 8 - 
10% Mo, compared to 12.5 to 14.5% Mo in Alloy C-22, 14 to 17% Mo in Alloy C-4,6 to 
8% Mo in Alloy G-3 and only 2.5 - 3.5 % Mo in Alloy 825. Thus, from a testing point of 
view, addition of Alloy 625 provides an intermediate composition that will be useful. 
Plans are being made to acquire test specimens of this material in several configurations 
for tbe different testing activities described in previous sections of this report. While 
Alloy 625 is often used in corrosive environments, sorne of the minor alloying additions 
improve its strength at somewhat elevated temperatures. This may cause some concerns 
with the long term phase stability, and this will be evaluated along ageing studies 
proposed for this (and the other Ni-Cr-Mo) candidate materials as part of Metal Barrier 
SIP activity E-20-67. 

Reference for Section 2.12 

ox. D. McCright, Updated Candidate List for Engineered Bamw Materials, UCRL-ID- I 19442 (Octoher 
1995) 



3.0 Basket hlaterials in Spent Fuel N'aste I'ackages 

(input lo this sect iorr ofthe report UJLIS ~ ~ U V I L J C ' L I  ly li~chclt-0 P"1n A'or7j~rienhurg) 

3.1 Furlctiot~s of Waste Package Basket Materials 

Evaluation of materials that could be fabricated into baskets for spent fuel waste 
packages was begun in FY-94. The basket serves provides internal partitioning between 
spent fuel assemblies. The three specific functions of the basket is to provide: 

1. Structural support 
2.  Heat conduction 
3. Nuclear criticality control 

These designs inc.orporate square tubes arranged in a close-packed array, each rube 
incorporating neutron absorbing material. Future designs may make use of flux traps 
(spacing apart of spent fuel assemblies to reduce nuclear reactivity) and may have 
differing quantitative needs for mechanical integrity, strength, thennal conductivity, and 
neutron absorption. However, these properties will continue to be the ~rnportant ones. 
Because of the very large waste packages designed to hold multiple assemblies (for 
example 12 to 24 PWR assemblies), the long-term criticality control func~ion takes on 
great importance. The heat conduction function is primarily of interest in the early parc 
of the repository operation and containment period. 

Evaluation of the basket material is complicated by the fact that some spent fuel is 
expected to arrive at the repository already encanislered from operations at the reactor 
site or, possibly, at some interim storage facility. It is an important repository operational 
question whether these spent fuel packages can remain intact and be emplaced inside the 
waste package for disposal or whether these packages will need to be re-opened and the 
spent fuel assemblies (and any structural and criticality control hardware) then placed 
inside the waste package. Other spent fuel is expected to amve at the repository site in 
an uncanistered form, and will be placed within a basket grid and within a disposal 
container at the repository surface facility. 

A Scientific Investigation Plan (SIP) to evaluate basekt materials was written, as SIP- 
CM-02 in March 1995, and five general activities were described. The five are: ( 1 )  
Literature Review and Analyis, (2) Scoping Experiments, (3) Long-Term Corrosion and 
Properties Evaluation, (4) Performance Modeling, and (5) Materials Recommendations. 
This SIP generally parallels the efforts and amngments of activities of the Metallic 
Barrier SIP. The results of the survey test on candidate materials are described in the 
next sections. 

3.2 Choice of Environment for Scoping Corrosion Tests 



The design environment inside intact canistered and uncarlistcred spent fuel waste 
packages is intended to be dry, inert gas. Achievement of this environment will depend 
on success in drying, pumping out, backfilling, and sealing these canisters and packages. 
If this design environment were achieved as planned and were maintained, corrosion of 
the basket materials would not be of concern, and neither would criticality. However, 
given the likelihood of eventual containment failure, most likely by corrosion of the 
waste package containers, the environment inside such a breached container must be 
considered. One of the current design a~sum~tions'~' is that containment could fail for as 
many as 1% of the waste packages in the first 1,000 years. The federal regulation 
establishing the requirement for criticality control (10 CFR Pan 60.13 l (b~7) ) '~ '  does not 
explicitly specify a time limit, but the current design assumption'5' is that criticality 
control will be required for 10,000 years. For comparison, the half-lives of the dominant 
fissile nuclides in the spent fuel are 24,100 years for 2 3 ? ~  and 704 million years for 
235u .03  

When containment failure occurs, gaseous and liquid species in the surrounding 
environment could enter the waste packages. Since inundation by water is considered 
unlikely for the repository horizon at Yucca ~ountain," the most probable species that 
would enter are the constituents of moist air. If moist air were the only intruder, 
repository criticality would not be of concern. However, prudence dictates that we 
anticipate that significant quantities of liquid water might enter at least some of the 
packages. In order for this to occur, it  would have to take place by liquid transport via 
fracture flow rather than by evaporation and condensation onto the packages, because the 
packages will always be at higher temperatures than their environment, because of 
nuclear decay heat. Liquid transport from the geologic environment would mean that the 
solutes present in vadose water would also enter the packages. An example of the ground 
water present in the rock of the repository horizon (Topopah Spring tuff) is that obtained 
from We11 5-13. Its analysis is shown in Table 1 

One of the current design assumptions'5) is that the centerline temperature in the waste 
packages containing spent nuclear fuel will not exceed 350°C. Because the pressure in 
the repository will be about one atmosphere, liquid water cannot be present in a failed 
waste package until its temperature has dropped below about 100°C, depending on the 
presence of hygroscopic salts, some of which can raise this temperature limit somewhat. 

It is not possible to accurately predict when a given waste package will fail, what the 
temperature will be at that time, and when liquid water might be available to enter a 
failed package. It is also therefore not possible to accurately predict what the radiation 
dose rates will be at the time these events occur. In the presence of these uncertainties, a 
variety of scenarios are envisioned. Consideration of worst cases is appropriate, because 
it is required by 1 0 ~ ~ ~ 6 0 "  to avoid criticalities in all the waste packages, whatever their 
individual circumstances. The worst cases are thus of most interest. Perhaps the worst 
case would be early containment failure, while there is still significant heat output from 
strontium-90 and cesium-137. In this case only humid atmospheric gases could enter the 
package initially, because the temperature would be above the boiling point. 



In this worst case the temperature might be sufficiently high and the 0xFgt.n suf%c~ently 
plentiful that the spent fuel cladding \vould fail, and the U 0 2  fuel \vould be oxidized to 
U3O8, which would result in splitting of the cladding and crumbling of the pellets into 
powder. In this case the gases and later, liquids entering the waste package would be 
exposed to alpha and beta radiation in addition to the gamma radiation that would be 
emitted by intact fuel, and the dose rate could be in the range of hundreds of grays per 
hour.(lO*") Upon cooling below the boiling point, in the worst case liquid vadose water 
could then enter the package, bringing in its solutes. This case would involve significant 
radiolysis. Whether this sequence of events can be considered to consist of "at least two 
unlikely, independent, and concurrent or sequential changes in the conditions essential to 
nuclear criticality safety" in the words of the regulation(@ is subject to interpretation. 

As can be seen in Table 3.1 5-13 well water contains 129 mg/L of bicarbonate, and has 
near-neutral pH. If water having this composition entered a failed waste package at near 
current ambient temperatures, the bicarbonate would initially buffer the pH near neutral. 
However, if suficient acid were produced by radiolysis, the buffer would be overcome, 
and the pH would drop. 

In less extreme scenarios, containment would be maintained until suficient cooling 
occurred that the U02 would not oxidize and crumble. The air and water that entered 
would then be subject only to gamma irradiation, and the dose rates would be much 
lower because of decay of 30-year half-life 1 3 7 ~ s ,  the dominant gamma emitter. ln such a 
case, radiolysis might not be a significant factor. Because of the uncertainly involved in 
predicting the course of events, scoping tests were performed using a corrosion 
environment that contains significant concentrations of the chemical species known to be 
produced by irradiation of an air-water system, that are also known to be important in 
corrosion. Reviews of radiation chemistry in moist air and moist air--water systems have 
been presented. (12.13) 

Barkatt et al.(I4) reported the results of experiments in which an air-deionized water 
system was gamma-irradiated at room temperature. The observed radiolytic species were 
nitric, formic, and oxalic acids and hydrogen peroxide. For a total dose of 6 . 2 ~  1 o4 Gy 
over a 3-day period at 25OC, the concentrations of these species, respectively, were 78, 
46,30, and 16 micro- moles per liter. This dose is orders of magnitude smaller than what 
could be reached in an early-failing waste package over a period of hundreds of years. 
The nitric acid is formed by radiolysis in the gas phase, and condenses into the liquid 
phase. The hydrogen peroxide is formed in the liquid phase. The formic and oxalic 
acids are formed from dissolved C02 in the liquid hase, but only after the pH has been P lowered to about pH 4 by nitric acid production." ) In order to be able to perform 
scoping tests conveniently, at relatively low cost, and in a short time, the erects of 
irradiation are simulated by ordinary chemical means. In so doing, any effects of 
transient, free radical effects are ignored. The concentrations of radiolytic species are 
much higher than those observed by Barkatt et al., to make possible a batch-type 
experiment that would show observable results in a short time, and to,account for the fact 



tGat the repository time-scale of interest is several orders of magnitude longer and the 
resulting worst-case doses are orders of magnitude higher than those in the Barkau el al. 
.In addition to radiolytic species, chloride ion is included, since it is present in 5-13 well 
water and is known to be important in corrosion of many metals. The corrosion medium 
is formulated as a buffered-pH solution. The presence of the weak acids (formic and 
oxalic) with pK values of 3.75 and 4.27, respectively, at 25"c,(15' lends itself to this, and 
the establishment of a buffer provides a controlled-pH environment so long as it is 
maintained, and an indicator of significant chemical reaction if i t  is overcome. 

The test temperature was comfortably set below the boiling point to facilitate control, but 
high enough to produce significant reaction rates. The repository temperatures will span 
a range from well above boiling down to ambient over the course of time. 

3.3 Selectioil of Candidate Basket Materials 

Ideally, one would like to have a single material that could perform all the functions 
listed above at reasonable cost and with good long-term corrosion performance. 
However, as is often the case, these various requirements are not satisfied by a single 
substance, and compromises must be made. For structural support, metals are preferred, 
and in particular those that have significant strength at the peak temperature of 350°C. 
High thermal conductivity would suggest aluminum or copper, of the commonly used 
metals. Chemical elements with high neutron absorption cross sections include lithium, 
boron, silver, cadmium, gadolinium (and other lanthanides), and hafnium. Materials 
best able to withstand the projected corrosion environment would include stainless steels, 
high-nickel alloys, zirconium alloys, and some ceramics. Of the metals mentioned here, 
aluminum and copper are the least costly. Of the elements with high neutron absorption 
cross sections, the least soluble in water over a wide pH range is hafnium. 

In the presence of these conflicting properties and requirements, a wide variety of 
candidates were chosen, taking into account the functions of the basket, past experience 
with materials in similar applications (reactor control rods and neutron absorbers for pool 
storage of spent fuel, shipping casks, and neutron the requirement for 
"reasonable" cost,(lg) and the need for good corrosion performance. Candidates under 
consideration by MPC designers were included, as were some developmental materials 
and some ceramics based on naturally occurring minerals, expected to have high 
durability under repository waste package conditions. 

The candidates that were tested are listed in Table 3.2 The aluminum- and copper-based 
materials provide the high thermal conductivity of the base metal and incorporate a form 
of boron for neutron absorption. Since boron exhibits very low solid solubility in both 
aluminum and copper, it is present as a dispersed phase. In the case of aluminum and its 
alloys, addition of boron produces borides, namely A1B2 and others. In the case of 
alloying with copper, boron exists as the element. In both aluminum and copper, boron 
can also be incorporated as boron carbide. Samples representing all of these approaches 
have been included. BoralTM and BoralynTM are commercial products. The others are 

$ 



developmental. The "A*B"Th4 material was originally developed f o r  light arlnor 
applications. 

The boron-alloyed stainless steels are colnmercial products. The Bohler material is 
melted and rolled, and contains the boron as elongated precipitates of mixed metal 
borides. The Neutrosorb PLUSM is made by a powder metallurgy process, and its mixed 
metal borides are more nearly spherical in shape, more uniform in size, and more 
homogeneously distributed. In both cases, the borides are chromium- and iron-rich, with 
a small amount of nickel, as determined by scanning electron microscopy--energy 
dispersive x-ray specroscopy (SEM-EDS). 

The Zircadyne 702TM is a commercial product composed of essentially pure zirconium, 
but including the hafnium that occurs naturally in the ore with zirconium. Hafnium is a 
good neutron absorber, and is separated from the zirconium when the latter is used to 
make zircaloy cladding for reactor fuel. However, leaving the hafnium in would be 
beneficial for a basket material, and the cost of the zirconium is actually lower if the 
separation is not performed and the hafnium remains. 

Boron carbide and hafnium oxide samples were tested to determine the dissolution of 
these neutron absorbers as bulk ceramic materials. The yttria is added to the hafnium 
oxide to stabilize the high-temperature tetragonal crystal structure. Gadolinium is a 
strong neutron absorber, and it was incorporated as monazite (gadoli ni urn phosphate) 
because of the known chemical durability of natural monazite. Zircon and zirconolite 
were tested as hosts for hafnium because of their known durability in the natural state as 
well. 

3.4 Description of Scoping Corrosion Tests 

The vessels used were Pyrexm 1000-ml three-neck flasks (see Fig. 1). One port was 
fitted with a Pyrex condenser to capture evaporated water and return it to the vessel. A 
second port was fitted with a thermometer. The third was used for filling and was 
capped with a Pyrex plug. TeflonfM seals were used, with no grease. Glassware was 
cleaned before the tests by rinsing with 10% sodium hydroxide solution, followed by 
rinsing with 1 M nitric acid, followed by rinsing with distilled water. 

The composition of the corrosion medium was intended to be as follows: 

0.0 1 M formic acid (methanoic acid, HCOOH) 
0.0 1 M sodium formate (NaCOOH) 
0.02 M sodium oxalate (Na2C2O4) 
0.0 1 M nitric acid (HNO3) 
0.0 1 M sodium chloride (NaC1) 
0.0 1 M hydrogen peroxide (3202) 
in distilled water 



With this formulation, the hydrogen ion fiom the strongly ionizing nitric acid will 
associate with about half of the oxalate to form oxalic acid, and the formic and oxalic 
acids, together with their salts, will buffer the pH. This solution was used, as intended, 
for all but samples # 1 through 5. For samples # 1 through 5, the formic acid was 
inadvertently left out of the solution. Although formate was still present, the pH 
buffering was not as robust for these samples, as evidenced by comparison of the final 
pH of solution #5 (the first control) with that of solution #28 (the second control). 

Approximately 700 ml of solution was used in each test vessel. Vessels were weighed 
before and after filling and at the end of tests to determine water loss. Each vessel was 
heated using a heating mantle, in which its bottom was nested. Temperature control was 
accomplished by manual adjustment of Variac transformers. The temperatures were 
maintained at 90+5OC for the test duration of 96 hours, except for sample #19, which was 
terminated at 90 hours, after extensive corrosion. The thermometers were calibrated in 
an ice bath and in boiling distilled water. The solutions were kept mixed by free 
convection, driven by the heating mantles. The pH of each solution was measured at 
room temperature before and after the test, using a calibrated pH meter. For solutions # 1 
through 5, the initial pH was pH 4.06. For the others, it was pH 3.80 to pH 3.82. 



Table 3.2 - Candidate Basket Materials Tested 

Alulninum (Alloy 1100) with dispersed alunlinunl boride (Alboronni) 

Aluminum (Alloy 6061) wit11 dispersed alu~ninutn boride (AlboronTM) 

Aluminum (Alloy 635 1) with dispersed alutninutn boride (AlboronM) 

Aluminum with finely dispersed boron carbide (BoralynTM) 

Aluiniilutn - boron carbide cotnposite (BoralTM) 

Alu~ninuln oxide - boron carbide ceramic (A*Bnf) 

Copper with dispersed elenlental boron 

Copper with dispersed alutninuln oxide (Glidcop A-I STM) and ele~nental boron 

Copper with dispersed boron carbide 

Copper with dispersed aluminum oxide (Glidcop A- I Sm) and boron carbidc 

Austenitic stainless steel (type 304L) (control without boron) 

Austellitic stainless steel with dispersed br ides  made by melting 
(Bohler Bros. A976m) 

Austenitic stainless steel with dispersed br ides  made by powder 
~netallurgy-base lnetal (Carpenter Technology Neutrosorb PLUSM) 

Austenitic stainless steel with dispersed borides made by powder 
metallurgy-welded (Carpenter Technology Neutrosorb PLUSN) 

Zirconium-hafnium (Teledyne Wah Chang Zircadyne 702TM) 

Boron carbide (hot pressed) 

Hafnium oxide with 5 wt. % yttrium oxide (hot pressed) 

Gadolinium phosphate (monazite, hot pressed) 

Zirconium silicate containing hafnium (zircon, hot pressed) 

Calciu~n zirconium titanate containing hafniu~li (zirconolite, hot pressed) 

Note: most of the metallic materials were supplied by the manufacturers noted in the 
description. The ceramic materials were hot pressed in our own laboratories. 



Figure 3.1. Corrosion Test in Progress 

Unfiltered samples of each solution were chemically analyzed before and after the tests, 
using ion chromatography and inductively-coupled plasma optical emission spectrometry 
(ICP-OES). lodometric titration was performed to determine peroxide, but suffered from 
interferences in some of the solutions. Observed precipitates were analyzed by X-ray 
diffraction. Metallography and SEM-EDS were performed on some of the samples 
initially. Each sample was sanded smooth using 600-grit paper and then was 
ultrasonically cleaned using acetone, methanol, and distilled water in succession. 
Samples were weighed before and after the tests (after cleaning in the case of metal 
specimens except the stainless steels and alloy 702) using a calibrated electronic balance 
with a precision of + 1 mg. Samples were examined by metallograph after cleaning. 
Cleaning of the metal samples was performed according to ASTM Standard Practice GI- 
90 .'20' 



3.5 Test Results and Discussion 

During the tests, it was observed that for all four copper-based samples, the solutions 
turned bright blue during initial warmup. For the welded Neutrosorb PLUS sample 
(#19), the solution initially became yellow-green in color, then abruptly changed to turbid 
brown. Then a brown precipitate dropped out over a period of hours, and the solution 
was clear again. The solutions remained clear for all the other samples. The aluminum 
metal-based samples and the copper-based samples evolved gas bubbles, indicating 
hydrogen evolution. 

The corrosion and pH results are given in Table 3.3, and the final solution compositions 
are shown in Table 3.4. Weight losses of the solutions were found to be less than 4%. 
Photomicrographs of samples #3 and 19 are shown in Figs. 2-3. XRD analysis of the 
precipitate from sample # 19 indicated hematite (Fe2O3) as a major constituent and halite 
(NaC1) and sodium oxalate (Na2C204) as minor constituents. 

Considering the first control solution ( #5 ) ,  i t  can be seen that the initial concentrations of 
formate, oxalate, nitrate, and chloride were essentially preserved, and the PI-I moved frorn 
p~ 4.06 initially to p~ 4.73 at the end. Boron pickup from the Pyrex vessel amounted to 

only 0.22 mglml or 2.0 x 10-5 M. As noted earlier, the formic acid was inadvertently left 
out of solutions # I  through 5, which include the first control. Had it been put in as 
intended, the initial pH would have been pH 3.80 to pH 3.82, and the final pI4 would 
have been pH 3.88, as observed for control solution #28. Considering the two control 
solutions together, the analyses demonstrate that the solution is sufficiently thermally 
stable for the time period used, that the pH buffer is effective for the time and 
temperature used, and that boron dissolution from the Pyrex vessels is minimal. For the 
sample in the first batch that did not undergo significant corrosion ( # I ) ,  the omission of 
formic acid in the first batch is not significant because the pH buffer was not seriously 
challenged, and formic acid is not a chelating agent. For those that did corrode 
significantly (#2-4), one might expect even more corrosion if the buffer had been more 
robust. 



'I'ahle 3.3. Corrosion and pH Results 

Sample 
No. Sample 

Cor~trol U 1 
1 100AI-4.3 \vt.%I0l3 
606 1 AI-0.6 \ t .? 'o  I0f3 
635 1A1-0.5 \v~.?'o 1°13 
Boralyn 
Boral 
A*B 
CU- 1.5 wt.% B 
GlidCopl.5?/0 wt.% B 
Cu-1.8 \a.O/o B4C 
GlidCop1.8 ~vt.%RqC 
304L SS 
Bohlcr A976 SD 
Ncutrosorb PLUS-base 
Neutrosorb PLUS-welded 
Zircadyne 702 
D4C 
HT02-5 WI.% Y2O3 
Gd-monazite 
Zircon-5 W. ?6Hfl12 
Zirconoli te-5 \vt.%Hf02 
Control U 2  

Mass Corrosion Final 
Loss (a) Rate (rnm/vjA pH 

A Yearly rates are intended for comparative purposes only. They are linearly extrapolated 
from 96-hour tests. 
Pitting was observed on these samples. Rates do not represent uniform corrosion. 



Table 3.4. Final Solution Conlpositions 
(in units of M) 

Sample 
Number Formate Oxalate NO3- 

5 91 190 93 

Sample 
Number Ca Ti -- Cr - 

5 
2 
8 
9 
7 
3 
23 
24 
25 

4 
10 
20 0.025 
26 0.35 
22 0.019 
19 2.38 

1 
14 
18 
16 
17 
13 0.11 0.14 
28 



3-1 
TablcJ: Composition of Well J-13 waterg 

Element or Ion Concentration (ma/L) 

NO3- 

CI- 

< - . . . - 

Figure 3 -2. Boral Sample (#3) after Corrosion and Cleaning 



Figure 3 - 3. Weld on Neutrosorb PLUS Sample (#19) after Corrosion 
('I -mm divisions on scale at bottom) 

Turning to the aluminum metal-based samples (#2,8,9,7 and 3), it can clearly be seen 
that considerable oxidation of aluminum occurred. The samples were pitted, exhibiting 
"equivalent" uniform corrosion rates of about 2 mrn/y. Aluminum dissolved in the 
solution, hydrogen gas (presumably) was evolved, and the pH buffer was overwhelmed. 
The boron concentration in the solution was observed to increase, except in the case of 
Boralyn. The aluminum observations are consistent with the known behavior of 
aluminum in acid solutions, as discussed in a previous unpublished paper.21 For samples 
#2,8, and 9, it is understandable why the boron concentration in solution rose, since the 
boron is primarily in the form of borides in these samples,22,23 and most borides are 
soluble in acid solutions.(z4) As can be seen from sample #14, however, bulk boron 
carbide did not dissolve significantly in 96 hours under these experimental conditions. 
The increase in dissolved boron in the case of Boral(#3), which contains boron primarily 
as the carbide, must therefore be due to soluble Bz03, which is included at small 
concentrations by the manufacturer(25) in order to assist in passivating the aluminum when 
the material is used in spent fuel pools. In Boralyn (#7), the B4C particles are reported by 
the manufacturer to be coated with a proprietary material.06) 

The A-B sample (#23) performed somewhat better than the aluminum metal-based 
materials in terms of weight loss, presumably because the aluminum is already oxidized in 
this material, but the boron loss to the solution was high. 

a 



The copper-based sarnples ( # I d ,  25,4, and I 0) exhib~ted corrosion rates comparable to 
those of the aluminum-based samples, but did not overcome the pH buffer. The R4C- 
containing copper-based samples (#4 and 10) did not release significant aniounts of boron 
to the solution, again consistent with the bulk BqC behavior. GlidCop A-15 (a25 and 10) 
showed somewhat better corrosion resistance than did the pure copper (t(24 and 4). The 
observations with the copper-based samples are consistent with the known behavior of 
copper in oxidizing acid  solution^.'^^' 

The stainless-steel-based samples (#20,26,22, and 19) performed well except for the 
weld on sample CI 19, which exhibited knife-line attack along its edge as well as attack on 
the body of the weld (See Fig. 3). The structure of the weld zone on sample # 19 was 
found by SEM-EDS to consist of dendritic austenite surrounded by a eutectic structure 
composed of austenite and boride phases, as described by Robino and ~ieslak."" The 
corrosion attack appeared to have occurred preferentially on the austenite phase. This is 
consistent with the low boron concentration observed in the solution and the known 
resistance of chromium boride to attack by  acid^.'^" 

The chemistry of the solution for sample ill9 is complex probably the in~tial yellow- 
green color of the solution was due to ferrous iron. 11 can be expected that this would 
have formed initially during corrosion of the austenite. Oxalic acid is known 10 stablllze 
iron in the ferrous state, and oxidations by hydrogen peroxide are generally slotv In ac~d 
so~ution."~' However, ferrous iron eventually will react with hydrogen peroxide to 
produce (brown) ferric iron, hydroxide ion, and hydroxyl free radical via the Fenton 
reaction. The hydroxyl free radical in turn will rapidly decompose formic and oxalic 
acids. Furthermore, ferric iron is a catalyst for the decomposition of hydrogen peroxide 
into water and oxygen. Hydrogen ions are reduced to hydrogen gas during the corrosion 
of iron, and the result is an increase in pH. At higher pH ferric iron is less soluble, 
accounting for the precipitation of hemat~te (ferric oxide). 

The zirconium-hafnium alloy (#I) also performed well, as would be expected considering 
the low solubility of both metals at the pH used, even allowing for the complexing efikct 
of oxalate on zirconium."" Considering that this sample was tested in the batch of 
solution without the formic acid addition, its solution maintained its pH even better than 
the control in this batch ( # 5 ) .  

The remaining ceramic samples (# 14, 18, 16, 17, and 13) had little impact on their 
solutions and showed little or no weight loss, with the exception of # 13, zirconolite. Its 
small weight loss was probably due to dissolution of residual starting material that 
remained unreacted during hot pressing. The elevated oxalate concentration value is 
within the measurement uncertainty, which was high for this particular sample, and is not 
considered signiiicant. 

Boron carbide is known to be dimcult to dissolve. According to Samsonov et a~ . , (~"  
boron carbide is stable with respect to acids. Mineral acids, taken inQividually, practically 



do not decompose it under normal conditions. For example, nitric acid oxidizes boron 
carbide only at relatively high temperatures and under the condition of a continuous return 
to the reaction mixture of the oxides of nitrogen that are volatilized upon heating." 
Gtnelin reports that B4C is stable in the cold against the acids HC1, H2SO4, HN03, HF, and 
HClO4 and their mixtures, and fairly stable when hot. Only in 1: 1 diluted acids does B4C 
show a very slight solubility.(") Boron carbide has been known to dissolve under neutron 
and gamma irradiation in reactor cooling water at about 350°C when it has been exposed 
as a result of failure of control rod cladding.''') This is consistent with the facts that boron 
carbide is highly thermodynamically unstable with respect to reaction with oxygen to 
form boron oxide and carbon dioxide, neutrons produce (n, alpha) reactions which cause 
atomic displacements in boron carbide, radiolysis of water produces oxidizing conditions, 
and boron oxide is soluble in water. At 25"C, the free energy of the oxidation reaction is - 
2,715 k~lmole."~' 

The hafnium oxide sample was the only one for which no weight change was detected. 
Only 0.09 ppm of Hf was found in the solution. This is consistent with its very low 
solubility'32). The monazite and zircon samples showed barely detectable weight changes. 
The silicon observed in the solution used with the zircon sample (# 17) may have come 
from the Pyrex vessel or from unreacted Si02 in the sample. 

No special efforts were made to produce high quality ceramics for this scoping study. Of 
the ceramics fabricated by us (hafnium oxide, gadolinium monazite, zircon, and 
zirconolite) the first two were most readily formed by hot pressing. Zircon would better 
be made by pre-reacting before hot pressing. Making highquality single-phase zirconolite 
requires intimate mixing of starting materials on a very fine scale. The excellent 
performance of these materials in spite of incompletely reacted samples demonstrates 
their high chemical durability. 

3.6 Summary and Conclusions on the Survey of Candidate "Basket Materials" 

The desirable properties for waste package and MPC basket materials are reasonable 
strength, high thermal conductivity, high neutron absorption, easy fabricability, good 
corrosion performance, and low cost. Of these properties, corrosion performance is 
uniquely important for long-term criticality control in a geologic repository. 

Radiolysis of air and vadose water in a failed waste package over long times could 
produce significant quantities of several acids and hydrogen peroxide. Short-term scoping 
corrosion tests of a variety of candidate materials in a solution containing these substances 
at 90°C showed that both aluminum- and copper-based materials are vulnerable to 
significant corrosion under these conditions, as expected. Boron-containing stainless steel 
materials performed well in the absence of welds. The single welded sample tested 
underwent significant corrosion. Other welded boron-containing stainless steels or the 
same material welded by a different process or heat treated differently may not show 
vulnerability to corrosion. Further testing will be required if designs call for welding 



these materials.Zirconium-hafnium alloy perforrncd \s,cll in rhc corrosion rilsdium used, as 
was expected. 

Ceramics, including boron carbide, hafni urn oxide, gadolinium monazite, zircon 
(containing hafnium), and zirconolite (containing hafnium) all performed we1 I, even 
though the samples of the lat~er two materials were not fully reacted during their 
fabrication. 

The most reliable protection against loss of neutron absorber from waste packages over 
the long term in a geologic repository is low solubility of the absorber element used, 
under the conditions ex cted. Using this criterion, hafnium is superior to both 3Y gadolinium and boron: If boron is to be used, it would be preferable for it to be either in  
the form of boron carbide or in the fonn of high-chromium metal borides that are 
surrounded by a corrosion resistant metal. Boron carbide is highly thennodynamically 
unstable with respect to reaction with oxygen to produce boron oxide and carbon dioxide, 
boron oxide is soluble in water, and dissolution of boron carbide has been found to occur 
in neutron- and gamma-irradiated reactor cooling water at temperatures near 350°C. The 
rate of dissolution under repository conditions is expected to be low, but cannot be 
quantified at present. Non-chromium metal borides are generally soluble in acid solution, 
but higher chromium borides have been Sound to be resistant to attack. 

Future efforts will be directed toward developing bet~er understanding of the long-term 
corrosion behavior of boron carbide and boronconhining stainless steels under the 
expected range of conditions, since these materials represent a compromising balance 
between low-cost but less corrosion resistant materials (such as the Al-base materials) and 
the highly corrosion resistant but expensive materials (such as Hf). I t  appears that a 
significant electrochemical potential difference exists between the boride phase and the 
austenite matrix, and testing is proposed to characterize these differences. Some of the 
same techniques used for studying localized corrosion and galvanic corrosion, discussed 
in Section 2.0 for the Metallic Bamers work, will be used. 

Since the time of thls survey, it has been pointed out by one of the manufacturers that 
anodized Boral would be expected to show significantly higher wrrosion resistance. 
Anodized material was not available at the time the survey test was performed. Although 
anodization improves the wrrosion resistance of aluminum in oxidizing environments, 
like nitric acid, anodization would not appear to offer much increase in the corrosion 
resistance to chelating agents, like oxalic acid. However, it is intended to re-test the 
material in the anodized condition to make the evaluation more thorough. A full report is 
in preparation on the survey. This report will give additional details. 
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4.0 Backfill, Packing and Invert Materials 

(I hrs sect rot] cot ullrns excerj71c.d rnj>rr/ pro v d e d  by A nncntarie Meike and William 
( ; / ( J . S S / C ~ ~ )  

Backfill materials may be used to engineer a number of effects including controlled 
radionuclide release and enhanced containment lifetime. In this context, backfill and 
packing are used interchangably. Controlled radionuclides release may be achieved by a 
number of different processes. These include the provision for: 

( I )  solid surface area for radionuclide sorption and retardation (example: zeolites as an 
ion exchanger plus ion sorber), 
(2 )  chemical condit~ons that retard dissolution and thus the release of certain 
radionuclide species (example: for neptunium, a conditioned backfill that creates 
chemically reducing conditions), 
(3) chemical species that react with certain radionuclides (example: Ca 'yo3) to form 
precipitates, a barrier to water flow, or radionuclide transport by advective flow, and 
(4) low saturation and connectivity conditions that control diffusive transport 

All of these provisions need to be considered over a range of temperatures since, at 
elevated temperatures, some may be more effective; others, less effective. 

It is important to note that backfill may have beneficial and non-beneficial effects on 
performance of the EBS. For example, the presence of backfill raises the waste package 
container surface temperatures. The beneficial effects would be to prolong the dry-out 
period and the period of no microbial activity, and the duration of the low temperature 
oxidation degradation mode on the metal container (See Section 2.3). As a consequence, 
degradation can be minimized provided the container temperature does not become too 
high and cause excessive oxidation. 

In FY-96, the YMP is conducting a number of studies to detemine whether a backfill 
should be incorporated into a repository design strategy that could be applied to Yucca 
Mountain. In this assessment, it is important to show that the backfill repository design 
significantly outperforms a design in which no backfill is used. The Systems Engineering 
WBS is in the process of assembling a report on use of backfill materials in the 
repository. Much of the material presented below on using a chemically conditioned 
backfill will also appear in that report. 

4.1 Chemical Modeling of Backfill Additives 

Thermodynamic databases are available for chemical modeling of a conditioned 
backfill.. It is possible that the appropriate choices of conditioned backfill may promote 
container lifetime by buffering pH to the alkaline range. However, some aspects of the 
presence of a backfill may not be beneficial. For example, backfill mqy produce 



conditions such as micro-environments in which crevicing or pitting o f  the metal surface 
is favored. The backfill may also form a substrate for the migration and re-entry of 
microbes once environmental conditions favor their propagation. Furthermore, the 
backfill may provide a medium for capillary or wicking effects, drawing water to the 
container surface and enhancing corrosion. 

The purpose of applying sophisticated modeling capabilities to backfill material design is 
to determine whether the designed engineering functions are satisfied. For instance, i t  is 
critical to demonstrate that the timing of chemical conditioning effects coincides with the 
need for that effect. Chemical effects that control radionuclide release must be in effect 
after the containers are breached. The models are also used to define bounding 
conditions and degrees of undertainty. Modeling can assist in the identification of issues 
critical to the effectiveness of the material to perform the desired function. 

The chemical modeling effort centered on a backfill comprised of magnetite, lime, and 
quartz sand in a molar ratio of 80: 15:5. The purpose of the magnetite is to reduce the Eh 
of the environment, while that of the lime is to buffer the pH to the alkaline region. 
Quartz sand is considered an ideal backfill medium, because compared to crushed 
Topopah Spring tuff, it has no internal porosity and would therefore not likely act as a 
wick to attract water. 

The EQ316 geochemical code was used to estimate the pH, Eh, mineral assemblage, and 
water chemistry as a function of time. This code is based on the thermodynamic 
properties of the various reacting species. The OS3DlGIMRT reactive transport code 
was used to simulate chemical changes in an aqueous fluid as it moves through a porous 
medium. This code therefore provides a model of the time dependent evolution as a 
function of flow rate, thermal gradient, and water chemistry. Three aqueous chemistries 
were used in the simulation: one fluid was 5-13 well water, which is believed 
representative of the groundwaters associated with the repository horizon; the second 
fluid was one approximating the chemical characteristics of groundwater that equilibrates 
with concrete used in repository construction; and third, a brine equilibrated with 
concrete, the salts in the brine being the result of repeated evaporations of groundwater 
due to heat generated in the repository. 

Physically, the exposure of the waste packages to oxygen, carbon dioxide, and other 
atmospheric gases is limited by two possibilites. Either the drifts are ventilated 
mechanically or naturally through rock fractures or the drifts are "closed" and 
unventilated. This distinction is important, because in the ventilated system the gas 
composition and fugacities remain constant and in the unventilated system they change 
with time due to reaction with the backfill. In the transport models, two cases were used. 
In one case, the precipitated minerals remained in the system and continued to react with 
the aqueous phase. In the other case, they were allowed to leave the repository system. 



4.2 Conclusions front the Simulations Studies on (:hem icnl Additions to Backfill 

Several con~binations of conditions \Yere run using the two codes. The simulations 
demonstrated that a backfill composed of quartz sand, magnetite, and lime will not 
control oxygen fugacity of pH unless the drifts are colnpletely sealed. Even then, the 
chemical conditioning effects would be minor, and would probably not achieve the 
engineering goals. Substituting elemental iron (as a powder) for magnetite gave 
essentially the same results. All of the chemical evolution takes place and the 
conditioners are expended within a matter of decades, which is insignificant with respect 
to the repository time frame. Given the other potentially negative effects of backfill, it is 
concluded that these additives to backfill may not add any beneficial effects, but may add 
complexity to the EBS and, consequently, increase uncertainty. Other chemical 
additives, particularly certain other metal oxides and sulfides, have been considered, and 
from a thermodynarnic sense, they may be functional over long time periods. However, 
they are much more costly than iron or lime, and in the case of the metal sulfides, would 
provide a medium for microbiological activity. 

4.3 Future M'ork 

The rather strong negative demonstration that chemical addl t~ves to backfill will not be 
effective when they are needed curtails further work in this area. Attention is expected to 
be turned, in FY-97, toward the invert material and what ~ t s  fortnulation should be. Use 
of concrete and cemcntitious material as part of the invert (and also as part of the drift 
support structure) will likely condition the near-field environment around the waste 
package in the short term, but the long-term effects are what matters. Work is proposed 
(in conjunction with WBS 1.2.3) on determining the thermal and chemical stability of 
concrete materials using both experimental and modeling approaches. 



5.0 Non-Metallic Materials 

(inpztf lo [his seclion of lhe reporl is bused on infirmulion originollj~ generuled by Kei/h 
Wipnge';) 

At various times, the YMP has considered an alternative waste package design where one 
of the barriers is a ceramic or other non-metallic material. Ceramic materials offer an 
important advantage in their chemical similarity to minerals in the host rock so that 
arguments on their long-term stability are based on thermodynamics rather than kinetics, 
as is the case for all of the candidate metallic materials. A report was prepared in 1995 
[ I ]  that summarized the benefits and limitations of non-metallic barriers and the state of 
the technology in manufacturing these barriers to the dimensions of a waste package. 
Since that time, the YMP sponsorship of the work has been discontinued, but at the time 
of this writing (late August 1996), there are plans to revive the effort. 

Some excerpts have been taken from the Wilfinger report in order to present the status of 
a non-metallic barrier. Most of the evaluation has centered around ceramic materials. 
The evaluation considered using ceramic materials as a coating applied to a metal barrier 
and using ceramic materials (and other non-metals such as graphite) as a self-supporting 
liner as part of a multiple barrier waste package. In both instances, the intent was to 
combine the best feature of chemical inertness of the ceramic with the fracture toughness 
of the metal. 

5.1 Concerns with Ceramic Materials 

All ceramic engineering materials are brittle compared with the candidate metals. 
Ceramics do not undergo measurable plastic deformation under load at the expected 
repository temperatures. Ceramics can be deformed only fractionally before exceeding 
their elastic limit, leading to typically catastrophic fracture. Fracture strength and impact 
resistance are therefore of greater importance for ceramic packages than for metals, 
hence the emphasis on using both classes of materials in a waste package design. In 
order to provide resistance to slow crack propagation during long periods under static 
loading, a high fracture toughness is necessary. In a combined metal-ceramic package, 
the metal will provide support to the ceramic. However, the strength of ceramics should 
not be discounted, because of improved material properties and high toughness 
microstructures developed in recent years. Also, ceramic materials can be pre-loaded for 
fracture resistance. Thermal treatment and differences in thermal expansion between 
components can be used to put a ceramic liner in compression, thereby making it very 
resistant to fracture, which is inherently a tensile process. It would then be possible for 
corrosion processes to open gaps in the metal without exposing the waste form. 

Another concern is porosity. Some ceramics are quite porous, depending on the specific 
forming route and temperature. Ideally, the fabricated material should have no 
connected porosity and be crack free. This is necessary to prevent inward penetration of 



water (or ivater vapor) and outivard migration of gaseous or aqueous radionuclides. 
Generally, if a material is 94% of theoretical density or greater, the porosity is isolated 
rather than continuous. But even isolated porosity should be avoided, because of its 
small adverse effect on heat transfer and its much larger adverse effect on mechanical 
properties. 

Joints or seals (such as those on a liner) must provide similar protection as the rest of the 
ceramic. The number of such joints and closures should be minimized, since each 
presents a potential weak spot in the barrier system. The report went on to discuss 
various ways ofjoining ceramics (such as using compatible metal brazes). However, 
joining is one of the main limitations in making a stand-alone ceramic barrier. The 
problem is eliminated if a ceramic coated product is used. 

Although many ceramic materials are expected to be chemically inert in the repository 
environments, preference is given to a ceramic with a simple formulation, natural 
analogs, and only a single continuous phase. The ceramic also needs adequate thermal 
conductivity to maintain design limiting temperatures (e.g. 500°C centerline glass 
temperature and 350" C spent fuel temperature) inside the container. 

From engineering considcrations, ceramics must be fabricable in the desired form using 
conventional techniques or by a reasonable adaptation of existing technology. 
Production of fully dense monolithic ceramics in the required sizes is presently 
uncommon. Quality control on a production basis is another concern. Cost must also be 
given its due. Given sufficient time and investment, any single object can probably be 
produced, but the process must be economically and technically reasonable for 
manufacturing large numbers of parts. 

5.2 Candidate Materials 

The report considered a number of materials: alumina, zirconia, silicon carbide, silicate 
materials, spinel (magnesium aluminate), glass-ceramics (also a group of silicates), 
graphite, and titania. 

Alumina, especially in the alpha phase, is attractive as a candidate material since i t  
"matches" many of the minerals found in welded tuff. Alumina is well characterized and 
can be formed into relatively large, dense, and impervious objects. Pieces of alumina can 
be joined by brazing, using a bonding glass, or by diffusion bonding. When quenched 
rapidly, as in thermal spraying, alumina retains a metastable gamma structure that can 
subsequently be annealed to form the alpha phase. Alumina is chemically stable in 
moderately acidic conditions. 

Partially stablized zirconia (PSZ) consists of relatively large grains of stabilized cubic 
zirconia containing sub-micron precipitates of metastable tetragonal zirconia. Stabilizing 
additions are yttria, calcia, magnesia or rare earth oxides. The advantage of PSZ is that 
the unstabilized tetragonal precipiates can be induced to transform nqartensitically to the 



less compact, stable monoclinic structure when stressed, thereby creating a counter-stress 
that opposes crack propagation. Zirconia is also chemically resistant to acidic 
environments. Micron scale zirconia can be incorporated in an alumina structure to act 
in much the same way as the precipitates in PSZ. This can allow some of the improved 
properties of a toughened ceramic without paying the full cost penalty of using zirconia 
alone. 

Silicon carbide is light-weight, very strong, tough, refractory ceramic that is chemically 
resistant to both caustic and acidic environments. It is protected by an Si02 "skin" when 
exposed to oxidizing environments. Unfortunately, sintered silicon carbide is rather 
difficult to densify. 

Silicate materials also have a natural analog in the welded tuff mineral assemblage. 
Many silicate materials are manufactured and contain other oxides, as in mullite 
(alumina and silica), forsterite (magnesia and silica), and cordierite (magnesia, alumina 
and silica). Most silicates tend to have a significant vitreous (glassy) component and a 
low thermal conductivity. Additions of alumina, magnesia, and boria make for a more 
refractory and chemically resistant glass. The presence of a glassy phase offers 
considerable advantages in ease of forming dense, impervious ceramics. However, a 
glassy phase can also reduce mechanical strength and toughness, more or less in 
proportion to the amount of glass. "Glass-ceramics" are a sub-class of the group of 
silicates, but exhibiting some unique properties. Early in their processing, glass-ceramic 
materials are completely glassy, and as such may be worked using conventional glass 
handling techniques. The finished shape is then crystallized by proper heat treatment, 
resulting in a fine-grained, plycrystalline ceramic with virtually no porosity and little of 
no residual glass. After crystallization, many glass-ceramics are at least twice as strong 
as glasses of the same composition. However, with present technology, it would be 
difficult to fabricate a thin-walled glass container in the required size for a waste package 
liner and then support it while it undergoes heat treatment. 

Titania is a light, moderately strong, chemically inert and moderately refractory 
polycrystalline ceramic. However, it is more expensive than alumina and has a slightly 
higher thermal expansion. Some aluminum titanate compositions have been developed 
and these have a low overall thermal expansion. 

Commercial graphite consists of crystalline graphite in an amorphous carbon matrix. 
Current technology allows it to be molded and extruded in large sizes. On the negative 
side, commerical graphite is both typically porous (generally around 80% dense) and 
structurally weak. Graphite can be rendered gas tight and impermeable, but this requires 
a large scale chemical vapor deposition process to fill the pores with silicon carbide. 

Spinels are structurally similar, mixed oxide ceramics. One spinel in particular, 
magnesium aluminate (MgA1204), may be useful in the context of a waste package. In 
most respects, the properties of this spinel resemble those of aluminum oxide. It differs 
form alumina in oone very important way, however; it is not subject tjo the y + a 



transition after thermal spray. This makes the spinel less subject co crackrrlg during high 
temperature annealing than an alumina coating. 

5.3 Candidate Processes 

The state of technology in the ceramic proceesing industry was reviewed in the report, 
and the report lists several industrial concerns that make ceramic products. The report 
discussed several ways of making and joining ceramic pieces to produce a rnonolith 
which could function as a liner for one of the barriers. The report also discussed ways of 
applying a ceramic material as a coating on one of the metal barriers. Two approaches 
were recommended for further study: 

I .  A self-supported, impervious ceramic liner could be put between metallic shells. The 
liner would be cold isostatically pressed, green machined blocks that would then be 
sintered and diffusion bonded. Closure would be accomplished mechanically, in 
conjunction with a thermal sprayed outer coating to develop an acceptable seal. 
Metallizaiions and brazes could be used instead, but credit for performance \vould then 
be limited to the properties of the closure material. 

2. A thermal spray coating could be applied to a metal container, producing a relatively 
thin, dense layer that should prevent it from corroding under repository conditions. 
Magnesium aluminate spinel ofTers most of the benefits of alumina in this application, 
but is not subject to thermal transformation. This type of construction probably poses the 
least overall risk of failure. Modern thermal spray techniques could also allow the 
fabrication of free standing or coated ceramic waste container using a single basic 
process and may allow a seamless method to accomplish final closure. 

5.4 Prospect and Plans for Themally Sprayed Ceramics 

The thermal spray technique to apply a ceramic coating onto a steel (or other metal) 
container appears the most feasible approach, since it largely overcomes the limitations 
imposed by joining pieces of ceramic. The thermal spray could be performed remotely 
on a filled waste container. 

Thermal spray coating are formed by spraying a metal container with ceramic powder 
melted in an electric arc (plasma spray) of flame (flame spray, HVOF, D-Gun 
techcniques). The molten droplets spread and cool rapidly when they impact the 
substrate, creating a continuous, solid layer. Thermal spray techniques allow the 
formation of polyctystalline coatings that are more refractory than enamels, since the 
substrate does not have to be heated to the melting point of the ceramic. The application 
can be made thicker by making mulitple passes over the same area, allowing i t  to be used 
either inside or outside the metal structure. In general, thermal-sprayed ceramic coatings 
have been typically porous, acheving a maximum of about 90% of theoretical density. 
These coatings would be subject to penetration by moisture. Recently, with the advent of 
high velocity oxyfuel (HVOF) and detonation (D-gun) type sprayers,,manufacturers have 



clal~ned dens1 ties in the range of 98- 100% of theoretical density. Lower melting 
l'ortnulat~ons tend to have the lowest porosity, but at the expense of a reduction in 
material properties. Although zirconia can be thermally sprayed, it typically does not 
approach full density because it is so refractory. The density of all thermally sprayed 
coatings can be improved by careful control of feedstock and spraying conditions, but 
complete melting of the sprayed particulates is a requirement fo the densest coatings. 

A potential problem is brought about by the rapid quenching of the sprayed droplets, 
sometimes resulting in metastable phases. Alumina, for example, does not generally 
solidify to the a-structure on rapid cooling, but rather forms the transitional y-phase. 
This results in greatly reduced thermal conductivity. Subsequent transition to the a form 
results from reheating above 1000 "C, leaving a more compact structure than the y-phase. 
Post coating heallpressure treatments are sometimes used to densify thermally sprayed 
ceramic coatings, but the substrate properties determine the maximum temperature to 
which the coated object can be heated. These operations would prove challenging to 
perform in a remotely-operated facility. In most applications, coatings are considered 
"thick" when they exceed one millimeter. However, thermal sprayed structures up to 80 
mm thick have been made successfully. Robotic systems can be constructed to apply 
coatings to the interior or the exterior cf large vessels. Sealing of an interior coating 
remains an issue, but an exterior coating on a metal vessel could be made to provide a 
"seamless" closure. Some manufacturers claim to be able to deposit a-alumina rather 
than the usual y. 

Plans for making and evaluating thermally sprayed coatings have been formulated for 
FY-97. These include making laboratory-scale plasma sprayed alumina and magnesium 
aluminate spinel coatings on carbon steel and then measuring the porosity, mechanical 
properties, and bonding to the metal substrate. The coated products would then be 
exposed in a suitable aggressive medium to determine their corrosion resistance. 

Reference for Section 5.0 
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