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EXECUTIVE SUMMARY

The purpose of this report is to continue the assessment of the state of
the DOE waste package development effort for high level waste. The report
updates past reviews on waste forms, container materials, and backfill mate-
rials. The new reviews also emphasize evaluation of the materials with respect
to their demonstrated or potential abilities to satisfy NRC performance objec-
tives. The report also reviews whole waste package testing where such informa-
tion exists. A major objective of this report is to begin describing the
information that DOE must submit so that NRC can complete its licensing actions
and other identified NRC objectives.

Present information indicates that the DOE programs on waste forms will
emphasize borosilicate glass and SYNROC.

The information NRC will need to license a waste package in which the high
level waste form orosilicate glass is given either partial or full credit for
containment or for controlled release rates does not exist at present. After
1000 year containment, radionuclide release from a borosilicate glass waste form
will be determined by how leaching of the long lived actinides is affected by
variables in the waste form and in the environment surrounding the breached
waste package. Almost all the existing information deals with leaching of the
short lived fission products. These will have become essentially innocuous
after 1000 years. In addition to many of the problems associated with the
leaching of alkali and alkaline earth fission products in glass, preliminary ex-
periments on waste glass loaded with actinides indicate new and complex problems
that have not yet been studied to any appreciable extent. For example, acti-
nides exist in glass in various oxidation states which may have different leach
properties.

The report summarizes the information needed by NRC on TiCode-12 if it is
to be used for compliance with 1000 year containment.

Some problems associated with prediction and accelerated testing are noted.
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1. INTRODUCTION

The definition of the waste package used here is that given in the Federal
Register/Vol. 460, No. 130/July 8, 1981:

"'Waste package' mea'ns the airtight, watertight',' sealed container
which includes the waste form and any auxiliary enclosures, in-
cluding shielding, discrete backfill, and overpacks".

The definition of the waste form taken from the same publication is:

"'Waste form' means the radioactive waste materials and any en-
capsulating or stabilizing'materials, exclusive of containers".

For reasons to be elaborated upon in the text, this report will emphasize
existing information and information NRC will require for (a) borosilicate glass
as the candidate waste form,'(b) TiCode-12 as the container or overpack choice,
and (c) synthetic zeolites as the discrete backfill material. The existing work
on total waste packages will be summarized and deficiencies and generic
recommendations for additional work are noted.

The report discusses problems of accelerated testing for the specific pur-
pose of developing predictive capabilities for long tern performance related to
(a) waste form leaching, (b) container corrosion, and (c) container failure mode
propagation.,

2. WASTE FORMS

2.1 Probable DOE Program

Present information indicates that the DOE research and development pro-
grams on waste forms will emphasize borosilicate glass and one alternative. The
alternative waste form is to be selected from recommendations of the "Alterna-
tive Waste Form Peer Review Panel"l and a Savannah River'Review Group.

The objective of the Peer Review study was to consider the relative merits
and potential of (eight) 8 alternative waste forms being'considered for the
solidification and disposal of high level radioactive wastes. The eight waste
forms were selected from a list of (fifteen) 15 previously evaluated by the Peer
Review'Panel. Data-and reports used for the review were provided to panel
members by the DOE project teams.'

The ranking-of waste forms given by the Peer Review Panel are:

(1) borosilicate glass,'
(2) SYNROC,
(3) porous glass matrix (high silica glass),
(4) tailored ceramics,
(5) pyrolytic carbon (PyC) and'silicon carbide (SiC) 'coated particles,
(6) concrete (FUETAP),
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(7) metal matrices,
(8) plasma spray coatings.

Since disparate values of leach rates for various waste forms were cited in
the Program Review meeting by various waste form developers, the Panel compiled
a summary table of leach rates to use in its deliberations (Table I.) A range
of values is given in Table I because of the wide variability reported for the
leaching of the various waste forms.

The Panel recommended that independent laboratory confirmation of leaching
behavior of waste forms be obtained using standardized and comparable condi-
tions. The Panel also recommended that a nuch broader range of leach variables,
particularly flow rates, be investigated in order that a comparison table, such
as Table I, can be more relevant to repository conditions and more sensitive to
the variability and characteristics of specific waste forms.|

The Panel considered that a principal advantage of a glass waste form is
that it involves basically a one-step processing operation. The glass-waste mix
can be melted and cast directly into a metal canister or melted within the can-
ister. Such a simple process was considered attractive for the radioactive and
remote hot canyon operations required for high level wastes.

The Panel also claimed that positive factors in favor of glass as a waste
form were the experimental evidence that the process is insensitive to possible
variations in waste stream variability and that the product is relatively in-
sensitive to radiation damage.

11

In selecting SYNROC as the best alternative to borosilicate glass the Panel
claimed:

"The concept inherent to this polycrystalline ceramic waste form is the
partitioning of radionuclides into specific crystal phases as a constituent
of the host crystal structure or contained in solid solution within the
host lattice. The phases of primary interest in this system are titanate-
based, including perovskite (CaTiO3), Ba-hollandite (BaAl2Ti2O16),
and zirconolite (CaZrTi2O7). Ideally, when appropriate additions of
CaO, TiO2, BaO, and ZrO2 are mixed initimately with a specific waste
formulation, and densified at elevated temperatures, a phase assemblage
develops such that each radionuclide is incorporated into its most stable
host lattice. The dense ceramic resulting from such a product should have
leaching characteristics limited only by the inherently low solubility of
the crystal phases within the ceramics. The titanate phases are selected
as the host lattices in this waste form because of the relative radiation
insensitivity of natural analogs of these minerals. Therefore it is
anticipated that effects of radiation on leaching or structural integrity
may be minimal during the geological times of storage.

"The Panel feels that this is now the best characterized and understood
of the non-borosilicate glass waste forms. The volume fraction of the

2



Normalized Leach Rates

Tabl e I1

(g/m2 day) of-Waste Forms 90'C,
in MCC-1 Static Leach Test- D.I.H20, 28 Days

U orCs Na Sr Ca Ba Fe Al. Si Pu B Remarks

Borosiliate -- 1.4 (<.04) Variables studied include:Glass, SRL 131, . 1 0.9 to (.07) 1.6 0.007 - 0.55 - 0.8 pH, radaton, long timePNL 76-68 2.6 (3 ears), composition, need
more confirmation data, IOX
between labsSYNROC-D .o.06 .01 . 0.3 0.03 .. 0.02 (.0001) . Varables: stronq depen-

St"ROC-D . . to to to to -- -- to -- to6 -- dence on processinq p02- > ~ 0.4 -1.0 .5-- 0.4 0.2 0.02. which affects densification
(comparisons at hh0.I0 0.08 . Comparison at criticca flowPorous Glass - . to to- rates improves performanceMatrix 3 -- 0.15 0.33 - -- 0.13 -- 0.06 0.005 -- another lOX over boro-

* .. -. s i l i c a t e g l a s s -
means below the cde-Tailored (0.1) 2.3 (<.004) -- -- (<.0004) (<.004) -- 0.008 -- velopers lab's detectionCeramics limit, not confirmed

Coatings are successful
using fluidized bed tech-PyC, Sic (<.001) (<.0006) (<.OOOnl) (<.0002) -- ((.00003) ((.0001) -- ((.00001) -- nique, noindependent or

* .. . . - ..... . statistical confirmation of7 day leach test low results
Very .poor results In brne,Concrete . . 10+10 -- 0.45.4 -- -- .009+.007 3+3 -- -- -- at least 4X worse Pu release(FUETAP) - . rate of 0.2 at 25eC.04 .06 Best data on PNL 76-68Metal to to (<.02) -- -- -- -- .02 -- -- glass in Pb matrix (14

Matrces .02 0.03 ' ' . . - day data)Matice 83Best results by 5n alloy
Thermal Spray (<0.003) (<.0003) (<.002) . . (<.0004) using wire gun, onlyCoatings . to to to -- -- -- -- . to -- porpous Al done with

0.6 0.12 0.03 0.05 plasma gun
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various phases formed in SYNROC has been identified and the partitioning of
the ions in the phases are generally known".

In considering coated sol-gel particles, BNL has in the past noted2 that
this waste form has the potential of easily satisfying the NRC 1000 year
containment criterion when placed in any of several canister and overpack
systems. The Panel 's comments on this waste form are shown below.

"Pyrolytic:C, SiC Coatings of Sol-Gel Particles

"The approach of this.waste form is to produce polycrystalline SYNROC-D
ceramic particles by internal gelation and to subsequently coat the par-
ticles with impervious PyC and SiC coatings. Chemical vapor deposition of
the coatings with fluidized bed coaters result in impressively low leach
rates for the coated particles (Table III).* However, these results have
not yet been confirmed by independent testing.

"There are advantages of the sol-gel technology for preparation of
SYNROC-D powders. The spherical powders are very easily handled by pneu-
matic or liquid-like piping. Low temperature and low pressure sintering
probably results although this is yet to be demonstrated. The process has
been demonstrated to be routinely reliable in HTGR fuel production and is
potentially one of the best for monitoring for quality assurance.

"However, the Panel concludes that the inherent disadvantages of the
process and the final product outweighs the potential advantages. The
waste form is intrinsically one of high surface area and high dispersi-
hility. Since the particle sizes are restricted to about 1-mm or smaller,
there is concern that after the canister is gone the waste will be in a
form much more easily transportable by unforseen water flows than would be
the more monolithic waste forms. In addition, the process as is presently
developed requires not only separate handling of Cs in a second stream
following washing of the sol-gel particles but also the handling of nine
times the volume of liquids than are presently in the waste tanks. The Cs
must be incorporated in a non-SYNROC phase for which no present characteri-
zation or leaching studies have been conducted. Even though coatings of
the Cs-containing phase have been demonstrated, processing will require
handling dual products which is a major disadvantage as well. There are no
data regarding radiation effects on the coatings, or He buildup within the
coated particles., All in all, the combination .of these uncertainties
coupled with the questions still remaining for SYNROC, the process com-
plexities and intrinsic small particle size of this waste form makes it
relatively unattractive in spite of its potential for achieving ultra low
leach rates".

2.2 Summary of Existing Information on Borosilate Glass

BNL in Task 1,2 Task 4,4 and in "Glass-Corrosion'- A Review" by
Tae-Moon Ahn and Emil Veakis (Appendix 1) have reviewed processes for degrada-
tion of glass. Below are summarized some of the findings from these efforts.

*Not reproduced here.

4



From experimental results on the leachinq of binary systems, diffusion con-
trolled dealkalization is predominant in the beginning with.a square root time
dependence while the appearance of network dissolution occurs with a linear time
dependence following the diffusion process. However, the development of~the
time laws for this process is still, too idealized to permit a valid extrapola-
tion to geological times.

Solution and environmental variables have a direct effect on the durability
of glass. As dealkalization proceeds, the nature of the solution will change.
The solution composition effects are difficult to discern since these are inter-
related to pH chanqes and passive film formation and destruction-at the glass
surface. Typical reactions in simple systems involve silica network dissolution
in high alkaline solutions and lower leach rates in neutral and acidic environ-
ments. Multicomponent glass systems also exhibit better durability in acidic
environments. Changes in pH and the effects of erosion resulting from varia-
tions in flow rates may result in unpredictable leach rates. For hydrothermal
conditions, the alteration product resulting from glass-solution interaction is
one of the most important variables determining the leach rate. A thorough
understanding of the role played by the altered zone is needed in order to
adequately identify the mechanisms involved in the leaching process.

Glass composition is one of the most important factors determining the
leach rate. Generally, network formers and divalent modifiers increase dura-
bility while monovalent modifiers have the opposite effect. The effects of
phase separation on leaching is dependent on the microstructure and can either
enhance or retard durability. The ratio of solid surface area to solution
volume is another important parameter effecting leach rates.- However, the dif-
ficulty in the determination of the total surface area makes the exact formula-
tion of this parameter extremely difficult. Other parameters, having secondary
effects on the' leaching process, include partial devitrification, internal
stress, surface roughness, and local, inhomogeneity contribute to changes in the
leach rate. No quantitative data on the contribution of these parameters are
available at the present time.

Radioisotopes may escape from the waste form by solid state diffusion.
Tabulations of gas and ionic diffusivity in glass indicate that such events are
very unlikely under repository conditions.

In glass, local corrosion is not any more severe than general corrosion.
Static fatigue, however, should be recognized as an important mode of disinte-
gration over geological time .- From well-defined fracture mechanics,'it is known
that there is a fatigue limit for borosilicate glass below which no cracking
occurs; however, changes at the microstructural level may modify the fatigue
limit hypothesis. Modifications may arise due to surface stress, solution pH,
humidity, temperature, pressure,-compositional and microstructural
inhomogeneity.

Radiation would probably not affect the leach rate by more than one order
of magnitude as a result of radiolysis. An indirect effect such as micro-
fracturing may be avoided y a proper design of a multibarrier glassy waste
form.
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Typical values for the dissolution rate of waste borosilicate glass range
from-10-7 to 10-4 q/cm2-d, depending on the component. From the data at
hand on the chemical and mechanical aspects of glass durability, and given an
adequate design incorpo'ratinq sacrificial layers, waste form integrity, at least
for the first thousand years, is achievable. It is still premature to attempt
quantifying material released from glass over geological time since major
uncertainties exist in the identification of the various mechanisms involved in
glass leaching.

2.3 NRC Information Needs on Borosilicate Glass

If the DOE intends to take credit for the properties of borosilicate glass
in contributing to the containment or controlled release rate of the waste
package, the BNL staff feels that the NRC will require additional information
on:

* the effects of ions on the selective leaching and passive film forma-
tion, especially the ions in the groundwater such as bicarbonate ions;

e pH effects on nuclear waste glass--to explain why acidic solutions
affect leaching in binary glass differently from leaching in multi-
component systems;

* the flow rate effect in multicomponent systems, especially the relative
changes of solution pH and passive film formation;

* the surface chemistry of the alteration zone during leaching, especially
during hydrothermal reactions;

* the optimization in tailoring the glass composition for best leach re-
sistance along with a formulation of the mechanisms involved, especially
in multicomponent systems incorporating nuclear waste; '

* the optimum microstructure for high leach resistance based on the prin-
*ciple of phase separation;

* valid means of defining and measuring the surface area of powdered and
cracked samples, local pH changes and corrosion cell formation in
powdered samples should be thoroughly understood;

a partial devitrification, surface roughness and local inhomogeneity
effects on leach rates;

* ionic and gas-diffusivity in glass at ambient temperatures; especially
the diffusivity of fission products in nuclear waste glass;

a the wet-dry cycle effect on glass and comparison of the results to
natural and archaeological analogs;
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* a more mechanistic approach in understanding static fatigue--the effects
of surface stress'on crystallization is one example as opposed to rely-
ing on the well defined artificial stress intensity. More quantitative
studies of the effects of pH, humidity, temperature, pressure, and glass
composition are needed; especially in the area of nuclear waste glass
development;

* radiation effects; especially on leaching either by radiolysis or by in-
direct effects;

* more sophisticated and comprehensive modeling of glass corrosion proces-
ses, computerized code generation may he a necessary step in the
assessment of the complex process and in the area of long-term predic-
tion of glass durability.

While fission products dominate the first few 100 years, long lived
actinides-become and remain the hazard after containment fails. The distribu-
tions of these species within the waste form are subject to changes induced by
thermal decay over long periods of time. There is also some indication that
different actinide valence states may be distributed in an inhomogeneous manner
from the surface to the bulk. Although the mobility of the actinides in glass
may be lower than the fission products, they may also tend to redistribute in a
thermal gradient. Each valence state may diffuse differently, and changes of
valence states by radiation may occur as ions migrate. 'Additional valence
changes may be caused by redox reactions of the actinides with components and
impurities in the matrix as the actinides migrate through the bulk. If boro-
silicate glass is to be given full or partial credit for controlled release
after 1000 years containment, the NRC will need an extensive data base on
actinide leaching, almost none of which exists at present.

2.4 NRC Information Needs on SYNROC

If the DOE intends to take credit for the properties of SYNROC in contri-
buting to the containment or controlled release rate criteria, the BNL staff
estimates that as a minimum NRC will require infomation on:

e thermodynamic stability of SYNROC materials with each other and with
the titanate host phase;

* thermodynamic stability of SYNROC in repository waters;

e stability of SYNROC to variations in waste composition and concentra-
tion;

* properties of large samples of SYNROC produced under oxygen potential
variations that may be unavoidable in remote processing;

e explanation of leaching dependence on oxygen potential;

* kinetics of SYNROC dissolution of matrix components, fission products,
and actinides for intended waste loadings;
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* leach dependence on density changes due to irradiation;

* leach rate information under all pertinent repository conditions for
which borosilicate glass has been studied;

* radiation stability. I

3. CONTAINER MATERIALS

The present DOE programs on metallic containers for high level waste are
centered at Sandia National Laboratories and Pacific Northwest Labortory.* Both
laboratories appear to have finished their screening tests. After the initial
screening studies, Sandia selected pure titanium, Ti-Pd and TiCode-12 for addi-
tional study. Although titanium shows excellent corrosion resistance to hot
brines and seawater, it shows severe crevice corrosion above 120'C. Many ti-
tanium alloys show susceptibility to stress corrosion cracking (SCC) in sea
water. The presence of halide ions accelerates the susceptibility. Titanium
alloys show hot salt cracking in chloride salt and gaseous environment cracking
in humid air, halide vapor or HCl gas.

Alloying elements change the susceptibilities significantly: oxygen and H
aluminum increase the susceptibility, while elements for improving SCC resis-
tance are Sn, Mo, V, and Pd. Microstructural variation alters the suscepti-
bility also. The acicular alpha phase with a continuous beta matrix or
martensitic structure improve the resistance.

There are two current opposing views on the mechanism of stress corrosion
cracking in titanium alloys.. A number of workers consider the role of hydrogen
and its embrittlement effect while others support anodic dissolution mechanisms.
The hydrogen responsible for embrittlement can be generated in various ways
including melting, process production, and electrochemical or chemical re-
actions during corrosion processes. Anodic dissolution is considered to arise
from film formation and its subsequent rupture giving rise to an anodic cell. A
monolayer of halide is an example of such film. A generalized reaction model
has not yet been developed to explain all of the basic aspects of stress
corrosion cracking in titanium and its alloys.

Delayed failure by hydrogen absorption has been observed in CP titanium,
alpha titanium alloys, and alpha plus beta alloys such as Ti-6A1-4V at hydrogen
contents from 10-ppm to 360-ppm depending on the alloying elements included.
These levels of hydrogen are usually in excess of the room temperature solu-
bility limit of CP titanium which is about 20-ppm. Increasing the alloying
elements generally increases the solubility limit.

The detailed mechanism for crack nucleation is not known. However, there
are several likely processes such as hydrogen-induced changes in the critical
strain for fracture, fracture at hydride particles or at the interface between

*For a recent review and evaluation see reference 2.
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hydride and matrix, or hydride embrittlement by localized plastic deformation.
There is a general concensus that hydride formation at.crack tips plays a major
role in the delayed failure'of titanium. Crack growth kinetics are strong
functions of hydrogen concentration, strain rate, temperature, chemistry, and
microstructure. Based on these observations and several crack velocity equations
derived in assumed rate limiting steps, it is considered that a crack grows at
the interface of alpha and eta phases and that hydrogen diffusion in the beta
phase is the rate limiting step in the transport of hydrogen to the crack front.

The redistribution of hydrogen due to stress intensification in the
vicinity of notches or other structural irregularities has drawn attention to
fracture toughness parameters as a basis for characterizing the conditions
necessary for the onset of cracking under sustained local conditions. The
selection of TiCode-12 by Sandia is based on their studies and literature.
reviews which show that TiCode-12 is resistant to crevice corrosion below 300C.
It is also resistant to stress corrosion cracking in chloride salts at
temperatures below 300C and no more susceptible to hydrogen pickup than is pure
titanium.

PNL has not selected any metals for further studies after the screening
tests on corrosion properties described in Task 1.1 They have an ongoing-pro-
gram on mechanical properties of Ti and TiCode-12 in support of the Sandia work.

3.1 NRC Information Needs on TiCode-12

It is the opinion of the BNL'staff that the DOE Programs on container
materials will concentrate on TiCode-12 as the corrosion resistant overpack that
will be placed around an internal canister. Mechanical strength for the waste
package would he supplied by the internal canister.

For this choice, the information the NRC will need in evaluating a licens-
ing application in which the DOE takes credit for containment due-to TiCode-12
will include:

s an extended and thorough data base on corrosion in repository environ-
ments;

* predictive models for long term performance of TiCode-12 based on sub-
stantiated corrosion mechanisms;

* data on the presence or absence'of:interactions between the TiCode-12
overpack and the backfill and interior materials;

* evidence on how hydrogen concentration and its redistribution under
applied stress may'effect-delayed-fracture;

* evidence on whether or not hdrogen leads to slow crack growth;

* delayed fracture thresholds-when hydrides may be present inflaws or
cracks;
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* evidence on relationship between internal hydrogen, hydrogen introduced
from external sources, stress intensity, and slow crack growth;

* studies by liner-elastic fracture mechanics to assess the potential for
predicting the resistance of TiCode-12 to delayed fracture and sustained
load cracking;

* systematic studies of all the above applied to welds;

* fabrication and welding studies to determine if any compositional or
microstructural changes from the bulk occur;

* corrosion testing and passivating film testing of welds.

4. BACKFILL

The BNL staff believe that both containment and radionuclide specific con-
trolled release rates of one part in 105 per year or lower can be justified
with reasonable assurance by developing an appropriate data base on synthetic
zeolites used as backfill in high level waste repositories.

Although a considerable amount of data has been generated on backfills, few
of the reported investigations deal directly with the proposed NRC 1000 year
containment and/or 10-5/yr radionuclide controlled release criteria. These
performance objectives have to be addressed if the DOE takes credit for backfill
as an effective barrier to the migration of released radionuclides in a
repository.

The DOE researchers have considered the use of a montmorillonite clay as
the primary component of a backfill barrier. The swelling nature of the clay
would limit groundwater access to the waste container thereby delaying the onset
of corrosion. Reduced water flow near the waste package would also restrict
radionuclide migration to diffusional transport. Some preliminary research has
been initiated with regard to the parameters which control the swelling nature
of these clays. The cation form of the clay and the composition of the ground-
water are important factors. If credit is to be taken for backfills of this
type the NRC will require information on the reversibility of these properties
with wet and dry cycling.

The use of multi-component backfills to achieve the properties necesssary
to effectively carry out the multiple functions of the backfill is currently
envisioned. These accessory components are added in order to aid in the sorp-
tion or fixation of highly mobile radionuclide species such as TcO4-, I-,
103 and SeO42-. The NRC will require information on the effectiveness
of these accessory components in the presence of other intended backfill compo-
nents.

Research concerning the sorptive properties of mixtures of zeolites and
clays has been performed and preliminary results indicate that synergistic
effects can cause a more superior sorption than expected. Again, the NRC will
require a supporting data base for these properties.
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A critical factor in the use of backfills in HLW repositories is that of
thermal stability. Thermodynamic stability calculations have not proved con-
clusive in this area. Research on the thermal stability of clays and zeolites
under hydrothermal conditions has indicated that some clays and zeolites may be
unsuitable for HLW repositories due to their degradation at high temperatures.
Some montmorillonite clays and mordenite zeolites, however, performed well under
such conditions. The NRC will require information on-the thermodynamic stabil-
ilty, changes due to aging, and radiation stability of the backfills selected by
the DOE.

While experimental data are available on properties of candidate ackfills,
more work must be done to characterize these factors to allow for the quantita-
tive evaluation of backfill performance with respect to proposed NRC criteria.

4.1 NRC Information Needs on Backfill

The NRC will require:

* further research onthe swelling nature of montmorillonite clays since
this aspect appears to'be crucial to' hackfill performance. The in-
fluence of clay cation content and groundwater composition deserve
continued attention along'with pH,'Eh, radiation, and temperature
effects. Dehydration, wet-dry cyclinq, anisotropy- and.the presence of
accessory minerals also require expanded data bases if the DOE. intends
to take credit for backfill; 

c more adequate data on near field pH and Eh control; this is particularly
significant with respect to container corrosion;

e data on the thermal and hydrothermal behavior of ackfill components;
this is particularly important for the disposal of commercial HLW, the
effect of various repository 'environments and the presence of accessory
components need to be considered with respect to backfill 'stability and
behavior;

c research on potential synergistic interactions; very little work exists
in this area and on the basis of what research has 'been conducted, such
interactions can have a significant impact on the overall performance of
the backfill.

5. WHOLE PACKAGE TESTING

The limited work on simple simulations 'of whole package testing were re-
viewed in Task 4.3

While the behavior of'individual components of the waste package is'perfi-
nent to performance of the whole package, the ability .to provide reasonable
assurance of long term containment -is' dependent 'on a thorough understanding 6f
the behavior of the total package as an entity. Such information on whole
package behavior is almost non-existent. The NRC must evaluate a DOE data base

' 11



that provides reasonable assurance for predicting long term containment from
short term experiments. DOE may take credit for controlled release from the
waste packaqe. The NRC must therefore assess a data base the DOE must use to
predict waste package behavior in relation to this unique controlled release
rate problem.

5.1 NRC Information Needs on Whole Packaqes

Important technical areas, requiring information the NRC will need on
containment and controlled release rate predictive models for both individual
package components and whole waste packages include: corrosion, leaching,
solubility, oxidation/reduction, gas generation, mechanical stresses, chemical
stability, decay heat effects, statistics, etc. Moreover, for the whole waste
package NRC will require information on:

* interactive effects that occur at the interface of components, i.e., the
compatibility of waste package components;

* geometric effects related to failure modes and subsequent release of
radionuclides from the package as an entity.

In order to provide reasonable assurance of long term containment and
controlled release, if required, it is also necessary that the uncertainty
boundaries and confidence levels associated with the above measurements be
identified by DOE for use in modeling the long term performance of the waste
package.

A potential problem with long term prediction of waste package behavior
results from its kinetic nature. At present, there is no scientific concept or
theory that can predict kinetic behavior in any but the simplest of systems.

The NRC will require information for developing a methodology for predict-
ing long term performance of waste packages. As a minimum this plan should
include identification of:

(1) any inadequancies and major sources of uncertainties in existing DOE
information for selected packages;

(2) areas in which further development of data and modeling is required to
pass performance objectives of the total package;

(3) assumptions on which the measurements and the methodology used for
license applications will be based.

The primary problem is to understand the degradation of the waste package
as an entity. The degradation mechanisms and processes of the waste package may
or may not be deducible from knowledge of the degradation processes and mechan-
ism of the individual components. However, it is necessary to understand the
behavior of individual waste package components in order:
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(1) to identify those reasons for possible deviations of the-waste package
behavior from summation of component -behavior;

(2) and, in those cases where the waste package does behave in a manner
that is predictable from a summation of component behavior, to provide
a -data base for comparing components when selecting various waste
package designs in which components may be interchanged.

5.2 NRC Information Needs for Prediction

The information NRC will need to evaluate the assumptions that the methods
of prediction will be based on includes:

* degradation mechanisms and processes of individual waste package com-
ponents and a comparison of these with degradation mechanisms and
processes that occur in a waste package;

* an evaluation of the applicability and limitations of existing pre-
dictive methods and accelerated test procedures;

* an evaluation of the applicability and limitations of new predictive
methods developed by DOE;

* an evaluation of the uncertainties and confidence limits of the data
and for the models utilizing -the data-submitted for licensing;

e and an identification of both the scenarios and environmental condi-
tions under which the model(s) are applicable and valid.

Methods of prediction are required by the NRC to assess:

* the length of time after repository closure over which the waste package
can, with reasonable assurance, contain the radionuclides;

* the rate at which radionuclides will be released from the, engineered
system after the period of total containment.

For each assessment, information is needed to address processes which can
adversely affect the ability of the package to meet the performance objectives
as established in 10CFR6O.

Parameters pertinent to the waste package components and package durability
should be identified. Relationships -between these parameters and waste package
material degradation should be established. As a minimum the following para-
meters should be addressed: - -

Environmental: -- -

a) pressure;
b) temperature;
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c) radiation;
d) solution chemistry (e.g., pH, Eh, flow rate, chemical composition, and

changes in composition;
e) effects of wet and dry cycling;
.f) host rock characteristics and changes as they affect

the waste package.

The most important models for degradation of the waste package may in fact
come from a complex coupling of two or more of the'above variables. For
example, the groundwater chemistry will be a sensitive function of pressure,
temperature, radiation, etc. Changes in one or more of these variables will
alter the properties of the groundwater. It is therefore important for the DOE
to develop information in which individual variables are changed under con-
trolled conditions, as well as combinations of these variables. As a minimum
these should include:

Waste package Parameters:

a) waste package components and structure;
h) leachability and corrosion properties of the components;
c) ion exchanqe and sorbtive properties of the components;
d) component compatibility;
e) waste loading;
f) thermal history;
g) effect of fabrication (e.q., welding).

Information on the following degradation processes will be required to the
extent that they are pertinent to the durability of materials and will be
necessary to evaluate a license applications.

a) selective leaching and matrix dissolution by the groundwater;
b) corrosion--general (bulk), stress corrosion, pitting corrosion, crevice

corrosion, etc.;
'c) geochemical interactions;
d) mechanical failure;
e) embrittlement.

6. ACCELERATED TESTING

6.1 Temperature Acceleration

The effects of changinq'temperatures in chemical kinetics are covered by
Arrh'enius' concepts and theories. These concepts are valid only if it is con-
firmed that the same' mechanism occurs over the temperature range studied. If
this is the case, then the ratio of the rates at different temperatures can he
used to obtain the numerical value of a constant called the activation energy.
This numerical value can then be used to speculate on what processes are in-
volved in delaying the reactants from forming the thermodynamically more stable
products instantaneously.
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If several rate measurements are nade at several temperatures and if they
are precise enough to demon6strate' a si'n'gle numerical 'Value for the activation
energy, this type of result can be used to claim that the data are consistent
with the assumption that the mechanism did not change over the temperature range
studied.

Rigorously, however, these measurements do not prove the existence of a
single mechanism. Thermal barriers (activation energies) for different mechan-
isms can have similar values." An additional necessary'test-to verify'a constant
mechanism is to demonstrate that the individual rate constants at all tempera-'
tures are identicial in' functional form with respect'to'all the'variables
involved in the corrosion process!.- This requirement implies that'temperature
acceleration is subject to all the problems and uncertainties of isothermal
prediction techniques in addition to many complications that can be introduced
by the temperature variation itself. It should be clear that a temperature
change that causes a phase 'changein any:reactant (i.e., water going to steam)
has the potential to drastically'alter the'mechanism.

6.2 Isothermal Acceleration and Prediction

6.2.1 Corrosion

Corrosion is a kinetic, non-equilibrium process. The rates and mechanisms
of corrosion are dependent upon, among other parameters, the reactants'and pro-
ducts of the various corrosion processes.-.,'

In order to predict the corrosion rate for times appreciably longer than
those studied, the mechanisms of corrosion'must be accurately known and it must
be assumed that they remain' the same over the time required.> One of the major
obstacles in determing corrosion mechanisms results from observations that rates
of corrosion can he seriously altered by the corrosion products and how they are
distributed or removed from the corroding interfaces. (Corrosion products can
cause either catalysis or inhibition.)

'In general, there are more requirements for heterogeneous systems than for
homogeneous systems on the use of isothermal rates to predict for times much'
longer than the time over which the rates were measured. Homogeneous kinetic
systems tend toward equilibrium states that are usually well defined. If the
isothermal rate expression is rigorously correct and truly represents the
mechanisms of the reaction, it''will'include all the chemical,physical, and
geometric factors' that are known'to alter the rate.' For homogeneous systems
this can be tested by using the known equilibrium values` and showing that the
rate goes to zero.

This test is generally not 'feasible for complicated heterogeneous reactions
such as solids'corrodinq in liquids. Here too, it is mandatory in determining
the mechanism to show that the is6the'rmal rate'expression includes the correct
functional dependence of the corrosion' rate on all the, chemical and physical
variables known to affect the rate of corrosion. For heterogeneous reactions,
however, it is also necessary to prove that'neither the metal nor the metal-
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solution interface undergoes any structural , physical, or chemical change that
can alter the corrosion rate over the total time for which the prediction is
intended.

For metals such changes might include:

* isothermal bulk annealing;
* formation and subsequent breakaway of a surface film;
* stresses developed or removed by formation or cracking of a corrosion

product or film;
* diffusion of corrosion products into or out of the metal surface;
* initial selective attack at a site that eventually is depleted;
c grain size changes;
* grain boundary precipitation, etc.

Any or all of these might lead to a change in the corrosion rate with time. In
general, the overall corrosion rate of most metals represents contributions from
several different mechanisms with different temperature dependencies. These can
interact with each other sequentially. For example, consider a corrosion
process where an oxide layer is formed by one component in an alloy, eventually
builds up, spalls, and continues to form depleting the zone beneath the sur-
face. Over periods of time that are long compared to the time necessary to form
the film, the component will diffuse from the-bulk to the surface depleted zone.
If this component is in equilibrium with its own carbide for example, depletion
of the bulk concentration by formation of a surface oxide will eventually cause
the carbide to decompose increasing the carbon activity of the alloy. This, in
turn, could lead to formation of a new carbide. with a different component of the
alloy so that short term corrosion rates will not represent the corrosion rates
that. would occur over longer times. Even in, the case of uniform corrosion,
Uhlig has noted4 "it is often not safe to extrapolate a reported rate to times
of exposure far exceeding the test period".

Altering concentrations of reactants and products to test if a single rate
expression accounts for the observed corrosion behavior may be more significant
for uniform corrosion than for pitting corrosion. Nevertheless, it is, even for
uniform corrosion, a necessary but not sufficient condition for justifying time
predictions.

In the cases of pitting corrosion, the basic properties of the pitting
phenomena indicate that several mechanisms operate simultaneously. For a single
mechanism, pits should occur uniformly on the metal surface, proceed with the
same depth dependence on time, and develop the same shapes. In real systems,
pitting generally occurs at structural irregularities or chemical inhomo-
geneities that vary from sample to sample. Measurements within the pits, of
solution compositions and corrosion product concentrations, show that each pit
can be a different chemical system with different mechanisms operating at
different times. This is also supported by the wide variability in induction
periods, the variability in rates of penetration, and the variabilities in shape
development and pit morphology.
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For corrosion data in such systems to be meaningful, some type of statis-
tical description of the pitting behavior'has to be give n. The quality of the
statistical description with respect to its ability to predict long term corro-
sion behavior will be dependent on the quantity and precision of the experimen-
tal data. We note as an illustration of some of the problems associated with
describing specific pitting corrosion, a discussion from a recent report on a
Westinghouse conceptual design for a waste package (AESD-TME-3087 Draft, March
1981):

"Pitting can have its inception in a microscopic surface chemical in-
homogeneity, in a physical irregularity, or even in a statistical
fluctuation in local corrosion rate. If incipient conditions stabilize
sufficiently, pit formation occurs; rapid dissolution occurs within the pit
while the cathodic reaction occurs outside it, on adjacent surfaces. the
process is autocatalytic, tending to produce an excess of positive charge
within the pit, which attracts negatively charged chloride ions (the less
mobile OH- ions remain outside the pit and participate in the cathodic
reaction); these further'stimulate metal dissolution and create more
positive charge. The hydrolysis of excess FeC12 accumulating within the
pit produces excess hydrogen ions-, and the pH decreases (pH values as low
as two have been measured in pits occurring in'basic bulk solution
environments); this further stimulates dissolution. At the pit/solu-
tion interface, insoluble corrosion products tend to' form due to a reaction
between the OH- ions outside the pit and the ferrous ions within it.

"Pit growth can be impeded by the resistance thus interposed to the migra-
tion of ions, or it can he impeded by-the pit's own depth and low aspect
ratio, which also reduces the rate of ionic migration. Thus, a pit can
stop growing if choked with its own'debris. However, ina solution which
is sufficiently aggressive, so many pits may form that they tend to
coalesce. When this occurs, the effectis that of general corrosion,
advancing, however, at the higher rate associated with pit formation.

"The solution within a pit tends to be concentrated, and therefore more
dense than the bulk solution. Accordingly, gravity has an effect,'so that
lateral and especially inverted pits tend to cease growth quickly, as the
denser solution drains out. On the-other hand, lateral pits can turn
downward from gravitational influence and can form long channels underneath
and parallel'to a vertical surface. Further general corrosion will then
expose such undercut grooves, and the groove surfaces can he sites for
further pits. Top surfaces, of course, represent the worst pitting sites,
because the gravity effect tends to stabilize pit growth and pit progress
is exactly in the direction'for'maximum depth of penetration".

Stressing that the most-valid justification for predicting long term
corrosion rates is'the existence of an explicit, highly precise isothermal
reaction rate which includes'the correct functional description of the'corrosion
rate on all. possible parameters involved in corrosion, we'believe that there is
as yet no such evidence for any metal beingconsidered for use in a high level
waste package.

17



We believe the NRC will require an isothermal rate expression for the
corrosion of TiCode-12 in appropriate respository environments.

6.2.2 Failure Modes

If the failure mode is determined by a single activated process, acceler-
ated temperature testing may be valid. In this case the NRC will require
information justifying the failure mode and demonstrating the temperature range
over which the process shows a single mechanism.

6.2.3 Problems with Mechanisms of Waste Form Leaching

In support of our concern that the observation of a singly activated pro-
cess is a necessary but not sufficent condition for justifying a single mechan-
ism, we wish to note a problem associated with the leaching of borosilicate
glass.

There is general consensus that in a static condition'stage 1, dealkaliza-
tion reactions occur with a square root time dependence at low to internediate
pH values while the appearance of stage 2, network dissolution reaction occurs
with a linear time dependence at high pH. The fractional power relation between
the amount of alkali removed Q and the time t, therefore, may be expressed in
the form of

Q = a t1/2 + bt (1)

where a and b are appropriate constants. No comprehensive mechanistic studies
are available at the present time to explain this relation except that the
square root is derived from a diffusion controlled reaction and the linear rela-
tion is an interface controlled reaction. The relation is more or less empiri-
cal in nature. Most of the experiments are reconcilable with an overall rate
process which varies as the 't /2' at short times and low temperatures, and
't' at long times and high temperatures.

Although there has been considerable controversy over the transition be-
tween the square root to linear regimes, as well as in the extent of the transi-
tion and the orgin of it, it is generally acknowledged that the change from
diffusion controlled stage 1 to interface controlled stage 2 primarily depends
on the time required for the pH to reach a value-of 9-10. It has been observed
that the long transition period occurs only when glass powders are corroded. In
powdered glass, concentration cell effects locally increase the surface to
volume ratios causing a rapid increase in the pH surrounding many of the glass
particles.

At least three different stages are involved in the reaction of water with
a silicate glass containing alkali ions: the first is ion exchange of hydronium
(H30+) or hydrogen ions from the water with alkali ions in the glass; the -
second is the partial hydration of the silicon-oxygen network of the glass; and
the third is the dissolution of the glass into the contacting solution. Either
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or both of the first two steps can be absent, depending upon glass composition
or solution pH, and the third is absent when the glass reacts with water vapor
instead of liquid water or asolution.

In view of the complexity of the leaching of glass with respect to several
different mechanisms which occur or do not occur depending on varied conditions,
it would be expected that temperature acceleration is not ,a valid means of
predicting long term performance. In spite of this, some workers have attempted
to express the, temperature dependence of alkali extraction in terns of the
Arrhenius equation. It is not easy to assign a single activation energy, since
alkali extraction is always associated with pH changes and these depend not only
on the quantity of alkali released but also on that of silica. In addition,
below approximately 80'C, a siliceous layer forms on glass which acts to retard
further leaching. Metasomatic reactions, in which new crystalline compounds
form from some of the glass constituents, can also occur at the glass surface,
particularly at elevated temperatures. Such complications make it difficult to
theoretically define a single rate-determining step in a given temperature
range. Nevertheless, for a large number of nuclear waste glasses, the apparent
leach rate appears to follow the Arrhenius equation. *(A detailed description of
these results are given in the BNL report, "Glass Corrosion - A Review" by
Tae-Moon Ahn and Emil Veakis, Appendix A.)

6.2.4 Conclusions

In summary, we believe (1) that existing isothermal corrosion data are in-
adequate for demonstrating long term integrity for any metallic component being
considered for a high level waste package (2) that the use of temperature accel-
erated corrosion rates to estimate long term corrosion at lower temperatures is,
by itself, unacceptable for assuring long term integrity for metallic components
of the waste package, and (3) that the use of temperature accelerated leach
rates of borosilicate glass, is without additional information on the mechani-
sms, unacceptable for predicting long term leach behavior of this waste form.
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APPENDIX

GLASS CORROSION - A REVIEW

T. M. Ahn and E. Veakis



EXECUTIVE SUMMARY

This report constitutes a review of various chemical and mechanical pro-
cesses involved in the degradation of commercial and nuclear waste borosili-
cate glasses in aqueous environments. An evaluation of the performance of
glass in contact with water is warranted given that the material is currently
a primary candidate for nuclear waste encapsulation whose behavior in a "worst
case" flooded repository condition is in need of assessment. The idealized
corrosion kinetics of binary glass systems follow a square root time depen-
dence followed by a linear time law. With multicomponent glass compositions,
complications arise as a result of unpredictable behavior of the numerous
direct and indirect variables such as temperature, pressure, solution pH, flow
rate, glass composition, phase separation and some secondary parameters such
as partial devitrification, internal stress, surface roughness and local in-
homogeneity. Further, static fatigue is recognized as an important mode of
disintegration in the presence of water, and tabulations of gas and ionic dif-
fusivity in glass indicate that toxic radioisotopes may not escape from the
watse form by solid state diffusion under repository conditions. Although a
quantitative performance assessment cannot be made, given the complications, a
qualitative evaluation may be possible. From the data of typical values for
the dissolution rate of. waste borosilicate glass and from the existence of a
static fatigue limit, waste form integrity, at least for the first thousand
years, is achievable by an adequate design of waste glass incorporating sac-
rificial layers avoiding the potential damage arising from radiation damage.
For a more quantitative and solid assessment several research topics are also
presented for consideration.
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GLASS CORROSION - A REVIEW

1. INTRODUCTION

The predominant effort in the development of a waste form for the contain-
ment of radioactive waste is encapsulation in glass.

Glass in contact with water is a "worst case" scenario that assumes nu-
clear waste repository flooding in which the glass will be subjected to vari-
ous types of chemical and mechanical damage. The main thrust in waste form
development centers on the performance of the waste form as a barrier to
radionuclide release. A thorough understanding of the'physical and-chemical
properties of the waste form as well as its probable behavior in a variety of
aqueous environments are prerequisites to the assessment of waste form
integrity over geological time.

Given the lack of any existing comprehensive reviews, the purpose of this
report is to outline the mechanisms of glass corrosion under various labora-
tory and field conditions through a compilation of current data. Emphasis is
given to commercial and nuclear waste borosilicate glasses since these are the
primary candidate compositions for nuclear waste encapsulation. The data pre-
sented will be relevant to either a direct loading of waste in a glass matrix
or to a waste form design utilizing sacrificial glass layers. Other glass
types are included for the purpose of comparison and for those instances where
these tend to illustrate various processes of glass'corrosion common to all
glass compositions. Within each section of the report, processes are dis-
cussed pertinent to any attempt at long-term prediction of glass corrosion.

The inherent radiation environment of the nuclear waste package is
another factor to be considered for the assessment of the integrity of glassy
waste forms. A brief summary of the radiation effect and its consequences are
also presented.

Since data on most of the processes discussed in the text are not cur-
rently available, solubility and leaching data for commercial and waste boro-
silicate glasses are presented as a separate appendix to this report.

This review will form the basis of our evaluation of glassy and alterna-
tive waste forms in BNL's waste 'packag'e overview and test development tasks
for the NRC's Nuclear Waste Management Technical Support in-the Development of
Nuclear Waste Form Criteria.
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2. GENERAL CORROSION

General corrosion is a major mode of leaching in glass. In-the discus-
sion that follows we will first summarize the models for dissolution kinetics
and corrosion mechanisms. More specifically, the solution ffects and the ef-
fects of various glass characteristics are critically evaluated for commer-
cial and nuclear waste borosilicate glass. The variables under consideration
in evaluating solution effects include solution composition, pH, flow rate,
temperature, pressure, and reprecipitation. The discussion of glass charac-
teristics includes composition, phase separation, surface area to volume
ratio, surface stress, cracks, surface finish, and matrix inhomogeneity.

Cation selectivity in ion exchange and diffusion of gas and ions are re-
viewed separately since both characteristics are important to the assessment
of radioisotope migration and gas generation over geologic time. Finally,
consideration is given to corrosion by weathering particularly by the vapor
phase since this is likely condition to be encountered in actual repository
environments.

2.1 Kinetic Law

There is general consensus that in a static condition stage 1, dealkali-
zation reactions occur with a square root time dependence at low to inter-
mediate pH values while the appearance of a stage 2, network dissolution re-
action occurs with a linear time dependence at high pH. The fractional power
relation between the amount of alkali removed Q and the time t, therefore, may
be expressed in the form:

Q = aVF+ bt (1)

where a and b are appropriate constants. No comprehensive mechanistic studies
are available at the present time to explain this relation. The square root
indicates a diffusion controlled reaction and the linear relation reflects an
interface controlled reaction. The relation is more or less empirical in na-
ture. Most of the experiments are reconcilable with an overall rate process
which varies with 't' at short times and low temperatures, and 't' at long
times and high temperatures. Examples inc ude the work done by Berger1) on
glass powders, by Douglas and El-Shay(2 ;3) on alkali-oxide silica and
soda-lime silica glasses, and by PNL 4) on PNL 72-68 glass.

Although there has been considerable controversy over the transition be-
tween the square root to linear time regimes, as well as in the extent of the
transition and the origin of it, it is generally acknowledged that the change
from diffusion controlled stage 1 to interface controlled stage 2 primarily
depends on the time required for the pH to reach a value of 9-10. It has been
observed that the long transition period occurs only when glass powders are
corroded. In powdered glass, concentration-cell effects locally increase the
surface-area-to-volume ratios causing a rapid increase in the pH surrounding
many of the glass particles.
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The formulation of leach kinetics through the use of empirical or semi-
empirical equations is based on several assumptions such as homogeneous leach-
ing, the preservation of leachant composition, surface area and mechanical
integrity. In real situations, these factors should be incorporated into the
formulations.

2.2 Reaction Mechanism and Kinetic-Models

At least three different stages are involved in the reaction of water
with a silicate glass containing alkali ions: The first is ion exchange of
hydronium (H30+) or hydrogen ions from the water with alkali ions in the
glass; the second is the partial hydration of the silicon-oxygen network of
the glass; and the third is the dissolution of the glass into the contacting
solution. Either or both of the first two steps can be absent, depending upon
glass composition or solution pH, and the third is absent when the glass
reacts with water vapor instead of liquid water or a solution. The initial
exchange of alkali i ns in the glass and hydrogen or hydronium ions from water
can be described 5,6) as follows:

Na+ (glass) + H20 (solution) =-H+ (glass) + NaOH (solution)
or (2)

Na+ (glass) + H30+ (solution).- Na+ (solution) + H30+ (glass)

In this layer of partial exchange the network structure of the glass is intact
and the only change is the replacement of one ion by another. Closer to the
glass surface the network can become partially hydrated through the reaction
of silicon-oxygen bonds with water:(5J

Si-O-Si + H2 0 = -Si-O-H-H-O-Si (3)

This partial hydration leads to.a more open structure than in the original
glass; ions from solution and water olecules can penetrate through this
partially hydrated or gel layer with mobilities much higher than in the glass
network which remains intact. At-extended times of reaction, silicon and
other glass constituents dissolve as follows:(5)

2H2 0 = Si0 2 = Si (OH) 4
(4)

H20 + CaO = Ca(OH)2

The dissolved species are ionized further. Sometimes, hydration involves
stress generation in the hydrated layer causing swelling, contraction, crack-
ing or peeling of the layer.
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In more complicated systems, the absence of one or more steps described
above leads to another classification of corrosion modes in view of the ap-
parent overall dissolution. The glass may: (1) react with the corrosive
materials to form new compounds on the surface; '(2) be preferentially dis-
solved leaving a leached surface layer; (3) be totally diss lved continuously
exposing fresh glass. Workers atthe University of Florida?7,8) extended
this concept to five types of surfaces (Figure 2.1) of a silicate glass and
correlated these to its durability. A type I surface has undergone only a
thin, <50A, surface layer hydration. Vitreous silica exposed to neutral pH
solutions has a type I surface. A type II surface possesses a silica-rich
protective film due to selective alkali ion removal. A glass with this type
of surface is reasonably durable. Two layers of protective surface films are
characteristic of type III. Such glasses are very durable in both acid and
alkali solutions. Type IV glass surfaces also have a silica-rich film but the
silica concentration is insufficient to protect the glass from rapid attack by
dealkalization of network dissolution, resulting in poor durability. A glass
of type V undergoes uniform attack losing considerable quantities of ions into
solution.

A. Paul(9) proposed the importance of the thermodynamic stability as
well as conventionally studied kinetic stability. The relative influence of
either of these two factors on durability will depend on the nature of the
test. For low temperature tests, the kinetic aspects will be predominant
while thermodynamic considerations will be more important if the surface area
of the glass sample'exposed to the corroding medium is'high, and/or the ex-
periment is carried out at relatively high temperatures. Also, it is very
likely that steady potentials will be obtained with conventional glass elec-
trodes within a short time such that the kinetic barrier would not-appear to
play any important role, at least at the surface of the glass. Paul
calculated the stability of different oxides commonly used in glass making
(SiO2, ZnO, PbO, A1203, ZrO2, etc.)-in aqueous solutions at different
pH, and related the quantitative results to the corrosion behavior of various
glass compositions.' The important finding of this study is that the long-term
chemical resistance of a glass may be'determined by the thermodynamic activity
and stability of its component oxides-in aqueous solutions.

A quantitative prediction and interpretation of glass durability as a
function of time needs comprehensive analytical models based n the qualita-
tive and mechanistic observations described above. Doremus(5) proposed a
mathematical model in which the two steps of interdiffusion of ions and dis-
solution of the glass can be cmbined in a diffusion model where the surface
of the glass is progressively removed. By solving the diffusion equations of
a moving boundary, the model estimates the kinetics of the cumulative amount Q
of ions diffusing out of the glass per unit area; square root of time law at
early stages, linear time law at longer periods for a diffusion coefficient
independent of composition, and approximately linear time law at longer times
for a concentration-dependent diffusion coefficient. Obviously this model is
oversimplified considering the'many factors involved during the corrosion pro-
cess such as changes in solution chemistry as well as various glass character-
istics which will be discussed separately in later sections. In spite of the
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simplification, the study presents important features in the long-term pre-
diction of glass durability. As the corrosion system becomes complicated as
in the case of a concentration-dependent diffusion coefficient, the kinetic
equations will also be complicated. During the laboratory testing period, the
kinetics can be approximated by a linear time law. However, for longer time
extrapolation, the exact solution may exhibit significant discrepancy from the
linear behavior. Thus, it may not be valid to use the simple apparent linear
time law in the prediction of long-term glass durability. Also, the authors
have found that even in a simple system it is necessary to make measurements
over a range at least three to four orders of magnitude in time to obtain re-
liable values for the coefficients of Aand t of the kinetics, since it is
easy to deceive oneself about the linearity of the plots of Q against t or .
The interpretation of short-term laboratory data should take these facts into
account.

A similar model was proposed by odbee et al.(lll) based on mass
transport theory which assumes that diffusion through the solid is a rate-
limiting process. They include factors arising from more complicated situa-
tion such as periodic leachant renewal, initial wash-off of active or contami-
nated surface, the rapid change of surface concentration as well as the moving
boundary condition by surface dissolution. The calculated results show good
agreement with the cumulative loss of radioactive isotopes leached by dis-
tilled water from waste orosilicate glass and cement. Similar models have
been devel oed y Ewest, 12) for more ideal situations, and by
Machiels, 1 14) including surface reaction and diffusion processes. Again
it is pointed out that data fitting based on short-term laboratory tests may
result in significant discrepancies when such models are applied to long-term
predictions.

Workers at Catholic University of America( 15 418) have attempted to
calculate the cumulative mass release from the waste form over geologic time
based on experimentally observed corrosion rates of glass. This model is the
first attempt to include the flow conditions and the accompanying pH change of
the leachate. The model is purely phenomenological in its assessment of leach
rates in that it lacks a basic understanding of the corrosion mechanisms.

At the present time, more comprehensive models that would take into ac-
count the complex factors involved in real corrosion systems are not avail-
able for estimating glass durability. Due to a lack of basic data, it is
perhaps too premature to attempt a complete formulation of corrosion kinetics
for glass.

2.3 Solution Effects

2.3.1 Solution Composition

A small concentration of ions present in water or other aqueous solutions
affects glass leachability in various ways. Preliminary studies by Hench, et
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al.(09) have shown that leach rates in groundwater are greatly decreased
from those in deionized water commonly used in laboratory experiments. During
the leaching process, the pure solution will undergo compositional change as
the rate of surface attack progresses until it reaches a steady-state value;
concomitantly the solution will contain some fraction of the ions from the
glass components. A significant fraction of the mixed alkali effect, for ex-
ample, is due to solution ion effects (Mixed alkali effect: If a second
alkali oxide, such as potassium, is added to a sodium silicate glass, the
durability of the glass is increased; the presence of Na2O and K20
together serves to lower the rate of surface dealkalization).

The influence of the salt compounds in improving durability has been
investigated indicating some of the effects of solution ions on the durabil-
ity of glass.( 4 ,7) The influence of the salt compounds on leaching are in
decreasing order: CaC1 2 , ZnCl2, AC13. Two extremes, Ca2+ and
A13+, will'be described as follows: Ca2+ ions in solution improve the
corrosion resistance of binary alkali-silicate glasses by a factor of 10 in
comparison with pure water; for A13+ ions (<25 ppm), glass dissolution
increased due to a more rapid increase in dealkalization and resultant solu-
tion pH. This is due to insufficient A13+ ions to passivate active surface
sites and incomplete formation of stable alumino-silicate surface complexes.
At concentrations greater than 25 ppm A13+, the total dissolution of the
glass is greatly reduced. Sufficient concentration of A13+ in solution
creates a dual protective film against extensive network dissolution. The
rate of selective leaching or ion exchange is relatively unaffected by the
presence of A13+ in solution.

In brine solutions, the leach rates of waste glass are generally lower
than in DI water and silicate water.( 20 ) Alkaline elements released will
enhance the durability because of resultant salinity increases. Cs and Mg,
however, have an adverse effect. These changes, though, are well within an
order of magnitude. Limited data exist on the effects of anions and organics
in leachants. The oxidation potential (Eh) is also controlled by the small
concentrations of the ions present in solution. For all practical purposes,
Eh effects would tend to be insignificant under repository conditions.

2.3.2 Solution pH

There is a fundamental difference between chemical attack by water or
acids and that of alkaline solutions. The former limit their action to the
other constituents but have very little effect on silica, while the latter at-
tacks all constituents, including silica. The general effect of pH of the
solution on the relative rate of attack-for a low expansion borosilicate glass
is shown in Figure 2.2. The test was performend at a temperature of 950C.
Figure 2.3 shows the rate of attack'for a borosilicate glass (Corning 7740) in
5% NaOH at 950C. Below pH 7, alkali or alkaline earth ions are replaced by
hydrogen or hydronium ions, but the silica matrix of the glass is unaffected.
As the solution becomes more alkaline, the silicic acid formed by bulk
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bulk amorphous silica in water ionizes and dissolution becomes more rapid.
Because of the ionization reactions, the solubility of amorphous silica in-
creases sharply above a pH of about 9, leading-to a sharp increase of the dis-
solution rate above this value. The dissolution of silicate glasses, there-
fore, shows a strong dependency on the-solution pH. The dissolution rate is
not influenced much by pH in neutral or acidic solutions because the dissolv-
ing species (non-ionized silicic acid) has a nearly constant solubility. In a
static leaching condition, a transition occ rs by the replacement of alkali
ions to increase silica dissolution. MHencht1) explained-this transition in
terms of typical surface structures (see Fig. 2.1); the change from a protec-
tive surface (type III) to a rapidly deteriorating surface (type IV or type
V).

El-Shamy et al.(23) presented experimental dataon the dependence on pH
of the decomposition for a number of alkali oxide-silica and soda-lime-silica
glasses. Typical examples are shown in Figures 2.4 and 2.5. Sodiumextrac-
tion is indicated for S15 glass; silica removal is shown for P15 glass.

U
pH

Figure 2.4 Dependence upon pH of the rate of extraction of
sodium oxide [ g-glass (iT)-1[ from S15
glass at 35)c.T23J
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The addition of other constituents, such as lime, only slightly modified the
typical shapes of the graphs. For more complicated commercial glasses, this
general trend may still be valid with some modifications for the addition of
multicomponents. The quantitative and detailed effects of these multicomponents
are not known at the present time.> Some examples are given below.

In alkaline solutions, boron oxide in Pyrex orosilicate glass does not
influence, to any great extent, the rate of dissolution of the silicate lattice,
while in some instances (7050 glass) it leads to reduced alkaline durability.
Similarly, in 0010 glass a small amount of lead has little effect on durability,
while in larger concentrations it reduces alkaline durability.

Certain ions in the glass can lead to preferential attack by acid solu-
tions. Glasses containing substantial amounts of boron, aluminum, or lead, such
as Corning 1720 and 7050, are much more rapidly attacked by acid than soda-lime
glass, while Pyrex and vitreous silica glasses retain their durability. The
high solubilities of boron, aluminum, and lead oxides in acid apparently lead to
their deleterious influence on the durability of glass.

Such complications lead to the unexplainable pH dependen ce n the leach
rates of U.K. borosilicate waste glass as shown in Figure 2.6(24j It can be
seen that the leach rates are increased by low pH leachants. At high pH the
leach rates are also increased. Similar results were also obtained for Savannah
River Plant (SRP) borosilicate waste glass covering a wider range of pH than the
U.K. study. The SRP results are shown in Figure 2.7 and 2.8.(25,26)

Waste glasses usually contain less than 50 wt.% SiO2 while commercial
container glasses contain more than 70 wt.% SiO2. This accounts for the dif-
ference in behavior at lower pH. 27) At high pH, the trend of leach rates
generally follows that of commercial glasses. In actual repository conditions,
the unbuffered solution would have little affect on the leach rate while a buf-
fered solution may change the leach rates significantly as a result of the pH
shift.
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2.3.3 Flow Rate

The replenishment or flow of solutions has been reported as showing two
opposite ffects on the glass corrosion. In a leach test of K20-SiO2 glass
at 40OCT3), a marked increase in the extraction of silica was shown as the
number of replenishments is decreased. The increase can be attributed to the
evident accompanying rise in the pH of the attacking solution. If the flow rate
is slower than the rate of replenishment, the dissolution rates will low down
as a result of the saturation of the surrounding medium by silica.11731 If the
flow rate is high enough-to keep the system from leaching saturation, this could
account for conditions exhibiting higher leach rates. However, should repre-
cipitation of insoluble hydroxides, hydrates oxides, or silicates t igh pH
occur, radionuclide release to the environment could be saturated. 28 At
very high flow rates, the leach rates would be controlled by the pH f the
medium and the stability of the dealkalized layer. Taylor and Smith?21)
reported a significant increase in weight loss under these erosive conditions.
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Some leach data are available for the behavior of waste borosilicate glass
subjected to different flow rates. Leach rates on-British waste glasses24)
were obtained usjng a Soxhlet apparatus, heating in static water, and exposed to
flowing (1 x 10- m3/sec) water. Duration of the tests was dependent on
time sufficient to achieve a measurable weight loss. This varied from approxi-
mately one week at 100C to several months at ambient temperature. Leach rates
were obtained (Figures 2.9 and 2.10) over a range of temperatures.. The figures
point to higher leach rates in the Soxhlet method over the static. Glass 189
was doped with 5 weight percent 238Pu and stored. The results obtained in
Soxhlet leach tests for yearly intervals are shown in Table 2.1 It is evident
that higher leach rates are obtained using the Soxhlet method than in static
tests. Under repository conditions, the slow flow rates would tend to have an
insignificant affect on the leach rates as indicated by the above observations.

Table 2.1

Results of Soxhlet Tests of U.K. Glass for Yearly Intervals(24)

Total Dose
Over 3 yrs Leach Rates, (g/cm2-day)

Temperature (C0) Disintegra- at 100C
First yr Subsequent yrs. tions per g After 1 yr After 2 yrs After 3 yrs

50 20 2.7 x 1018 -1.6 x 10-3 2.3 x 10-3 2.3 x 10-3
2.4 x 10-3

170 20 2.7 x 1018 1.5 x 10-3 2.3 x 10-3 2.6 x 10-3
2.2 x 10-3
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temperatures below 1000C were obtained by boiling the water under reduced
pres rur?. The leach rates in flowing water (pH=7) are included for compari-
son. (24)
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2.3.4 Temperature and Hydrothermal Effects

The quantity of alkali extracted from a glass in a given period of time
increases with increasing temperature. The type of reactions which control the
release of radioisotopes in waste glass are also affected by temperature. For
most silicate glasses, the quantity leached in a given time is nearly doubled
for every 8C to 150C rise in temperature and the reaction rate increases by a
factor of 10-100 for every 1000C increase in temperature, depending on the
composition of the glass and the type of alkali ion. Some-workersk9) have
attempted to express the temperature dependence of alkali extraction in terms of
the Arrhenius equation. However, it is not easy to assign a single activation
energy, since alkali extraction is always associated with pH changes and these
depend not only on the quantity of alkali released but also on that of silica.
Further, below approximately 800C, a siliceous layer forms on a glass which acts
to retard further leaching. Metasomatic reactions, in which new crystalline
compounds form from some of the glass constituents, can also occur at the glass
surface, particularly at elevated temperatures. Such complications make it
difficult to theoretically define a single rate-determining step in a given
temperature range. Nevertheless, for a large number of nuclear waste glasses,
the a a ent leach rate follows t single activation energy Arrhenius equa-
tion.A 0 For PNL waste glass, 9) such an observation was made as shown in
Figure 2.11- representative leach rates at 25 0C are 1 x 10-6 to 1 x 10-5 9
of glass/cm -day. Representative leach rates at 40-500C are 5 x 10-6 to 5 x
10- g of glass/cm2 -day. Similar results for U.K. waste glass 189 and 209
were reported by measuring the leach rate over a range of temperatures using
static and Soxhl et methods. The results-are shown in Arrhenius plots in Figures
2.9 and 2.10.(24) White( 30 ) has found the expected exponential increase in
rate with temperature well up to the hydrothermal range. This is noteworthy for
the assessment of waste glass durability since accelerated testing at high
temperature may be a valid means for the simulation of leaching over geological
time as a result of this single activation process. However, it is premature to
define the leaching mechanism based on these activation analyses due to a lack
of data and the system's complexity, which is described below.

In hydrothermal environments, the complexity is more significant since
glass is altered rapidly if the temperature is sufficiently high. Although it
is generally assumed that the maximum temperatures at which water will contact a
solidifjed waste form in a repository are more likely to be in the range of
1500C, or less, substantial research efforts have been invested in hydrothermal
reactions of waste glass in the last two years.

Hydrothermal effects were investigated at Sandia on a copper borosilicate
glass (PNL 76-199) with simulated Barnwell. fission product oxide waste.(31)
The tests were conducted in autoclaves for periods of 1 week to 3 months at
2500C and 16.5 MPa. - The leach solutions used were: (1) deionized water: (2)
high Mg+ 2 (35,000 ppm) saturated brine; (3) saturated NaCl brine with-low
Mg 2 (10 ppm); and (4) seawater. The rate of corrosion and cesium extraction
increased in the order: dionized water NaCl brine <MgCl 2 brine <seawater;
lower pH values lead to higher cation solubilities. Gel layer cracking was
reported in glass exposed to deionized water. Devitrification was evident but
no crystalline phases were identified.
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-- Tests conducted on PNL-76-68-glass at-300'C and 300 bars in deionized
and artificial Hanford groundwater,'resulted in.the conversion of the glass
sherds'to'crystalline and non-crystalline'products plus dissolved species in a
two week period. The major products were (Cs, Na, Rb)2(U02)2(Si205) 4H20
(weeksite) and pyroxene-like phases (Na,- Ca)(Fe,-Zn, Ti)Si206 (acmite,
augites). High Na2O and low SiO2 may be responsible for the rapid
alteration of the sample. The PNL results indicate that the alteration of the
glass pellet was higher in deionized water than in brine by a factor of 10.
(see Tables 2.2-2.4)
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Table 2.2

Percent Element in Solution After Hydrothermal Treatment of 76-68 Glass(32)
(4 Weeks at 3000C and 300 Bars)

Cs Sr La Nd U Zr Na Rb Ca Ba Zn Si Mo Fe Ni Cr

Deionized water 5.0 0.2 0.5 -- 0.03 --- 45 8.7 1.2 0.1 O.OS 4.6 72 93 0.02 4.0 27
USGS NT-6a brine 52 49 26 11 18 0.05 -- 53 --- --- 33 --- 3 48 0.02 10.4 1.1

Table 2.3

Leachability Results of 76-68 Glass and
Super-Calcine SPC-4 at 350°C(32)

Leach Rate Percent of Elenent
Based on Weight in Solutionb

Test Material Solution Time Loss (g/cm2-d)a Cs Rb 5r Mo Si B U Zn

1 Glass Brine 7 d 4.0 x 1-3 66 72 3.6 54 0.2 71 <0.1 0.5
76-68

2 Glass Brine 7 d 4.6 x 10-3 80 82 3.4 59 0.2 73 <0.1 0.3
76-68

3 Glass Brine 21 d 4.5 x 10-3 95 90 4.8 62 0.1 89 <0.1 0.3
76-68

4 Glass Brine -21 d c 70 96 3.4 c 0.1 89 0.2 0.6
76-68

5 Glass Deioniied 7 d 5.3 x 10-3 6 16 0.2 49 2.2 100 0.1 <0.1
76-68 Water

6 Glass Deionized 21 d 4.0 x 10-3 4 20 0.4 63 1.9 86 0.2 <0.1
76-68 Water

A Super- Brine 3 d c 46 80 3.3 0.6 0.5 c c c
calcine
SPC-4

aWeight loss of a cylinder of material divided by its geometric surface area and time.
bEahtest'iniluded roughly 20S by weight of a solid cylinder and 80S-325 mesh powder. The
-morlty of ons n sol ution were leached from the powder.

CNot available or not present.
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Table-2.4

Results of Scouting Autoclave Leach Tests
of Various Glasses, Ceramics and Minerals at'250'C(32)

Leach Rate,, g/cu2 daya
so i rine 150 d rine su ML

Sanle Material Solution Solution Deionized Water

Soda-lime-silica glass (NBS No. 710) 3 x 10-3
Borosilicate glass (BS o. 717) 5 x 10 
Waste glass 72-68 7 xlow
Waste glass 76-68 2 x0 2 x 8 x2x1 4 8 13
Granite 6x104
U02 fuel pellet -Zx 10-4
Alumina * 2x104

Sintered Supercalcine (SPC-2) - 4 x 10 4

aSamples iVmersed in siul ated WIPP 'B brine for 72 hr at 250'C and 1000 psi.
Leach rate based upon weight loss and geometriC surface area.

As a result of these tests the role'of water under hydrothermal conditions may
be described as follows:

-(a) Crystallization'catalyst: a'cts.to convert a'Na-Fe rich
glass into Na-Fe rich crystalline pyroxene-like phases

(b) Solvent and transport medium: dissolves and.'transports
'Cs, Na, U. and Si from a glass at weeksite-like
crystalline -

(c) Reactant: forming hydrated weeksite-like phase and a
hydroxyapatite.

Additional research reported hydrothermal alt ration of powdered sodium
zinc borosilicate glass at temperatures up to 2000C.Z33) Zincsilite is a
major product in the alteration. The addition of ZnO was found to improve
durability at 1000C through the formationof a Zn-rich alteration zone. ZnO is
said to promote subliquidus immiscibility in borosilicate glasses.

Under hydrothermal conditions, alteration is a major variable influencing
the enhanced leach rate. Since the alteration is accompanied by complications
such as stress generation, a delineation of-the mechanisms involved in hydro-
thrmal leaching is not easily achieved.

2.3.5 Reprecipitation

The diss lved silica begins to recrystallize under prolonged leach condi-
tions. Barkatt(343 observed the recrystallization of Pyrex glass in water at
a pH of 9.5. It was further observed that multivalent ions and species are
tightly bound to the matrix by the recrystallization process. Recrystallization
has received recent attention as a result of its effect'on the measurement of
leach rates by solutions analysis. It is quite easy to distort leach data by
ignoring the analysis of precipitates in solution. When, under what conditions,
and to what extent precipitation takes place depends largely on the system. The
controlling mechanisms and accompanying'variables are only recent subjects re-
quiring further investigation.
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2.4 Effects of Various Glass Characteristics

2.4.1 Glass Composition

Before presenting specific illustrations of compositional effects on the
chemical durability of commercial and waste borosilicate gas, we will
briefly outline a general approach taken by Adams, et al.?19) to "force-
frit" complex commercial glasses into a ternary description composed of net-
work formers, B203, and network modifiers. The sum-of network formers is
described as X02 which replaces SiO2 in the ternary scheme and generally
consists of additional oxides 'such as A 203, ZrO2, TiO2, Fe2O3, Cr203, P205,
Y203, MoO3, TeO2, La2O3, CeO2, Pr6011, Nb2O3, Gd2O3 and Sm2O3. Network form-
ers are known to be relatively inso uble in water. The network modifiers in-
clude the sum of all alkali oxides, R20, such as Na2O, K20 and Li2O.
They geneiatly weaken the networks and are readily soluble in water. The al-
kaline earths or divalent atoms, RO can be considered a's part of X02 since
they generally enhance water durability, or as part of the R20 since the
role of RO in the formation of crystallographic structures is similar to that
of R20. RO includes oxides 'such' as CaO, MgO, PbO, ZnO, BaO, SrO and NiO. In'
this study compositions of various commercial borosilicate glasses were plot-
ted in the ternary system of XO -B 0 -R (+RO) (Figure 2.12). Approximations
were made for the lines of equivalent durabilities (isodurs) using a model
based on the correlation between the integrity of crystallographic structure
and the chemical durability. Numbers 1, 2, and 3 are in decreasing order of
the chemical durability. Since their model is'empirical in nature and
supported by experimental data, the contour lines illustrate fairly well the
general trend of the composition effect.
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WAVEGUIDE

100 GLASSES

x2 CHEMICALLY
RESISTANT
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Figure 2.12 Commercial glass composition areas.(35)
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The composition ffect has beeh studied, qualitatively in most
cases, (57,9,15,32,331 by considering whether the component: (1) is
thermodynamically stable 'ina given pH-temperature range'and affects the ther-
modynamic stability of'other components; (2) affects the formation of insol-
uble surface film and concomitantly retards or accelerates the-surface disso-
lution rate; (3) affects the diffusion'rate of certain ions responsible for
the observed dissolution'rate (such-ions include hydrogen ions, hydronium ions
or other cations); (4) influences the:solution chemistry,-especially the'pH;
and (5) changes the crystallographic structure of the'network leading to a
change of dissolution rate. The studies vary from simple binary systems to
complex multicomponent systems while-the majority'restrict their tests to room
temperature. Nevertheless, as shown-in the beginning of this-section; the
general trend can still be observed from room temperature to maximum 1000C -

for the borosilicate glass'system. LAsummary'of the effects -of particular
components is given below. -

Network Formers

e SiO2: The stability of vitreous silica has been illustrated for a
given pH range at room temperature as shown in Appendix A.1. The
solubility or dissolution'rate increases rapidly at pH above'9 by the
increased ionization of silicic acid. The solubility increases
linearly with temperature up.to-2000C.'

e A1203: The addition of A1203 slightly increases alkaline
durability and mechanical abrasion resistance. Presuffiably this im-
provement is attributed to: (1) decreased mobility of hydronium and
alkali ions, (2) formation of a protective aluminosilicate film in a
static condition,:(3)'the stabilization of calcium-silicate-rich film,
and (4) the reduction of the effect of pH in the glass dissolution.

o ZrO2: A small amount of ZrO2 (about 2 weight percent) increases
acid and alkaline-durability. The hydrated ZrO2 surface is stable at
all conceivable pH ranges and offers a very high activation barrier for
the diffusion of other ionic species.

a TiO2:. Similar to A1203 and ZrO2, TiO2 is expected to in-
crease in chemical durability. However, no measurements of ionic
mobilities are available. - -

e P205: An extensive investigation of'corrosion reactions- of an
inert soda-lime-silica glass containing P205 has been conducted
because of the incredible property-of the glass to form a strong and
stable bond with'living bone.' This-is attributed to'the'formation of a
stable calcium'phosphate film when in contactjwith an -aqueous environ-
ment (type III surface in Figure 2.1), occasionally'accompanied by the
formation of a fine-grained polycrystalline apatite mineral phase.
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B203 causes a reduction in the diffusion coefficient of alkali ions.
In Pyrex borosilicate glass, the diffusion coefficient is low compared to
other silicate glasses, including fused silica, and it also accelerates inert
film formation as in the case of the P205-containing glass. The extracted
B203 acts to neutralize the alkali and reduce the solution pH. These
effects combine to increase glass durability.

Network Modifier: R0

As the amount of monovalent alkali element increases with the remaining
constituents held in the same ratios, the rate of reaction with water in-
creases. In static solutions this trend is primarily related to the increase
in the total quantity of alkali-in solution surrounding the glass. This leads
to a progressively more alkaline solution and a rapid attack of the glass.
The diffusion coefficient of alkali increases as the amount of alkali in the
glass increases. This increased reaction rate has also been interpreted in
terms of surface effects (type IV surfaces in Figure 2.1).

The relative durability "contribution" of ions among the R20 group is
in the order is Li20 >Na2O > K20. Their role in the formation of a.
durable SiO2-film is reflected in this order. It'has been observed that the
hydronium ions have a higher mobility in potassium. Also, from the thermo-
dynamic point of view, the absolute stability increases in the above order.

If a second alkali oxide, such as potassium, is added to a sodium glass,
the durability of the glass is reported to increase. The increase is greatest
when the molar ratio of alkali ions is about equal. This increase is a result
of the "mixed-alkali" effect, in which the mobility of an alkali ion is
reduced when another alkali ion is added, or when the second alkali aids film
formation leading to a limited surface attack.

Network Modifier: RO

e CaO: The addition of calcium oxide improves the durability and reduces
the extent of selective alkali leaching (up to approximately pH 10). It
appears that the addition of calcium lowers the mobility of alkali and
hydronium ions. When the alkali ions are lost during corrosion, they
leave behind a much more stable CaO-SiO2 rich film reducing the
surface dissolution rate. However at high temperatures, CaO greatly
weakens the glass network.

* MgO, SrO, BaO, CdO: These oxides of divalent metals give a similar
enhancement of durability as CaO. SrO is known to provide a greater
resistance to the destruction of the above-mentioned calcia-silicate
surface film. The addition of BaO is reported to reduce the extent of
selective alkali leaching.

* ZnO: ZnO addition to a silicate glass increases its chemical dura-
bility in the alkaline range up to approximately pH 13, and is
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susceptible to vigorous alkaline attack above pH'13. Also,
zinc-containing glass will be susceptible to acid attack up to
approximately pH 5.5.':

* PbO: It is generally known that lead oxide increases the alkaline
durability and decreases the acidic durability. -

The preceding discussion on the composition effects and'the particular
mechanisms involved was aimed at providing a brief summary on a complex sub-
ject. Most of the data presented were obtained for relatively simple systems,
(usually ternary components). As the number of components increase, the char-
acteristics described should be modified to some extent, especially when
nuclear waste is incorporated. Quantitative measurements relating to composi-
tion effects are scarce at the present time. One attempt made by'PNL( )
centered on the effects of 26 oxides in a generic study of defense waste
glass. Chemical durability was tested in acid and basic solutions, at RT and
990C, in distilled water; percent weight loss was determined for each of the
samples. Table 2.5 is a summary of the results which shows a general agree-
ment with the summary of'each component described previously. In addition,
the effects of U308 , MnO2 , Fe203 and NiO were observed. These types
of studies are useful in determining the effect that a certain component may
have in a specific glass composition.

Table 2.5

Summary of Defense Waste Glass Durability(37 )

Durability
.- Base 990C

Oxide Glass, Variation, Distilled
Components Wt%'- wt% Water pH-4 pH-9

Li 20 3.0 0-6.0 ++ ++ 0
Na2O 13.9 5.0-15.0 ++. ++ 0
K20 0 0-6.0 ++ ++ 0
MgO 0 0-3.0 .+ ++ 0
CaO 4.53 0-6.0 0 ++ 0
BaO 0 0-3.0 + ++ 0
U308 1.53 0-4.0 - 0 0
TiO2 7.5 0-10.0 - -- 0
MnO 2 2.58 1.16-4.0 - + 0
Fe 03 7.9 0.39-15.41 0 + 0
Nig 0.53 0-3.0 0 0 0
ZnO 0 0-7.0 ' ++ ++ 0
.B203 7.50 5.0-5.0 0 . ++ V
A1203 11.60 .1.56-21.64 - ++ 0
SiO 2 39.4 .0

0 indicates negligible change with increase in this compo-
nent, + and - indicate increases or decreases, and ++ and
-- indicate large increases and decreases with component
increase.
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A PNL study(38 ,39) on-the generic effects of composition on waste glass
properties was conducted where testing involved a systematic variation of
glass components. The fitted models used in the prediction of glass
properties are shown below. Figure 2.13 gives the predicted Soxhlet weight
loss of a four component mixture including the defense waste calcine. The
general trend is consistent with our previous summary with the exception of
complications arising from the addition of B203. However, as the number
of glass components increases, complications are compounded due to inter-
actions among the various components as shown in the test of the 11 components
(Figure 2.14).
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Figure 2.13 Effects of components of PNL our omponents
glass on Soxhlet leach rate. 8,39)

This type of graphical presentation of compositional effects is useful in
illustrating multicomponent effects such as in nuclear waste glass although
experimental data are very limited at the present time.

A-24



A120

4.640 \ KNIO <

., . * ,, ~SIO2= C/40

. . g~~~3.68_;D.

; )0 ~~~° ! 21O <n S102

U T MAXIMUM STANDARD DEVIATION
X A.8 S± 0t. SAT

1;: j C&O + 7M% .. .0

T MINIMUM STANDARD DEVIATION
.. - *OJ77Wt3AT

T no -1 M ..---
0.920 _ T 2,X,| 

-4 0 .4 .

MS CHANGE IN COMPONENT

Figure 2.14 Soxhlet leach rate vs change in corn onent from
centroid of PNL 11 components glass38,39)

2.4.2 Phase Separation

The chemical durability of phase-separated glasses is closely related to
the microstructure. The microstructure of phase-separated glasses may be
classified into three types, namely (a)'an interconnected microstructure; (b)
chemically more durable (e.g., SiO2 rich) phase particles dispersed in the
chemically less durable (e.g., Na2O-B203 rich) phase matrix; and (c)
chemically less durable phase particles dispersed in the chemically more
durable phase matrix. The chemical durability of glass deteriorates with
phase separation when the glass exhibits microstructural types (a) and (b);
chemical durability remains increased or relatively unchanged when the glass
durability was found to depend primarily upon the composition of the chemi-
cally less durable phase.

The presence of phase separation in borosilicate glasses strongly influ-
ences their chemical durability. There is evidence that commercial Pyrex
borosilicate glass separates into a disconnected sodium borosilicate phase in
a silica-rich matrix, on a scale of 20A or less, contributing to chemi-
cal durability. However, as Pyrex borosilicate is heated to 600%C or higher,
its durability deteriorates as a continuous sodium borosilicate phasj 85pa-
rates' from a silica-rich phase. Previous studies by Skatulla et al. 4 for
Pyrex-type glass have illustrated the phenomenon of decreased durability due
to phase separation. Transitions in behavior between a discontinuous to a
continuous microstructure also depend on the types of glass considered. For
most commercial borosilicate glasses, the phase separated microstructure re-
sults in a reactivity of the glass akin to that of a high silica phase lead-
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ing to high chemical durability. Sometimes even when the sodium borosilicate
phase was continuous it-could not be easily etched-out because of the high
pressure needed to force liquid water through capillaries 30 A in diameter.
However, as the interconnected microstructure becomes bigger, the soluble
sodium borosilicate phase will be easily etched out.

The immiscibility boundaries of the system Na2O-B203-SiO2 have
received the widest attention since this system is the basis f any commer-
cial borosilicate glasses. An illustration by Haller, et al.J41 is
reproduced in Figure 2.15 where three boundary regions are observed at various
temperature ranges. A variety of sodium borosilicate glasses containing up to
about 10% Na2O and from about 10% to 70% B203 (balance: SiO2), can
readily separate into two phases; other elements such as calcium oxide and
aluminum oxide reduce the tendency to phase separation. Currently, several
places in the U.S. are involved in research on the immiscibility gap for
nuclear waste borosilicate glass.

The surface of commercial glasses will sometimes exhibit a slightly dif-
ferent composition from that of the bulk. This compositional difference can
be accentuated through phase separation, resulting in a considerable viffer-
ence in the chemical, durability of the surface layer.- One exampleII2 1 is
commercial borosilicate glass with an interconnected microstructure having an
excess A1203 concentration in the surface layer. Excess A1203 lowers
the HF etch rate because of the lower extent of phase separation on surface.

Researchers have considered the possibility of increasing the driving
force for crystallization by prior glass phase separation. However, there is
no consensus on this point nor any experimental evidence for demonstration.
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.Figure 2.15- Immiscibility(bo ndary of Na2O-B203-SiO2
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2.4.3 Devitrification

The effects of devitrification on corrosion are dependent on the compo-
sition anj the degree of devitrification. In a simple system such as 33L
glass,(19j 90% crystallization improved corrosion .resistance considerably
when tested for 120 hrs at 950C. This is attributed to the absence of a com-
positional gradient across the phase boundaries between the glass and the
crystals. However, in practical systems, the composition of the crystalline
phase is different from that of the glass, leading to a measurable attack of
the glass phase. In fact, PNL 72-68 which-was devitrified at 7000C showed an
increase in Soxhlet leach rate of nearly one order of magnitude.(19) When
the extent of devitrification is reduced, a very small change (less than a
factor of 5) in leach rate was observed in 72-68 glass, and no difference was
reported in 76-68, 77-107 and 77-260 glasses.(43) In nuclear waste reposi-
tory conditions, the thermal devitrification rate is so low that the enhance-
ment of the leach rate may not he significant: at most an increase of a
factor of 10 which is well within the leach rate variations observed between
waste glasses of different compositions.

There is a possibility that devitrification affects leach rate indirect-
ly. PNL 76-68 glass in a hydrothermal environment 300'C and 300 bars water)
showed that crystalline phases may be responsible for the subsequent glass
fragmentation which increases the exposed surface area leading to an enhanced
leach rate. 32) The formation of a zinc-rich alteration zone was reported
as being composed of mai ly zincsilite under hydrothermal conditions in sodium
zinc borosilicate glass.B3) This alteration was presumed to be responsible
for an improvement in durability. No comprehensive results are available at
present on these indirect effects.

2.4.4 Glass Surface Area (SA) to Solution Volume (V) Ratio

Several investigations have firmly established that the corrosion rate
increases as the SA/V ratio increases for static corrosion conditions. The
data also show that increasing SA/V is a valid means of accelerating the rates
of the static attack of glass surfaces. One example is given in Appendix A
where the alkali extracted from borosilicate and soda-lime powder specimens
with the areas of 7000 cm2 was compared with the weight lost by plate glass
specimens of 100 cm2. For bulk glass surfaces, the quantity of a specified
glass constituent in solution at a given time is directly proportional to the
(SA/V) ratio, namely the constants, a and b of Equation 1 include the linear
term (SA/V). No systematic data of (SA/V) are available for commercial
borosilicate glass. The following is a summary of a recent study on nuclear
waste borosilicate glass.

Under static leaching conditions, it was shown that the loss of alkali or
alkaline earth species from glass to an aqueous media increases the solu-
tion pH and concomitantly leads to a transition from t1/2 kinetics to t
kinetics. The progressive increase in solution pH for PNL 72-68 under static
leaching conditions at 1200C an 1 psi in distilled water is shown in Figure
2.16 for various (SA/V) ratios.119) It is shown that the increase of (SA/V)
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Gas a function of (SA/V) ratios for various glasses including-72-68 glass at
different temperatures. When the logarithm of the time required for the glass
to reach a specified level of attack is plotted, similar features will be ob-
tained. The surface attack becomes greatly accelerated at high (SA/V) ratios
and only short times are needed to show surface deterioration. Additional
data on nuclear waste glass are currently being generated in several labora-
tories.
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Figure 2.17 Changeover time in kinetics (tc) as a function of (SA/V)
for various materials. 72-68 is a zinc-borosilicate
simulated nuclear waste glas's; 33L-X'tal is the divitrified
33L glass; 33N is a 33 mole% Na20-67 mole% SiO2 glass;
20N is a 20 mole% Na2O -80 mole% SiO2 glass; and the
commerjill soda lime glass is a glass container composi-
t ion. ( 9

Tests on powdered glass show complications in the determination of (SA/V)
ratios arising from particle geometry, the surface'area-time dependence and
concentration cells. Particle shapes are complicated, containing sharp edges
and even some porosity. The true surface area of these particles decreases
with exposure time causing a corresponding decrease in (SA/V). During a
static corrosion test, the- glass grains settle to the bottom of the container,
creating an agglomerate- of particles containing concentration cells,' and
undoubtedly corroding in a manner different from that of the bulk glass
surfaces due to local pH variations. Also film formation on smaller particles
greatly alters the effective surface area for further reactions and this error
becomes more severe the longer the exposure time until the smaller particles
are totally dissolved. No quantitative data are now available for the dynamic
determination of the effective (SA/V) ratios and its effect on leach rates.
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2.4.5 Surface Stress

During the glass leaching process, the surface experiences stresses or
swelling arising from hydration, ion exchange or crystallization. They sub-
sequently lead to the spalling or peeling-off of surfaces before the congruent
state is reached. For PNL 72-68 and 77-107 glasses leached using the IAEA
technique of deionized water at 250C with weekly cnges of leach solution,
the glasses exhibited cracked."mud flat" surfaces. 3 Surface disintegra-'
tion was also observed in strontium lumoborosilicate glass by volatile Cs in
the temperature range of 5500C-6000C for up to 300 hrs. 44j For the above
mentioned surface deterioration conditions, the leach rate will rise abruptly
due to cracking and partial or complete peeling off of the protective layer.
The abrupt leach rate makes it difficult to predict the leaching kinetics of
the type described by Equation (1).

Sometjmes surface stress generated by the crystallization of the leached
layer 'induces a catastrophic failure'of the bulk glass by the propagation of
the stress into the interior of the sample. This again will result in an
unpredictable leach rate. Glass failure of this type will be discussed
further in the section on static fatigue.

2.4.6 Cracking

Considerable controversy exists on the effects of microfracturing in
glass leaching. PNL's study of partially devitrified 244Cm-doped waste
borosilicate glass ex bited microfracturing with no accompanying measurable
effect on leach rate. M,546) Other groups have, however, considered the
significance of cracking.(15,47) Recently a more systematic simulation of
cracking was performed by Perez, et al.146) Cracks were simulated by stack-
ing glass pellets with platinum wire spacers and holding them together with a
stainless steel clamp. Their findings indicate that crack depth and crack
width are important parameters with the possibility of a minimum crack depth
limit required prior to enhanced leaching. In some cases, more than a factor
of two increase in leach rate has been observed, as shown in Figure 2.18. It
should be noted that for most cases, the increased cracked area does not ap-
pear to result in a proportional increase in leach rates. 'The importance of
this work lies in its attempt to quantify the effects of cracks on the leach
rate of glass. Further work is needed that would tie in this approach to the
overall aspects of glass leaching.

2.4.7 Other Pretreatments

Surface chemical and structural variations can arise from a number of
sources during the manufacture of glass. Variation in batch' formulations
including, forming procedures and environments, annealing conditions, subse-
quent hot end treatments, and exposure history, will affect the observed cor-
rosion behavior during testing. -
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Figure 2.18 Leach rate (g-glass/m2-d) based on silicon vs time for 1.90-cm-
diameter pellets (solid cylinder is an uncracked sample, and the
rest are simulated cracked samples.(48)
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Generally a more- rapid reaction has been ob erved in the case of quenched
glass with water compared to the annealed glass.15,49A This result can be
understood from the higher ionic mobility n te quenched glass which has a
lower density and a more open structure.(4 5 However, the quantity of
the enha cement is usually not significant being, at most within a few
percent.?51 ) In fact, for the ternary sodium borosilicate glass, no dif-
ference was observed betwe the rapidly quenched glass and the glass annealed
for 2 1/2 hours at 600'C.kJD)

Glass homogeneity also affects leach rates. Inhomogeneity in this case
mainly includes the quantity of undissolved constituents. Studies of 76-68
glass with several 'different thermal histories have shown that the best leach
resistance was obtained from the glass exhibiting the best homogeneity.(19)
A quantitative assessment is not available at present.

Other variables such as surface roughness will also have'an effect on
leach rates. Sanders, et al. investigated this effect iD2a binary lithium
glass by abrading the surface using various grit sizes. ) Solution anal-
ysis showed that the initial rate of silica-rich film formation is most rapid
for the smoothest surface. Evidence seems to indicate that surface roughness
will also influence static fatigue behavior. Although complex processes are
introduced 'by this parameter, it is clear that the extent of the roughness
will have an influence on both the relative and total amounts of material
removed from the surface of the glass.

2.5 Cation Selectivity and the Diffusion of Ions and Gases

Toxic radioisotopesmay escape from the waste 'form by solid state diffu-
sion. Cation-selectivity and the diffusivity of ions and gas molecules are! responsible'for this'process. What follows' is a summary of the properties of
diffusion and ion selectivity in glass.

Figure 2.19 shows a tabulation of the diffusion coeff cient for mono-
valent sodium ions in various silicate glasses at 3860C.(b) Note the range
of 10-10 cm2 /sec for Pyrex borosilicate glass, which gives a diffusion
distance of approximately 1-2 cm for 1000 years. The distance, however, will
decrease by orders of magnitude at temperatures below-100'C. Anions and ca-
tions of higher valence diffuse much more slowly than'monovalent cations in
glass. The self-diffu'sion coefficients of cations other than alkall i3ns mea-
sured at relatively low temperatures are summarized in Figure 2.20.J.) Un-
fortunately no data are available'for'borosilicate base glass, where the dif-
fusivity changes by the-relative amount-of sodium borate phase and the contin-
uous silica phase. As more sodium borate'is added to the glass,-the absolute
value of the dif-fusivity decreases by the decrease of the effective area of
the continuous silica phase. The quantitative amount of this change is not
known. For the glassy materials suitable for the long-term storage of highly
radioactive wastes, Ralkova(4) studied the diffusivity of 137Cs and
90 Sr in alkali-lime-silicate glass and basalt. In the temperature range of
3000C-6000C, diffusivities were of the-'order of i013i1± cm /sec in
the basalt., Againdata are not available for borosilicate base glasses.
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Figure 2.19 Diffusion coefficients of sodium in sodium silicate
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Figure 2.20 Self-diffusion coefficients of Ca , Sr , Ba2 ,
Pb+, and i4+ ions in various silicate and borate
glasses.5)
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Some diffusion measurements for gases in sodium borosilicate glasses are
summarized in Table 2.6. Gas diffusivities are in general higher than the
cation diffusivities. -

Table 2.6

Molecular Diffusion-in Sodium Borosilicate Glass(55-57)

Glass Gas Diffusion Coeff. at 2001C

Pyrex
l,

Borosilicate* '
1I

He
.D2

He
Ne

4.7 x 10-7
4.1 x 10-9

5.0 x 10-8
7.0 x 10-11

(*60% SiO2, 30.5% B203, 9.5% Na2O)

The problem of relating glass composition to ion exchange has been
studied extensively by Eisenman and co-workers 58) The competing inter-
actions of cations in dilute aqueous solutions are categorized as 11 sequences
in a cation selectivity order. Table 2.7 shows the selectivity sequences, re-
lated in a definite way to the composition of the glass, which determines the
field strength in the table. Data for silicate glasses without boron and
aluminum fall to the lower end of the table, whereas the opposite is true for
the borosilicates.

Table 2.7

Eisenman's Selectivity Orders Among the Alkali Ions(58)

I Cs > Rb > K
I Cs > Rb > K
IIa
IIIa
IV
V
VI
VII
Ix
X
XI

Cs > K >
K > Cs >
K > Rb >
K > Rb >
K.>.Na >
'Na > K >
Na > K 

Rb
Rb
Cs
Na
Rb
Rb'
Li

> Na > Li
> Na > Li
> Na'>Li or II Rb > Cs > K > Na > Lia
>-Na > Li or III 'Rb > K > Cs > Na > Lia
> Na > Li
> Cs > Li
> Cs >. Li- .............. .
> Li >,Cs'
> Rb.> Cs -
> Rb > 'Cs
> Rb > Cs

Na > Li > K
Li > Na > K

aCalculated for closely spaced sites.

This basis will not be valid for glasses exhibiting phase separation,
hydration, and before electrochemical properties are stabilized. The
stabilization in certain cases may take long periods of time.
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2.6 Weathering

Even though a water solution may be absent, chemical reaction can occur
in the presence of water vapor in the atmosphere. Static and cyclic humidity
must be taken into account when assessing glass durability. Corrosion will
proceed if: (1) the products of ion exchange (notably alkali) remain on the
surface; and (2) ambient conditions of relative humidity or temperature are
disrupted.

Water adsorption tends to increase with time and humidity; alkali gener-
ation increases with time but varies with humidity. Other cations may enhance
durability by decreasing the reactivity of the alkali such as Zn, Sr, Ba, Pb,
Zr. Zr, for example, reacts to form a tight zirconium alkali-silicate pro-
tective layer increasing significantly acid and alkali durability.

Figures 2.21 through 2.25 and Table 2.8 show the results of tests on-
ducted at Corning on the effects of humidity on various glass types.(59

The relative humidity (RH) ranged from 30-90%. Weathering effects have been
observed down to 30% RH. Certain glasses can weather as much at 30% RH as at
90% RH. Weathering effects have been found to decrease (or slow down) with
increasing RH by a dilution effect from adsorbed water.

VISIBLE
DAMAGE

800_

SODA LIME

z
400 -

¢ W A G~~~DAAE

10 20 30
TIME (DAYS)

Figure 2.21 Weight change of soda-lime and moderately
resistant borosilicaeglass after weather-
ing at 89% RH, 50'C.V5O)
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Table 2.8

Summary of Visible Damage-and Generated Alkalion Vrijus Glasses
Weathered 14 Days at 98% RH, and 50 C5)

Glass Type Visible Damage Alkali Generated
(ji/cm2)

Alumino silicate None <0.01
Alkali borosilicate A :Barely detectable 0.01 to 0.05.
Alkali borosilicate B Slight 0.05,to 0.25
Alkali lead Moderate . 0.25 to 1.0
:Soda lime A Appreciable 1.0 to 5.0
Soda lime B Severe >5.0

Crizzling or spalling is a result of the adverse effects of weathering on
glass surfaces. Spalling of the surface hydration layer may result where the
alkali-depleted network is too weak to sustain stress.. The protective layer
will ct as a barrier only as long as the high silica network remains 'in-
tact. 6U) At the Conasauga test site (Tennessee; shale).PNL 75-25 boro-
silicate glass, subjected to alternating wet-dry cycles, exhibited a 20
im-thick-layer showing network crack.s and nonuniform penetration of corrosion
into the underlying unaltered bulk glass.( 1) Spalling has been noted in a
variety of archaeological glass compositions that have been subjected to
alternate wet-dry cycles. This phenomenon came to the attention of conserva-
tors when glasses previously submerged were placed in dry enviro mets for.
exhibit resulting in the spalling'of the' hydrated surface layer. 62 s -

Since long-term weathering effects are quite difficult to duplicate under
laboratory conditions for the geologic time periods under consideration'in
nuclear waste management issues,'archaeological samples of weathered glass may
provide insights into long-term durability.

Shaw,(63) using X-ray diffraction and differential thermal analysis,
showed that the.weathering.crust on. approximately 300 year-old buried potas-
sium glass had a relatively high degree of crystallinity. Khy and Nauer 6 V
estimated the time period for the crystallization based on solid state trans-
formation kinetics for-the systems Na2O-SiO2 and.Li2O-2SiO2 at 300 K.
The Na2O-SiO2 system can be taken as resembling the compositional'charac- ,
teristics found in certain ancient glass forms due to a higher Na2O and
lower CaO content. -Crystallization by homogeneous nucleation is beyond the
range of archaeological consideration (approximately 10" years). If the
magnitude':ofacceleration as influenced by.hydroxyl.groups is taken into
account,.homogene'ous'nucleationwill-result at approximately 1014 years.
Crystallization from heterogenous nucleation, assuming "worst case" conditions
may occur-in approximately.10 years. Since ancient glasses' from periods
greater than 10 Q years have' survived.a' variety of different weathering
environments, Khy and Nauer's assessment is not unrealistic and'is.confirmed
by the long durability of ancient-glass compositions.'.
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Regarding the compositional effect on weathering of glass over geological
time periods, analyses of 12th to 16th century glass showed that the most
durable samples fell in the'compositional rnge of 70-75% "SiO2, low "RO"
(10-40%) and notably'low MgO (1.2-3.20).165) Conclusions based on the study
of medieval glasses indicate that they do not weather noticeably during the
500-800 years of exposure provided the "SiO2" content is greater than 60
mole percent. This seems to have been cnfirmed in additional studies by
El-Shamy on K20-CaO-MgO-SiO2 glasses.t66)

X-ray fluorescence analysis coupled with SEM on medieval soda-lime glass
and Roman soda-lime glass offer potentially useful insights for comparison
into'oxide depletion. The results of a profile study on the elemental com-
position of these glasses is presented in Table 2.9.A6 7 ) The surface al-
teration of these glasses was due to weathering processes as a result of near-
surface burial.

Table 2.9

Profiles of Medieval and Roman Glasses( 67 )

Oxide (Weight Medieval Glass-YMG 1 Roman Glass-YMG 396
Percent) Surface: A B C Surface: A B C

Na2O 3.4 10.9 16.8 n.d. 11.4 18.9
MgO 0.9 0.8 0.8 1.0 0.4 0.4
Al 203 1.8 1.7 1.6 6.9 2.4 1.5
SiO2 65.9 63.7 68.7 63.8 60.4 70.2
P205 0.8 0.7 0.9 0.4 0.2 0.3
K 20 2.0 1.9 1.7 2.0 1.1 1.2
CaO 9.3 9.4 7.2 6.1 7.3 6.0
MnO 0.9 0.9 0.6 1.0 1.1 0.8
Fe2O3 1.1 1.0 0.9 0.7 0.7 0.6
CuO .0.4 0.4 0.2 0.1 0.1 0.01
ZnO 0.05 0.05 0.03 0.04 0.04 0.03
PbO 0.8 0.8 0.6 0.2 0.2 0.1

n.d. = Not detected; 'detection limit reported <0.8 weight percent Na2O.
A - Surface of sample. - untreated.
B = Subsurface region approximately 200 lm below surface.
C'= Approximately 500 m below weathered surface; bulk composition.

If we assume that surface A represents the original surface with no de-
tachment of weathered layers and that the depletion of Na2O and SiO2 have
been uniform, the ratios of weight percent oxide loss to geologic time (ap-
proximately 800 yrs and approximately 1700 yrs for the Medieval and Roman
glass, respectively)' appear relatively close. Both samples were found in the
same locality and we may assume that they were exposed to similar weather-
ing conditions. The apparent uniformity in Na2O/SiO2 depletion may be
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interpreted as indicative of a linear time dependence of glass dissolution.
One of the oldest analyzed decomposed-glass is a glass:bead dating to
approximately 1600 BC.( 68) The weathering produ was found to be impure
hydrated silica. Results obtained by Geilmann 6 on medieval glasses
confirm findings that alkalies and alkali earthsare almost completely
removed. Aluminum, iron, titanium, and several minor components remain or
increase (reprecipitate) in concentration due to exchange or adsorption on the
hydrated silica from soil or mineralized groundwater.

The complexity of the weathering process under burial conditions is evi-
dent through the examin'ation of-ancient glass. Investigations by Brill and
Hood at Corning on weathering layers, suggested a periodic or cyclical ac-
cumulation of weathered crusts. The initial work involved'the examination of
ancient soda-lime-silica and potash-lime-silica compositions.' Weathering
layers (0.3-15 pm thick) tended to correspond to the approximate number of
years that the object had been'exposed'to'weathering. Initially seasonal
variations (temperature, humidity or wet/dry periods) were suggested as the
probable cause for such correlations. However, samples of ancient glass which
had been submerged at sea also showed this pattern.(70) The layers seen in
Figure 2.26 consist of almost pure amorphous silica. Similar results were
obtained on borosilj ate 'glasses involved with the production of Vycor-type
glass at Corning.() The correlation between the number of layers and the
number of years of exposure has nbt been given an adequate explanation, al-
though attempts have been-made.(72,7 I7)

These studies also point out the nonuniformity of attack at the glass
surface. Figure 2.27 shows a weathering 'plug' occurring beneath the amor-
phous weathering layers, possibly-due to a high concentration of moisture at
that point. The semi-circular ares at the top are also indicative of non-
uniform weathering at the surface. X2J Decomposition begins at a large
number of sites on the surface and proceeds into the bulk forming a series of
alkali-depleted spherical layered shells which, at some point, will tend to
coalesce parallel to the original surface.

The above review presents some evidence on'the long-term integrity of
various glasses.. For a more quantitative study, adata base including pro-
filing, devitrification, and weathering conditions is needed.

- . : ; - .- -
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3. LOCAL CORROSION AND STATIC FATIGUE

There are insufficient data"at the present time to draw any definitive
conclusions on the importance of local corrosion in glass. The evidence seems
to suggest that under labortory conditions l1cal corrosion, such as pitting,
is no more severe than general corrosion. 1 Although ancient glass ex-
hibits local attack during weathering processes, experimental data on the
effects of this phenomenon with respect to overall durability are not cur-
rently available.

Static fatigue, on the other hand, is known to be a very important mode
of disintegration for glass in the presence of-water. Cracks developed under
static fatigue will increase the exposed surface area leading to a significant
increase in the leach rate. Due to the importance of this phenomenon, static
fatigue mechanisms, time to failure, and pertinent variables such as solution
pH, humidity, temperature, pressure, compositions, matrix microstructure and
surface flaws, require some discussion.

Static fatigue occurs only in the presence of water which reacts chemi-
cally with the strained bonds at the crack tip causing bond rupture. There-
fore, static fatigue is a chemical process that involves a stress-enhanced
chemical reaction between water and the highly stressed region near the crack
tip. The general characteristics of static fatigue are as follows:

* static fatigue occurs generally in the presence of water;

* static fatigue can be detected for load times as short as 10-2
second;

* static fatigue is an activated process;

* static fatigue limit is observed in some cases.

3.1 Static Fatigue Mechanisms

Several proposed mechanisms by which the crack extension procedure occurs
may be summarized as follows:

* Chemical Corrosion: Highly strained bonds at the crack tip are more
susceptible to corrosive agents. The chemical reaction rate theory of
Hilli a d Charles(75 ,76) and the multibarrier kinetic theory by
Brown 77J are considered in assuming this mechanism.

* Strain-Gradient Induced Diffusion: This mechanism employs a strain-
gradient induced diffusion of mobile ions yielding concentrations of
such ions at positions in advance of the crack tip. Enrichment, with
respect to these ions at the crack tip, reduces the local Si-O bond
strength allowing crack advancement and apparently premature rupture.
Gerberich nd) Stout (78), Cox 7 9 ), Hasselman, Stevens and
Dutton U i proposed slightly different diffusion models.
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o Surface Energy Reduction: Orowan(82) attributed static fatigue to
an adsorption-induced lowering of the glass surface energy, concom-
itantly leading to an easier crack growth.

o Others: A-model by Weidman and Holloway,(83) proposed that the
growth of a plasti 'zone controls the rate of crack propagation.'
Fuller and Thomson(84) modeled 'a one-dimensional crack in two
semi-infinite chains of atoms. Although these models explain
certain features, such as a higher fracture energy than the
surface energy, experimental evidence is'needed to show that the
adjustable parameters or uncertainties in each model can be
eliminated.

o Mechanism Predominance: Depending on the enrivonment, the relative
importance of each factor has been determined. For instance, in a
corrosive environment chemical corrosion is likely to be the dominant
process while the effectiveness of the environment for the reduction of
surface energy will be predominant in the presence of noncorrosive
environments..

3.2 Slow Crack Growth

From fracture mechanics studies, crack velocity v.was found to be a func-
tion of a stress intensity factor K For various glasses of different com-
positQgn5, Figure 3.1 illustrates the KI dependency in water environ-
ment. 3 Several expressions for this K1 dependency were developed. In
general v is dependent on KI exponentially. The most representative expres-
sion is given by -

v = vo exp[(-E* +'bK 1)/RT] (5)

where v, E* and b are empirical constants representing, vo, the initial.)
velocity; E*,'the activiation energy without the applied stress.( 6 7, )
For borosilicat6 glass-in water

E*= 30.8 Kcal/mole

b = 0.200 (m5/2/mole)

lnvo= 3.5 - ' ' .

3.3 'The Law of Time to Failure

Generally, the time to failure de'pends on-the magnitude and total dura-'
tion of the load. The time'to failure-at a given stress level is. inversely
proportional to the nth power of theapplied stress. The representative
equation for the time-to failure is given by

'--ln(tj1) -aa/N- -1/2)-(6
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Figure 3.1 Effect of glass compositiog on crack propagation rate.
Tested in water at 250C.18 )

where t1/2 is the failure time at a/aN = 1/2, at is found experimentally,
t is time, a is queried stress and aN is the failure stress at liquid nitro-
gen temperature. ^) For borosilicate glass with different surface treat-
ments, the following parameters were derived experimentally in a water envi-
ronment (Table 3.1).(6)

Table 3.1

Parameters for Various Glasses With Different Surface Treatments

Breaking stress

Glass Surface Treatment at 770K (kpsi) Oat

FN borosilicate Abraded 11.0 31
FN borosilicate Centerless ground 14.8 43
Pyrex - - 64
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For the purpose of long-ternm prediction a simple calculation of the time
to failure at zero applied stess is given as 5 x 106 years from a 1 m
crack which determines tVU2 to be 2.14 seconds in water based on the formula
of Wiederhorn.and Bolz. V8591) ariousqassessments at different stress
levels and environmental conditions are possible and this will be a future
research topic. In the above equations, the stress term can-be converted into
a fracture mechanics term by simple substitution resulting in a similar ex-
pression.

In practical design, a proofing test is used, and the time to failure,
tf, is usually expressed as

tf = aa-2 f(ap/ca)

where a is the service load,
from measurements f KIC, the
growth data.( 9 2 9 4 ) The-data
Figure 3.2.

=DAY

4

-_.

ap is a proof test load, and f is determined
critical stress intensity, and from crack
for borosilicate crown glass II is shown in

Figure 3.2 Proof test diagram for borosilicate crown
glass II; minimum time to failure, Tmin,;
given as a function of service s tress
(5a, and proof test ratio, p/aa.(92,94).

, 
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From the practical viewpoint of a laboratory test, the critical stress
intensity KIC gives the material capability to carry a load in the presence
of a given size of notch, or some other form of flaw or defect. The critical
stress intensity factors for borosilicate glasses in vacuum are'shown in Table
3.2

Table 3.2

Critical Stress Intensity Factor KIC (MN/m3/2) of Borosilicate Glass(94)

Vacuum, DCB Vacuum
Vacuum, DCB Preheat 300'C 3 Point Bend, Dry, NGas

Glass No Preheat for 30 min. No Preheat <0.02% RH

Borosilicate 0.760+0.007 0.770+0.012 0.777+0.032 0.764+0.008

Borosilicate
Crown, I 0.862+0.032 0.927+0.010 0.842+0.007 --

Borosilicate
Crown, II 0.866+0.001 0.879+0.034 0.904+0.014 --

*DCB: Double Cantilever Beam.

However, when we consider geologic time periods, it is probable that
cracking may develop even in the absence of applied stress (see Equation 6)
during the corrosion process. One such example is shown in the study of
cracks induced in a sress-free alkali silicate bottle after a few weeks
exposure to water. 5 Such failure possibility can always take place for
all glasses over geologic time.

The static fatigue model should eventually include the effects of sur-
face stress caused by surface crystallization, hydration, or spalling which
will also lead to crack propagation during the corrosion process. Therefore,
the realistic prediction of time to failure will be much more complicated than
the above simple equations which were derived from fracture mechanics and are
basically empirical in nature.

3.4 Effects of Environmental Interaction

3.4.1 Solution pH

It was determined that the pH of the aqueous environments has a signifi-
cant effect on the strength of glass. In high pH solutions (above 13), the
strength of glass was greater, while in low pH solutions (below 1), the
strength was less than in neutral solutions. In strong alkali solutions,
samples will not be susceptible to cracking when the corrosion rate proceeds
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faster than the crack velocity.(95) In the middle range of pH, the strength
is nearly constant. For silicate glass, the slope of the crack velocity
versus stres intensity factor was found to decrease as the pH increases.
Wiederhorn 6/) rederived the crack velocity equation in the Charlesz and
Hillig model, including [OH]- ion concentrations, and found that the
velocity is proportional to the nth power of the [OH]- ion concentration.

When water 'is the corrosive agent, the effect of a wide pH variation is
important since the crack tip solution is rapidly modified by the glass and:
contains significant concentrationsgf5 .elements that'are normally present in
the glass composition. Wiederhorn 9°J further stated that high alkali
glasses result in basic solutions at the crack tip, whereas low alkali glasses
have crack tip solutions that are mildly acidic. This local pH change is
determined by a dynamic balance between the ion-exchange and ion-diffusion
processes. This local pH influences the~slope and the shape of the universal
fatigue curves. ,

3.4.2 Humidity

Humidity will hydrate the surfaces of some-glasses causing them to. swell,
thus creating local stresses at a flow tip which will propagate cracks. The
crack velocity is foud to e proportional;to.the relativehumidity by;a
theoretical analysis.?97 $98) The time to failure for older glass as found
to be an inverse exponential function of the relative humidity.t 99 These
are valid when other parameters governing the crack growth or the time to
failure are fixed. Quantitative data for borosilicate glasses are not avail-
able at the present time.

3.4.3 Temperature and Pressure

Glasses of poor chemical durability tend to crack at lower tempera-
tures; concomitantly, he'reverse is true at very high temperatures. The
crack growth velocity and the time to failure have been expressed in an
Arrhenius-type equation relating to temperature. For borosilicate glass, the
activation energy for the crack velocity is reported in the previous section
-on fracture mechanics. The characteristic time to failure, t/2, is simpli-
fied to be a linear function of temperature. 85)

As for pressure dependency, high press re js known to have no effect on
static fatigue in the range of 6 to 7 Kbar.Mol

3.4.4 Glass Composition

Both the crack velocity and the time to failure change as the composition
changes.

Systematic studies on composition effects or data pertaining to borosili-
cate glass per se are not available at the present time.
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3.4.5 Flaws

The delayed failure curves for a number of glasses were quite sensitive
to surface finish. Generally as the flaw size increases, the time to failure
decreases. There is no report on the limitation of flaw size, below which-no
failure occurs. For optical fiber glass, h% failure origin was found even
though flaw sizes are much less than 1 m. 9 ) Since t 2 is also a func-
tion of flaw size, universal fatigue curves are obtained when the time to
failure is normalized in most cases. The fracture'mechanics study illustrates
the quantitative prediction of the dependency of flaw size on the time to
failure or t/2-

3.4.6 Microstructure and Plastic Deformation

Phase separation is reported to increase the crack growth rate.(98)
The plastic deformation is.believed to play no role in the fracture process.
However, very little quantitative data is available concerning these proper-
ties.

Static fatigue data for nuclear waste glass are not available at the
present time. Several laboratories, including the National Bureau of
Standards, have recently begun formal studies on this subject.
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4. RADIATION EFFECTS

This-section will briefly summarize the anticipated radiation effects on
leaching and overall integrity of glas's based on experimental work'on commer-
cial-and nuclear wste glass. 'A more detailed review is due to appear in the
BNL literature.(20)

In waste glas t l pha, beta, gamma-rays, and transmutation effects are
expected to exist. i8) Recently, Walker, et al. 101) reported on a pre-
liminary study involving borosilicate glass leaching during 60Co'gamma,
244 Cm alpha, and 9 r beta.radiation. Leach rate was increased within a
factor of 2 by gamma radiation presumably due to the leachant pH change by
radiolysis, while.no.significant effects were'observed for alpha or beta ra-
diation. 'To date, transmutation effects on glass leaching-have not been re-
ported'in the literature. Studies on crystalline waste formsT102) seem to
indicate that the effect may not be significant. Indirect effects involving
differential swelling and compaction' have been observed in'partially.devitri-
fied glass by alpha and gamma radiation leading to microfracturing. The con-
comitaqt i crease.of surface area will enhance the leach-rate quite signifi-
cantly 1O3). Similar effects are. expected as a result of transmutations.
The concentration'of transmuted atoms may be large enough'to form a second
phase causing stress generation at.the interface. No'experimental evidence
has been reported to date on this topic.

In a design utilizing commercial'qlass in a sacrificial capacity to en-
capsulate the nuclear waste glass,-beta and gamma radiation effects are an-'
ticipated. Following the results of Walker, et al., 10l it appears that
only the gamma radiation would affect the leach rate. An indirect effect may
involve stress generation between the sacrificial layer and the waste glass -
from differential compaction and swelling. This stress may lead to microfrac-
turing resulting in increased leach rate due to increased surface area.(103)

Dose rates under repository conditions are assumed to be generally slower
than under laboratory conditions reducing the above mentioned radiation ef-
fects. Given the limited experimental data, it becomes quite difficult to as-
sess the effects of radiation on the integrity of glass over geological time.
However, we feel that the radiolysis effect is quite minor nd he fracture
process can be avoided by a proper design of the waste form?103) which
would preserve the integrity even in the presence of radiation.
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5. LONG-TERM PREDICTION MODELS

All the efforts reviewed up to this point were aimedat predicting the
durability of glass over-geological time. The numerous complications and"
uncertainties in the preceding sections suggest that it is quite premature to
generate a comprehensive model for prediction. Nevertheless, researchers have
attempted to develop a method for long-range prediction of the durability of
nuclear waste storage materials based on several hypotheses.

Hench(4) emphasized a graphical method based on the analyses of labo-
ratory tests, field tests, and natural analog materials by plotting material
loss through leaching'as a function of time. The best and worst cases are
used for the upper and lower limit of the plot. For example, the accelerated
leach rate by hydrothermal conditions is a factor controlling the worst case.
It was admitted, however, that there are so many uncertainties involved, it is
almost impossible-to construct any specific chart at the present time. For'
instance, a study of'natural analogs, especially in relation to laboratory
tests, has only recently begun. Several scenarios of film d ssolution and
rupture behavior presented by workers'at Catholic Universityl15) offer addi-'
tional proposals for the prediction of long-term durability.

Current attempts at modeling face severe shortcomings by their recourse
to a limited number of variables. As shown in the previous sections, the
interacting variables are complex and require a more sophisticated and
realistic treatment if they are to offer any predictive advantage at all.
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6. CONCLUSIONS AND RECOMMENDATIONS

We have reviewed various'chemical and mechanical processes for the degra-
dation of glass. Such processes are'often translated into formulas or models
for the prediction of long-tern durability. Attempts have been made at con-
structing predictive models for borosilicate glass in a water environment '
based on experimental data.' Since current efforts in' this area are valid only
under very limited circumstances it is inevitable that we conclude our review
on a qualitative note.

From the experimental results on the-leaching of binary systems, the dif-
fusion controlled dealkalization is predominant in the beginning with a square
root time dependence while' the appearance of network dissolution occurs with a
linear time dependence following the diffusion process. However, the develop-
ment of the time laws for this processes still too idealized and.a linear ex-
trapolation of those kinetics to geological time is, therefore, quite'over-
simplified at present. In the case of'multicomponent systems even such simple
kinetics are not currently available.' '

Solution and environmental variables such as temperature and pressure
will have a direct effect on the durability'of-glass.' As dealkalization
proceeds, the nature of the solution will change.. The solution composition
effects are difficult to discern since these'are interrelated to pH change and
passive film formation at the glass surface. Typical reactions in simple
systems involve silica network dissolution in high alkaline solutions and
lower leach rates in neutral and acidic environments. Multicomponent glass
systems also exhibit greater durability in acidic environments.- Changes in
pH, precipitation, and the effects of erosion resulting from variations in
flow rates may result in unpredictable leach rates'. The single activation
process, observed in many commercial and nuclear waste'glasses, offers a
method of accelerating conditions at hightemperatures tosimulate long-ten
corrosion effects. For hydrothermal conditions, the alteration product
resulting from glass-solution interaction is one of the most important
variables determining the leach 'rate. A thorough understanding of the role
played by the altered zone is needed in order to adequately identify the
mechanisms involved in the corrosion process.

Glass composition is one of the most important factors determining the
leach rate. Generally, network formers and divalent modifiers increase dura-
bility hile monovalent modifiers have the opposite effect.' The effects of
phase separation on leaching .is'dependent on the microstructure-and can either
enhance or retard durability.- The ratio of solid surface area to solution
volume is another important parameter effecting leach rates. However, the
difficulty in the determination of the total surface area makes the'exact for-
mulation of this parameter extremely difficult. As parameters'having secon-
dary effects on the leaching process, partial devitrification, internal
stress, surface roughness, and local inhomogeneity contribute to changes in
the leach rate. No quantitative data on the contribution of these parameters
are available at'the present time.'

Toxic radioisotopes may escape from the waste form by solid state dif-
fusion. Tabulations of gas and ionic'diffusivity in glass indicate that such
events are very unlikely under repository conditions.
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In glass, local corrosion is not any more severe than general corrosion.
Static fatigue, however, should be recognized as an important mode of disin-
tegration over geological time. Fran the well-defined fracture mechanics, it
is known that there is a fatigue limit for borosilicate glass bel.ow which no
cracking occurs; however, changes at the microstructural level may modify the
fatigue limit hypothesis. Modifications may arise due to surface stress, so-
lution pH, humidity, temperature, pressure, compositional and microstructural
inhomogenei ty.

Radiation would probably not affect the leach rate by more than one order
of magnitude as a result of radiolysis. An indirect effect such as micro-
fracturing may be avoided by a proper design of the multibarrier glassy waste
form.

Typjcal va4 for the dissolution rate of waste borosilicate glass range
from 10- to 10- g/cm -d, .varying depending on the component. From the
data at hand on the chemical and mechanical aspects of glass durability, and
given an adequate design incorporating sacrificial layers and a proper burial
site selection, waste form integrity,'at least for the first thousand years,
is achievable. It is still premature to attempt quantifying material released
from glass over geological time since major uncertainties exist in the
identification of the various mechanisms involved in glass leaching. Several
research topics which would contribute to our understanding of long-term
corrosion are presented below:

e Study the effects of groundwater ions on the selective leaching and
passive film formation.

* Study pH effects on nuclear waste glass--seek to explain why acidic
solutions affect leaching in binary glass differently from leaching in
multicomponent systems;

* Study the flow rate effect in multicomponent systems thoroughly,
especially the relative change of solution pH, reprecipitation, and
passive film formation;

* Verify the single activated process by the measurement of leach rate as
a function of temperature systematically for multicomponent systems;

* Study the surface chemistry of the alteration zone during leaching,
especially during hydrothermal reactions. Surface-sensitive tools
such as ESCA and AES are usefull and should be adopted;

a More sensitive analytic tools, such as neutron activation analysis,
should be used in the analysis of the leachate;

* Study the optimization. in tailoring the glass composition for best
leach resistance along with a formulation of the mechanisms in-
volved, especially in multicomponent systems incorporating nuclear
waste;.
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* Study the optimum microstructure for high leach resistance based
on the principle of phaseseparation;

* Develop valid means of defining-and-measuring the surface area of-.
powdered and cracked samples. Local pH change and corrosion cell
formation in powdered samples should be thoroughy understood;

* Partial devitrificati on,-surface roughness and local-inhomogeneity"
should be studied more quantitatively;

e Measure ionic and gas diffusivity in-glass'at ambient temperatures;
especially the diffusivity'of fission products in nuclear waste glass;

* Study the wet-dry cycle effect on glass' and compare the results
to natural and archaeological analogs;

* Use a more mechanistic approach in understanding static fatigue--the
effects of surface stress-on crystallization is one example'as opposed
to relying on the well defined artificial stress intensity. More
quantitative studies of-the effects of'.pH, humidity, temperature,
pressure and glass composition are reeded,,especially in the area of.
nuclear waste glass development;

* In radiation effects, a-radiolysis, and radiation induced cracking and
pH change should be studied.

* Study of natural analogs and ancient glass~requires a more systematic
approach if they are to offer insights into long-tern durability;

e More sophisticated and comprehensive modeling of glass'corrosion
processes are needed. Computerized code generation may be a'
necessary step in the assessment of the complex processes and in
the area of long-tern prediction 'of glass durability.
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APPENDIX A

SOLUBILITY AND LEACH DATA FOR COMMERCIAL AND WASTE BOROSILICATE GLASS

This appendix is a compilation of available solubility and leach or
corrosion data for commercial and waste borosilicate glasses that have been
subjected to a water environment. Other glass compositions are also con-
sidered for the purposes of comparison.

A.1 Solubility and Kinetic Data for Commercial Borosilicate Glass

Silica is almost insoluble in water at 250C at neutral pH with the solu-
bility at about 0.012 weight percent.(1) The dissolved species has been
identified as unionized monomeric silicic acid, Si(OH)4. Solubility is
approximately constant at pH values from 1 to 8. Above pH 8 the solubility
rises sharply because of the ionization of the molecular silicic acid. Be-
tween 250C and 2000C, the solubility of amorphous silica in water increases
linearly with temperature, being about 0.83 weight percent at 200C. The
addition of various glass components change the glass solubility in many ways.
For instance, simple alkali silicate glasses are fairly soluble, but the
addition of lime and certain other oxides tend to raise their resistance in
water.

Cline, et al.(2) attempted to measure the solubility of BK-7 borosili-
cate glass (composition not specified) in deionized water at 230C for 48 hours
but found it to be belgw detection (detection limit: 0.1 mg). At elevated
temperatures, Nordberg l) prepared a classification of the water resistance
for different glass compositions as shown in Table A.1. Glasses marked

Table A.1

Water Resistance of Glasses(3)
(After Nordberg)

Grading Glass Type Corning Glass Number

Excellent Silica 7940
96% Silica 7900
Durable borosilicate 7740, 7331, 7800
Aluminosilicate 1710, 1720, 1723
High lead 8870

Good Soda lime 0080
Alkali lead 0010, 0120
Lead borosilicate 7720
Borosilicate sealing 7052, 7055

Fair to Poor High alkali ----
Borosilicate sealing 7040, 7050
Calcium aluminate ----
Phosphate ----
Borate ----

Test Conditions: 120°C for 1 hr, 10 g of powdered glass
(4060 mesh) in 100 cc of water.
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excellent will normally be chemically resistant to water at temperatures under
1000C, whereas glasses classified fair to poor have limited application.
Taylor and Smith( 4 ), using the glass'compositions given in Table A.2,
measured the weight of material extracted when distilled water was heated to
2600C in sealed glass tubes for six'hours. The results are given in Figure
A.1. Borosilicate glass A showed greater attack than'the high lead glass E at
static conditions. When the glasses were tested under erosive conditions in
the form of tubular condensers exposed to escaping. steam for 100 hours, the
lead glass E lost 13 times as much glass as the borosilicate. However, even
this borosilicate glass finally becomes'deeply etched under erosive condi-'
tions.

Table A.2

Composition of Glasses Studied by Taylor and Smith( 4 )

Percentage Composition
A B C D E F

SiO2 81 73 72 '63 35 60
R203 2 1 1 1 -- 3
Na2O 4 17 13 7 -- 8
K20 -- -- -- 7 7 --
B203 13 -- -- 29
CaO -- 5 9 -- -- --
MgO -- 3 5 __ __
PbO -- -- -- 22 58 --

-Temper [°C]

Figure A.1 Material removed at high temperatures fro sealed
glass tubes exposed to distilled water. (4
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Turner(5) and his co-workers conducted tests on a large number of British
glasses and compared the results with similar tests on new Jena glassware. In
one method a sample was subjected to the action of water boiling on a hot
plate at such'a rate that 200 cc was evaporated in two hours. In a second
method, a sample was subjected to the action of water and steam in an auto-
clave at 1830C. 'The results are expressed as the loss in weight and the
amount of Na2O extracted. In resistance to attack by water'at 1000C, the
Jena glass and Pyrex chemically resistant glass offered the best results,
while the Pyrex chemically resistant glass remained the most durable at 1830C.

Besides the material removed from sealed glass tubes at various temper-
atures'shown in Figure A.1, Taylor and Smith ( also reported the rates of
attack by distilled water versus temperature on several'glass compositions.
Low-expansion borosilicate glass (D) was compared to soda-lime bulb glass (A),
medium-lead electrical glass (B), and high-lead silicate glass (C). The com-
positions of these glasses are listed in Table A.2.

' .. 2

5 os,

.02

2 .01 -

TEMPERATURE - *C

Figure A.2 Rates of attack by distilled water versus temperature
on several glass compositions. A - Soda-lime bulb
glass. B - Medium-lead electrical glass.' C - High-
lead silicate glass. D - Low-expansion borosilicate
glass.
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Table AJ3

---Approximate Compositions of Glasses A, B C, -and D of Figure A.2

Percent
Designation C

A. Soda-lime bulb glass 73.6 16 - 0.6 5.2 3.6 1
B. Medium-lead electrical

glass 63 7.6 6 0.3 0.2 21 0.2 0.6
C. High-lead silicate glass 35 .7.2 58
D. Low-expansion boro-

silicate 80.5 3.8 0.4 Li 0 12.9 2.2

As mentioned in the main text 2of this report, the effects of solution
chemistry oh glass solubility is a complex issue. Earlier work on this matter
is illustrated by Figure A.3 which .shows the amount of Na2O dissolved from
glass at 250C and 900C after 4 hrs. It is noted that the magnitude of alkali
solubilities are similar for water and alkali solutions but different in acid
solutions. The pH-dependence is shown to be quite contrary to the conclusion
of Section 1.3.2. The results must only be taken as generally indicative of
the relative resistance of the glasses to alkali extraction. Thus after 4 hrs
at 250C in water, the soda lime glass B liberated more alkali than the sodium
borosilicate glass F but after 7 hrs glass A had taken the lead. In a more
comprehensive study, Wichers/J tested the durability of three brands of
flasks of borosilicate glass (Table A.4), varying somewhat in composition and
general properties, and measured the total amount of substance removed from
the glass in boiling water for 6 hrs as shown in Figure A.4 through A.6. The
data were compared with tests in alkaline and acid reagents as well as nearly
neutral reagents. No conclusion was drawn in this study.

0-221 0-m .

Aci Vitw Alkili

* 0-184

0*160
'02 ; -

*~~~~~~~~~~~~~~~~~~: .&

'~ 0-104

0.056-

0-040-

0,024 -

0-008

Figure A.3- Alkali extracted-from glass powders at 250C
(double lines) and 900C (solid bl ck). Com-
positions are shownin Table A2. 14)
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Table A.4

Compositions of NBS Glasses( 7)

Constituent Glasbake Kimble Pyrex Vycor
(G) (K) (P) (V)

Percent Percent Percent Percent
SiO2 78.4 74.7 81.0 96.3
B203 14.0 9.6 13.0 2.9
R203 2.5 5.6 2.2 0.4
ZnO n.d. 0.1 n.d. n.d.
CaO 0.1 .9 neg. neg.
BaO n.d. 2.2 n.d. n.d.
MgO neg. neg. n.d. n.d.
Na2O 5.0 6.4 3.6 <0.02
K20 neg. 0.5 0.2 < .02
As202 0.037 .027 .002 .005
Sb202 .038 .009 n.d. n.d.

Figure A.4 Comparativ esistance .of NBS glasses to acid reagents
and water.1 7)
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Figure A.5 Cornparatiye)resistance of NBS glass
reagents.7 NB lses to alkaline
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Holland(8) measured the comparative loss of material from powder
specimens (SA = 7000 cm2) with weight loss for plate glass (SA = 100 cm2)
at 900C.

Table A.5

Comparative Loss of Material With Varying Surface Areas(8 )

Plate Glass: 100 hrs, 900C Powder: 4 hrs, 900C
gm glass/100 cm2 gm Na2 /7000 cm2

H2S04 H20 NaOH H2S04 H20 NaOH

Borosilicate: 0.00167 0.00184 0.00326 0.0047 0.0011 0.0062
Ratio: 0.9 1.0 18.6 4.27 1.0 5.64
Soda: 0.00164 0.00502 0.0517 0.0594 0.0434 0.0401
Ratio: 0.33 1.0 10.5 1.36 1.0 0.92

The results indicate that an effective increase of the total surface of the
glasses significantly influence the total weight loss. The data on powder
samples are comparable to that of plate glass although the powder samples were
tested only for 4 hours while plate glass was tested for 100 hrs.

Workers at the Catholic University of America(9) measured the leach
rate on a borosilicate glass containing only sodium (0.44% Na20) for a
period of 20 days at 22*C in distilled water (pH 5.7). The results of these
measurements are presented in Figure A.7. The tests reported above show that
the dissolution rates of both sodium and silica, as well as the ratio of
sodium to silica in the dissolving materials, decline steadily in the course
of exposure without showing any sign of rising again. However, in both cases
the formation of a hydrated layer was not complete at'the end of the test
period. It appears that the ratio of sodium to silica in the dissolved ma-
terial is still higher by an order of magnitude than the ratio in the solid
glass. The only case where steady-state rates have been approached is when
after 5 days, and up to at least 90 days of exposure, the rates of dissolution
of both sodium and silica were observed to be constant with a sodium-to-silica
ratio of 0.16:1 in the'dissolved material compared with 0.096:1 in the solid
glass. The findings that extremely long periods, are required for the estab-
lishment of steady-state conditions is in agreement with results obtained in
zinc borosilicate radwaste glass, where the rate of corrosion is observed to
decline by about one order of magnitude during a period of 100 days of
immersion in a neutral solution, and is still declining at the end of this
period.
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A.2 Waste Borosilicate Glass

The development of borosilicate glass for the encapsulation of nuclear
waste by foreign and domestic laboratories continues to generate data on
leaching and waste form characterization. The discussion that follows pre-
sents a brief summary of research efforts in this field. Since a unified
approach to waste glass development is lacking, difficulties arise in the
presentation of comparative results among the participant groups. Composi-
tional differences in the waste glass product preclude any direct comparison
while test methodologies vary from one laboratory to another. Given this
independent approach to waste form development, it becomes rather difficult to
draw any general conclusions concerning the glassy state for nuclear waste
glass. In some instances, however, the evaluation of test results are aided
by the inclusion of comparative material which allow for a certain "within-
test" ranking of durability.

Simrin et al. tested the chemical durability of various waste
glasses, ° Sample 1 (Figure A.8) is PNL's 76-68 glass with 33.0% PW-8a-2
simulated waste; sample 2 (Figure A.9) is a high silica glass formed by the
Porous Glass Matrix Process (PGM) where the core is surrounded by a surface
layer of glass free of waste components. Sample 3 is a low durability glass.
Powders were used in the tests (355-250 m fraction). The soluti n was
deionized water; volume, 100 mL; surface area approximately 100 cm<). The
amounts of each component released to solution is shown in the following
figures. The authors state that the pH of the solution was unchanged for the
duration of the test.

The conclusion based on this study, is that high-silica glass is more
durable than low silica compositions with the formation of a surface layer
being a key variable in the overall durability of the glass. The crust is
shown to be highly enriched in divaleot ions. For the conditions described,
cations with charge densities >20 nm- are expected to be readsorped or
undergo delayed leaching due to electrostatic interaction between cation and
oxygen ion at the glass surface. The model tends to be oversimplistic and
test conditions too mild to adequately test for long-term durability.

In ly g-term leaching of borosilicate glass reported by Scheffler,
et al.,(1 ) the silica-rich layers-were found to detach from the matrix as
small particles. This was attributed to swelling of the silicate structure
due to hydration. The surface gels formed in the presence of pure water or
dilute NaCl swell up to 1 vm'in thickness before detaching into solution. The
swelling effect was not observed in saturated NaCl solutions. The average
particle size of glass in water was in the order or 10-2 m. In tests at 23
+ 10C in carnallite solution (H20-62.83%; MgSO4-2.04%; MgCl2-34.30%;
TCl-0.62%; NaCl-0.21%), pure H20 and 1MNaCl for a period of 80-240 days
resulted in layers of 0.3 to 1.0 m-thick. The report concluded that leaching
behavior is characterized by. successive periods of increasing and decreasing
attack on the surface. The attack is not uniform in extent and duration.
Over extended periods of time the attack proceeds as the average of successive
layer detachments.
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Table A.6

Composition of Glass Used in German Leach Tests(11)
(in'weight percent)

Oxide Base Glass HLW Glass

SiO2 50.5 40.2
Ti.02 4.2 3.3
A1203 1.4 1.1
B203 13.6 10.8
CaO 2.8 2.2
Na2O 27.5 21.9
Fission Products --- 16.68
Actinides 1.06

Alkali depletion is enhanced by higher temperatures. Tests using closed
systems which tend to increase solution pH will alter te rate and mechanism
of corrosion. Work performedby Lanza and Parnisari(12) at temperatures of
300, 800 and 100'C for periods up to 3600 hours on borosilicate glass with 20%
simulated waste oxides. Tests at 30'C'and 80C were conducted in a Soxhlet
type extraction apparatus with externally thermostatized container. Tests at
1000C were conducted in an extraction in which the temperature was kept
constant by the flow of water vapor. Two tests at 100'C used one system which
kept the samples immersed in H20 and one which kept the samples alter-
nately wet and dry. Glass composition and simulated waste oxides are pre-
sented in Table A.7. Results obtained are shown in Table A.8 and Figures A.10
through A.13. In the worst cases the alkalies (particularly Na) are rapidly
leached resulting in increased pH.' In a replenished system, water composition
and velocity are important'parameters. 'The results seem to indicate a
parabolic dependence of weight loss to time. The extraction of a sample for
weighing purposes influences (increases) the'leach rate. In a more recent
work, Lanza and Parnisari(13) reported measurements on weight loss and
surface analysis, using EDX connected to an SEM, for the glass composition
shown in Table A.9.
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Table A.7

Parameters in Italian Waste Glass Research(12)
Glass Composition (80%)

Comp.

Sio2
B2 03
Al203
Na2O

Weight %

60
18.8
6.2
15

Composition of-Simulated Waste Oxide

Oxide

K20
BaO
SrO

- Fe203
.. Cr2O3

NiO
Na2O

.CuO
ZnO
La2O3

*CeO2
Pr60h
Nd203

Sm203
Y203
ZrO2
MoO3

* TeO2
- CdO
SnO
U02

Weight %

1.25
1.81
1.22

17.33
0.81
1.72

23.48
0.21
0.17

- 2.23
- 4.07

1.66
- 5.25
10.67
.6.85 .

- 5.67
7.25
0.82-
0.11
0.07
7.33

Table A.8

Leaching Data(12) of Italian Glass

Test T°C (gr/cm2 d) Observation

1 30 4x10-
2 80 1.5x10-6 maximum value
2 80 3x10-6 minimum value
3 100 2x10-5 always full
4 100 4x10-5 partially full
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Table A.9

Additional Glass Compositios
Examined by Lanza and Parnisari?13)

Glass Composition

Component Wt.% Component Wt.%

SiO2 48 Sm203 1.12
B203 15 CeO2 0.76
A1203 5 SnO2 0.03
Na2O 18.49 Zr02 1.06
SrO 0.22 MoO3 0.16

BaO 0.33 MnO3 1.35
Y203 1.28 Fe203 3.25
La2O3 0.63 NiO 0.32
Pr2O3 0.31 CuO 0.04
Nd203 0.99 ZnO 0.03

U305 1.38

Temperatures: 50 and 80°C. Cast cylindrical
samples of 10 mm diameter and 10 mm length.

Total weight loss as a function of time is shown in Figures A.14 and A.15.
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Figure A.14 Weight loss of Italian glass as a function of time
(T = 500C).(i3)
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Concentrations were obtained for Si, Na, Fe, Ni, Ce, and U. A plot showing
total amount of cations as a function of time is presented in Figure A.16.
The decrease in cation content of the surface gel may be-attributed to surface
hydration and H+ substitution as the reaction progresses through time.
Table A.10 shows surface compositions based on the various leach times. It
appears that after 9000 hrs (800C) a steady state may have been reached. The
conclusion of the authors is that periods longer than one year are needed to
attain a linear time law.

Table A.10

Variations in Composition of the Surface Layer(13)of Italian Glass

Si/si, Na/Ei, Fe/i, Ni/si, Ce/si, U/si,
t, hr % % % % % T 0 C

0 57.0 31.5 6.2 0.6 1.7 2.9 50
3024 49.4 15.6 21.3 2.2 5.2 6.4 50
5871 37.0 28.5 30.5 2.1 4.28 7.3 50
8055 36.3 24.2 24.0 1.4 5.4 8.6 50

0 57.0 31.5 6.2 0.6 1.7 2.9 80

'3040 13.7 10.2 59.4 2.7 5.3 8.5 80
5864 24.2 13.0 48.4 2.1 2.3 9.8 80
9263 15.9 13.2 57.6 1.3 1.8 10.3 80

Corrosion behavior of glass 72-68 [PW-46-7(2.8)73.1), supplied by
Battel le was investigated in a variety of solutions by the Florida
Group.1_14) Auger electron spectroscopy coupled with Argon ion milling and
infrared reflection spectroscopy coupled with sequential polishing were used
to determine the depth of the leached layers. The predominant processes pro-
posed in'the-c'orrosion are selective leaching, primarily during the early
stages, and network dissolution. Table'A.11 shows the'estimated thickness of
the surface layer; Table A.12, the corrosion rates of the constituent ele-
ments. The'lack of network stability in this glass may be due to the rela-
tively small amount of silica (37.2'mol% SiO2) which tends towards a weak
silica film formation.

I
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Table A.11

Estimated Thickness of Leached Layera
of 72-68 Glass 14)

Thickness of Leached
Environment, 1000C Time Layer (m)b

H20 10 hr 0
0.1M HCi 10 hr 22.6

1 day 15.6
2 days 13.6

0.1M NaOH 10 hr 1.2
2 days 0.40

aSA/ = 0.77 cm-1.
bDetermined from IRRS-sequential polishing technique.

Table A.12

Corrosion Rates of Elements From Nuclear Waste Glass 7-68
(Corrosion Temperature of 1000C and SA/V = 0.77 cm-1)(14)

Actual g/cm2-dl/ 2

Corrosion
Solution Time Ba Ca Cs Na Si Sr Zn

H20 10 hr NA - 6.5x10-6 1.2x10-5 8.1x1O-7
2 days 4.9x10-7 4.9xlO-6 6.9x10 6 4.6xjO-6 2.8x10-7 6.4xI0-7

1 wk 2.4xO-6 2.2x1O-6 1.lx10-7 6.8x10-7 1.4x10-6 2.2x10-7 9.8x1o-7

O.1M HC 10 hr NA 2.4x0-4 2.4xl0-4 4.5x10-4 1.5x10-4 3.8x10-4 2.7xl0-3

1 day NA 1.4x10-4 5.2x10-4 2.9x10-4 8.8x10-5 2.0x10-4 1.9x10-3

2 days NA 1.2x10-4 1.3x10-4 2.2x10-4 6.9x10-5 1.8x0-4 1.3x10-3

4 days NA 9.lx1O-5 9.1x10-5 2.3x10-4 3.OxlO-5 5.5x10 5 8.4x0-4

4 days 8.8x10-4 9.8x10-5 9.8x10-5 3.0xl0-4 2.3x10-5 1.7x10-4 1.2x0-3
1 wk 5.2x0-4 2.8x10- 5 9.8x10-5 1.7xl0-4 1.7x10-5 9.Ox10-5 8.1xl0-4

0.11M HN03 1 wk 2.2x10-4 6.5x10-5 6.5x10-5 1.9x10- 4 2.0x0-5 9.4x10-5 8.0xl0-4

g/cm2-d
0.1H NaOH 10 hr NA 1 9x10-5 NA 4.6x10-5 6.0x10-6 6.9x0-5

2 days NA 7.2xlO-6 NA 7.9x10-6 6.5x10-7 1.3x10-5
1 wk 9.5x1lO 6 2.4x10-7 9.3x10-6 NA 3.7x0-6 2.7x10- 7 7.5x10-6

NA not analyzed.
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Leach studies conducted at Corning compared simulated nuclear waste
glasses with obsidian glass.(15) Tests were conducted on plates of 1.25-cm
square and 0.32-cm thickness or grains under the following conditions:

(1) pH 4: 42 to 60 mesh grains in 2.5% sodium acetate +7.0% acetic acid
for 19 hrs at 25%C - results as weight loss.

(2) Soxhlet test: 45 to 60 mesh in renewed distilled water, 24 hrs at
1000C - results as weight loss.

(3) Strong base: plates in 5% NaOH, 6 hrs, 950C - results as weight
loss.

(4) Weak base: plates in '0.02N Na2CO3, 6 hrs, 95C - results as
weight loss.

(5) Strong acid: plates in 5% HCl, 24 hrs, 950C - results as weight
loss.

(6) Distilled water: powder: 40 to 50 mesh grains, 4 hrs, 900C -

results as alkali extracted.

(7) Acid: powder: 40 to 50 mesh grains in 0.02N H2S04, 4 hrs,'
90'C - results as alkali extracted.

Long-term tests at 30, 60 and 900C were conducted, up to a year, on plate
specimens immersed in distilled water in agitating constant temperature'baths.
Water was changed weekly for some of the samples. Table A.13 shows glass.'
compositions of the test samples. Table A.14 ranks the materials relative to
granite obsidian. Curves fit to the data for the waste glasses and the
obsidians are'shown in Figure A.17. Table A.15 shows the slopes for reaction
rates derived from the various curves, recalculated as m per year. The
sodium extraction data is based on "Leach Depth" (LD) which indicates that
sodium extraction or ion exchange has taken place to at least this depth.
'Test solutions were classified into two-groups: (1) Lim RPB-limited reaction
product buildup, and (2) Sig RPB-significant reaction product buildup.-'

It was noted that when there is no reaction product buildup as a result
of increased temperature the apparent 'activation energy does not change.
Figure A.18 shows the log of LD vs inverse temperature after the Arrhenius
expressions for glass R and Q at 20 weeks.. :Assuming linear dissolution rate
for silica the range of reaction rates-are given in Table-A.16. Predicted
rates are given in Table A.17. -
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Table A.13

Composition of Materials Studied at Corning(15)

Natural Synthetic Nuclear Waste
Granite Obsidian, % Glass, %

Constituent Obsidian, % Andesite Basalt Q R

SiO2 74.6 60.1 49.7 38.1 40.1
(60.0) (50.0) (39.4) (40.6)

TiO2 0.8 1.4
A1203 14.0 17.5 15.9 13.8
Fe2O3 2.0 6.6 11.9 5.2 11.3
MnO 0.3

MgO 2.8 6.2 1.6
CaO 5.1 9.1 2.0
Na2O 3.8 3.7 3.2 17.3 13.0

(3.6) (3.2) (16.5) (12.5)
K20 5.3 2.1 1.5
P205 0.5
ZrO2 0.4 1.9
CeO2 0.3 3.9
RuO2 0.3
B203 (17.1) ( 9.4)
Cr2°3 0.9 0.5

La203 0.3 2.0
Cs20 0.3 0.5
NiO 0.6 0.6
MoO3 0.5 2.5
F 1.9
Other

Glass Q is Battelle's 76-101 (67 wt.%) with 33% PW-8a-2.
Glass R is the French SAN 55*20*20*F.22 waste glass.

Comparison of observed natural obsidian rates with predicted rates show 0.003
im/yr for granite obsidian at 300C and 0.01 m/yr for basalt obsidian vs
approximately 0.01 m/yr reported in this study.

A comparative summary of the Corning test results, including 7740 glass,
is given in Tables A.18, A.19, and A.20.
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Table A.14

Results for Standard Tests of Corning(15)Relative Values of

Relative Resultsa
Obsidians - Glasses

Test Typeb Granite Andesite Basalt Q. R

Alakali
Strong (3) -1 2 2 10 1
Weak (4) 1 2 32 6 1

Acid
Strong (5) 1 5 1025 5050 5000
pH 4 (1) 1 53 567 43 7
Powder (7) 1 1 3 32 8

Water-
Soxhlet (2) 1 * 4 25 62 37
Powder (6) 1 1 1 12 12

aRelative results between samples but not between
tests.

bNumber in parentheses refers to test description as
numbered in text.

GLASS R

.

X

0

-j

GLASS 

50
- .. . TIME, WKS

Figure A.17 Leach depth vs. tine at 900C when there is
in water from Corning test.(15)

Lin RPB
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Table A.15

Sodium Reaction Rates (e.g., Slope of C rv) at 1 Week and 20 Weeks
From Corning Testt 5)

Reaction Rate, m/year
Reaction 1 Week 20 Weeks

Material Extenta 300C 600C 90°C 300C 60°C 900C

Obsidian
Granite Lim RPB <0.1 <1 1 <0.1 1 <1

Sig RPB 0.01 <0.1 <1 0.01 <0.1 <1
Andesite Lim RPB <0.1 <1 1 <0.1 <1 1

Sig RPB 0.01 <0.1 <1 0.01 <0.1 <1

Glass
Q Lim RPB 1 12 80 0.2 7 65

Sig RPB 1 3 10 0.04 1 3
R Lim RPB 1 40 140 1 15 65

Sig RPB 1 12 35 0.2 5 6

abithedr 11~mpd (Lim) or significant (Sig) reaction product

Table A.16

Reaction Rate Ranges Based on SiQ2 ssolution Results
of Corning Tesit? 5 s

Reaction Rate Range, tm/year
Material 30 0C 60 0C 90°C

Obsidian
Granite 0.00-0.02 0.01-0.2 0.4-2

* Andesite 0.00-0.06 0.4-4 0.4-9

Glass
Q 0.02-0.2 0.6-6 1-25
R 0.02-1 2-16 1-40
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Figure A18 Relevance o sdium data of Corning
expressionm15)

test to the Arrhenius

Table A.17

Predicted Reaction Rates of Corning Test(15)

Microns per year
300C 60 0C 90%1C

Obsidian-
Granite 0.01 <0.1 <1
Andesite 0.01 (0.1 <1
Basalt 0.01 0.1 <1

Glass
Q 0.04 0.6 3
R 0.2 2 6
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Table A.18

Comparison of Chemical Resistance From Corning Test( 15 )

Test Test Solvent Time Temp. Units Results for Glass Types
No. (hr) ( 0C) 1 2 3 4

Acid Base 1 pH 9 19 25 % 0.0 0.0 0.0 0.0
2 pH 4 19 25 % 17.0 1.6 1.3 0.2

Soxhlet 3 water 24 100 % 1.0 0.18 2.5 1.5

Plate 4 NaOH 6 95 mg/cm 1.1 1.1 6.7 0.7
5 Na CO 6 95 mg/cm 1.6 0.1 0.3 0.05
6 HCl 24 95 mg/cm 41.0 0.2 202.0 200.0

aGlass 1 = 50% SiO2 obsidian; glass 2 = 60% 5i02 obsidian glass 3 =
SAN 55.20.20.20F.22 French composition; glass 4 = Battelle 67% 76-101, 33%
PW-8a-2.

Table A.19

Ranking of Different Glasses
From Corning

Using Glass No. 2 as Unity
Test? 15)

Test Approx. pH Test No. Result Compared to Glass No. 2 for
Glass 1 Glass 2 Glass 3 Glass 4-

Acid 0.1 6 200 1 1000 1000
4 2 10 1 0.8 0.1

Neutral 7 3 5 1 15 8
Base 9. 5 5 16 1 3 0.5

13 4 1 1 6 0.6
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Table A.20

Comparison of Chemical Durability for Various Glasses From Corning Test(15)

Natural Synthetic Candidate Glasses
Test Obsidian 7740 Glass Obsidian French Battelle

Plate -

Weight Loss (mg/cm2):
5% HC13 0.05 0.01 0.2 202. 200.
5% NaOHb 0.8 '1.0 1.1 6.7 0.7
0.02N Na2CO3b 0.05 0.1 0.3 0.05

Powder -

Alkali Extracted (Na--)
0.02N H2S04C 0.001 ;0.001 <0.001 0.012 0.012
Waterc 0.003 0.005 0.003 0.097 0.025

a 24 hr at 950C.-
b 6 hr at'950C.
c 4 hr at 901C.

The cyclic behavior of glass degr dat ion is illustrated in a series of
experiments by Kenna, et al. at SandiatI61. Two zinc borosilicate glass sam-
ples, one prepared by'PNL and one at Sandia, along with a hot pressed sodium
titanate pellet, underwent Soxhlet leach tests fora 20 month period. The
samples contained approximately 25 weight percent simulated high-level
calcined waste. A quartz Soxhlet apparatus using deionized water (300 m) at
boiling temperatures was used for the samples and one'empty quartz Soxhlet was
run as a blank. Concentrations of Cs, Sr,.Na, Mo, Zn', and Si in solution were
determined by atomic absorption spectroscopy. Following two months of testing
the glasses showed agel layer (described as reddish-brown) which periodically
broke off into solution. Results indicate that (1) the leaching behavior is
not linear or uniform; (2) aperi'odic cycle of leaching is evident; (3) maxima
for less mobile element (Mo) precedes mobile element (Cs) by approximately 1
month. The periodicity may be due to surface dissolution leading to surface
roughening increasing surface area and a structurally weak protective film
which tends to 'fall off iito solution '(see Fig.; A.19 and 'A.20). -

. . . . .
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Corning's investigations into glass corrosion led to testing five ex-
perimental glass candidates from the U.S., England, France, Germany, and
India.( 17J A conventional soda-lime glass was included in the tests for the
purpose of comparison (Table A.21). The composition of the simulated nuclear
waste included in the waste glasses is given in Table A.22.

Table A.21

Glasses Tested by Corning(17)

Composition
(Weight Percent)a Glass A Glass B Glass C :Glass D Glass E Soda Lime

SiO2 ' 43. 52. 35. 40. 27. 72.
B203 22.- 14.- 9. 17. 11. ---
Na2Ob 12.5 11.0 21.9 9.1 6.8 14.
K20 0.4 0.4 0.5 0,3 4.6 0.2
CaO --- --- 1.9 3.0 1.5 11.5
BaO 0.6 0.6 0.7 --- 1.5
SrO 0.4 0.4 0.5 --- 1.5
Fe2O3b 1.9 1.9 2.3 13.1 2.0
ZnO --- --- --- --- 21. ---
A1203 __ _ . -__ -1.8
TiO2 --- --- 2.9 --- - ---
Wastec 25. 25.8 30.5 20.2 26.2 None
Melting Temp. (C) 1050 1150 1150 1050 1050 ---
Time (hr) 6 6 6 5 5
Density (gm/cm2) 2.69 2.66 2.93 2.78 3.27 2.47
Grain Surface Area

(cm2) 296 276 163 210 169 182

aB, 0 Na;O, K,0and e203 verified by AAS; others by
spectrographicanalysis.-

bIncludes Na2O and Fe203 in waste.
CNa2 O and Fe203 in waste included above; total will exceed 100%.
dGas measurement slow to stabilize possibly indicative of microcracks.
A-England; B-France; C-Germany; D-india; E-U.S.A.

The problem of determining a range of environmental events likely to
occur was resolved by specifying a number of "most likely"-conditions, pre-
sented in Table A.23. A subset of these conditions (Table A.24) was selected
for the various tests. The test tempertures were selected as a matter of con-
venience and are probably lower than'anticipated under actual repository con-
ditions. The 30 cycles per minute oscillation is-meant to provide stirring
and dispersion of the reaction products awaytfrom the glass grains without in-
troducing abrasion (which may disrupt-film formation).- The pH of the solution
after the test was measured in order'to'determine'cha'nge. The difference in
pH levels is indicative of-different corrosion-mechanisms reflecting on the
composition of the particular glass. Weight loss is a useful indicator of
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Table A.22

Composition of Simulated Nuclear Waste Included in Waste Glass Tests
at Corning(17)

Oxide Weight Percent Oxide Weight Percent

Na2O 10.18 PdO ---
Fe2O3 7.10 AgO 0.13
Cr203 0.51 CdO 0.15
NiO 1.54 TeO2 1.07
P205 9.34 Cs20 __
Gd203 --- BaO 2.31
K20 1.68 La2O 13.64
RbO --- CeO2 15.49
SrO 1.57 Pr6011 3.13
Y203 0.68 Nd203 10.65
ZrO2 7.30 Pm203 ---
MoO3 9.39 Sm203 1.72
Te207 --- Eu2O3 ---
RuO2 Gd203 1.25
Rh203 --- Other REO 0.69
Co304 0.45

Table A.23

Natural Geochemical Environments(17)

Environmenta pH

Salt Mine 7.8
Sea-Bed 7.8-8.0
Basalt Formation 3.0-7.0
Coal Mine >3.0
Clay Formation 7.0-8.0
Limestone ormation 8.0-8.2
Acid Wat er <1.0
Alkali Lake BrineC 9.5
Range: "Normal" 3-8

"Sometimes" 1-10

aAssumes water present.
ontainsapp roximately 1% H2S04 - Devil's
Inkpot, Ye11owstone Park.

CSearles Lake, Mohave Desert.

A-92



Table A.24

Experimental Parameters of Corning Test(17)
i~- . ..tr'f.Cn e

Equipment for Testing.
125 mL Erlenmeyer flasks, polypropylene
Constant temperature water bath with oscillating flask holder

Solutions (volume: '25 mL):
0.1N acetic acid., pH 2.9
deionized water pH 7
water saturated'with CaCO3 ; pH 9.3;

Agitation:
30 cycles per minute
1 1/2 inch path

Temperature:
25°C
55°C

Duration Time:
1 day
10 days

Sample Form:
grains approximately'O.Snm m(40-50 mesh)
plates, 1/2 in. x 1/2 in.'x 1:mm, polished

total attack. Sodium (most readily leached or preferentially extracted ele-
ment) and silica (least-readily leached; indicative of network dissolution)
were determined by flame spectroscopy. Film formation was determined through
optical microscopy. The depth of 'reaction was extrapolated to 365 days and
assumes a linear' rate.

Corning's results for grain samples show'pH, weight loss and sodium and
silicon extracted into 25 ml of solution.' The 'pH shift' (in Summary Table
A.28) is the value obtained after 10 days at'550C, indicating change in the
nature of the reacting solution. The'depth of reacted layer (assumes depth to
which sodium has been leached .and dpth'to which silicon has been removed) is
given as an estimate. The estimated long-term reaction rate (item 8, Tables
A.25 to A.27) is based on the limited data and a narrow range of minimum to
maximum rates. The minimum long-term rate is assumed to relate to the rate of
silica removal. The 10-day rate for silica removal has been used for the
long-term estimates. A summary-and record of'performance for each glass type
is given in Tables A.25 through A27. ̀ The verticle bars in Figure A.21 (Esti-
mated Corrosion Rates) represent the span between the estimated maximum and
minimum corrosion rates. The solid square on each bar is the estimated
"probable" rate (a "best guess"). Table A.29 presents the results of the
plate tests for glasses A-E (550C.for 2 days).

A 93



The results of the comparative testing by Corning permits a certain rank-
ing of glass durability based on its performance in leach tests. The leach
tests cannot duplicate the effects of glass corrosion under burial/weathering
conditions. Also, the extrapolation of results based on a 1- and 10- day test
to estimate long-term leach rates is, as Corning points out, a "best guess" at
best.

The comparative testing by Corning is useful in its evaluation of various
glass compositions under similar conditions. Insights as to the performance
of a glass based on composition could eliminate poor performers. The use of a
standard, such as an NBS soda-lime glass as a reference material may provide a
comparative base for the test design.

A-94



Table A,25

Corning Glass Grain Results - Acetic (pH 2.9)(17)

Time A 8 C D E Soda Lime
25C 55 C 25C 55 C 25C 55C 25C 55C 25C 55 C 25 C 55*C

to

1. pH 1 day 3.9
10-days 4.4

2. Weight Loss 1 day 60
(mg) 10 days 45

3. Ha+ (ppm) I day 480 1
10 days 834 2

4. Si' (ppm) 1 day. 56
10 days 78

S. Appearance
(microscope) 1 day slightly

cracked
10 days cracked

6. Relative Na2O
Extraction
(Solution vs
glass) 1 day 18

10 days 23

7. Reacted Layer
Depth (pm)
Na+ 1 day 1.62

10 days 2.82

Si+ I day 0.087
.10 days 0.122

4.6
6.2. -

97
113

.066
2976

112
52

3.0 - 2.9 3.3 3.9 3.0
3.1 3.4 4.0 --- 3.2

3.0 2.0 9.0 11.0 ' -4.0
2.0 11.0 14.0 23.0 93.

4.2 21.4 220. 412. 8.8
7.6 78. 448. 660. 34.

0.3 .3.0 26. .90. 3.
0.4 34.0 74. 74. 14.

3.1 5.3 5.5
3.7 6.1 5.8

56. 135. 105.
6. 106. 103.

31.0 696. 650.
174. 776. 784.

18. 236. 140.
92. 92. 82.

cracked no change slight Spall no change deposit crack crack no change no change
film

cracked no change Spall Spall, deposit deposit crack crack no change no change

21 42 24 9 4 8 5 8 12 ---
123 56 46 9 9 7 5 21 24,

3.0 3.0
3.1 - 3.1

-2 4
19 11

4.0 6.4
5.4 22.0

0.0 0.4
0.0 0.0

3.61 0.018 0.089 0.71 1.32 0.06
10.1 0.032 0.033 1.44 2.13 0.22

0.175 0.0004 0.004 0.083 0.28 0.01
0.081 0.0006 0.047 0.236 0.24 0.03

0.20
1.10

0.04
0.21

6.2 5.8 0.020 0.034
6.9 7.0 0.030 0.118

0.84 0.49 0.000- 0.001
0.32 0.29 0.000 0.000

8. Estimated
long term
rate at 250C
cm/yr MAX. 0.06 0.0007 0.03 0.002 0.2 .001

MIN. 0.0004 0.000002 0.001 0.0001 0.001 0.00001
Probable 0.01 0.00001 0.005 0.0001 0.1 0.00001
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Table A.26

Corning Glass Grain Results: Deionized Water (pH 7)(17)

A
25C 55'C

B
25%C 55iC

C
25C 55*C

0
Time 25"C

E
55C 250C 655C

Soda Lime
25"C 550C 1

1. pH 1day
10 days

2. Weight Loss 1 day
(mg) 10 days

3. Na ppm) 1 day
10 days

4. SiO (ppm) 1 day
10 days

5. Appearance
(microscope) 1 days

10 days

8.8
9.0

5.
21.

52
238

28
64

8.8
9.3

49.
39.

346
904

102
76

5.9 8.8 8.5 10.7
5.8 8.8 10.5 11.7

7. 4. 12. 26.
19. 16. 10. 45.

3.0 26.6 62. 426.
2.8 116. 406. 876.

0.3 31. 26. 126.
8. 58. 104. 228.

8.3
7.8

10.
-8.

5.0
23.4

3.
17.

8.8
8.9

5.
-5.

36.
62.

29.
46.

7.1
6.7

37
19

180
200

198
208

8.0
7.0

15
27

184
126

90
133

6.7 ' 9.0
7.8 9.6

11 0.4
4 11

4.0 7.0
5.6 26.

3.0 9.6
1.8 19.2

a-

slightly cracked no change
cracked
slightly cracked no change
cracked

slight Spall no change deposit deposit deposit no change no change
film

Spall Spall deposit crazed film film no change no change

6. Relative Na20
Extraction
(solution 1 day
vs glass) 10 days

4. 8. 30.
8. 26. 1.0

2.5 3. 3. 4. 3.
5.9 4. 4. 4. 4.

7. Reacted Layer
Depth Im)
Ha*

Si +

3. 5. 4 3
3. 5. 10 4

1.6 1.6 0.020 0.036
1.8 1.1 0.030 0.138

0.71 0.32 0.005 0.016
0.74 0.49 0.003 0.032

1 day 0.18 0.17 0.012 0.111 0.20 1.37 0.03
10 days 0.81 3.06 0.012 0.93 1.30 2.82 0.15

1 day 0.044 0.159 0.0004 0.044 0.083 0.40 0.01
10 days 0.100 0.119 0.0112 0.081 0.33 0.73 0.04

0.23
0.39

0.06
0.1

B. Estimated
long term
rate at 25C
cm/yr MAX. 0.006 0.0004 0.007 0.001 0.06 0.001

MIN. U.()U4 U.JU0U4 O.UU1 U.U)1 U.()U., O.UUUI
Probable 0.001 0.0001 0.001 0.0001 0.01 0.0001
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Table A.27

Corning Glass Grain Rosults - CaCO3 (pil 9.3)17)

A 8 C D E Soda Lime
.Time 25C 55 25C 55CC 25*C 55C 25*C 55C 25C 55*C

1. pH 1 day 8.8 g.0 6.5 8.9 9.0 10.4 7.9 8.9 * 7.8 8.3 7.7 9.5
10 days 8.9 9.2 7.6 8.8 9.8 11.6 8.1 8.9 7.2 8.2 7.8 8.4

2. Weight Loss 1 day 3. 7. 8. 3. 7. 31. 4. 2. 30. 50. 14 5
(mg) 10 days 2. 2.5 2. 18.0 32. 39. 1. 9. 48. . 28. 0.1 30

3. Na (ppm) 1 day 54 270 3.5 .38.0 102. -256. 6.2 28. 174 120. 4.0 8.8
10 days 206 662 . 24 104. 454. 908. 23.4 58. 64 168 5.6 34.

4. Si (ppm) 1 day 28 98 '2.6 42. 68. 66. 3. 26. 187 174 3.2 13.8
10 days 32 .,98 26. 60. 148. 206. 17. 36. 102 152 3.4 42.6

5. Appearance
.A(microscope) 1 day slightly slightly slight no change slight Spalling no change deposit deposit deposit no change no change

- cracked cracked deposit Spall1ng -

10 days slightly cracked slight no change Spalling Soallfng depoit crazed flim film no change no change
cracked deposit ! ' -

6. Relative NaO - -
Extraction 
(Solution 1 day 4 6 10 2.7 3 4 6 3 3. 2. 4 2
vs Glass) 10 days 14 .15 2.7 5 3C" 4 4 3 2. 3. 5 3

7. Reacted Layer
Deph ( m) -

Na 1 day 0.18 0.91 0.014 0.158 0.52 0.82 0.04 0.18 1.6 1.1 0.020 0.048
10 days 0.69 2.24 0.100 0.43 1.46 2.93 0.15 0.36 0.5 1.5 0.030 0.182

S1 1 day 0.044 0.153 0.0036 0.058 0.22 0.21 0.01 0.06 0.67 0.62 0.006 0.023
10 days 0.050 0.153 0.0032 0.084 0.47 0.66 0.04 0.08 0.36 0.54 0.006 0.071

8. Estimated
Long Term
Rate at 25"C-
cm/yr MAX. 0.007 0.0005 0.02 0.002 0.06 0.001

. . MIN. 0.0002 0.00001 0.002 0.0005 0.001 0.0001
Probable 0.001 0.0001 0.002 0.0005 0.01 0.0001
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Table A.28

Summary of Interpreted Results for all Glasses of Corning Test(17)

A B C D E Soda-Lime

pH Shift Acetic 6.2 3.4 4.5 3.7 6.1 3.1
Water 9.3 8.8 11.7 8.9 7.0 9.6
CaCO3 9.2 8.8 11.6 8.9 8.2 9.4

Temp. Ratio (55/25) Acetic 3. 10. 2. 5. 1. 2.
Water 5. 20. 5. 5. 1. 3.
CaCO3 4. 10. 2. 4. 1. 4.

Time Ratio (10/1) Acetic 2. 4. 2. 5. 1. 2.
Water 5. 4. 4. 4. 1. 2.
CaC03 4. 5. 3. 3. 1. 2.

Relative Na2O Acetic 30. 20. 7. 7. 5. ---
Extraction Water 10. 5. 4. 4. 3. 4.

CaCO3 10. 5. 4. 4. 3. 4.

Estimated Rate Acetic Max. 0.06 0.0007 0.03 0.002 0.2 0.001
(cm/year) Min. 0.0004 0.00001 0.001 0.0001 0.001 0.00001

Prob. 0.01 0.00001 0.005 0.001 0.1 0.00001

Water Max. 0.006 0.0004 0.007 0.001 0.06 0.001
Min. 0.0004 0.00004 0.001 0.0001 0.002 0.0001
Prob. 0.001 0.0001 0.001 0.0001 0.01 0.0001

CaCO3 Max. 0.007 0.0005 0.02 0.002 0.06 0.001
Min. 0.0002 0.00001 0.002 0.0005 0.0001 0.0001
Prob. 0.001 0.0001 0.002 0.0005 0.01 0.0001

Appearance Acetic cracked no change spalled deposit cracked no change
(1 day at 550C) Water cracked no change spalled deposit film no change

CaCO3 slightly no change spalled deposit film no change
cracked
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Table A29

Plate Test Results for Glasses A-E (55C - 2 days)
(Sample surface area: 3.6 cm2; solution volume: 25 mL)(17)

Variahle Glass A Glass B Glass C Glass 0 Glass E
Acetic Water CaCO Acetic Water CaCO Acetic Water CaCO Acetic Water Caco Acetic Water CaCO

pH 3.2 8.0 8.4 2.9 __ 6.5 3.1 8.7 8.4 2.9 5.4 6.3 4.1 5.8 6.3
Welqht loss (mg/cm2) 2.2 0.70 0.62 0.06 __ 0.19 0.64 0.60 0.39 0.28 0.13 0.11 14.4 0.15 0.15
ppm Na 107. 22. 21. 1.2 -- 3.4 33. 23. 15. 4.0 1.5 2.7 214. 0.8 0.4
ppm S 31. 23. 24. 0.8 -- 5.9 12.2 9.8 6.7 5.1 10.2 10.2 96. 5.2 5.6
AppParance deposit hazy deposit irides- -- hazy hazy OK hazy irides- irides- Irides- deposit OK spotted

cent cent cent cent
Relative Na20 (solu-
tion vs lass) 7. 2. 2. 4. -- 2. 3. 2. 2. 2. 0.4 0.4 6. 0.4 0.2

Reacted laver depth
um- Na+ 29. 6. 6. 0.4 -- 1.1 5. 3. 2. 1.5 0.6 1;0 90. 0.3 0.2

- S" 4. 3. 3. 0.1 -- 0.6 2. 1. 1. 0.7 1.4 1.4 16. 0.9 0.9
Estimated lonq-term
rate at 251C (cm/yr)

Maximum 0.16 0.03 0.03 0.002 -- 0.006 0.03 0.02 0.01 0.008 0.003 0.005 0.5 0.002 0.001
Minimum 0.01 0.01 0.01 0.0002 -- 0.001 0.004 0.003 0.002 0.002 0.003 0.003 0.04 0.002 0.002
Probable 0.05 0.02 0.02 0.0005 -- 0.002 0,01 0.01 0.005 0.004 0.003 0.004 0.04 0.002 0.002

I
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