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EXECUTIVE SUMMARY
This is the technical report to NERDDP on Project No 1313, “Description of Synroc
Durability: Kinetics and Mechanisms of Reaction™.

Many physical and chemical processes occur, singly and concurrently, when Synroc
is exposed to leachants. A few of these include:

. ion-exchange between Sanoc and the leachant;
. dissolution of some primary phases;

o formation of colloids;

. precipitation of secondary phases.

All of these processes (and others) affect the durability of Synroc. Consequently, it has
been necessary to apply an armoury of techniques, to unravel the various processes and their
effects. Techniques used include:

. solution analysis by inductively coupled plasma mass spectrometry (ICP/MS) and
inductively coupled plasma optical emission spectroscopy (ICP/OES);

. scanning and analytical transmission electron microscopy (SEM and AEM
respectively);

X-ray photoelectron spectroscopy (XPS) and Auger spectroscopy.

We have matched or exceeded all the sub-objectives agreed to and funded by
NERDDP in 1989/90. Furthermore, we have begun to integrate the information generated
under the auspices of the grant as well as information subsequently collected, into a
comprehensive model.

The information contained within the bulk of this report can be broken down into
areas which relate to the sub-objectives of the project.

OBJECTIVE 1.
Titanium Destinations During Synroc Dissolution

The concentrations of titanium in leachates in equilibrium with Synroc are very low
(e.g. Reeve et al., 1987). As one of the major matrix elements, its destinations after release
from Synroc is of considerable interest. Preliminary studies on the destination of titanium
released from perovskite, the least durable of the major Synroc phases, were undertaken in
this project. Solution analysis, examination of surface deposition and light scattering
experiments have shown that the vast majority of titanium liberated during the dissolution of
perovskite remains on the perovskite surface. During the dissolution of Synroc, SEM and
analytical electron microscopy AEM show that the titanium liberated during perovskite
dissolution at 70°C is located in a hydrated titanium oxide film which adheres to the
dissolving Synroc surface and at 150°C the liberated titanium principally exists as crystalline
anatase which also adheres to the dissolving Synroc surface. The deposition of such
titanium-rich secondary phases may inhibit the long term solubility of Synroc.



Hollandite Dissolution

Single phase dissolution studies of hollandite have shown that, after initial releases,
(due to ion-exchange at the surface, which only affects the external monolayer of material)
hollandite undergoes congruent dissolution. This does not result in congruent Ba and Ti
leach rates, as Ti is redeposited on the hollandite surface.

The hollandite experiments were designed to ensure that barium releases were not
constrained by solubility limits. Under the conditions which were used, aluminium is
sparingly soluble. XPS results showed surface enrichment of aluminium and it is suggested
that AIO(OH) would be the dominant precipitated species. The following reactions for the
release of Al to solution and the precipitation of a hydroxylated layer of Al are suggested.

AB+ 4+ nHyO —> AI(OH)H(?"")"' +nH* forn=1,2,3,4 1)
* AI(OH),(-0)+ is hydrolysed to form AIO(OH) and H3O* )

Both of the reactions have the effect of driving the pH to low values. It is suggested that the
presence of a thin alumino-titanaceous layer suppresses the dissolution of hollandite

OBJECTIVE 2.

Systematic Studies of the Effect of Temperature and Solution Chemistry on
the Dissolution Kinetics of Synroc

Specimens cut from a single Synroc block (specimen 903, containing 10% simulated
HLW) specifically made for this project have been subjected to systematic dissolution tests at
70°C in doubly deionised water (DDW), silicate and carbonate solutions and at 150°C in
DDW to establish the effect of leachant composition and temperature on the kinetics of
dissolution. In all cases, the leachant was replaced every seven days up to 84 days and
thereafter every 28 days. Dissolution data up 200 days are presented in this report.
Scanning electron microscopy (SEM), transmission and analytical electron microscopy
(TEM and AEM) were used to characterise the phases present prior to and after dissolution
testing. SEM and TEM data up to 84 days, and AEM up to 28 days are presented in this
report. Chemical changes in the leachants were measured using inductively coupled plasma
mass sopegtrometry (CP/MS) and inductively coupled plasma optical emission spectrometry
(ICP/OES).

Various authors have provided insight into the kinetics and mechanisms of Synroc
dissolution (Kastrissios et al., 1987; Cooper et al.,1986; Levins and Jostsons, 1988; Pham,
1989), however, this is the first comprehensive integrated appraisal of Synroc dissolution
conducted using many samples from a single, fully characterised, Synroc sample. The
results confirm and extend the findings of previous authors.

In this study, it was found that the cumulative releases from individual specimens of
the most mobile elemental species during Synroc dissolution (cesium, molybdenum, barium
and strontium) are proportional to time raised to the power of 0.16 and obey an equation of
the form:

Q=Ai +B; t 0.16

where Q = quantity leached (g m2), ¢ = leaching time in days,
A; and B; vary for different elemental species and different temperatures.



Phenomenological equations of this form also fit dissolution test data from Synroc
containing radioactive specimens (Reeve et al., 1987) and can be used to predict losses up to
1200 days.

Sudden, approximately coincidental, small, spikes in leach rate versus time curves
for cesium and molybdenum are observed at both 70°C and 150°C. These spikes could
either be due to elemental releases from an unstable cesium molybdate secondary phase,
handling or the exposure of fresh Synroc (including fresh alloy particles, hollandite and
grain boundaries etc.) to the leachant. As the spikes are not exactly coincidental the latter
explanation is favoured.

As found previous studies, perovskite and the alloys are the only phases significantly
altered when Synroc is subjected dissolution tests at 70 and 150°C. At 70°C, the
molybdenum-rich alloys dissolve and perovskite is slowly replaced by titanium oxide film
and other minor secondary phases. As the contact time increases, the titanium oxide film
spreads and no molybdenum-rich alloy particles remain on the surface. At 150°C, the alloys
and perovskite both dissolve and perovskite is replaced by crystalline anatase (TiO2) and
other minor secondary phases.

After perovskite, hollandite is the next most soluble of the four major constituent
phases of Synroc (perovskite, hollandite zirconolite and rutile/Magneli material). Zirconolite
and rutile are very stable. SEM, TEM and AEM results show that, during Synroc
dissolution, perovskite (and subsequently hollandite) are preferentially removed from the
surface and that the remaining resistate phases are coated with amorphous or crystalline
titanium oxide.

The following observations support the contention that silicate and carbonate
solutions promote the stabilisation of secondary phases which incorporate simulated HLW
species released from Synroc.

. The release of simulated HLW elements with time from Synroc exposed to
carbonate and silicate solution at 70°C are either similar to or less than the releases
measured when Synroc is exposed to DDW at 70°C.

. The composition of the titanium oxide film on the surface of Synroc exposed to
silicate and carbonate solutions is depleted in simulated HLW species relative to the
composition of the titanium oxide film on the surface of Synroc exposed to DDW at
70°C.

. The number and amount of secondary phases found on the surface of Synroc after
exposure to carbonate and silicate solutions is greater than that found on the surface
of Synroc 903 exposed to DDW at 70°C.

AEM analyses also suggest silicate solutions inhibit the loss of molybdenum from surficial
alloy particles.
OBJECTIVE 3.

Description and Evidence of the Kinetic Regimes Which Apply During
Synroc Dissolution

Evidence has been summarised for seven major mechanisms controlling leaching and
dissolution of Synroc, namely:- instantaneous dissolution of surface-exposed species; ion



exchange and diffusion/oxidation of minor (e.g. metal alloy) phases; base catalysed
hydrolysis of the major titanate phases; precipitation from solution, in-situ recrystallisation
(e.g. TiO2, ZrOy) and diffusion-limited release (i.e. microencapsulation). Correlation of
results from solution analyses, surface analysis and analytical electron microscopy provides
a basis for discussion of mechanisms. The kinetics of Synroc leaching and dissolution have
been divided into 5 regimes (I to V) in which it is postulated particular mechanisms or
combinations of mechanisms are predominant. The numbering of these regimes roughly
correlates with the length of exposure of Synroc to a leachant (e.g. the mechanisms
presumed to dominate regime I occur immediately upon exposure of Synroc to a leachant).
However different regimes can (and often do) occur concurrently. Despite this difficulty,
the division of the Synroc leach rate data into different regimes provides a basis for relating
the kinetics to the mechanisms.

In regime I - instantaneous dissolution of exposed ions - the effects of prior treatment,
ambient reaction, surface disorder and surface area on particular elements are important. In
regime II - ion exchange and minor phase reactions - the effects of surface disorder, ceramic
microstructure (intergranular films, pores, Ti-relict regions) and minor metal alloy phases are
demonstrated. In regime III - titanate hydrolysis - the different reaction rates of
perovskite>hollandite>zirconolite, microencapsulation, alterations in the structure of surface-
reacted layers at different temperatures, and distribution of elements between phases
determine elemental release rates. Regimes IV and V - precipitation, recrystallisation and
diffusion - are evident relatively early in the reaction process altering solution concentrations
of particular elements and limiting release through hydrolysed layers.

The combination of these mechanisms suggests that long-term kinetics are dominated
by:- continuing diffusion - limited hydrolysis of zirconolite; release of particular elements
from metastable precipitates; recrystallisation of hydrolysed Ti(OH)x(4-X)* species to TiO2
(and probably equivalent ZrO2 and Al oxide/hydroxide reactions); and consequent surface
coverage by precipitates and recrystallised solutions.

In relation to the ultimate question as to what dominates the very long term durability
of Synroc, some observations can be made at this time but further testing remains critical.
Microencapsulation of the less durable perovskite, hollandite and minor phases by
zirconolite provides the structural stability of the Synroc matrix. However, a substantial
(i.e. micrometers thick) reacted layer develops on the Synroc surface even after 500 days
(Smart et al, 1988, 1989). At 1000 days, "holes" or pores were still apparent in an almost-
continuous layer of TiO7 suggesting that diffusion of dissolving species was still able to
occur through these outlets. In the context of long term rates, 1,000 days is still a relatively
short period. It is clearly critical to know whether, eventually, the surface forms a
continuous layer of TiO2 or whether these holes remain in the structure due to kinetic

requirements of elemental release.

OBJECTIVE 4.

Solubility Limits and Precipitation From Solution Of Elemental Species
Liberated During Synroc Dissolution

Synroc 531 prepared by the Sandia route (Ringwood at al., 1988) was subjected to
dissolution tests at 90, 150 and 190°C in doubly deionised and distilled water (DDDW) to
determine the the solubility limits and precipitation mechanisms and kinetics of elemental
species released during Synroc dissolution. These results were compared with the
precipitate phases predicted by the complex computer code EQ3NR (Wolery, 1979). The
data base unfortunately did not include several important species and minerals relevant to
Synroc (e.g. Ti, Zr or Mo species or minerals). A comprehensive literature search



conducted in this project, which included all major computerised data bases, has failed to
find appropriate data for inclusion in the EQ3NR program. It will be necessary to measure
these species and minerals experimentally. For those species which were included in the
code, there is good agreement between the predicted products and the experimental results.

The data presented clearly demonstrate the importance of saturation of elements in
solution and precipitation of secondary solid phases in evaluating the performance of
Synroc. It is primarily these phases which will determine the extent of near-field retardation
of radionuclides in solution vis-a-vis migration into the far-field. In particular:

o concentrations of Ba, Ca, Sr and Mo in solution are controlled by the saturation and
precipitation of the carbonate and molybdate phases of these elements;

. control of Al concentration in solution by saturation and precipitation of AIO(OH),
Al(OH)3 and possibly Al;0O3;

. the precipitation of SiO7 phases gives rise to a steady state concentration of Si in
solution;

. Cs and Na remain under-saturated in solution within the range of the present
experimental parameters.
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RECOMMENDATIONS FOR FURTHER WORK

This report presents the preliminary information necessary to provide a consistent
and complete description of the kinetics and mechanisms of dissolution which control the
release of high level waste (HLW) elements from Synroc. It is recommended that the many
and various sub-projects be continued, so that this overall goal can be achieved. Synroc
could then be meaningfully compared with other HLW wasteforms (in particular with
borosilicate glass, the current market dominator).

Some of the individual studies that need to be undertaken (or continued) in order to
complete the description of the dissolution of Synroc, arise from the studies reported here
and are described in detail at the end of Chapters 2, 3, 4 and 5. Generally, experiments have
been planned (or are currently in progress) to:

. continue experiments concerned with the kinetics and mechanisms of dissolution of
individual constituent phases of Synroc (hollandite studies will be extended and
zirconolite studies will be initiated);

. continue the current dissolution testing of Synroc 903 up to total immersion
durations of 700 days;

. undertake SEM, glancing angle X-ray and AEM studies of the secondary phases
formed on the surface of Synroc 903 after dissolution testing for periods greater
than those reported here;

. extend the data base of predictive computer programs and apply them to long term

Synroc dissolution.

. continue studies of the interaction between Synroc and geological media



TECHNOLOGY TRANSFER

This project is near the fundamental research end of the spectrum of the total
Australian Synroc research and development effort. Links with industry have been
developed by ANSTO under bilateral cooperative research and development programs with
Italy, Japan and the United Kingdom. Further international links are maintained through
participation in IAEA and OECD/NEA technical fora.

The development of linkages with domestic industry is primarily the responsibility of
ANSTO under the Phase II Synroc Development Program approved by the Government in
1987. ANSTO has initiated discussions with industry and maintains contracts with the
Departments of Primary Industries and Energy: and Industry, Technology and Commerce.

Universal acceptance by the international scientific community, of the superiority of
Synroc over other wasteforms for the encapsulation of high level radioactive waste is an
essential pre-requisite for the commercialisation process of Synroc. This project has
extended the Synroc scientific database in the area of Synroc dissolution mechanisms and
will allow the modelling of Synroc dissolution under repository conditions to be initiated.
The dissemination of the results of this study has already been commenced. The following
papers have been submitted to international journals or for presentation at international
conferences:

1. Dissolution Mechanisms of the Perovskite and Hollandite Phases in the Synroc
Assemblage by S. Myhra, D. K. Pham, R. St. C. Smart and P. S. Turner, presented at the
1989 Boston MRS meeting during the symposium on Scientific Basis for Nuclear Waste
Management XIII.

2. The Chemical Durability of Perovskite (CaTiO3): I. Solution and Surface Analytical
Studies by D. K. Pham, S. Myhra, F. B. Neall, R. St. C. Smart and P. S. Turner,
submitted to the Journal of the American Ceramics Society.

3. The Chemical Durability of Perovskite (CaTiO3): II. Solution Analyses and Analytical
Electron Microscopy by D. K. Pham, S. Myhra, F. B. Neall, R. St. C. Smart and P. S.
Turner, submitted to the Journal of the American Ceramics Society.

4. Synroc Status Development Report by ANSTO presented to the 9th Steering Committee
for the ANSTO/JAERI Co-operative Program in the R&D of Technology for the
Management of HLW, at ANSTO in January 1990.

5. Studies of Mechanisms of Inactive Synroc Leaching by ANSTO presented to the 10th
Steering Committee and Workshop for the ANSTO/JAERI Co-operative Program in the
R&D of Technology for the Management of HLW, presented at JAERI in August 1990.

6. SEM, AEM and ICP/MS/OES Study of the Kinetics of Release of HLW Elements from
Synroc, by G. R. Lumpkin, K. L. Smith, K. P. Hart, P. McGlinn, J. Bartlett, P. Lam and
M. G. Biackford to be presented at the XIIth International Congress for Electron
Microscopy in Seattle during August 1990.

7. A Description of the Kinetic and Mechanisms which Control the Release of HLW

" Elements from Synroc, by K. L. Smith, K. P. Hart, G. R. Lumpkin, P. McGlinn, J.

Bartlett, P. Lam and M. G. Blackford to be presented at the 1990 Boston MRS meeting
during the symposium on Scientific Basis for Nuclear Waste Management XIV.
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1.0 INTRODUCTION

1.1 OBJECTIVES OF THIS STUDY

This project was originally conceived as a three year program with an overall
objective to provide a consistent description of the kinetics and mechanisms which control
the release of HLW elements from Synroc. The original proposal stemmed from the
recommendations of the Final Report of NERDDP Project No. 673 prepared by the Griffith
University Synroc group and the response to these recommendations provided by ANSTO at
the request of NERDDP Technical Standing Committee No. 4 (TSC4). The sub-objectives
were:

1. To develop a detailed description of the dissolution mechanisms of the separate individual
phases of Synroc as a function of temperature, solution composition and surface
condition. This objective was intended to extend and complete work on the perovskite
phase performed previously under NERDDP Projects 673 and 1026.

2. To extend earlier work on the role of microstructural inhomogeneities such as pores,
intergranular films and triple points on the dissolution of Synroc.

3. To develop, in parallel with NERDDP Project 498 on actinide elements, a detailed kinetic
description of the rate of release of individual elements from Synroc; and to analyse the
rate constants as a function of time in terms of mechanisms involving processes such as;
ion exchange, hydrolysis, colloid formation and redeposition of solid products on the
waste form.

4. To create a thermodynamic database and develop computer models to evaluate speciation,
solubility limits, precipitated species and colloid formation necessary for prediction of
transport of elements released from Synroc.

5. To synthesise the results of all available studies of Synroc durability into a state-of-the-art
report which will provide a comprehensive evaluated data base necessary for independant
international analyses of Synroc and for use in conceptual designs of geological
repositories.

NERDDP has funded a one year project proposal derived from the research plan
described above. To allow for the one year time frame, the following modifications were
made to the original objectives. These modified objectives were accepted by NERDDP.

Objective 1 - Main emphasis will be on hollandite with a beginning being made on
zirconolite as shown in the timetable of the original application. The zirconolite data are
required, at least in a preliminary form, to interface with radiation damage experiments being
completed by JAERI in 1988/89. Work on minor phases will be delayed.

Objective 2 - Is still important in the work on hollandite where the primary loss to solution is.
via Cs. The Cs leach rate appears to depend significantly on the redox control during
processing. Hence, even in hollandite specimens any volatility of Cs coupled with
redeposition on agglomerates prior to hot pressing could result in Cs enrichment at pores,
intergranular films etc. This aspect must be evaluated in any study of mechanisms of phase
dissolution.
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Objective 3 - Kinetics of elemental release will only be determined on specimens made for
this study. Most of the extensive database in area 3 refers to Synroc rather than
predominantly single phase specimens.

Objective 4 - Cannot be deferred. The consortium must carry out limited work in this area on
solution speciation/transport; saturation/precipitation and colloid formation/redeposition.
Without some work in this area, including further modelling, the consortium may not be
able to decide between competing models of dissolution. In a one year program, the work
will be restricted to hollandite and zirconolite (to some degree). No effort will be made to
tackle the more comprehensive case of the multiphase assemblage present in Synroc.



1.2 DEFINITIONS OF TERMS

The starting point for models of surface reactivity of minerals, glasses and
many oxide ceramics is the general structural characteristic of these classes of
compounds - the covalently bonded framework lattices within the interstices of which
are found the more ionically bonded cation species. Traditional approaches based on
solution analysis alone (Mendel, 1982) result in the concept of congruent or
incongruent attack. The attack on a single-phase solid is taken to proceed
incongruently, if selective cation removal takes place by ion exchange with H*
(H30%) from solution, leaving the network lattice essentially intact (but presumably
distorted); this process is generally referred to as "leaching”. "Congruent attack”
refers to a process in which the structure dissolves uniformly; i.e., to dissolution
rather than leaching. This process may appear to be incongruent from the solution
analyses if not all the species are released into solution in their correct molar ratios-
i.e., if precipitates or surface layers form.

It is inappropriate to use the concepts of congruent and incongruent attack when
discussing Synroc. Synroc is a polyphase aggregate, Synroc’s elemental species are
inhomogeneously distributed within its constituent phases and its various phases have
different solubilities. Individual constituent Synroc phases can suffer both leaching
and dissolution.

Throughout this report, experiments wherein Synroc has been exposed to
solutions (of different compositions, at various temperatures, for various periods of
time) have generally been referred to as dissolution tests. Occasionally, such tests
have been called leach tests and/or analyses of the solutions after Synroc immersion
have been used to generate leach rates. Wherever “leach” is used in the context of
macroscopic solution-based results, it must not be used to infer mechanisms.

A further classification of surface reactions is commonly relevant for minerals
exposed to atmospheric conditions- the "weathering" reactions, in which the pH of a
thin film or trapped volume of water can, through ion exchange, reach values at which
breakdown of lattice occurs. This type of reaction has been invoked for solution attack
on glasses, through the formation of "solution cells"(Sykes, 1965) at pores and
fissures within which high pH levels lead to the based-catalysed hydrolysis of the
silicate framework

13



14

2.0 SINGLE PHASE STUDIES

2.1 PEROVSKITE

The chemical durability of perovskite, CaTiO3, has been studied in considerable detail
during the previous NERDDC-funded projects at Griffith University (Myhra et al 1987,
1988), and in related work (Kastrissios et al, 1987). In addition, the PhD project of
D.K Pham (Pham, 1989) included extensive studies of the aqueous reactions of perovskite
in the epithermal temperature range (20-60°C), which have been reported recently (Turner et
al 1988; Pham et al 1989, 1990 a, b)

In this section we present a brief summary of the current understanding of the
mechanisms of aqueous attack on perovskite, and the results of additional studies of the
destinations of the Ti released during perovskite dissolution, carried out at SAIT as part of

the present project.

2.1.1 The Dissolution of Perovskite

The studies referred to above revealed a complex set of factors which determine the
nature and extent of aqueous attack on perovskite. The model described below was
developed only after the application of surface analytical techniques and electron
microscopy, in addition to solution analyses and careful control of sample characteristics.

This multi-technique approach has proved essential for the proper understanding of the
surface reactivity of the titanate ceramics.

Thermodynamic considerations indicate that perovskite will only be stable against
dissolution to TiO7 under conditions of high pH and high Ca2+ concentration, with an
equilibrium constant Keq = [Ca2+]/[H+]2 > 1018 at 25°C. However, in the epithermal
temperature range (<80°C) perfect, single crystal perovskite does not dissolve unless [Ca2+]
is maintained at a very low level (<10-4 molar), and then only at a pH of about 9.5. Under
these specific conditions, a surface layer forms, about 10 nm thick, which serves to inhibit
further attack. In contrast, under hydrothermal conditions (>100°C), perovskite dissolves
and TiO crystals precipitate at the dissolving surface, leaving a porous, non-protective
layer, the thickness of which increases with time.

In all cases, Ca2+ is released into solution immediately on exposure to water (unless
the solution concentration of Ca2+ is >10-4 molar) to an extent corresponding to a fraction of
a monolayer of the surface. No further loss of Ca is observed unless breakdown of the
titanate lattice occurs. Thus a fundamental characteristic of aqueous attack on perovskite is
that the reaction is dissolution, not leaching.

The situation is more complicated in polycrystalline material, especially when surfaces
have been cut, ground and polished for SEM and surface analysis. Under hydrothermal
conditions, dissolution, and hence TiO2 formation, is enhanced at grain boundaries, pores
and other defects. Precipitated TiO2 layers up to 10pm thick have been observed. Under
epithermal conditions, dissolution and formation of the protective (10nm) amorphous layer
occurs for solution pH as low as 7, provided that the solution concentration of Ca2+ is low.
No significant reaction takes place if [Ca2+] > 10-4 molar, however for low [Ca2+],
dissolution continues to depths of up to 100nm at grain boundaries, pores and at cracks and
other major defects induced through surface preparation. The attack on polycrystalline
material, under conditions for which the perfect crystal is resistant, can be understood in
terms of the development of extremely fine "solution cells” at cracks, pores and partially
attacked grain boundaries, within which the local pH can rise sufficiently high to lead to
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titanate lattice breakdown.

These observations have been explained in terms of a model involving a combination
of thermodynamic and kinetic control of congruent dissolution of the solid, with the
following features:

(a) onimmersion of single crystal CaTiO3 into water, Ca2+ ions exposed at the surface are
released into solution by ion exchange, raising both Ca2+ and pH;

(b) further loss of Ca2+ from a crystalline perovskite surface cannot occur unless a layer
of the titanate lattice is first dissolved;

(¢) breakdown of the covalently bonded titanate framework occurs through base-catalysed
hydrolysis only when the local pH at the surface is high enough (kinetic control) and
provided [Ca2+] is low enough (thermodynamic constraint);

(d) the nature of the microstructure and the extent of surface and near surface defect
structures of the polycrystalline solid are critical factors in determining the extent of
aqueous attack on bulk samples, through the effects of local "solution cells"; and

(e) in the epithermal temperature range lattice breakdown results in the formation of an
amorphous titanaceous layer of order 10 nm thickness which incorporates Ca ions and
acts as a protective barrier; under hydrothermal conditions this layer is continually
removed through formation of TiO; crystals at the surface, allowing dissolution to
proceed indefinitely.

Although a few predictions of this model with respect to perovskite remain to be
confirmed (in particular, the effects of [Ca2+] above 100°C) it appears to explain the
reactivity of perovskite under a wide range of conditions. This success is reflected in
various parts of the present report. The assumption of substantial surface damage in
polished samples has been confirmed in the cross-sectional TEM work reported in section
3.1.2.3. It also appears that the formation of protective amorphous layers, based on a
hydrated titanaceous network and incorporating other cations, may prove to be a crucial
phenomenon in understanding the durability of Synroc.

2.1.2 Titanium Destinations During Perovskite Dissolution
2.1.2.1 Introduction

The chemical durability of the Synroc matrix is of foremost concemn for its potential as
a nuclear waste form. Although the Synroc concept consists of a multi-barrier system of
isolation of the radioactive waste from the biosphere it chiefly depends on the chemical
stability of the ceramic matrix towards ground water attack. One way of studying this
stability is by monitoring the matrix elements in solution, chiefly titanium during chemical
attack. However this introduces serious uncertainties, because measuring dissolved titanium
may not describe the extent or nature of chemical attack nor properly represent the durability
of the matrix.

It has been shown that the most active of the titanate mineral phases making up Synroc
is perovskite (Kastrissios et al,1987; Myhra et al, 1988 ). At epithermal temperatures an
amorphous layer of hydrolysed TiO2, Ti(OH)x(4-¥)* is found on the surface of perovskite
(Myhra ,1984) and has been shown to form as a result of base catalysed hydrolysis of the
titanate lattice. At hydrothermal temperatures, nucleation and growth of TiO2 crystals
(namely brookite and anatase) occurs.
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Hence, in this study, we have looked at the dissolution of perovskite and in particular
the destinations of titanium during this dissolution process. The case for Synroc is more
complicated. However, due to the experimentally demanding nature of this study, and the
extent of experimental work including extending periods for calibration and apparatus
greparation required, it was beyond the scope of the one year program to apply this study to

ynroc.

The possible destinations of titanium are as follows:

1. Dissolved titanium in solution:
As with other elements, (Reeve, K.D. et al, 1987) the measure of loss to solution
taken alone as a measure of durability can be seriously misleading for two reasons.
Firstly, the dissolved material may be reprecipitated back on the Synroc or the walls
of the reaction vessel suggesting much lower loss rates than the true reaction of the
matrix and microstructure. Secondly, it is also possible that some elements are
released from their lattice (or other positions in the ceramic) by reaction but do not
leave the surface due to incorporation in the hydrolysed layer or to recrystallisation
in-situ. For titanium as a monitor of reaction of the Synroc matrix, the same

uncertainties apply.

2. Colloidal hydrated titania in solution:
Hydrated TiO2 is known to form colloids in solution and the presence of those
colloids may contribute to the precipitation on the walls of the reaction vessel or give
misleading measurements of dissolved titanium from solution analysis.

3. Precipitated hydrated titania on the surface of the reaction vessel or adjacent surfaces.
Estimation of this contribution is essential to adequately describe the entire system,
i.e a total mass balance of titanium.

4. Formation of hydrated titania on the perovskite surface, i.¢ in-situ precipitation. This
has been studied using surface analysis and electron microscopy. (Myhra et al,
1988).

The formation of a hydrated TiO2 layer on the surface of Synroc also raises a number
of important questions regarding the long-term behaviour of Synroc. Firstly, does the layer
increase in thickness with time? Is there a point at which the TiO2 layer stops growing, and
importantly, does the layer form any protection from solutes to the underlying titanate
mineral grains and hence the bulk of the Synroc matrix? The answers to these questions lie
in the understanding of the dissolution of both the substrate (Synroc matrix) and that of the
TiO2 layer itself. Various reports have compared the solubility of the Synroc matrix with
that of other waste forms (Levins, 1988). The normalised elemental mass loss of elements
from Synroc has been modelled by the following equation (Levins, 1988).

Qi = A+ QR o

Where Qj = normalised release of elements i per unit surface area (g m2)
Aj = instantaneous release of element i from non-equilibrated phases (g m-2)
Qj = complex kinetic function that accounts for ionic diffusion, selective matrix
attack etc. (g m2)
S = solubility of the matrix (g m-3)
F = ground water flow rate (m3g-1d-1)
A = surface area (m7-), and
t = time (days).
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From equation (1) it is predicted that the long-term release of elements is governed by
the final term and subsequently the solubility of the matrix, S. This solubility is primarily
determined by the dissolution of titanium from zirconolite.

2.1.2.2 Experimental

Duplicated dissolution experiments with durations of 1d were carried out on polished
monolithic samples of perovskite, at temperatures between 70°C and 150°C. The polishing
process has been described elsewhere (Pham, 1989).

Solution analysis:

Solution analysis was carried out at ANSTO using both inductively coupled plasma
mass spectrometry (ICP/MS) and inductively coupled plasma optical emission Spectroscopy
(ICP/OES). ICP/MS is specified to have a detection limit for titanium of 0.1 ppb (ng/ml).
However, pure deionised water (analysed as a blank with the dissolution test samples)
showed a titanium concentration of 0.3 ppb (Table 2.2). It is not known whether the
experimental limit of detection for the analysis is 0.3 ppb or whether the deionised water
contains 0.3 ppb but this is clearly the lowest practical level of detection of dissolved

titanium. Account was taken of the mass overlap between 20Ca and Ti, at 47.95 a.m.u.

Detection of Colloidal Hydrated Titania:

In order to characterize colloidal material in solution, light-scattering techniques were
utilized. Refractive index measurements were taken with a high accuracy Abbe
refractometer, and scattering intensities were measured using a Brice/Phoenix light-scattering
photometer. The light scattering photometer measures the intensity of scattered radiation
compared to that of the incident radiation and is dependent on the size of the scattering
centres and their concentration. These techniques were used at the outset to look at the
existence of colloidal material in solution. Had the project continued, opportunity would
have existed to measure the size of colloids, concentration of solutions with time and also the
size of the colloidal conglomerates with time all of which may have been done using the suite
of light-scattering instruments. Considerable experimental difficulties arose when obtaining
light-scattering measurements. The instrument is sensitive to colloidal material in the size
range of 50A and hence the most common difficulty is dust contamination of the solutions.

Consequently all solutions were filtered through 0.22 micron filters prior to the
dissolution experiment. Polished discs were also rinsed in iso-propyl alcohol in a ultrasonic
bath to ensure no microfine fragments of grinding were introduced to the reaction solutions.
These fragments caused significant scattering interference in early experiments. The
cleaning procedure for glassware used in these experiments is extremely rigourous. The
procedure involved rinsing with warm sodium hydroxide followed by cleaning in a flow of
condensing acetone, to ensure the vessel walls dry almost immediately, preventing dust
contamination on the sides of the glass. Solutions from powder sample dissolution
experiments could not be examined due to the scattering behaviour of the particles.
Filtrations of these solutions also results in the deposition/precipitation of colloidal material
on the filter surface, which invalidates any results. Table 2.1 gives a summary of the
conditions of the experimental runs. All dissolution experiments were performed with milli-
Q water (deionised water pH 5.9) over a duration of 0-1 days.

The performance of light-scattering was verified by dispersing latex microspheres of
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known concentration and particle size (concentration expressed as 1.54 x 107 particles per
ml, particle size 0.05 microns) in ultra clean deionised water. This dispersion although
extremely dilute, caused a scattering intensity off-scale on that used for pure water and the
reaction solutions. Hence a dispersion of < 103 particles/ml would have been detected if
present in the reaction solutions.

Refractive index (Rj) of the solutions are used to detect changes in concentration. Its
measurement unlike light scattering is unaffected by dust contamination. The Rj of the water
prior to dissolution experiments was found to be 1.33364.

Detection of Precipitated Hydrated Titania:

To ascertain if dissolved titania species were transported by the leachant and if the
dissolved titania species showed preferential deposition on to different surfaces, the
dissolution test reaction vessels contained a teflon disc, (identical material to that from which
the reaction vessel was made); a piece of chemically polished nickel and a SiO2 disc (to
simulate the simplest of minerals in geological systems); and the surfaces of these materials
were investigated using X-ray photoelectron spectroscopy (XPS).

XPS, X-Ray Photoelectron Spectroscopy, provides a spectrochemical analysis of the
first two to three atomic layers of a surface, giving elemental composition and chemical
information. The detection limit of such analysis is 0.05 atomic %, for the area of detection
(for an electron take off angle of 45° the area of detection is 1 sq. cm). Hence a very thin
layer deposited on a surface would be detected, provided it covers an area of at least 0.05 %
monolayer coverage. If localized agglomerates of material are deposited they will not be
detected if the presented surfaces are less than 0.05% of the area examined. If the
agglomerates are relatively thick but spaced well apart, they would be difficult to detect using
this technique. SIMS, Secondary Ion Mass-Spectrometry, is also a surface specific analysis
but with a lower limit of detection. However SIMS analysis can be extremely difficult for
insulating materials (e.g..teflon and quartz), because the incident beam of Argon (positively
charged) ions is deflected away from the sample severely decreasing the yield of secondary
jons. Nickel however being a conducting metal presented no problems with SIMS
analysis.The specified limit of detection of titanium this technique (with conducting samples)
is 15 ppm.

All surfaces, (nickel , teflon, quartz) were analysed before dissolution experiments to
ensure no surface titanium was present prior to the dissolution test.

2.1.2.3 Results
Solution Analysis:

Tables 2.1 and 2.2 present the results from ICP/MS analysis corrected for the Ca/Ti
mass overlap. The results show that the corresponding titanium concentrations in solution
are extremely low, indeed close to the detection limit of titanium above the background of
pure water.
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TABLE 2.1: SOLUTION ANALYSIS AND REFRACTIVE INDEX
RESULTS FROM PEROVSKITE DISSOLUTION.

Experimental Temperature Ti concentration Refractive
Run T ppb (ng/ml) Index
Ri
1 70 0.6 1.33363
2 90 (12.0)* 1.33376
3 150 1.1 1.33378

* not corrected for Ca mass overlap

TABLE 2.2: ICP/MS SOLUTION ANALYSIS FROM PEROVSKITE

DISSOLUTION.
Experimental | Temperature “Element Concentrations (ppm)
Run __fume Ca Si Ni Ti
1 70°/1 day 0.79 0.583 0.208 0.0006
3 150°/1 day 2.65 2.56 26.73 0.0011
Control - - 0.33 0.04 0.052 0.0003
water sample
Colloidal Hydrated Titania:

Repeated measurements of scattering from solutions showed no appreciable difference
in scattering behaviour from deionised water, except when solutions were contaminated with
grindings of perovskite, polishing grit etc, resulting from the disc polishing procedure. It
can be seen from Table 2.1 the R; differences for the various temperatures of dissolution are
extremely small. It can be argued that the differences in Rj are due to changes in calcium
concentration. There is no evidence from these results for any colloidal hydrated
TiO2.2H20 in solution.

Deposition on Surfaces:

Within the limits of detection no titanium was detected on the substrates, teflon and
quartz, using either XPS or SIMS. No titanium was measured on the nickel surface using

XPS.

Titanium was found (at a level of 4270 counts per second) on the nickel surface by
examination before the dissolution experiment using SIMS. This appears to be a
contamination in the nickel sample used in the experiment. However its signal was severely
reduced after dissolution i.e. to ( 333 cps). This was due to oxidation of the surface of the
nickel. No titanium measured on the nickel surfaces could be attributed to have come from

dissolved titanium in the solution .
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2.1.24 Conclusion

The combined results of solution analysis, examination of surface deposition, together
with light-scattering all indicate that reaction of the substrate and the formation of the TiO2
hydrated layer are essentially in situ processes. Little evidence exists here to indicate that
significant amounts of titanaceous species dissolve. The titanium-containing products of the
reaction appear to remain almost entirely on the Perovskite surface.

2.1.2.5 Recommendations

To fully validate this result additional experiments are required for longer duration of
chemical attack for both perovskite and Synroc. As Pham has shown, the optimum
conditions for the dissolution of perovskite occur at pH 9.4. Experiments under these
conditions should also be examined.
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2.2 THE REACTIVITY OF HOLLANDITE IN AQUEOUS SOLUTION

2.2.1 Introduction

Hollandite ([BaxCsyl[(T 1,A1)3%254y Ti%*g.2xy1O16) is one of the three major phases in
the Synroc titanate ceramic ensemble. Its primary function is to act as the host for Cs-
isotopes and their daughter decay products, which are among the most mobile and hazardous
of the high level radioactive waste species [Fielding and White, 1987]. A large number of
phenomenological "leach" tests have shown that hollandite is more durable under epithermal
and hydrothermal testing conditions than perovskite [Myhra et al., 1988], while the
remaining major phase, zirconolite, is essentially inert even under extreme hydrothermal
conditions. Previous work at Griffith University, with funding from NERDDC, has lead to
the development of a mechanistic model for the durability of perovskite [Myhra et al., 1988].
This model is now sufficiently complete so that it has both explanatory and predictive
capabilities for modelling and simulation of the behaviour of this phase in typical
hypothetical repository environments over geological time spans. A major aspect of the
present one-year contract was to extend the existing methodology and conceptional frame-
work to the development of a model for the long-term durability of hollandite in a
hypothetical repository.

2.2.2 Ovérview and Rationale

An overview of this part of the project is provided by the flow- chart in Fig. 2.2.2.1
This shows that three different hollandite batches (Hj, Ha, H3) were used. Experiments
were carried out at 75 and 150°C; some tests were also made at 20°C, but these are not
included in the flow-chart. The separate vertical lines connect the specimen configuration
(e.g., powder size fraction <50um (P(A)), and 50-100um (P(B)), or disks), the
designation, and the method of analysis (e.g., solution analysis, surface analysis (XPS) and
SEM analysis).

Generally speaking, powder specimens were used for experiments with high SA/V
ratios, while disc specimens were used for analysis by XPS and SEM. Some experiments
combined these requirements by including a small amount of powder (to raise the SA/V
ratio) with a disc (to enable surface analysis to be carried out). Further details of the
experimental parameters can be found in Table 2.2.2.1, and the rationale is discussed more
fully in section 2.2.4.

2.2.3 Hollandite Fabrication and Characterization

2.2.3.1 Oxide Route

A series of specimens were fabricated by the oxide route. These turned out to be
unsuitable for further work, for reasons which will be explained. However, in the interest
of completeness we will describe some of the features of these specimens.

The oxide constituents were thoroughly mixed in their appropriate molar ratios. The
powder mixture was then calcined in air (formulations i), ii), iii) and iv) below) for three
hours. The pressed calcine precursor mix was then sintered in the same atmosphere as listed
above, at 1250°C for twelve hours. The following formulations were synthesized:

)Bag gCso 4A12TigOj6 - typical Synroc hollandite



22

syuswnradxs AYIRIp [2ITWAYD 3 JO HEYOMOLT

1'7T'T 2mdld
Auo sysip Jod #
pepnjoul eJem SyS|P ‘suns ewos Ul
_ 4 #N3S
nas 4SdX SdX #SdX
sisAjeuy co_«:m_mm s|sAjeuy Uuojinjos sishieuv _UONIOS Sishieuy UoRnios [SisAiEtY CoRTIoS |
. 0ed €0gH<--10€Y
802y Loz 902y go2H '¥02Y gogy<--102H
GLid<-—LiiY 9LiY ‘ShiY yiLiY ‘el iy ZLiy<--801Y L0\Y ‘90tY
| .
(wrlog>) %10 (wrigs>) (wro01-08)
jsid LY 48pMod ) WV iepmod g Jepmod
1 _ ] } ! “ 1
0,05} DS

€H 'eH "IH

e
PR




23
TABLE 2.2.2.1: Run Description and Parameters
Run Specimen Experiment Parameters Analysis
Type Temp (°C)| Mass (g)/ Duration (d) ] Sol. XPS| SEM
Vol. DDW (cm3)
101 P(B) Seq(ld) |20 0.1/10 6 )
102 P(B) Seq(id J20 0.4/10 V
103 P(B) Seq(1d) |20 0.8/10 v
104 P(B) Seq6d) |20 0.8/10 18 v
105 Disk Seq(6d) |20 18 v
106 P(B) Seq6d) |75 0.05/10 42 v
107 P(B) Seq(6d) |75 0.5/10 42 v
108 P(A) Seq6d) |75 0.05/10 42 J
109 P(A) & Disk |Seq(6d) |75 0.5/10 102 ¥
110 P(A) Seq6d) |75 1.0/10 42 \ v Y
111 P(A) Seq6d) |75 1.5/10 42 v
112 P(A) & Disk |Seq(6d) 75 2/10 102 v v
113 Disk Seqed) |75 18 v N W
114 Disk Seq6d) |75 96 v v Y
115 |P(A) & Disk [Seq(6d) ]150 0.05/10 102 v N WY
116 P(A) & Disk }Seq(6d) | 150 2/10 24 v S R
117 Disk Seq(6d) ]150 18 ) v
118 Disk Seq(6d) | 150 108 v v
119 "Marked" Disk | Seq (6d) 150 108 v v
201 P(A) & Disk |Seq(6d) |75 0.5/10 102 v v Y
202 P(A) Seq6d) 75 1.0/10 42 ) S
203 P(A) & Disk) |Seq6d) |75 2/10 102 ¥ A R
204 Disk Seq(6d) }75 18 v N Y
205 Disk Seq@6d) |75 96 v S R
206 P(A) & Disk |Seq(6d) | 150 2/10 24 v v Y
207 Disk Seq (6d) 150 18 v S R
208 Disk Seq(6d) | 150 102 v v Y
301 P(A) Seq6d) |75 0.5/10 42 v N Y
302 P(A) Seq6d) |75 0.5/10 42 v
303 P(A) Seq6d) |75 2/10 42 v
304 P(A) Seq (6d) | 150 2/10 42 «J

Powder (B) = 50 - 100ym size fraction, Powder (A) = <50pm size fraction. Run number is generated from
HXX where H =1,2,3 in accord with fabrication batch. Seq (ndays) = Sequential run with a cycle duration of n

days. The specimens were pretreated by exposure to DDW at 20°C for 10min for all runs, in order to remove
the initially high release of Cs and Ba.
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ii)BaAlpTigO16 - Ba end-member
iii)CsAlyTigO16 - Cs end-member

iv)Bao.gCSOA[AlogTifj;Tig}',]o16 - Ti metal added

v)Bag 8Cs0.4[Alo.7Ti; ¢ Tig 51016 - TiO2 added

In the respective cases of iv) and v) Ti metal or TiO7 was added in order to control the
redox conditions during calcining and sintering. -

All the fabrications were characterized by XRD, SEM and TEM (this work was carried
out by Dr. K. Smith et al.at ANSTO). The results showed that the majority phases were
indeed hollandite, but with significant minor phase admixture of TiO2, Alp03 and Cs-Si

glass.

Fabrications i) and ii) were subjected to preliminary investigations for purposes of
identifying suitability for further work. Powder specimens were prepared (size fractions
<SO0pum (P(A)) and 50-100um (P(B))). These specimens were exposed to DDW at
temperatures ranging between 20 and 75°C. The procedures are described more fully in
section 2.2.4. The solutions were analysed for pH and dissolved Ba and Cs. Some
SEM/EDS work was also carried out. The main parameters and the data are summarized in

Table 2.2.3.1.

Fabrication ii) was investigated by SEM, which revealed regions with high Ba
concentration (presumably unreacted BaCOj3), which accounted for the higher rates of
release of this species into solution (Runs 1-6, Table 2.2.3.1). No further work was carried

out on this formulation.

Ba losses from fabrication i) were below detection limits. The rates of release of Cs,
however, were high and persistent (Table 2.2.3.1). Based on SEM observations we ascribe
these observations to high porosity and the presence of minor Cs-Si glassy phase regions.

In conclusion, these fabrications were adjudged unsuitable for further work, for the
following reasons:

° The specimens were relatively porous

. Oxide route specimens turned out to be excellent electrical insulators, which caused
the use of surface analytical techniques to be of limited value.

. Unintended minor, and highly soluble, secondary phases were present (BaCO3 and
Cs-Si glass).

o The grain sizes were relatively small.
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Figure 2.2.3.1a,b,c,dand e
Typical microstructures of a) and b): H1; c¢) and d): H2; e): H3.













































































































































































































































