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THE HYDROTHERMAL DISSOLUTION OF PEROVSKiITE (CaTiO3l

S. Myhra*, H E Bishop, J C Riviere
and N Stephensonk#

ABSTRACT
b

Perovskite (?ari03) has been exposed to hydrothermal chemical attack in
aqueous solution. Dependence on temperature (ISO-ZSOQC) and on duration of
attack (1 to 35 days) have been investigated. It was found that a precipitate
surface layer was formed. The thickness of this layer ranged froo a few mono-
layers to several hundred nanomerers for the least and the most severe hydro-
thermal conditions, respectively. The composition of the layer, as deduced by
surface snalytical techniques, suggests that (i) there is comgruent dissolution
of the perovskite surface, (ii) a T?Oélprccipitlto layer is formed, and
(iii) the presence of silica and co, in solution do not appeer to affect
substantially the mechanism of the rate of dissolution.

Key Words: ' Perovskite, Wuclear Waste Disposal, Hydrothermal Dissolution,
Surface Analyoil7§;
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Figore la, b Abuvndances of (a) Ca and Si, end (b) Ti and O as functions

Figure 2s, b

cf ion etching dose. Data are shown for the following
surfaces: polished unlesched surface (RO) = ¢} 455 hrs at
300°C in DDW (R1)= 0; 30 hrs at 175°C in DDW + S10, (R2)
= I} 250 krs at 175°C 4in DDW + S10, (R3) =Qjand 525 hrs
at 175°C in DDW + S10, (R4) = x. e nowinal
stoichiometries are shown for CaTiO4 and CaTiSiOg. An
approxisate depth scale is shown on the top borizontal
axis.

Abundances of (a) Ca and S{, and (b) T{ and O as functions
of ion etching dose. The effect of purginy absorbed co,
from the leachant is investigated. 290 hrs at 150°C in
DDW + 8102 (unpurged) (R6) = o and 820 hrs at 150°C in DDW
+ 510, (purgad) (R7} = 0.
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Illustrations - Continued

Figure 3a, b Abundances of (a) Ca end Si, and (b) Ti and 0 as functions
of {fon etching dose. The effect of temperature is
investigated. 2°C hrs at 150°C in DDW + S10, (R6) = o,
250 hrs at 175°C in DDW + 510, (R3) = 0; 168 lrs at 250°C
in DDW + 540, (R9) = x} 670 hrs at 250°C in DDW + 510,

(R8) =G,
Figure & Binding energies of 0 1s, Ti 2p3/ , Cls and S{ 2p
electrons as functions of ion otcﬁing dose for an

unleached speciman (RO) = ¢:(Rl1)= 0; (R2)= []; R3)=Cjand R4)
= x. Run conditions atre listed in Table 1 and in caption
tor Figure 1.

Figure 5a, b Binding energies as functions of ion etching dose. R6 = ¢
und(R7) = 0; are shown in (a) and(R3) = 0;(RO = ¢;(R8)= (
and(R9) = x are shown in (b). Run conditions are listed in
Table 1 and Figures 2 and 3.

Figure 6 Evolution of 0 1s envelope as function of ion etching dose
: for RS, showing charge shifted peak due to either the
presence of precipitsted ticanate on atta:ked surface, or
a precipitated silicaceous layer.

Figure 7 Experimental Ti{ 2p envelopes for a (a) polished unleached
surface {RO), (b) 300°C for 455 hrs in DDV (R1) and
(c) 175°C for 250 hrs in DDV + 810, (R3) after ID = 100
pAnin.

Figure 8a, b SEM microgrsphs of fracture face of perovskite (R10) after
7 days in DDV at 250°C. (a) a~d (b) show ths fractuze
face before and after polishing.

Figure 9 AES point scans on perovskite fracture face. Top scau is
for P1 (Figure 8a) in the perovskite substrate, middie
scan is for P2 at the suLstrate/precipitate interface and
the ! tom scan is for P3 in the precipitate layer.

(iii)
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INTRODUCTION

Perovskite is one of the major phases in the mineral essemblage
known as Synroc C which has been proposed by Ringwood [1] as & matrix
for disposal of high~level nuclear wvaste (BPH) from the light water
reactor fusl cycls. The Synroc C v§;£;_£ora has exhibited excallent
chemical durability under a variety of extreme hydrothermal conditions
[2]. Thes« studies bave not sought to simulate actual repository
condi:ions although the effects of many other variables such as
temperature, pressure, pH and time have been investigated. It has been
pointed out by Nesbitt et al. [3] however, that Ca-perovskite (and its
Sr and Ba analogues) are thermodynssically unstable (although there may
be kinetic constraints) in sany natural groundwaters - especially {f
thess coatain either dissolved CO2 or aqueous silica in solution. There

are several possible reactions:

CaT10, + CO,(g) = Ti0, + CacO, (1)
CaTi0, + §10, (aq) = CaTiS10, (2a)
or T10, + Ca®* silica gol (2b)

CaTi0, + Hp = Ti0, + Ca(OH), (3a)
or T10, + Ca®* + 208 (3b)

The hydrothermal decomposition reaction of CaTiO, in the presence

3

of CO, in the fluid, to Ti0, and CaCO,, has been the subject of a
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previous study of surface alterations of several titanate minerals ) i‘

[4]. The present study focusses on the two latier mechanisms whereby i
’ psrovskite and silice in & hydrotharmal environment may react to form :l
either sphene (CaTiSiOs) or 7102. Surface analytical techniques have ;‘
baen used to identify the rates and products of the fluid/solid ?

; interface reactions. X-ray Photoelectron Spectroscopy (XPS) and Auger {
: Electron Spectroscopy (AES) have proven olpocinliy poverful because they :
2 have depth resolutions of 5-20 a and sre able to provide "chemical” E'
i 4

information. AES has the additional virtue ~»f providing lateral
resolution in the sub—um range. Thus it can help to i{dentify

precipitate phases. These techniques have been validated by earlier

L g

vork on titanates and on Synroc (S, 6]. The inforsation thus obtained

-

can be related more directly to the effects of aqueous attack om the

L X Xy ¥

5011d matrix than can that obtained from solution analysis and frow

P

F

L]

other analytical techniques such as Electron Probe X-ray Microanalys.s t:
(EPMA) or SEM/EDS which have dipth resolutionz of the order of 1 um.

i
¥ -
y [Fyt
: EXPERIMENTAL AND ANALYTICAL TECHMIQUES :H

]

0
. The specimen matsrial was obtained from Anzon Ltd., Newcastle-upon- vy

Tyns, UK, as monolit. ic discs. The sanufacturer reported that these had :ﬁ

-
been prepared by cold pressing and sintering Anslar grade reagents at ;{
1300°C for 2 hours. X-ray diffraction showed that there were no ;‘

A

detectable sinor phases at < 1X level of dJdetectability. Howvever, ;v
optical and SEM sicrosccpy revealed substantial open porosity. One A
surface of each specimen wvas polished to a i1 um diamond paste finish and ¥1
cleaned ultrasonically in methanol to ensure that initial surface 5i

l'l

>
»
L

) conditions were always identical.

i B 4

]

~N

[}
v

2a

St

L9NN




The monclithic specimens (% 1 cm diameter and = 2 mm thickness)
were loaded into s Parr hydrothermal reaction vessel ("boab") (lined

vith Teflon) with 20 al of Analar distilled deionized HZO (DDW); the

. geometrical specimen surface area to leachant volumse ratio, A/V, was

therefore about 10-3

2 !, Finely divided CAB-O-SIL §10, povder (= 1 ya
vean dismeter) was included in an amount sufficient to ensure thet the
solution would alvays be saturated vwith respect to amorphous silica. It
is likely that the vessel and its contents reached the preset
tesperaturs of the oven within two hours, althougk the .nterior
temperature of the reaction vessel could not be monitored, while the
vessel could be quenched to laboratory sabjient in less than 15 mins at
the end of a run. After extraction from the vessels the specimens vere
cleaned ultresonically in acetone in order to resove, as far as
posgible, absorbed wate. and 8102 sdhering to extsrior surfaces and
intarior pores. Experimenta using the Parr vessels were carried out at
150°C and 175°C. The temperatuve range vas extsnded to 250°C by using s
large stainless steel vessel (no Teflon liner) with a volume of 1 1itre.
This vessel had a longar time-constant for boattn; and quenching, but
the uncertainty in the duration of the effective time at temperature wvas
at most no sore than 10%. The DDV was similarly saturated with finely
divided 8102 povder. One experiment was also carried out by enclosing
the perovskite speciamen and DDV in & silver bag, vhich wvas then loaded
into the stainless steel vessel. In this case A/V vas sbout

s x 10 %1,

Distiiled vater in an open container will readily and rapidly

absorb CO2 from the atmosphers. Thus, s normal dissolution run will de
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It is possible that the

facto exposs¢ a specimen to CO2 in solution.
presence of coz may affect reaction paths (2) and (3). Therefore one
run, using & Parr vessel, was carried out in such a wvay as to exclude
COZ' This was done by allowing the open, but loaded, vessel to boil

vignrously, in order to drive off the CO, and then sealing the hot

2
vessel.

Pre- and post-attack features of the polishad surfaces werse studied
by XPS and AES. Three different spectrometers were used, viz. st
Harwell VG ESCALAB Mk. I and Mk. II instrusents with hemispherical
energy analysers, and st the Brisbane Surface Analysis Facility (BSAF) a
PHI Model 560 instrument with a double pass cylindrical sirror analyser.
The XPS capabilities of the spectrometers were roughly comparable wvhile
high spatial resolution AES could be carried out only on the ESCALAB Mk.
II instrument. Selected spectral peaks for all atomic species Ca, T{,
81, C and O were monitored. Ion beam etching was carried out to depths
of up to 150 nm and scans were obtained at selected depth intervals.

The sress under the selected pesks were determined and accepted
sensitivity factors [7] were used to determine elemental abundances.
Also, the peak positions by XPS were determined to an accuracy of £ 0.2

oV vhile pesk envelopes were monitored in order to gain further

infornation about the chemical state and environment of sach species.
Typical XPS instrusental parametsrs were as follows for the tvo
spectrometers, those for the PHI instrusent being shown {n psreanthesis.
Survey scans at low resolution were characterised by s constant analyser
pass snergy of 100 eV, scan increments of 1 {(0.5) eV and a scanning rate
of 1 (20) increment 1-1. Detailed scans over individual peaks (0 ls, Ca
2p, Ti 2p, C 1s, S{ 28 and Si 2p) used a pass energy of S50 (25) eV,

increments of C.2 oV and 3can rates of 0.2-0.5 (20) increments s-l. The




VG data wers obtained from s single sran wvhile in the case of the FNI
instrusont sany scans vere averaged. The wvorking vacuum wvas 10-9 torr
or better, extreme UHV conditions not being required for the
ron-reactive surfaces. Considersble charging was experienced for the
iresh srrfaces (shifis of up to 5 eV in the 0 ls peak position were not
uncomzon). Ion beam etching and its attendant radiation damage tended
to increese the surface conductivity and to e 'iminate charging; a dose

of 30 ua un—c.l-z

of S keV Ar’ lons was usually sufficient. The C 1s
peak is not s relisble energy marker for these materials since carbon
occurs both es an unavoidable graphicic contaainant and ss carbonates in
the surface in sccord with resction path (1). Graphitic contaminstion
is universally present at the monolayer level unless clean surfaces have
been prepared under extremse UHV conditions. In addition, the state of
ceramic technology is such that graphitic contamination will be present
in the bulk for those particular specimens. Honnr; previous work has
shoan that the Cs 293,2 peek does nmot shift such, after surface
contamination has been resoved, from a position corresponding to a
bindirg energy of 347.8 eV irrespective of ion dose, the type of
titanate and the condition of the surface. This peak was therefore used
as an energy ssrker in the present work. The instrumentsal parameters
for acquisition of AES data were: constant retard ratio of &;

increments of 0.5 and 1.0 eV, respectively, below and sbove 1000 eV

kinetic energy; 10 keV primary electron energy; beas current of 3 nA;

bean diameter : 0.5 um.
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RESULTS

The assentizl peraseters tor thi relevant runs are listed in Table
1. Survey scans werse obtained of surfacaes before attack, after attack
in DDV and after attack in DDV saturated with silica and CO:. The major
peaks wnre identified. It was {mmediately evident that the effect of

the hydrothersal environmsent vas to produce a surface vith a liower
calcium concentration and to introduce silicon. Figures l» and b show
the concentration profiles for all major species as functions of ion
dose, ID, for an as-received specimen and specimens attacked in DDW (R1)

and in DDV + 3102 + CO, for 30 (RZ), 250 (R3) and 525 (R4) hours. Based

2
on previous experience it is iikely that 1 uAmin ion dose {s roughly
aquivaleat to a removal of 0.2 nm of surface material [5,6]. The
nomina’l stoichiometries of CaTiO3 and CaTiSiOs are shown for comparison.
The effect of dissolved CO, on the chemical attack at 150°C 1s shown in
Figure 2s and b. The two runs (R6 and R7) were roughly cosparable
irsofar as the temperstures were identicsl although the durations
differed by a factor of three. The msjor 41iff .rences appear to be in

the T{ profiles. This species vas substantially depleted in the sbsence

of dissolved CO, while some enrichsent in the near surfsce layers

2 ‘-l
occurred when CO2 vas present. Somsewdhat surprisiagly it was found that :;
N
the carbon sbundances were roughly cowparable for the two runs. These 'Q‘
Y
are not plotted in Figure 2 but ranged from about 25 at.¥y coverage for O
iategrated ion do.es of ED = C to about 10X for ED = SO0 (ses Table 2). :;
<@
It is thersfura likely thet the major source of carbon was due not to JE
v
]
dissolved CO, but rather to adventitious surface and bulk contamination $§
of the specimen. For in.tance, we have found that exposed titanate ~
Y
surfaces take up CO, frow the atmosphers. The temperature dependences Q}
:;
o~
-6 - .
.
~
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~
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™
N
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of the profiles are shown {n Figures 3a and b which show data froam R6

(150°C), R3 (1975°C) and R9 (250°C). The major differences were again
found for the Ti profiles where the enriched layers wern found at ID ~
25, 60, 200 for 150, 175 and 250°C, respectively. Also, T{ hecame
increasingly depleted with higher temperature ir. the first few
sonolayers. There was a slight trend towards increasing dapth of
depletion for Ca with incresasing temperature, although k9 (250°C and 168
hrs) vent against that trend. Similarly, the trend for Si was that of s
slight increase in concentration with tempersture. Finally, carbon
tended to be concentrated more in the first few monolaysrs at 250°C in
comparison with runs at lower temperature, Tsble 2. Results for U8
(longer duration than R9) have been included in Figure 3; ‘t can be seen
that the Si concentration incressed very substantially wvith time while

Ti and Ci were correspondingly depleted.

In Figure & are shown the XP5S binding energies corresponding to the
peak positions of Ti 293/2’ 0 1s, C 1s and §i 2p varsus ion dose for the
same runs as the daca in Figure 1. The effects of dissolved COz and
temperature on the binding energies of these species are shown in Figure
Sa and b. The binding energies have been corrected for charging by
setting the Ca 293/2 binding energy equal to 347.8 eV, the binding
energy of this level is relatively invariant for all coepounds which are
likely to be present. Typical binding energies for the relevant atomic

species are listed in Table 3.

Peak envelopes -.4re ootained as functions >f surface trestment and
ion dose. The Si 2p envelopes did not exhibit any unusual features.

The Ca 2p envelopes tended to be better resoclved for more severe attack
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vhen compared to those obtained for lower temperature snd shorter
duration. The 0 ls envelopes exhibited some high bindirg energv
contributions; in Figure 6 are shown 0 ls envelopas for K8. Tther runs
of lesser hydrothermal severity exhibited smaller higa-binding energy
contributions. The Ti 2p anvelope before ion etching was substantially
similar for all surface conditions (polished, DDW and DDW + 5102
attack). The envelope showed the well-known trend with increasing ion
dose whereby the initially predominant tetravalent character of the
wnvelope wouid scquiie contributions from states of lower valency. It
was found that the surface exposed to silicated DDW was conrxideradbly

more affected by bombardment than any other surface. This {s showr in

Figure 7 for the Ti 2p envelope after an ion dose of 100 pAmin.

The specimen from R10 wvas investigated by SEM and AES. Aftor 7
dajs in DDV at 250°C a precipitete layer vas clearly vigible tu the
naksd eye. The specimen vas fractured in order to study the details of
this layer and its relationship to the underlying perovskite matrix.
Figure 8a shws an SEM image of the fracture face. The precipitate
layer is clearly visible and thers is a distinzt interface. This face
was polished in order to highlight the contrast between the precipitate
layer and the perovskite substrate, Figure 8b. High spatial resolution
AES point scans wera carried out along s line perpenuicular to the
interface. Data obtained at points labelled 1, 2 and 3 in Figure 8a are

shown {n Figure 9.
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LISCUSSION

Elewental Abundances

In general, the trend is for Ca to be increasingly depleted in the
post-attack surface lajers with increased duration of attack and with
temperature. Ti is also depleted, but only in ths near-surface layers;
desper into the post-attack surface there is a pronounced enrichment.
These features persist to progresrively greater depths with increasing
duration and tempersture of attack. The trond for S{ ie to exhibit
greater concentration and deaper penetration vigh time and temperaturs.
Similerly, the O concantration is enhanced in the post-attack layer and
the enhancement is more prounounced with tiwe and tempersture. Finally,
carbon is enhanced in the near-surface layer tut is depleted in the bu'k
by incressing duration and tempersture, Table 2. The trend for C is not
entirely systematic, presumably because the su;ply and chesical state of

this species {n solution are not well-controllad variables.

Binding Taergies and Peak Shapes

The binding energien of the Ti ip electrons are affected by
.radiation damage associated wvith ion bombardsent; the reduction in
titanates of tetravalent Ti to species of lower valencies with
increasing ifon doss has been discussed elsevhere [5. 6]. For instancs,
it has t:ir~ found that zirconolite and holland.ts are less resistant to
bombardment than perovskites (in terms of propensity for Ti to be
reduced). The present data show that the posct-attack surface layer
contains T{ in a structure which is relatively more vulnerable to
bombardment than perovskite. This is also evident from cons{deraticn of

the Ti 2p envelopes in Figure 7.
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Surface Si has a binding energy (2p peak) of 103.5 to 104.0 eV,
which is characteristc of 8102; s binding energy of 104 eV may be
indicative of the presenco of Si gal. However, it exhibits a lower
binding energy, about 102.8 eV, in the remsinder of the post-attack
layer. The latter binding energy is that ccmmonly otserved for the Si
2p electrons {n silicates; 810‘. wvith 0 € x < 2, is thought to have a 2p
binding snergy which decreases from 103.5 eV with decreasing x until 99
oV is reached for elemental silicon [8]. It is likely that S{ occurs as
s hydrated gel species in the post-attack surface layer; this
interpretation is in accord with a 2p binding energy below that of
crystalline 8102. Likewise, ths high binding energy component of the 0
ls peak at 534 eV is consistent wvith the inferred presence of a
silicaceocus layer. However, the high energy cowponent 0 ls may also be
dus to charge shifting of precipitated TiOz regions. The Ca 2p envelope
and bdinding energy are not significantly affected by bombardment or
severity of chemical attack. Similarly, the Si 2p envelope does not

exhibit any unusual features.

The binding energy corresponding to the C 1s peak in general is

about 246 ¢V for LD = 0. The trend is then that this energy drops to ;A
around 285 06 inside the post-attsck layer. The exception is for R3, R4 :
and, in part, R8 for which high binding energy carbon persists va
throughout the post-attack layer. However, these observations may not js'
be relevant or significant since the presence of carbon in the system ag
oot

cannot readily be controlled.

“

B

The 0 1s peak position ard shape after attack at 250°C erhibit

'Y

A
s

contributicns frow either a high binding energy specles or from a charge

LR ‘-

shifted surfaee feature. Thus it could be due to either oxygen being %S
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present in a silica gel layer and/or precipitated Tioz crystallites cn 5(” W,
.
the surface. These contributions are enhanced with the duration and ;q?qr
A
A
severity of the chemical attack. At 150 and 175°C there are no r“:“f v
-~
ey
varistions within the errcr bars sexcept for the norsal s)ight increasing ;; Y
in binding energy for ID = 0 ss a result of surface hydroxylation. 1
f‘*Q{ )
SENAY
o
Structure of Precipitate Layer ~¢ﬂi ; 4
S,
L]
XPS, AES and SEM analyses provide no direct information sbout the ,;,. @
L' §
structure of surface layers. However, these techniques do offer '“?h¢a;
A
indirect evidence for the presence or absence of particular structures. hﬂi'.kd
&
For XPS and AES the experimental abundances may be related to expected . '
. - 1.
stoichiometries, and the observed XPS binding energies may be consistent :ftj:j\.
N
with the chemical environment 0% a particular species in & certain :ﬁtftf‘
Rty
crystal structure. The morphology of precipitate crystallites, as TR SN
rered
determined by SEM, may alsc suggest the presence of s particiler -:::g{ia
AN
Ry
structurs. In principle, one might expect c.co,. Tioz, CaTiSiOs and .Qﬁt;:
-."‘ )i_:-
8102 to be present as crystslline precipitates on the Ca'rio3 substrats. :Cf:.& )

Amorphous silicacecus and titanaceous lsyers may also be present.

Ths combined evidence from XPS, AES and SEM suggests that the post-
attack perovskite surface is partially or fully covered with Tioz and a
thin .ilicaceous layer. Calcium carbonate and CA(OF.)2 may also be
presen.. The atomic concentration profiles, the charge shifted _ 1a
peak and the SEM features indicate that 7102 is the dominawut
precipitate. Even though XPS, and AES to some extent, will average out

the localized sffects of TiO2 crystallites over the whole¢ surface area,

- 11 -
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it is clear that the effucts of precipitetion increass with increasing
severity of attack. In the first few monolayers O, Si and C are

enriched while Ti and Ca are substantially depleted. Thess laycrs are

therefore likely to consist of silica gel, hydrated species and carbon

contaminants.

The crystallography of the 7102 precipitstes has been investigated
in & series of separate, but related, expsrisents. JIon beas thinned
perovskite foil specimens suitable for transmission electron microscopy
(TEM) have been studied at Griffith University [9] end at the Australian
Atomic Euergy Commi: .on [10]. Such foils have bean subjected to
hydrothermal attsck (150-190°C, 1-6 days) in aqueocus solutions (DDW and
DDV + 8102) in Parr reaction vessels. It has been found that 7102 grovs
as a precipitated crystalline phase on such specimens; using selected
asres diffraction (SAD) and EDS, these crystallites have baen indexed and

anslyzed ss brookite (DDW) and mixed brookite/anatase {DDW ¢+ S§10 It

2
has been found that the extent of growth increases with temperature and
duration. Conversely, sphens, cilcite or silica-bearing phases are not

found by TEM/SAD/EDS.
Mechanisms .

The following equilibria are relevaat to tbe nature of perovskite
dissolution in DDW saturated with dissolved silica and containing C02:

c.'uo3 + co2 =. 'rmz + c.ccs3 (%)

)
=

4

CaTi0, + HZO = Ti0

3 + Ca(0H), (5)

2

-y 4«
2500
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CnTiO3 + SiO2 = ClTiSiOs (6)

Q.I' o
Earlier work on CaTiO, in CO,-bearing DDW (4] has shown that the 4 rkﬁa
-
dissolution may proceed as follows: o

2+

(1) Selective leaching of Ca“ coupled with hydration of the ) f‘”'

surface layers.

(11) Saturation of calcium carbonates in the fluid phase and o _‘[”
b

AN

ultimately precipitation on the specimen surface (and {ﬁb’_‘ﬁk

S

‘l

elsevhere).

€¢i11) Attsinment of final equilibrium so that the partisl pressure

o

oy
2‘:“‘?
%

PRk

Py
:P A&
%

of COz {s reduced to an extent that CaTLOs, carbonates, 002 in

2+

solution and Ca” 1in solution becows part of a self-buffored

system.

n\l ‘.\;'\'.'i

.y ‘;‘ t,;, 1
b« P o« %"
-uﬁ(zﬁék )

LR

._“\";\‘ g
Y

The stabiiity of sphene in various aqueous medias is clearly
relevant to considerations of the chemical durability of perovskite.
Sphene has been investigsted by Hayward et al. [11]. They bave shown
that for the syutem n’-nzo-c.o-rtoz-sxoz it can be argued on
thermodynasic grounds that (a) Ca‘l':lo3 is the most stable phase for a
silica concntration much below saturation and whea K =log ([Caz*)/[H¢]2)
is high, (b) 7102 is favoured when K is very low and (c¢) CuTiSios is
favoured for saturation of silica and high K. Similarly, Nesbitt et al.

[3] bave shown that, with carbonate in solution, perovskite is stable

k only in groundwater with high K end low silica concentrations.

-13 -
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Finally, Hayvaid st al. [11] have slso considered the stability of
CcSiTiOs in the presence of carbonates in solution. They show that
CaStTlOs is the stable phase st all temperatures above 25°C. The trends
of the sxperimental results are that CaSiTiOs specimens sxposed %o
synthetic groundwater and C‘O-Tioz-SIO: frit in soluticn at 100°C
generally gain wveight and thst precipitates form on the surface. Thess

precipitates are found to have the same morphology ss sphenes.

Detailed leaching studies by snlution anslysis have been carried
out by Ringwood [12] or. the Synroc minersl assemblage which contuins
perovskite as one of its major constitusnt phases. In these studies it
vas found that the leach rates of Ca at the extreme temperatures of 930°C

in DDV were typicslly of order 10.2-10"3 g-/lz-day vhile the rates for

~ n/-z-day) .

Similar seasurements after hydrothermal attack at 200°C showed that the
1

Ti were near or below the limits of detectabilty (s 10
leach rates of Ca increased to 10 -10-2 3nllz-day vhile the rates fo:
Ti were unchanged. These observstions have led Ringwood to propose a
mechanisa vheriby divalent elements, such as Ca, are selectively leached

out of nesr-surface lsyers, leaving "skins" enriched in 1102.

There is a further piece of evidence vhich say hava a bearing on
the question of mechanisss. The total hydrothermsl systes with respect
to mobilization and destination of species can be fully characterized by
analysis of the solid surface, by analysis for species in zolution, by
investigations of the surfaces of the hydrothermal enclosure ard, in the
case of silica baing present, by studies of solids suspended in solutijon
Ve have carried out a limited nusber of such investigations of the totasl

system. It has been found, for instance, that CAB-0O-SIL in solution
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doss not provide a substrate for precipitstion of species in solution.

Horever, on the walls of the hydrothermal enclosure are found, by
SEM/EDS and XPS, a significant amoint of Ca (ususlly as & precipitated
calcius phosphate; the phosphorus is present as a tresce impurity).
Similarly, the extent to which ‘1‘10z is present on the surfaces of the
specimen can be used to determine the extent of dissolution of the
perovskite matrix. The extent of dissolution may then be cowparcd to
the toutal amount of extracted Ca in the system in order t5 determine the
relative importance of leaching versus dissolution. Within large
experimental uncertaintiss it was found that the total rate of
extraction of Ca from the specimen was consistent with the dissolution

being congruent.
The following model way nox be proposed.

(1) The net effeact of hydrothermal attack is that dissolutiom is
essentially congrueat a'though preferential extraction of Ca
by ion exchange may occur during the early stages of the
dissolution process. For instance, it say be that Ca is
extracted from the perovskite on a monolayer by sonolayer
basis, foliowed by collapse of *’.e perovskits structurs and
subsequent recrystallization of rzoz. Alteraatively, the
perovskite matrix may be dissolved by bass catalyzed
hydrolysis, leading to release of Ca and precipitation of
rzoz.

(14) Titaciun and its compounds are extremely insoluble in squeous

solutions. Thus one would expect that dissolution of the

-15—
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perovskite matrix will be followed by precipitation of
titanates. The pressat evidance shows that rxoz (as brookite
in DDV leachant and bdrookite and anatase in DDW + 8102
leackant) is favoured over sphene, even vhen the 'eachant is
saturated by silica. It is porsidble that T{ in solution is
confined to the local region of the double layer at the
solution/solid intsrphase while Ca {s free to equilibrate
throughout the solution volume. Thus the local region of the

double layer may be super-saturated with respe:t to TiO, while

2
undersaturated with respect to sphene. For long durstion and
high temperasturs, R8, it is found that the Si cor .entration
excesds 10 at.X with a depth of penetration greater than 10
na. This particular hydrothermal regime may therefore be a
candidate for the formatiom of sphene in accord with Neshitt

ot al. [3].

The rdle of carbonates has been established in en esrlier
study and present indications are that there are no
synergistic effects with the rdle of silica in solution.
Likewise, thc apparent effects of silica {n solution are
relatively minor insofar as the rate of dissolution and
precipitation is not strongly dependent on this variable.
Hovever, it is possible thst precipitation of sphene may be

favoured st higher temperatures and longer durations.
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TABLE 1

Hydrothexmal run parsmeters

Run Leachant Tewp. | Duration AVl (ca”l) | Veasel
c (hours)

Rl DOV 300 4SS 0.18 Au?

R2 DDV + 810, 175 30 0.1 Parr

3" * 250 " "

| T " s25 " "

k6 DDV + 810, (unpurged) | 150 299 c.1 "

R?7 DDV + S10, (purged) - 820 . "

RS DDV + 10, 250 | 670 2 x 1073 gs?

R " " 168 " "

R10 DDV . 168 0.0S Ag}

N -

-t =

L .‘.

A/V = Ratic of specimen surface area to solution volume.

3
Au

Ag

= Large stainlass steel vessel (1 litre volume).
® Sealed gold bag in pressurized sgteel vessel,
w Sesled silver bag in pressurised steesl vessel.
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TABLE 2

Carbon coverage (at.%)

Run iD= 0 ID = 10 ID 0 100 XD-lOOO_J
Unleached (RO) 13 3 2 2
R1 17 10 6 3
R2 8 ? 6 N.D.
R3 6 4 3 3
Ré 26 7 3 1
R6 23 16 14 13
R? 3 14 11 11
RS N 6 6 2
R9 &6 20 8 2
)
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TABLE )

Binding energies and nesk splittings for
species occurring in CaTiO, and CaTiSi0

- \ :‘5{ Py

-
»

5

Species Xps Peak | Binding Energy | 0 1s References
(eV) Binding Energy

R gy i)

T{ watal | 2py,, 453.1 (5.5)

.
W
A

sy .l.-( e

Ti0 " 455.1 (5.2) $30.1 (13)

T1,0,4 . 436.7 (5.5) $30.1

.
» 1

T10, . 458.7 (5.8) 530.1

e

Ca0 * 347.1 (3.4) 529.9 (14

B

51 2p 95.9 [8)

§ %

810, " 103.3

AR

$10, * 99.0 < B.E. [15)
£ 103.8

re

._r'l

[o<xs: i -4

The nushers in parentheses refer to the splitting of doublets as reported in :'."
the litsrature. : ~
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Experimentul Ti 2p enveiones for (a) polished unieached surface (RQ), (b) S00°C for 455 hrsin
ODW (R1} and (c) 175°C for 250 hrg in DOW + Si1O, after ZDw= 100 pA mir.
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AERE R 12390 Fig. 9

AES point scans on perovskiie fracture face. Top scan is for P1 (Figure 8(a)) in the perovskite
substrate, middie scan is for P2 at the substrate/pre “ipitate intertace and the bofttom scan is tor P3

in the precipitate layer.
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