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Analytical electron microscopy study of surface layers formed on the
French SONG68 nuclear waste glass during vapor hydration at 200°C
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Abstract

Extensive solid-state characterization (AEM /SEM /HRTEM) was completed on six SON68 (inactive R7T7) waste
glasses which were atered in the presence of saturated water vapor (200°C) for 22, 91, 241, 908, 1000, 1013, and 1021 days.
The samples were examined by AEM in cross-section (lattice-fringe imaging, micro-diffraction, and quantitative thin-film
EDS analysis). The glass monoliths were invariably covered by a thin altered rind, and the surface layer thickness increased
with increasing time of reaction, ranging from 0.5 to 30 wm in thickness. Six distinctive zones, based on phase chemistry
and microstructure, were distinguished within the well-developed surface layers. Numerous crystalline phases such as
analcime, gyrolite, tobermorite, apatite, and weeksite were identified on the surfaces of the reacted glasses as precipitates.
The majority of the surface layer volume was composed of two basic structures that are morphologically and chemically
distinct: The A-domain consisted of well-crystallized fibrous smectite aggregates; and the B-domain consisted of poorly-
crystallized regions containing smectite, possibly montmorillonite, crystallites and a ZrO,-rich amorphous silica matrix. The
retention of the rare-earth elements, Mo, and Zr mostly occurred within the B-domain; while transition metal elements, such
as Zn, Cr, Ni, Mn, and Fe, were retained in the A-domain. The element partitioning among A-domains and B-domains and
recrystallization of the earlier-formed B-domains into the A-domain smectites were the basic processes which have
controlled the chemical and structural evolution of the surface layer. The mechanism of surface layer formation during vapor
hydration are discussed based on these cross-sectional AEM results. © 1998 Elsevier Science B.V.

1. Introduction or are absorbed onto the solid and new phases may appear.

The SON68 (SON-68-18-17 LIC2A22) inactive ‘RTT7 tThhege ahopn 'eaf' t:’h_the formation OLS‘OJ::‘_CE 'aéers o
composition is the French reference glass for the light € corroded glass. In this paper, vapor ydration reters to

water reactor (LWR) nuclear waste [1]. When in contact the process of atering the chemical and/or physical char-

with an agueous solution and /or humid air environment, a sctenrst:cris;tf rglszirfacv% trhrtc;]ugh te;p?% tr? wate;
high-level nuclear waste (HLW) glass is subjected to apor. u & vapor, the aclu ons occu

chemical attack that results in progressive alteration of the between glass surfaces and a finite but limited amount of
glass matrix. Constituent elements of the glass dissolve water condensed onto the glass surface. Thus, vapor hydra-

; . L - . . . tion is an dteration process in aqueous solution at an
into solution, elements initially in the solution diffuse into . . -
’ y extremely high solid surface area-to-liquid volume (SA /V)

ratio. The objective of this study was to simulate the
aqueous corrosion of the SONG68 glass over extended
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secondary alteration phases. The understanding of glass
corrosion and radionuclide release can be enhanced by
investigating these secondary phases and the microstruc-
tural evolution of the surface layer, as glass corrosion may
be influenced by mass transport through surface layers.
Radionuclide release can also be influenced by nuclide
retention in surface layers [2]. Additionally, vapor hydra-
tion may be an important corrosion mechanism of nuclear
waste glasses in a hydrologically unsaturated geological
repository [3].

The secondary phases formed during glass corrosion
cannot currently be predicted. Reaction path programs can
predict the thermodynamically most stable phases, but they
rarely predict the actua phases observed in the tests.
Current modeling is usually performed with a restricted set
of known phases in the real system [4]. Therefore, sec-
ondary phase identification and the compositional and
structural evolution of surface layers over time are critical
to geochemical modeling of the long-term corrosion be-
havior of the French nuclear waste glass [5].

The secondary reaction products formed on experimen-
tally reacted waste glasses are often fragile, poorly crys-
talline, and occur as ultra-thin coatings which make sample
preparation and analysis difficult [5-7]. As a result, there
are only a limited number of studies of the microstructural
evolution of surface layers [8-12], and most researchers
have only been able to speculate on the identification of
secondary phases or the reaction mechanisms [13-16].
This study involves the microanalytical characterization of
the chemical and textural evolution of the surface layers
over extended experimental time frames (over 1000 days).
We discuss the thickness dependence of the surface layers
on the duration of vapor hydration tests, surface layer
zoning; the microstructural and compositional evolution
during corrosion; the morphology of the corroded surfaces;
and the mechanism of surface layer formation by vapor
hydration.

2. Experimental techniques

The chemical composition for the SON68 glass is listed
in Table 1. The SON68 glass contains 13 wt% of simu-
lated waste oxides. The specific non-active simulates in-
clude, MnO, for RuO,; and TcO,; CoO for RhO,; NiO
for PdO. Pm,0O; Sm,05;, Eu,0; and Gd,O; are in-
cluded in the weight fraction of La,O5. ThO, was used to
simulate NpO,, PuO,, AmO, and CmO,.

The glasses were cut from a monolith as rectangular
prisms to produce a surface area of approximately 2 cm?.
Vapor hydration tests were conducted by exposing mono-
lithic samples to water vapor at 200°C in a sealed 304 L
stainless steel vessel. The volume of the vessel was 23 ml.
Enough deionized water (0.25 ml) was added into the
vessel so that the vapor was saturated at 200°C. Corrosion
of the glass occurred in the thin film of water that was

Table 1

The SON68 glass composition (Wt%)

S0, 4548  Li,0 198  Sb,0, 001
Al,04 491 ZnO 2.50 TeO, 0.23
B,0, 1402 SO 033  Cs,0 1.42
Na,O 9.86 Y,03 0.20 BaO 0.60
Ca0 404  MoO, 170 La,O; 090
Fe,0, 291 MnO, 072 Ce0, 093
NiO 074  CoO 012  Pr,0, 044
Cr,0, 051 Ag,0 003 Nd,0; 159
P05 028  CdO 003  UO, 052
Zro, 265 SO, 002  ThO, 0.33

condensed on the sample. Only 0.05 ml of water could
condense on the glass sample without dripping off during
the vapor hydration tests. At the end of the test, the vessel
was removed from the oven and set in a water bath to
condense the water vapor onto the bottom of the vessdl.
Most of the water that was on the sample during the vapor
hydration test evaporated when the vessel bottom was
cooled. This resulted in the formation of evaporative salts
on the sample surface. The pH values for the recondensed
water were near 7 for all the test, indicating that the water
did not drip from the sample during the test.

The vapor hydration tests were conducted at 200°C for
periods of 14, 22, 56, 91, 241, 908, 1000, 1013, and 1021
days. The corresponding samples are referred to as 14D,
22D, 56D, 91D, 241D, 908D, 1000D, 1013D, and 1021D,
respectively. In the present work, 91D, 241D, 908D,
1013D, and 1021D were investigated extensively by using
scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM /EDS) and analytical electron mi-
croscopy with energy dispersive X-ray spectroscopy
(AEM). The 22D sample was studied earlier by Jercinovic
et al. [17].

The AEM samples prepared by ultramicrotomy pre-
served the surface layers and allowed the successful de-
scription of compositional and microstructural changes in
the surface layers from the outermost surface directly in
contact with the water vapor to the reaction front which
gradually migrated into the bulk glass. For the AEM
analysis, a cross-section of severa hundred angstroms in
thickness was required, perpendicular to the original sam-
ple surface. An ultramicrotomy ‘slicing’ technique [18—20]
was used to obtain thin-sections for AEM observations. In
this procedure, small chunks containing the reacted surface
layer and usualy also a small section of unaltered glass
were first broken off from the sample, and each of these
chunks was then embedded in epoxy resin to form a block.
Finally, thin sections, 50—-90 nm in thickness, were micro-
tomed from these blocks and transferred to holey carbon
filmed copper grids for AEM observation. Ultramicrotomy
was completed using a Reichert—Jung Ultracut-E Micro-
tome. The cross-sectional SEM samples were prepared by
resin impregnation and by polishing cross-sections of cuts
perpendicular to the original surface.



W.L. Gong et al. / Journal of Nuclear Materials 254 (1998) 249265 251

Fig. 1. Cross-sectional SEM micrograph showing a well-devel-
oped zones (1-6) on the surface layer (1013D).

Analysis by SEM /EDS was performed on the original
reacted surfaces to obtain a large-scale morphological
overview, as well as to observe the chemographic relation-
ships of the surface layers. SEM was done using a Hitachi

S-800 with a windowless PGT EDS system and a Hitachi
S-450. Both were operated at 20 keV.

Analysis by AEM was performed using both a JEM-
2000FX electron microscope with an attached Noran TN-
5500 EDXS system and a JEM-2010 electron microscope
with an attached Oxford Link ISIS EDS system. The
microscopes were operated at 200 keV. Extensive TEM
imaging included high-resolution transmission electron mi-
croscopy (HRTEM), bright-field image (BF), selected area
electron diffraction (SAED), and EDS analysis. Most of
the chemical compositions reported here were computed
using Noran's semi-quantitative software package for met-
alurgical thin films based on the EDS data acquired by the
TN-5500 EDXS system attached to JEM 2000FX. The
final compositions were calculated by assuming the stoi-
chiometry of the oxides and were normalized to 100 wt%.
The K-factors used for most of the analyzed elements have
been well calibrated in the laboratory. The analyzed ele-
ments included Na, Al, Si, Fe, Ca, Zn, Ni, Mn, Cr, Mo, Zr,
La, Ce, and Nd. The concentrations of Th, U, Cs, Te, Ag,
and Co were generaly low in the surface layers and their
chemical data were only partially reported. Elements such
as Li and B which are also important constituents of the
original SON68 waste glass, could not be measured using
these analytical techniques. Since there was no dripping
water during the vapor hydration test, boron is expected to
remain in the surface layer. The EDS analyses do not
include data for Li, B and water. The accuracy of the EDS
analyses was determined to be the + 5% relative error for
the major elements and +20% for the minor elements.

Fig. 2. Enlarged cross-sectional views of Fig. 1 showing the microstructure of Zones 4 and 5 (1013D). Note the higher porosity and larger
sizes of individual domains in Zone 4 (A) than in Zone 5 (B). The scale bars for A and B are the same.
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3. Results and discussion

3.1. Surface layer zoning

The surface layers were clearly visible by SEM in the
backscattered electron images of the cross-sections. Six
distinct zones were evident in the most well-developed

i /‘(& b o G N

surface layers (the long-term samples) and could be distin-
guished based on differences in contrast that are propor-
tiona to the backscattered electron density. These zones
are nearly parallel to the original glass surface. The zones
present a layered appearance and are identified as zones
1-6in Fig. 1.
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Fig. 3. A seguence of cross-sectional TEM micrographs showing surface layer zoning as a function of time. The circlesin the images are the

holey carbon substrate. (A) 22D, (B) 241D, (C) 1013D, (D) 1021D.
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Fig. 4. A schematic illustration of the typical zoning of the surface layers. Zone 1, precipitate zone; Zone 2, vertically oriented fibrous
smectite layer; Zone 3, a thin amorphous region high in rare-earth concentrations; Zones 4 and 5 volumetrically comprise the majority of the
surface layer and basically consist of A-domains and B-domains; and Zone 6 as nucleation zone.

Zone 1, a precipitation zone, is the outermost layer and
is characterized by secondary phases formed by precipita
tion; Zone 2 is a thin region consisting of well-crystallized
and vertically oriented fibrous smectite crystals. This layer
has a *honeycomb’ morphology; Zone 3 is a thin, ultra-
fine-grained region; Zones 4 and 5 account for most of the
surface layer volume and mainly consist of finger-like
structures and cavities as shown in Fig. 2; Zone 6 is
hydrated glass in which smectite crystallites may have
nucleated. Fig. 2A, B, which are the enlarged cross-sec-
tiona SEM views of Fig. 1, show that the porosity and
smectite crystals of Zone 4 are more abundant than in
Zone 5. Indeed, the open porosity in the surface layer
increases with increasing alteration time.

The zoning of the surface layer is usualy less well
developed and several inner zones may not be clearly
differentiated in the short-term samples, such as 22D and
91D. However, the zoning of surface layers is well devel-
oped in the longer-term samples such as 1021D. A se-
quence of cross-sectiona TEM micrographs shows the
surface layer zoning as a function of increasing time (Fig.
3.

The surface layer zoning in the SON6G8 glass is typica
of that seen in sample 1021D (Fig. 3D). The surface layer
zoning revealed by AEM analysis of an ultramicrotomed
sample is consistent with the cross-sectional SEM results.
In 1021D, the Zone 1 precipitated layer was not identified
because of the heterogeneous distribution of precipitates
on the surface, and TEM examination was over a very
limited region of the surface layer. Only part of Zone 2
(vertically-oriented smectite layer) was identified. Beneath
Zone 2 is the ultrafine-grained mixture of smectite crystal-

lites and amorphous matrices defined by Zone 3. Zones 4
and 5 account for the majority of the volume of the surface
layers. Both zones are generally composed of fibrous,
coarsely crystalline smectite aggregates and morphologi-
caly spherical, less-crystallized, ultrafine-grained do-
mains. Zone 6 is the smectite nucleation zone in the
hydrated glassy matrix (0.5—1 wm in thickness). This zone
is characterized by the amorphous volumes, cavities and
small smectite crystallites. A typical zoning of the surface
layer is schematicaly illustrated by Fig. 4.

The surface layer of 22D only contained two distinct
sublayers as shown in Fig. 3A, the outward verticaly-
grown fibrous smectite layer (here identified as Zone 2)
and the inner layer (mostly occupied in volume by Zones 4
and 5). Zone 2 is fibrous, being composed of smectite
crystallites with dimensions of 1-20 nm in width and
10-150 nm in length. The interfaces between Zone 2, the
inner layer and glass are sharp as shown in Fig. 3A. The
inner layer is mostly amorphous with a spherical morphol-
ogy and some degree of crystalinity, as indicated by a
mottled mixture of randomly orientated smectite fibers.
The fiber-like smectites are on the order of 1.0 nm or less
in width and 10 nm or less in length. The main features of
the surface layer of 241D (Fig. 3B) and 1013D (Fig. 3C)
lie between those illustrated for 22D (Fig. 3A) and 1021D
(Fig. 3D).

After corrosion in saturated water vapor at 200°C, the
glass monoliths were invariably covered with a thin ater-
ation rind. We estimated the thickness of the surface layers
by cross-sectional SEM examination and by comparison to
the cross-sectional AEM results (the precipitation zone
was not included in the thickness estimation). The thick-
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Fig. 5. The thickness of surface layers as a function of alteration
time for SON68, SRL131 and SRL 202 glasses. The thickness
data for SRL131 (vapor hydration at 150°C) and SRL 202 (vapor
hydration at 200°C) glasses were from Refs. [11,12], respectively.

ness of the surface layer increased with the duration of the
experiment: 0.5 um for 22D, 4 um for 91D; 6 nm for
241D; 16 p.m for 908D, 26 wm for 1013D and 30 pm for
1021D.

Fig. 5 shows the evolution of the ateration thickness
with increasing time. The mean slope can be used to
estimate the order of magnitude of the mean rate of glass
alteration under the test conditions. Thisrateis ~ 2 X 10™2
wm per day. As the glass density is 2.75 g/cm?, this value
corresponds to a mean alteration rate at 200°C under vapor
hydration conditions of 5.5 X 10~2 g/m?2d. Surface layer
formation is not a constant volume replacement process for
the glass. Thus, the derived value represents the upper
bound of the mean ateration rate. This value must be
compared to the initia rate of glass dissolution (forward
rate), which for this glass at 200°C is 102 g/m?d [21].
This means that the rate of glass dteration under the
highly saturated conditions reached under vapor hydration
is about 1800 times lower than the forward rate of glass
dissolution at this temperature. Other leaching experiments
in the pure water at high SA /V give afina rate of glass
dissolution under saturation condition at 200°C of 0.5
g/m2d (SA /V=2000m 1) and <0.4g/m?d(SA/V=
8000 m~1) [22].

3.2. Surface morphology and precipitates

A sequence of SEM micrographs shows the morpholog-
ical evolution of the surfaces during vapor hydration (Fig.
6). ‘Honeycomb' smectites usually cover most of the
surface. However, in the short-term samples, such as 22D
and 91D (Fig. 6A), the smectite layers were less devel oped
on the surfaces as compared to the long-term samples,
such as 908D. The abundance of the precipitates on the
surfaces increases with increasing time of the vapor hydra-
tion test. In 22D, no precipitates were identified on the
surface. In 241D, the hydrated silica was a precipitated

phase occurring as blocks (Fig. 6B). At higher magnifica
tion using a SEM, hydrated silica spheres, ~ 15 nm in
size, appear with arather regular packing, very close to the
structure of opal. In the long-term samples, for example
908D (Fig. 6C) and 1013D (Fig. 6D), a great variety and
abundance of precipitates appear on the surface.
Precipitates occur frequently on the surfaces of the
corroded waste glass. As glass corrodes, it releases ele-
ments into the thin film of the condensed water on the
glass surface during vapor hydration test. The precipitated
phases are either crystalline or amorphous. Based on mor-
phology and EDS/SAED analyses, humerous precipitated
secondary phases were identified on the surfaces of the
SON 68 glass (Table 2), such as anacime, hydrated Ca-
silicate phases, weeksite, apatite, and Na-silicate phases.
Analcime precipitates were present on the surface as trape-
zohedral crystals with voids aways filled with apatite
rosettes (Fig. 7). Minor precipitates included calcite
(CaCOy), gibbsite (AlI(OH),), opal-like silica.
Tobermorite, CagSigO;4(OH), - nH,O, may be the
most frequently occurring hydrated calcium silicate phase
precipitated on the surface. The tobermorite structure has
infinite Siz(O/0OH), chains paralel to the b-axis which
are linked by calcium atoms coordinated with seven oxy-
gen atoms [24]. This crystal structure accounts for the
characteristic fibrous morphology displayed by the precipi-
tated tobermorite on the surface of 908D (Fig. 8).
Gyrolite, CagSi;,05,(OH), - 7H,0, formed on the sur-
face of 1013D as semi-spherical groups of platelets (Fig.
6D). The structure of gyrolite is built by stacking of
various structural layers: a centrosymmetric layer, S,,
characterized by six-membered rings of tetrahedra pointing
aternatively upwards and downwards; an octahedral sheet,
O, of edge-sharing calcium octahedra; a tetrahedral sheet,
S,, characterized by six-membered rings, presenting six
downward-pointing tetrahedra to every two upward-point-
ing tetrahedra; and an interlayer sheet, X, consisting of
calcium octahedra [25]. This sheet structure accounts for
the characteristic platelet morphology of the crystals. This
phase occurred frequently as a precipitate on the surface of
the SRL 202U glass which was corroded for 14D at 200°C
[26]. The SAED pattern (inset of Fig. 9) shows diffraction
rings at 0.466, 0.346, 0.308, 0.264, 0.227, 0.183, 0.176,
0.152 and 0.133 (nm). The above SAED data are consis-
tent with those of synthetic gyrolite (JCPDS Card 12-217).
Gyrolite and apophyllite, a Ca-hydrosilicate, ideally (K,
Na)(Ca, M@),(Si, Al, Fe)g(F, OH) - 9H,0, are major sec-
ondary minerals in hydrothermally altered basalts,
sideromelane tuffs, and hyaloclastites in Iceland [27]. In
addition, the paragenesis of the alteration products includes
smectites (dioctahedral and trioctahedral), celadonite (a
mica group member, K(Mg, Fe2")(Fe3",
ADSi ,0,,(0OH),)), zedlites, chalcedony (a fine-grained va-
riety of quartz), opal, and calcite. The natural paragenetic
association of the secondary phases are similar to these
found in surface layers of the R7T7 waste glass, lending
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honeycomb-like smectite layer has only developed localy. No secondary phase was found on the surface. (B) 241D, honeycomb-like
smectite layer is well developed. Only hydrated silica precipitates (opal) occur on the surface, as indicated by the arrow. (C) 908D,
honeycomb-like smectite layer is well developed with precipitates on the surface. Abundant precipitates include analcime, apatite, sodium
silicates (not shown), and calcium silicates (not shown). (D) 1013D, two major precipitates, gyrolite and a spherical, amorphous calcium
silicate occur on the ‘honeycomb’ of smectite crystals. The honeycomb-like smectite layer is not as well developed as on 908D. It is
possible that for the aged samples, the smectite layer was detached locally.

support to the hypothesis that the experimentally observed Ca,Si,0,(0OH),, and nekoite, CazSig0;,(OH)g - 5H,0, as
alteration phases can be stable over geologica periods of extensive SEM /EDS examinations of 91D, 908D, and
time. In addition to gyrolite and tobermorite, other hy- 1021D show that Si /Ca ratios for the Casilicate phases
drated Ca-silicate phases may be present, such as afwillite, range from 0.5 to 1.5. However, further identification of
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Table 2
Major precipitates formed on the surface of the SON68 waste glass

Formula 22D 91D 241D 908D 1013D 1021D
Analcime Na(AlSi,Op) - H,O 4 Fig. 7
Calcium silicate Si/Ca=0.5-15 x/ x/ v Fig. 8
Apdtite Cas(PO,)5(OH, CI, F) v v Fig. 7
Weeksite K ,(UO,),(Si,05); - 4H,0 - [23]
Sodium silicate Na/Si = 1-3 I v [23]
Powellite? (Ca, SrMoO, I Fig. 10
Ag-Te phase? Ag,TeO, %

&Crystalline precipitates which grew within the inner zones of surface layers.

these Ca-silicates requires the combined use of EDS and
SAED analyses. Ca-silicates such as tobermorite and gyro-
lite, the most frequently occurring precipitates on the
surfaces of corroded waste glasses, have been found to be
excellent phases for ion exchange [28]. Tobermorite with
AI®T substituted for Si** has an extremely high sorption
selectivity for Cs, Sr, and other alkaline and alkaline-earth
elements through ion exchange [29]. Thus, precipitates
formed in the surface layers are potentially of importance
for radionuclide retention.

Amorphous, Carich silicate precipitates with a spheri-
cad morphology (10-30 um in size) occurred on the
surface of 1013D (Fig. 6D). A typical chemical composi-
tion is (wt%): SiO, 70.91, Al ,O, 3.51, Na,0 2.07, CaO
12.05, FeO 2.40, ZrO, 3.06, Ce,O5 0.70, and BaO 5.30.
Evidently, Ba was incorporated into this precipitate in high
amounts.

analeime,,

ap/';;tite'

_.; :

A umv

Fig. 7. SEM micrograph showing analcime and apatite precipi-
tated on the surface of 908D. The honeycomb-like smectite layer
is evident.

Additionally, two crystalline precipitates, powellite and
a Ag-Te phase, were found to have formed within the
inner zones of the surface layers as seen in cross-sectional
AEM examinations. Fig. 10 shows that powellite occurs as
small particles in less-crystallized aggregates in the surface
layer. The powellite, as small particles (0.1-0.5 uwm), has
been positively identified by using electron microdiffrac-
tion (inset of Fig. 10). The chemica compositions of
powellite samples detected in this study are listed in Table
3. A typical structural formula of powellite on a 4-oxygen
basis is: (CagggSro10Bage2)M00,, which indicates that
powellite is a major host for Sr. *°Sr occupies the Ca site
in powellite and ultimately decays to Zr4*. It is likely that
Zr** will substitute for Mo®* in a limited amount. Be-
cause the concentration of Sr in the powellite phase is
only a few percent, the stability of the powellite structure

Fig. 8. SEM micrographs showing the morphology of tobermorite
precipitates on the surface of 908D.
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Fig. 9. BF image and SAED pattern (inset) of gyrolite on 1013D.

will probably not be affected by transmutation. The 600
keV Xe™ irradiation study of the Na, ,,RE 3,Ca, 30M00,
crystal a room temperature indicated that the powellite
was dightly more resistant to amorphization than zircon
[30].

The powellite found as a precipitated phase on the
surface of the R7T7 waste glass, corroded in MgCl,
solution at 190°C, was particularly rich in rare-earth ele-
ments, such as Pr,O5 and La,O, [30]. The powellite was
identified on the surfaces of the French R7T7 waste glass
corroded in three different halite saturated solutions: (1)
high in Mg, low in Na, no Ca; (2) high in Mg and Ca, low
Na; and (3) high in Na, low in Caand Mg at temperatures
up to 190°C [31]. The Mg- and Ca-rich solutions became
acidic during corrosion, and the powellite characteristically
had higher rare-earth element concentrations, such as in
the NagsRE,sM00,—CaMo0O, solid-solution. While in
the high-Na solution which finally became akaline, pure
powellite formed and rare-earth elements eventually pre-
cipitated as separate phases [31]. Whether powellite precip-
itates on the surface or within the inner zones of the

Fig. 10. BF image and SAED pattern (inset) of in situ nucleated
powellites (908D, Zone 5). The arrows point to powellite.

Table 3
The chemical compositions for powellite within the surface layers

#40 #41 #46 #47 #48 #68 #120 #169 Average

Ca0 234 243 248 245 250 249 253 261 248
MoO; 69.6 69.8 70.3 69.3 69.8 70.3 705 71.0 70.1
SrO 53 44 49 45 48 43 39 29 44
BaO 18 15 00 17 04 05 03 00 08

#40-48 are from 908D and #68-169 from 1021D.

surface layer may be determined by the initial solution
composition.

The Ag—Te phase was only found in 241D as small
particles (2-5 pwm) within the surface layer. The chemical
composition for this phase is rather simple, and a typical
composition is: TeO, 43.4 and Ag,0O 56.6 (wt%), con-
forming to a formula of Ag,TeO,. The occurrence of this
Ag-Te phase is important, as the original abundance of Ag
and Te in the SONG8 glass was low (Table 1). The Ag and
Te must have been transported over a long distance to
form a crystalline phase in situ within the inner zones of
the surface layer.

3.3. Structure of the surface layer: A- and B-domains

Zones 4 and 5 contain domains which are morphologi-
caly and chemicaly distinct. One consists of fibrous,
coarsely crystalline, smectite aggregates, identified as A-
domains. The other consists of the spherical, less-crystal-
lized, ultrafine-grained aggregates, identified as the B-do-
mains. The two domains are clearly seen in TEM micro-
graphs (Figs. 11 and 12). The two domains can be easily
differentiated by SAED patterns, in terms of degree of
crystallinity, as shown in Fig. 13.

The smectites in the A-domains always contain rela-
tively high concentrations of transition metal elements,
such as Fe, Zn, Cr, Mn, and Ni, while Zr, Mo, and
rare-earth elements are very low in concentration (Table
4). The enrichment coefficients, E; = Cgy /Cyass fOr
transition metal elements are > 1. However, the enrich-
ment coefficients for Zr, Mo, U, Th, and rare-earth ele-
ments are aways far less than 1. The concentration of
ZrO, is below the detect limit in the A-domains. The SIO,
contents usually exceed the required values for the smec-
tite stoichiometry, because EDS analyses were made on
regions containing the smectite crystallites and the amor-
phous silica-rich matrix. Taking an A-domain as an exam-
ple, the calculated formula for the mixture of smectite
crystallites and the silica-rich matrix on an 11-oxygen
equivalent basis is: (Na, Ca)g,g(Fedi,Algas-
ZNg17Ni §16Cr010MN3E6)Si 4 460:0(OH),. 1f 55 mol% of
SiO, accounts for the matrix silica, the smectite formula
would be: (Na, Ca)ygg(Fedt,Alg30ZNg31Nigoe
Cr31sMn3t (S5 oAl 31)0,5(OH),. Hence, the smectites
in the A-domains are consistent with a nontronite composi-
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tion. For comparison, in a typical K-saturated nontronite,
the structural formula is Kgs(Fe$h,Alg15Mdgq)
(Si5.45Al g 35FEST4)0;4(OH), [32]. The SAED pattern (Fig.
13A) has diffraction rings at 0.447, 0.304, 0.257, 0.224,
0.194, 0.153, and 0.131 (nm), suggesting the 110,020,

Fig. 12. TEM micrograph showing the structure of A-domains and
B-domains within a surface layer (1021D).
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Fig. 11. TEM micrograph showing the structure of A-domains and B-domainsin a surface layer (908D, Zone 5).

005, 200,130, 220,040, 009, 060,330, and 400/260
spacings of a smectite structure. HRTEM imaging of these
smectites shows a basal (001) spacing of 1.5 nm, as
indicated by Fig. 14. Thus, the A-domain smectites are
approximately identified as nontronite-1.5 nm. Since the
trivalent Cr3* is similar in size (r = 0.062 nm) and charge
to Fe3", it can substitute for Fe®* in dioctahedral smec-
tites, such as nontronite and montmorillonite in which
AI®* is a predominant octahedral cation. The smectites
containing chromium as the dominant trivalent octahedral
cation are called volkonskoite. Trioctahedral smectites with
Zn, Ni, and Mn as the predominant octahedral cations are
refereed to as sauconite, nickel smectite, and manganese
smectite, respectively. A-domain smectites are mainly
members in the solid-solution series of nontronite, mont-
morillonite, nickel smectite, volkonskoite, and sauconite.
In the B-domains, needle-like smectite crystallites oc-
cur in a somewhat spherical amorphous matrix. A typical
microstructural image of the B-domains is represented by
Figs. 11 and 12. The smectite crystallites (~ 10 nm in
size) in the B-domains always have a basal (001) spacing
of 1.8 nm. However, the SAED patterns show that B-do-
mains are predominantly amorphous, particularly in the
upper portion of the surface layer in the long-term samples
(Fig. 13B). The B-domains usually have high amounts of
Zr, rare-earth elements Mo and Ca. For example, ZrO, is
extremely high (~ 12 wt%) in the B-domains of 1021D
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Fig. 13. Representative SAED patterns for A-domains (A) and B-domains (B) in 908D.

(Table 4). The E value (enrichment coefficient) for ZrO, is
4.5. The E values for rare-earth elements (e.g., La, Ce, and
Nd) and Mo are al greater than 1.5, while the E values for
Th and U are approximately 1. These data indicate that
elements such as Zr, rare-earth elements, and Mo, may
have been retained in the B-domains of the surface layers.
Elements, such as the transition metal elements Fe, Zn, Cr,
Mn, and Ni, as well as Na and Al, are relatively depleted
in the B-domains, as compared to the A-domains and the
undtered glass (Table 4). At present, we are not able to
determine the boron concentration in the surface layer.

Table 4
Compositions of individual zones and domains of the surface
layer on 1021D (wt%)

Zone Zone2 Zone3 A-domain B-domain Zone 62 Glass
N.A. 10 11 7 12 8

SO, 639+3 553+2 69.9+3 644+5 64.7+3 4548
Al,O; 7.8+1546+15 62+10 37+10 56+10 491
Fe,0, 9.9+1023+10 85+10 23+08 42+10 291
MnO 16+0507+05 09+02 01+01 04+04 072
Cr,0, 00  04+04 19405 01401 02+02 051
Na,0 57+1015+15 31+10 15+15 22+10 9.86
Ca0 21+0534+10 26+10 48+15 50+20 404
ZnO 87+2009+05 40+05 07+05 08+05 250
NiO 03+0304+04 28+05 10+03 11+05 074

MoO; — - - 34+10 34+10 170
210, - 11.3+20 — 11.9+3088+15 265
La,0, — 17410 - 16+10 01401 090
Ce,0; — 105420 — 1.8+05 06+06 093
Nd,0, — 46420 - 21406 12+10 159
uo, - 03403 - 05405 10+05 052
ThO, - 20+10 - 06+06 0.2+02 033

N.A., analysis number.
#Including 0.44 CoO.

Boron may have preferentially partitioned into the B-do-
main, not into the A-domain, as the smectite is the domi-
nant phase of the A-domain. In the smectite structure,
there are no crystallographic sites for the boron atoms.

The A-domains in Zone 4 are more predominant in
volume than the A-domains in Zone 5 in the long-term
experiments (e.g., 1013D, and 1021D). The needle-like
smectite crystallites were not always present in the B-do-
mains of long-term samples. In short-term experiments
(e.g., 22D, 91D, and 241D), the interface between Zones 4
and 5 is not evident. The poorly-crystallized B-domains
apparently dominate the structure of the surface layer,
while the well-crystallized A-domains only occur locally
in the upper part of the cross-section (241D, Fig. 15). In
22D, Zones 4 and 5 are composed of the poorly-crystal-
lized B-domains. Thus, the volume ratio of B- and A-do-
mains in the surface layers decreases with increasing cor-
rosion time, indicating that the alteration layer has evolved
into thermodynamically more stable phases. These textures
suggest an extensive recrystallization process of earlier-
formed B-domains into A-domain smectites, associated
with an increased cavity volume during the continued
corrosion.

Near the top of Zone 4 in long-term samples such as
1013D, B-domains are very small (< 100 nm), as shown
in Fig. 16A. These small B-domains are completely amor-
phous, and smectite crystallites cannot be detected. This
must be all the remains of the larger, early-formed B-do-
mains after the continuous recrystallization of the smectite
crystallites. However, the B-domains in Zone 5 are larger
in volume (Fig. 16B). The evidence provided by Fig. 16
shows the effects on the microstructure due to extensive
recrystallization of earlier-formed B-domains during sur-
face layer formation and reaction progress caused by vapor
hydration.

The basic structures of surface layers have been identi-
fied as A-domains and B-domains. The chemical composi-
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Fig. 14. HRTEM micrograph of smectitesin an A-domain (1013D).

Fig. 15. TEM micrograph showing the structure of the inner zone
of the surface layer in short-term samples (241D). B-domains are
the dominant structures characterized by needle-like smectite crys-
tallites in association with the spherical morphology of the amor-
phous matrix.

i

tions of the A- and B-domains are apparently different in
not only sample 1012D (Table 4), but aso in the other
samples from 22D to 1013D, as determined by extensive
EDS/AEM analyses. At an early-stage of corrosion or in
the alteration front, A- and B-domains formed in-situ
within the hydrated glass, as the basic structures of surface
layers. All the elements are partitioned mainly between
A-domains, B-domains, and possibly the pore water, since
there is no bulk solution in the vapor hydration test.
Transition metal elements are preferentially partitioned
into A-domains; rare-earth elements, Mo and Zr, into
B-domains. Na (as well as possibly Li), Zn, Ca, Al, Si, and
U may be partly released into the pore solution. With
continued alteration, the surface layer reorganizes in situ,
and the early-formed B-domains recrystalize into A-do-
mains. The elements redistribute again. Fig. 20 illustrates
the compositional differences between individua zones
and domains. Starting from an origina waste glass, the
nucleation zone (Zone 6) is significantly depleted in B-
group oxides (Na,O + ZnO + MnO + Fe,O; + NiO +
Cr,0,3). During the conversion of Zone 6 to Zone 5, A-
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Fig. 16. TEM micrographs showing the morphological difference of B-domain structures between Zone 4 (A) and Zone 5 (B) in 908D. The
Zone 5 B-domains are always larger than the Zone 4 B-domains, suggesting smectite recrystallization of earlier-formed B-domains during

vapor hydration.

and B-domains inherit the overal composition of the
nucleation zone, but partitioning of elements must have
occurred leading to the chemical distinction between the
two domains. Thus, the element partitioning among A-do-
mains, B-domains, and possibly the pore solution, and
subsequent recrystallization of the earlier-formed B-do-
mains into the A-domain smectites are the basic processes
which control the chemical evolution of the surface layer.
The evolution of the chemistry and microstructure of the
surface layer is very important to understanding of the
long-term behavior of elements during vapor hydration.

3.4. Chemical and structural description of zones 2, 3 and
6 in surface layers

Zone 2 is present as a honeycomb-like layer occupying
most of the surface, as best shown in Fig. 3B, Fig. 6C, and
Fig. 7. The smectite must have grown into the solution on
the origina surface of the reacted glass as evidenced by
the vertically oriented fibrous texture. The structural for-
mula for smectite in Zone 2 can be calculated on an
11-oxygen basis as: (Nagy,,Cago7)(Algs7ZNg g5
Fe3taMn3 % oNi0,01Cro,00)Si 412010(0H), (1021D). Like the
A-domain smectites, the atomic fraction of Si in the for-
mula exceeds the required value for the ideal smectite
stoichiometry. If there is 20 mol% SiO, which accounts
for dilica coatings of smectite crystalites or fillings be-
tween smectite crystallites, the corrected structural formula
is: (NaggeCagos)(ZngesFesbaAlgser

MnN3 12N 0,0,Cro,01(Si385Al 6,12)010(OH),. As a compari-
son, the structural formula of a pure sauconite clay from
Zinc Village, AR, is given as (CagyoNaggKga)
(Zn, gsFed 55Al 017M 15)(Si 5 3,Al §73),010(OH),  [33].
The Zone 2 smectites are thus mainly members in the
solid-solution system of sauconite, nontronite, momtmoril-
lonite and manganese smectite. Numerous EDS analyses of
the Zone 2 smectites show that sauconite or nontronite can
be dominant in short-term and long-term corroded sam-
ples. The HRTEM image of smectites in Zone 2 shows
that these smectites exhibit a 1.5-nm basal spacing and that
the fillings in the space between these smectite crystallites
are possibly the amorphous silica which may have precipi-
tated from the condensed water film in the cavities of the
honeycomb-like smectites (Fig. 17). The SAED pattern for
Zone 2 smectites (inset of Fig. 17) have electron diffrac-
tion rings at 0.452, 0.305, 0.264, 0.173, 0.153, and 0.132
(nm), suggesting the 110,020, 005, 200,130, 240,150,
060,330, and 400/260 spacings of a smectite structure
which is close to sauconite-1.5 nm.

Generadly, the fibrous Zone 2 smectites are similar to
the A-domain smectites in composition and structure. Zr,
Mo, and rare-earth elements are all relatively depleted in
both the A-domains and Zone 2. However, the Zone 2
smectites are more coarsely crystalline, with a higher
concentration of Zn as compared with the A-domain smec-
tites. In A-domains, sauconite in the smectites ranges from
10 to 20%, while in the Zone 2 smectites, sauconite ranges
from 25 to 40%. Unlike in the A-domains, transition metal
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Fig. 17. HRTEM micrograph showing the microstructure of Zone
2 (241D). The inset is the corresponding SAED pattern.

elements, such as Cr and Ni, are substantially depleted as
well. Assuming that Zone 2 has a precipitation origin, we
infer that significant amounts of Zn, Fe, and Mn may have
been partly released from the ateration layer, while Cr, Ni,
Zr, Mo, Zr, and the rare-earth elements have been mainly
retained within the surface layer.

Zone 2 is well developed in both the short-term cor-
roded samples, such as 22D and 241D, and in the long-term
corroded samples such as 908D. The thickness of Zone 2
increased with the duration of the vapor hydration tests:
0.2 pm for 22D, 0.4 pm for 91D, 0.6 pm for 241D, and 3
wm for 1021D (the thickness was estimated by cross-sec-
tiona TEM examinations). In addition, the verticaly ori-
ented fibrous smectite layer (Zone 2) was a common
microstructure in the various waste glasses during vapor
hydration [34—36].

Beneath Zone 2, there is a thin layer of an ultrafine-
grained mixture of smectite crystallites and amorphous
matrix (Zone 3). Structurally and chemically, Zone 3 is
amost the same as the B-domains in Zones 4 and 5.
However, Zone 3 has even higher concentrations of rare-
earth elements and Zr than those of the B-domains (Table
4). The smectite crystallites are of one to three lattice
fringe thicknesses which have a basal (001) spacing of 1.8
nm. The concentration of ZrO, in Zone 3 is five times
higher than that of the original glass (Table 4). The ZrO,
may be present either in the amorphous silica-rich matrix
or as nm-sized particles, as revealed by a HRTEM micro-
graph (Fig. 18). Although the ZrO, concentrations both in
Zone 3 and B-domains are very high (10-12 wt%), zircon
(ZrsiO,) crystallites were not identified. However, zircon
as small particles (~ 2 wm in size) were identified within
the surface layer of the SON68 waste glass corroded in
MgCl, solution at 200°C for 2006 days [30].

The average concentration of rare-earth elements (the
sum of La,05, Ce,0,, and Nd,O4 contents) is 16.8 wt%
with an E value > 5 in the Zone 3 of 1021D. Crystalline
phases particularly rich in rare-earth elements were not
found in this zone. Rare-earth elements may have been
absorbed and immobilized within the amorphous matrix,
possibly in the form of hydroxides.

Zone 6 is the smectite nucleation zone in the hydrated
glassy matrix (0.5—1 pm in thickness). It is characterized
by amorphous materials plus small needle-like smectite
crystallites which are similar to the B-domains in structure,
associated with the formation of spherica cavities (Fig.
19). The A-domain smectites are not present in this zone.
The nucleation of smectite crystallitesin the hydrated glass
matrix is heterogeneous. Extensive EDS analyses summa-
rized in Table 3 indicated that rare-earth elements, alkaline
metals such as Na, and some of the transition metal
elements such as Zn and Mn were partly removed from
Zone 6 during vapor hydration, as the E values for these
elements are less than 1. We presume that Li, like Na, was
preferentially removed from this zone. The E values for
Zr, Mo, Ni, Fe, Al, and Ca are > 1, indicating that they
were not significantly removed from Zone 6. The concur-
rent nucleation of the smectite crystallites leads to a re-
structuring of the hydrated glass and the in situ redistribu-
tion of elements and is critical to its gradual conversion
into Zone 5 during the formation of surface layers.

Beneath Zone 6 is the region of a homogeneous con-
trast, close to the nucleation zone, which should be differ-
ent in structure from the fresh glass. lon interdiffusion and

Fig. 18. HRTEM showing the microstructure of Zone 3 (1021D).
Zone 3 is dominated by the amorphous phase. The needle-like
crystallites are smectite. The dark spots as indicated by the arrow
may be ZrO,.
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Fig. 19. TEM micrographs showing the microstructure of Zone 6. Nucleation centers of smectite are evidenced by their spherical
morphology (A, 1021D) and the subsequent formation of needle-like smectite crystallites (B, 908D).

molecular water diffusion may occur during vapor hydra-
tion. Both H;O™" and molecular water will enter the glass
structure to form a hydrated layer. The de-alkalization of
hydrated layers is mainly due to the incorporation of water
via molecular H,O diffusion [8]. Thus, the glass just
beneath Zone 6 is probably a hydrated and deakalized
zone. Secondary ion mass spectroscopy (SIMS) is required
in order to characterize concentration profiles of alkali
elements and H* [37].

100 O Zone2
O A-domains
+ B-domains
X Zone3
glass

/\ Zone6
-\ 30

B < 4 30 20 10 C

Fig. 20. Ternary plot of the major oxides in the origina waste
glass and individua zones and domains in the surface layers.
A =S80, +Al,0;, B=Na,0+ZnO+MnO+Fe,0;+NiO+
Cr,03, C = ZrO, + MO, + CaO+ REE, O, (Wt%).

3.5. Mechanism of surface layer formation

Based on the detailed observations on microstructural
and compositional zoning in surface layers, the mechanism
of the surface layer formation may be described as fol-
lows:

Formation of smectite nucleation zone (Zone 6). At the
earliest stage of corrosion, molecular water diffuses into
the random network structure of the glass and hydrolysis
occurs forming the hydrated glass. The exchange of H,O™"
from the water vapor with glass modifier elements results
in continual removal of Na, Zn, Mn, and rare-earth ele-
ments from the hydrated glass. For the SON68 glass, the
acidic species are more abundant than alkalis. The protona-
tion of the non-bridging oxygen (NBO) sites due to the
ion-exchange reactions catalyzes hydrolysis of adjacent
borate bonds, resulting in leaching of boron and alkalis
from the glass [38]. Subsequently, individual spherical
centers (nm-sized), possibly nucleation sites for smectite,
occur in the hydrated glass matrix. The nm-sized, needle-
like crystallites of smectite grow in the amorphous matrix,
forming the nucleation zone. This zone begins with hydrol-
ysis and recondensation reactions and in situ restructuring
of the hydration products, followed by partitioning and
migration of elements.

Formation of Zones 4 and 5. Following smectite nucle-
ation, the surface layer reorganizes its microstructure in
situ: the smectite crystallites continue to grow into large
fibrous crystals, forming well-crystallized A-domains. At
the same time, the remnants of smectite crystallization in
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the hydrated amorphous matrix agglomerate to form indi-
vidual spherical particles (B-domains). This process leads
to a gradua and continual conversion of Zone 6 to Zone 5
as the hydration front proceeds steadily into the fresh
glass. The progressive nucleation and growth of smectite
in the previoudly existing B-domains results in a decrease
in volume and size as seen in the upper portion of the
surface layer (Zone 4), which will finally lead to a com-
plete disappearance of the B-domains. Eventudly, the
majority of the surface layer volume will be very porous
and well-crystallized and dominated by the presence of
A-domains which are mainly composed of smectite. The
geochemical behavior of the elements are principally con-
trolled by the formation of A- and B-domains and the
continued recrystallization of earlier-formed B-domains,
and multiple-stage partitioning of elements among A-do-
mains, B-domains, and the pore water during the vapor
hydration process.

Formation of precipitates. As the glass corrodes, the
akalis and some other elements (e.g., alkaline-earth ele-
ments) migrate to the surface. The thin film of condensed
water may become saturated with respect to phases which
precipitate onto the glass surface to form a precipitation
zone (Zone 1). The occurrence of analcime, calcium sili-
cates such as gyrolite, and sodium silicates, suggests that
the water film on the surface is alkaline. Because Zone 2 is
present in long-term, as well as short-term, corroded sam-
ples, the Zone 2 smectites, dominated by sauconite-1.5 nm,
must have precipitated on the origina surface of the glass
at a very early stage of the corrosion process after which
they continued to grow in thickness. By incorporation of
alkalis and other elements into precipitated phases, the
alkali-depletion process continues. Secondary phases pre-
cipitate within inner zones as a result of restructuring of
the initially formed corroded products. Formation of pre-
cipitates has been related to the observed increases in the
reaction rate. The onset of the formation of specific phases
results in a decrease in the concentration of elementsin the
water film that control the reaction affinity of the glass
[39].

4. Conclusions

Surface layer zoning is evident during vapor hydration
of the French SON68 waste glass at 200°C. Six zones were
identified in the surface layers. The thickness of the sur-
face layers increased dowly over the duration of experi-
ments. The mean rate of glass ateration is ~2x 1072
um per day.

A number of crystalline and amorphous precipitated
phases were identified on the surface of the reacted glasses,
such as analcime, gyrolite, tobermorite, apatite, sodium
silicates, and weeksite. Powellite, (Ca, Sr)MoO, and
Ag,TeO; were found within the inner zones of the surface
layers, indicating that Ag, Te, Sr, and Mo have been

retained within the surface layers. These surface precipi-
tates and in situ formed phases must be included in
geochemical models used to predict long-term release of
radionuclides during waste glass ateration and weathering.

The basic structure of a large volume of the surface
layer (Zones 4 and 5) is composed of two morphologically
and chemically distinct structures: The A-domains consist
of fibrous, coarsely crystalline, smectite aggregates. The
smectite aggregates in A-domains are composed of non-
tronite-1.5 nm crystallites and the amorphous silicerrich
matrix. The B-domains consist of the spherical, less-crys-
tallized, ultrafine-grained aggregates. A-domains have high
concentrations of Na, Fe, and other transition metals, such
as Zn, Cr, Mn, and Ni; while the B-domains have high
concentrations of rare-earth elements, Mo and Zr.

During vapor hydration, the multiple-stage partitioning
of elements between A-domains, and B-domains, and the
pore water, and the subsequent recrystallization of the
earlier-formed B-domains into the A-domain smectites are
the basic processes which control the chemical and textural
evolution of the surface layer. This process is very impor-
tant in determining the long-term release of radionuclides
under alteration of the glass.
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