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The JAERI studies on the properties of the glass and ceramic waste forms, which
have been done in the last several years, are described briefly. For the long-term
evaluation of glass waste form performance under repository condition, leachability has
studied from the standpoints of understanding of alteration layers, effects of
groundwater and effects of redox condition using the radioactive or non-radioactive
glass samples. The studies revealed that (1) the reactions in the alteration layers, such
as crystal growth, continue after the apparent release of elements from the glass almost
ceases, (2) under somewhat reducing conditions, Fe dissolves easily into leachates, and
hydrated silicate surface layer tends to dissolve more easily with Fe in reduced synthetic
groundwater than in deionized water, (3) precipitation of PuO2-xH20(am) is
controlling the leaching of soluble species of Pu under both redox conditions, and the
dominant soluble species is Pu(OH)40 under reducing condition. Ceramics are
considered as most promising materials for the actinide-rich wastes arising from
partitioning and transmutation processes because of their outstanding durability for long

term. In the present study, a-decay damage effects on the density and leaching
behavior of perovskite (one of three main minerals forming Synroc) were investigated
by an accelerated experiment using the actinide doping technique. A decrease in density
of Cm-doped perovskite reaches 1.3 % at a dose of 9 x 1017 a-decays-g-1. The leach

rate of perovskite increases with an increase in accumulated a-decay doses.
Application of zirconia- and alumina-based ceramics for incorporating actinides was
also investigated by inactive laboratory tests with an emphasis on crystallographic
phase stability and chemical durability. The yttria-stabilized zirconia is stable
crystallographically in the wide ranges of Ce and/or Nd content and have excellent
chemical durability.

Keywords: Glass Waste Form, Ceramic Waste Form, Leachability, Repository
Condition, Synroc, a-Decay Damage, Yttria-stabilized Zirconia
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1. INTRODUCTION

The Japan Atomic Energy Research Institute (JAERI) has contributed to the
establishment of the national system for the high-level radioactive waste management
with developments of safety assessment methods and accumulation of useful data.
Besides, JAERI is responsible for researches of new technology to be acceptable to the
Japanese environmental circumstances.

In the present report, the JAERI studies on the properties of glass waste forms and
ceramic waste forms, which have been done in the last several years, are described
briefly.

2. GLASS WASTE FORMS

2.1 Growth Rate of Alteration Layer and Elemental Mass Losses during
Leaching of Nuclear Waste Glass [1]

In order to validate the predictive models of the long-term corrosion of nuclear waste
forms, the concept of natural analogues has been proposed [2]. The problem is,
however, how we utilize the information of the natural analogues for modelling. One
of the ways is to justify confidence in the theoretical model by correctly predicting the
phases formed in the alteration layers of naturally and experimentally altered glasses.
That is why a detailed understanding of the mineralogy and geochemistry of the layers
is required [3]. In the present work, we will discuss on the growth rates of the
alteration layers of a borosilicate nuclear waste glass and their relevance to elemental
mass losses.

Experimental

MCC-1 leaching tests [4] were carried out for a borosilicate waste glass (Table 1) in
deionized water for up to 364 days at 90°C.  Four platy samples (0.2 x 0.5 x 0.5 cm)
were put imo a Teflon container for each leaching period. The surface area to solution

volume ratio was 0.1 cm™l,  One of the four samples was immersed in ethanol for 2
hrs immediately after removing it from the leachate to prevent the shrinkage of the
alteration layer during drying. The other samples were air-dried. Low viscosity
epoxy resin was poured onto the ethanol-immersed sample when the ethanol was
discarded. The air-dried samples were vacuum impregnated in the resin.  After the
polymerization of the resin, the samples were cut perpendicularly to the original glass
surface and polished. The sections were subjected to optical microscopy (OM) in
order to measure the layer thicknesses. When the layers were too thin for OM, the
samples were cut by ultramicrotomy, creating sections 50 to 80 nm thick, and then
subjected to analytical electron microscopy (AEM). The sections were also observed
by scanring electron microscopy (SEM) for texture examination. The concentrations
of the major elements in the alteration layers were measured by electron microprobe
analysis (EMPA).  Fine structures and mass fractions of the alteration layers were
examined by AEM. The solution pH was measured after leaching and the “elemental
conceatrations of the leachates were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) or atomic absorption spectrometry (AAS).

Results and discussion

There is a sharp change in the layer growth of the leaching experiments before and
after 91 days (Fig. 1). The thickness of the layer increases linearly at a rate of 0.63
pm/day for up to 91 days. However, in the 91 to 364-day period, the thickness
remains constant (about 60 um). This suggests that significant corrosion of the glass
almost ceases after the 91-day leaching. Grambow et al. [S] pointed out that on the
basis of the time dependence of palagonite rind development, the range of values for the
forward rate is 3-20 4#m/1000yrs and the value for the final rate is 0.1 #m/1000yrs at
about 3°C. The layer growth before the 91-day leaching corresponds to the corrosion
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of the forward reaction and the layer growth after the 91-day leaching, to the corrosion
of the final reaction [6]. This is in good agreement with Si release data discussed
below. We applied the relationship of the rates obtained by Grambow et al. [5] to our
thickness measurements to calculate a corrosion rate of the final reaction of the waste
glass. We assumed that the activation energy of the final reaction is the same as that of
the forward reaction calculated from 3-20 um/yrs (3°C) and 0.63 um/day (90°C), i.e.
89-107 kJ/mole. A range of values of 0.003-0.03 um/day was obtained for the final
rate. The layer thickness may increase by 0.9-9 um for 300 days in the final reaction,
which explains the small change in the thickness after the 91-day leaching (Fig. 1).

Figure 2 shows the normalized elemental mass losses of some typical elements.
The apparent releases of B, Na and Si cease in the 91 to 364-day leaching period. The
NLs of Na and Si are lower than that of B because Na and Si still remain in the layers
(Table 3). Because the increase in layer thickness ceases after the 91-day leaching, B,
Na, and Si are not supplied from the glass. It is reasonable to suggest that there is no
significant interactions, involving the three elements after 91 days.

The time dependence curves of B, Na and Si were similar to that of the layer
thickness (Figs. 1 and 2), suggesting that the releases of these elements with time are
related to the growth rate of the layer thickness. Because B can be completely depleted
from the layer [7], the amounts of B in the leachates were used to calculate the layer
thickness. The calculated values of layer thickness, represented by the triangles in
Fig.1, agreed well with the observed values from the OM or AEM measurements. It is
thus confirmed that the alteration layer thickness can be estimated by the amounts of B
released. The agreement also implies that the shrinkage of the alteration layers during
air-drying is not significant.

The small shrinkage was also confirmed by comparing the thicknesses of the
ethanol-immersed layers with those of the air-dried layers. The comparison has
revealed that the air-dried layers had almost the same thicknesses as those of the
ethanol-immersed layers in the 1 to 91-day leaching period, but were thinner by around
5 percent in the 91 to 364-day period (Fig. 1); the air-dried layers had larger
variabilities in the thicknesses.

The small shrinkage suggests that the progressive change in the Fe mass fractions
from 5.2 % in the glass/layer interface to 20.1 % in the layer/solution interface [3] does
not result from shrinkage but from a real relative increase in the Fe fraction owing to the
depletion of some elements such as Na, B and Si. This means that the layers are
progressively more porous towards the layer/solution interface. The selected EMPA
analyses (Table 3) also suggest the porous structure of the layer. For instance, in the
outermost of the layer where crystalline fibers are scattered in the amorphous matrix
[3], 70 % of the original glass network formers are depleted (see the concentrations of
B and Siin Tables 1 and 3). Thus, the alteration layer retains its structure despite the
depletion of the large part of the glass network formers and the recrystallization.
Naturally altered basaltic glasses are usually dried when they are obtained. It is not yet
known whether the natural basaltic glass layers retain the structure of the layers after
air-drying. The structural change of both naturally and experimentally altered layers
during air-drying should be investigated.

The AEM studies revealed that new crystals have been formed in the 91-day
experiment sample. The new crystals are texturally and chemically different from the
fibers which are formed on the top of the layer [3]. The new crystals are distributed on
the top of the fibers, and form a zonal structure like that of the fibers (Fig. 3). Both
zones of the new crystals and fibers are parallel to the pristine glass surface. The
thicknesses of the fiber zone (denoted as 2 in Fig. 3a) are 120, 130, 120, and 220 nm
in the 14, 28, 91, and 364-day experiment, respectively. Thus, the thicknesses of the
fiber zone remain almost constant during the 91-day leaching of the glass. The fact
that the fiber zone grows in the 91 to 364-day leaching period indicates that "the
reaction at the final rate" [6] still continues. The thicknesses of the zone of the new
crystals (denoted as 3 in Fig. 3a) are 440 and 480 nm in the 91 and 364-day
experiments, respectively. The mass fractions of the fibers and mottled phase in the
364-day experiment (Table 2) have similar characteristics to those observed in the 14-
day experiment [3]; rich in Fe, Mn, Co, and Ni, and none of the rare earth elements or
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Zr for the fibers, and rich in Fe, Zr, and the rare earth elements, and low in Co and Ni
for the mottled phase. There appeared to be little change in the texture of the fibers and
mottled phase near the layer/solution interface (Fig. 3a)  The new crystals are
characterized by the larger size (about 400 nm long), the consistent crystallographic
orientation to the layer/solution interface (Fig. 3b), the d-spacing of 1.4 nm, and little
Fe and enhanced Si (Table 2). These characteristics suggest that the new crystals are
possibly smectite and therefore, mineralogically similar to the fibers. The
mineralogical relationship between the new crystals and fibers is still under
investigation. However, the thicknesses of the zones of the new crystals and fibers
imply that the fibers grow while the new crystals do not and vice versa (e.g., 130 to
120 nm for the fiber zone and 0 to 440 nm for the new crystal zone in the 28 to 91-day
leaching period).

The amount of Fe released in the solution is so small (Fig. 2) that it may be affected
by the formation of minerals in the layer when Fe is not supplied from the glass, i.e.,
the layer thickness is almost constant. The growth of the fibers, which contain 10-18
% of Fe (Table 2, and Table II of ref. [3]), and the new crystals, which contain little Fe
(Table 2), may account for the release of Fe in the solution: a slight decrease in the Fe
release corresponds to the growth of the fibers and the non-growth of the new crystals
in the 91 to 364-day leaching period.

Pit formation below the alteration layers was observed by OM and SEM on the
samples leached for 91 to 364 days. Although the layer thickness ceased to increase,
the degree of pitting increased with increase in the duration of the test. The cone-
shaped pits (a few microns wide) are located inward from the glass-layer interface (Fig.
4). The loss of Na in the pit (number 2 in Table 3) indicates that the pits have been
formed by the corrosion. The composition of the pit is similar to that of the layer near
the glass/layer interface (number 3 in Table 3). Harker and Flintoff have also observed
similar pit formation and attributed the pitting phenomena to the physical structure in the
glass such as stress lines, surface roughening and microcracks [8]. It is almost certain
that the point of origin of every pit may be at a center of physical weakness such as
microcracks. However, because the pits were not observed during the first 56 days of
leaching, the pitting phenomena may be strongly dependent on the local chemistry of
leach solution such as pH. Analogous phenomena were observed for naturally altered
basaltic glasses by Melson and Thompson [9]. Pits, which they called microtubules,
are a few microns wide and filled by clay minerals like smectite. Clay minerals formed
following a 364-day leaching experiment have not yet been found in pits.

2.2 Leaching Behavior of High-Level Waste Glass in Synthetic
Groundwater [10,11]

The characteristics of groundwater affect leaching behavior of high-level waste
glass, for example pH and Eh values may determine the precipitation processes of some
elements in water. In the reduced synthetic groundwater which contains carbonate and
sulfate ions, simulated high-level waste glass was subjected to static leach tests at 70° =
1° and 20° = 5°C. The glass-surface-area to leachant-volume ratio (SA/V ratio) was
0.24 cm-1 at 70°C and 0.12 cm-1 at 20°C. The static leach test at 70°C for up to 49
days was carried out in order to observe the process quickly. The static leach test at
20°C for 1 year was carried out for comparison with a former in-situ leach tests in one
type of Japanese natural groundwater at 14°C. The four kinds of synthetic groundwater
listed in Table 4 were used as leachants instead of the natural groundwater. Deionized
water with a pH value of 5.6 and a specific resistance of 10/ ohm c¢m was used as a
reference.

Among normalized elemental mass losses (NL values) for the six elements, i.e., B,
Si, Al, Fe, Nd and Ba, the value of NLB was highest without exception, and the value
of NLBa was lowest in some cases. The variation of NLFe is of particular interest,
since it tended to be low in the case of deionized water and it was as high as NLB in the
case of synthetic groundwater Nos.1 to 3 at 20°C. The ratio of NLFe/NLB is
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introduced as an index expressing the extent of congruence. Table 5 summarizes the
ratios of NLFe/NLRB under the present experimental conditions. The results in Table 5
can be interpreted in two ways. First, the ratio in synthetic groundwater tends to be
higher than that in deionized water for each temperature and time condition, which
means that in synthetic groundwater iron tends to dissolve more congruently and not to
precipitate on the glass surface during leaching. Second, when the kind of water is
fixed, the ratios of NLFe/NLRB are ordered as:
(20°C, 1 year) > (70°C, 28 days) > (70°C, 49 days)

with the exception of synthetic groundwater No.4 where a slight variation occurs.

Grooves were observed on the surface of the specimens leached in synthetic
groundwater Nos.1 to 4. However, they were not clearly observed on the specimen
leached in deionized water. It is thought that the grooves are clear in synthetic
groundwater Nos.1 to 4 when congruent leaching tends to occur and not clear in
deionized water when incongruent leaching occurs. Such grooves were also observed
on the surface of the specimens leached in natural groundwater.

In synthetic groundwater Nos.1 to 4 which are reduced by tris-(hydroxymethyl)-
aminomethane (THAM), the amount of Fe in the leachates increases as the Si increases
probably as a result of the formation of FeSiO3 colloidal particles or FeSi303(OH)g
complex. It is not true that Fe very quickly reaches its saturation limit in synthetic
groundwater Nos.1 to 4, since the formation of the colloids or complex will increase
the solubility of Fe in leachates. Because the filtration of the leachate at 20°C for 1 year
through a 0.025 ym membrane had almost no effect on the concentrations of Fe and Si,
FeSiO3 colloidal particles, if present, have a diameter of less than 0.025 um.

In deionized water in an oxidized condition, NLFe/NLB was smaller than that of
synthetic groundwater, but this is not because of the higher pH values of the leachates.
For example, in deionized water at 20°C the pH value was 7.3 and smaller than that in
synthetic groundwater. Even in deionized water, there is at least one example in which
the solution concentration of Fe does not decrease as the pH value increases. This
example was observed with leach experiments at a high SA/V ratio of 0.85 cm-1.

The role of THAM should be mentioned here. It tends to increase the pH and to
decrease the Eh of the solution. The pH values of the present synthetic groundwater
were adjusted to 7.7 (Table 4), and for this purpose about 5 g of THAM were used for
a 1 liter solution. The use of THAM is thought to be a major cause for the congruent
dissolution of the glass in synthetic groundwater Nos.1 to 4, since a Eh decrease by
THAM in leachants will work effectively to form FeSiO3 colloids or FeSi3O3(OH)8
complex. As temperature rises and as time proceeds, THAM as a reducing agent will
be consumed with the progress of leaching, resulting in a lower NLFe/NLB ratio.

In conclusion, the examination of the leaching behavior of high-level waste glass in
synthetic groundwater is quite useful for identifying and understanding the mechanisms
involved. Under somewhat reducing conditions, Fe dissolves easily into leachates, and
hydrated silicate surface layer on the glass surface tends to dissolve more easily with Fe
in reduced synthetic groundwater than in deionized water. In synthetic groundwater,
cracks originally present on the glass tend to open and are observed as evidence of
congruent glass corrosion. It is speculated that, in deep geologic disposal sites,

congruent dissolution is more likely to occur in an reducing environment with a high
SA/V-ratio.

2.3 Effects of Redox Condition of Water on Pu and Cm Leaching from
Waste Glass [12]

Most of actinides contained in the waste glasses are redox active, and their oxidation
states, chemical species and equilibrium solubilities are greatly influenced by redox
conditions.  Therefore, the leaching behavior of actinides is expected to be greatly
affected by redox conditions of water. The purpose of this study is to understand the
effects of redox conditions of water on leaching behavior of actinides from the waste
glass. Static corrosion tests were performed on the simulated waste glass doped with
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Pu and Cm in deionized water at 90 °C with S/V ratio of 2600 m~1 under oxidizing and
reducing conditions, respectively.  Comparing the experimental results with
thermodynamic data from other studies, the mechanism of the Pu and Cm leaching
under reducing conditions are discussed.

Experimental
A powdered simulated waste glass doped with Pu and Cm (238Pu03; 0.06wWt%,

240py0y; 0.16wt%,244Cmp03; 0.09wt%) was used as glass specimen. The grain
size of the glass specimen was from 75 um to 150 um, and the specific surface area

was 0.083m2/g measured by BET method. Static corrosion tests on the glass specimen
were performed in deionized water at 90°C under oxidizing and reducing conditions,
respectively. The tests were performed in air for oxidizing conditions and in an airtight
stainless steel container purged with mixed gas (Ar+5%H?) as shown in Fig.5 for
reducing conditions. The glass specimen (0.8g) and deionized water(25ml) were

placed in a Teflon container with SA/V ratio of 2600m-1 and kept in a heating furnace
at 90°C for periods of up to 92 days. The pH and Eh of the initial solution in air were
measured to be 5.6 and +0.50V vs SHE at 25°C, respectively. While, the pH and Eh
of the reducing solution were 6.9 and -0.35V vs SHE at 25°C, respectively.

After the corrosion tests, the Teflon container was cooled to room temperature, and
the solution pH and Eh were measured immediately. The solution was filtered through
450nm and 1.8nm filters in order to investigate the distribution of the Pu and Cm
particle size fractions, and the solution concentrations of Pu, Cm and other glass
constituents were measured by a-spectrometry and ICP-AES.

Results

Figure 6 shows the solution pH and Eh as a function of corrosion time. It can be
seen that the solution Eh under reducing conditions was maintained at approximately
-0.45V vs SHE during the corrosion tests. While, the solution pH under both redox
conditions decreased slowly with corrosion time after the rapid increase to the pH of
9.5 in a few days, which is expected to be due to the effects of radiolysis of water and
gas.

The solution concentrations of major glass constituents are listed in Table 6, and
Fig.7 shows the normalized concentrations(NCj) as a function of corrosion time
calculated by the following equation[13],

NCi=Cj/fi, 1)

where, Cj is the solution concentration of element i, and fj is the original fraction of
element i in the glass. It can be seen that redox conditions have no remarkable
influence on the leaching of major glass constituents. Under both redox conditions, the
effects of filtration on the solution concentrations were sufficiently small for Si and
soluble elements(B, Li, Na, Mo). While, the effects of filtration were relatively large
for Al and Ca, and the concentrations of Al and Ca in 1.8nm filtrates were thirty or
forty percent of magnitude lower than those in non-filtered solutions.

The solution concentrations of Pu and Cm are listed in Table 7, and Fig.8 shows the
concentrations as a function of corrosion time. It can be seen that redox conditions also
have no remarkable influence on the leaching of Pu and Cm. Under both redox
conditions, the effects of filtration were large, and the Pu and Cm concentrations in the
1.8nm filtrates were one or two orders of magnitude lower than those in the 450nm
filtrates. While, there was no difference in the Pu and Cm concentrations between non-
filtered solutions and 450nm filtrates.

Discussion

The present results showed that the redox conditions have no remarkable influence
on the leaching behavior of Pu and Cm, which suggests that dominant oxidation states
of the Pu and Cm in the solution under reducing conditions are the same as those under
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oxidizing conditions. It was also observed that the Pu and Cm concentrations in the
1.8nm filtrates are one or two orders of magnitude lower than those in the 450nm
filtrates under both redox conditions. The Pu and Cm concentrations in the 1.8nm
filtrates are assumed to correspond to the soluble species controlled by the solubilities,
and the difference in Pu and Cm concentrations between the 1.8nm and 450nm filtrates
is assumed to correspond to the insoluble suspended fractions(colloidal particles).
Therefore, it is suggested that the colloidal particles with the size from 1.8nm to 450nm
are dominant phase for Pu and Cm in the solution under both redox conditions. On the
other hand, NCj for Pu and Cm are calculated to be 30g/rn3 and 13g/m3 at the
maximum, respectively. These values of NCj for Pu and Cm are less than a tenth of
the value for Si, which suggests that most of the Pu and Cm remains at the glass
surface as the secondary phases under both redox conditions. Similar results of the
leaching of actinides can be found in other corrosion tests performed under oxidizing
and weakly reducing conditions[14,15,16].

Solubility of Pu in neutral aqueous solutions has been investigated by many
researchers, and some thermodynamic data have been reported[17-22]. Comparing the
present data on the Pu concentrations with the solubilities calculated by the
thermodynamic data, reactions controlling the Pu leaching from glass can be estimated.
On the other hand, only a few investigations are known on the solubility of Cm, and
the comparison has not been done in the present study. For calculating the Pu
solubility, the oxidation states of Pu must be evaluated. From the data of potentials for
redox reactions[18], dominant oxidation states of Pu under the present oxidizing
conditions (pH=8.8, Eh=+0.25V vs SHE) are expected to be Pu(1V), Pu(V) or Pu(VI),
while the dominant oxidation states under the reducing conditions(pH=8.6, Eh=-0.45V
vs SHE) are expected to be Pu(Ill) or Pu(IV). However, the present results showed

that redox conditions have no influence on the solution concentrations of Pu(~10-8M in
the 1.8nm filtrates), which suggests that Pu(IV) is the dominant oxidation state in the
solution under both redox conditions. The most feasible reaction controlling the
solubility of Pu(IV) under the present conditions[15] is,

PuO2-xH20(am) < Pu4+ + 40H- + (x-2)H20, logK=-56.85[19]. ()

In the solution, Pu4+ can make the complexation legands described as follows,

Pu4t + OH- < Pu(OH)3%, logB=13.67[21], (3)
Pu4t + 20H- < Pu(OH)22+, logB=28.20[21], @)
Pu4* + 30H- < Pu(OH)3*, logB=38.85[21], 5)
Pu4t + 40H- < Pu(OH)40, logB=49.20[21], (6)
Pu4+ + 50H- < Pu(OH)s5-, logP=53.8[21], (7

Pu4t + 40H- + 2HCO3" <> Pu(OH)2(C03)22- + 2H20, logB=54.15[22].(8)

The solubility of Pu then can be calculated as the sum of [Pu4+] and the concentrations
of complexation legands. Using the equilibrium constants(K) by Rai[19] and the

complex stability constants(f) by Nitsche[21] and Yamaguchi[22], the solubility of Pu
under the present conditions were calculated. In the calculations the temperature was
assumed to be 25°C, because the thermodynamic data can not be found at 90°C.

Table 8 lists the results of the calculations compared with the measured
concentrations of Pu in the 1.8nm filtrates. The concentrations of other hydrolysis
species are too small to be taken into account. A relatively good agreement is found
between the calculated Pu solubilities and the measured Pu concentrations under both
redox conditions. These results suggest that precipitation of PuO2:xH2O(am) is
controlling the leaching of soluble species of Pu under both redox conditions, and the

dominant soluble species are Pu(OH)40 and/or Pu(OH)2(CO3)22- under oxidizing

_6__
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conditions and Pu(OH)40 under reducing conditions. Although Pu(IV) is suggested to
be the dominant oxidation state under both redox conditions in the present study,
Pu(IV) may be reduced to Pu(IlI) for longer times, and the corrosion tests for longer
times are necessary.

The present results suggest that the colloidal particles with size from 1.8nm to
450nm are dominant phase for Pu and Cm in the solutions under both redox
conditions. In addition, the concentrations of the colloidal particles of Pu and Cm was
relatively high even in the early stage of glass corrosion and almost saturated after
20days of corrosion time as shown in Fig.8, which tendency is the same as that for
other glass constituents such as Si, Ca and Al. While, the concentrations of the
soluble species of Pu and Cm( <1.8nm ) were very low in the early stage of glass
corrosion and increased slowly with corrosion time. These results suggest that
formation of the colloidal particles of Pu and Cm are closely related to the leaching
behavior of other glass constituents. For Ca and Al, the concentrations in the 1.8nm
filtrates were thirty or forty percent of magnitude lower than those in non-filtered
solution as shown in Table 6, which suggests that colloidal particles of these elements
are present in the solutions. Buck et al.[23] and Fortner et al.[24] showed that clay
colloids such as smectite and zeolite are produced as a direct result of the alteration of
waste glass itself(primary colloids), and they can sorb or incorporate actinides strongly.
Therefore, the colloidal particles of Pu and Cm observed under both redox conditions
are expected to be weakly crystalline clay colloids sorbing Pu and Cm which are
produced as a direct result of the glass alteration. The future work needs investigation
of physical and chemical properties of the collodal particles for the long-term.

2.4 Conclusion of Glass Waste Forms

For the long-term evaluation of waste glass performance under repository condition,
leachability has studied from the standpoints of understanding of alteration layers,
effects of groundwater and effects of redox condition using the radioactive or non-
radioactive glass samples. The summary is as follows:

(1) Leaching tests were carried out for a simulated waste glass in deionized water at
90°C for up to 364 days. The alteration layer thickness increased linearly at a rate of
0.63 um/day for the first 91 days, and thereafter it remained constant (about 60 um)
independent of time, which corresponds to the forward and final reactions,
respectively. The final rate of the layer growth was estimated to be 0.003-0.03
um/day. Although the apparent release of elements from the glass almost ceases after
the 91-day leaching, the reactions in the layers, such as crystal growth, continue.

(2) Under somewhat reducing conditions, Fe dissolves easily into leachates, and
hydrated silicate surface layer on the glass surface tends to dissolve more easily with Fe
in reduced synthetic groundwater than in deionized water. In synthetic groundwater,
cracks originally present on the glass tend to open and are observed as evidence of
congruent glass corrosion. It is speculated that, in deep geologic disposal sites,
congruent dissolution is more likely to occur in an reducing environment with a high
SA/V-ratio.

(3) Static corrosion tests were performed on the simulated waste glass doped with Pu
and Cm under both redox conditions. Redox conditions have no remarkable influence
on the leaching behavior of Pu and Cm. Colloidal particles with the size from 1.8nm to
450nm are dominant phase for Pu and Cm in the solution under both redox conditions,
and the colloidal particles are suggested to be primary colloids. Comparison of the
experimental results with the calculated results suggests that precipitation of
PuO2-xH20(am) is controlling the leaching of soluble species of Pu under both redox

conditions, and the dominant soluble species are Pu(OH)40 and/or Pu(OH)2(CO3)22‘
under oxidizing conditions and Pu(OH)4O under reducing conditions.
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3. CERAMIC WASTE FORMS

3.1 Radiation Stability of Perovskite and Phase and Chemical
Stabilities of Zr- and Al-Based Ceramics [25]

JAERI has developed ceramic waste forms, e.g. Synroc [26] and zirconia-based
ceramics, for immobilization of the high-level radioactive wastes arising from
reprocessing of spent fuel and the actinide-rich wastes arising from partitioning and

transmutation processes. In the present works, a-decay damage of perovskite, which

is one of Synroc's constituent phases, and properties of zirconia- and alumina-based
ceramics are discussed from the standpoint of the stability of crystal phases.

In our previous studies on Synroc [27,28), effects of a-decay damage on Synroc
were investigated. Micro-encapsulation by more durable phases could mask the effects
of the deterioration of less durable ones, in particular perovskite. Therefore single
phase material is useful for getting direct information on this point. At present, we can

utilize only limited data about the effect of a-decay damage on perovskite [28,30].

In the research and development of other host materials for the actinide-rich wastes,
yttria-stabilized zirconia (YSZ), alumina compounds and YSZ-alumina composites have
been selected based on the work from previous studies [31] and our preliminary
examinations [32]. For the actinide-rich wastes, it is indispensable to immobilize the
actinides in stable ceramic waste forms for a long time.

Experimental

The curium-doped perovskite, which had the following nominal composition:
Ca0.98919(Cm,Pu)0.01081A10.010817i0.9891903
was made by hot-pressing at 1250 °C and 29 MPa for 2 hrs in a stream of N7 gas. The
curium source included 39 mol% of 244Cm, and 56 mol% of 240Py that was a
daughter nuclide of 244Cm.
Density of a Cm-doped perovskite cylinder was periodically measured by the water
displacement method. Half-disk specimens (2 cm in diameter, ~ 1 mm in thickness)

that had accumulated doses of 1.6 x 1017, 4.0 x 1017 and 8.3 x 1017 a-decays-g-1
were MCC-1 leach tested in pH ~ 2 buffer solution (0.05 M KCl + 0.013 M HCl) at
90°C for two months over four 7-day leach periods and a 28-day leach period. At the
beginning of each leach period, the specimen was introduced to a new Teflon leach
container with fresh leachant. After 2 cm3 of leachate was withdrawn for pH
measurement, 0.1 cm3 of concentrated nitric acid was added to the remainder to
minimize adsorption of Cm and precipitation of Ca. The leach containers with the
leachate and sample support were subjected to Nal(T1) scintillation spectrometry for the
measurement of the total amount of 244Cm leached [33]. The Ca and Ti concentration

of leachates was measured by ICP-AES. As-leached and as-stored half-disk specimens
were subjected to X-ray diffractometry.

Typical compositions of 3 types of ceramic waste forms are listed in Table 9. The
stabilized zirconia is a powdered commercial product of fully stabilized zirconia. The

alumina powder is a reagent grade a-alumina. The additions of Ce and Nd were
designed to confirm the solid solution limits of Ce and/or Nd for each waste form.
Each matrix and Ce and/or Nd oxides were directly weighed, and mixed using a ball
mill. After pelletization and calcination, these pellets were crushed and re-mixed in the
mill, and were uniaxially repressed at 36 MPa. Pellets of the YSZ were sintered in air
at 1400 °C for 80 hrs and the others were heated in a stream of Ar-3 % H7 gas at
1500°C for 25 hrs.
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For the evaluation of crystallographic phase stability, crystalline phases formed in
the samples were identified by X-ray diffractometry. Lattice parameters of fluorite-type
structure formed in YSZ samples were determined by Nelson-Riley method [34]. The
leach tests were carried out in deionized water for 114 days at 150 °C using powder

samples of < 75 um in size. The SA/V ratio was 1.8 x 104 - 1.2 x 105 ml. The
powdered samples and the leachates were separated by the filtration using a millipore
filter of 0.45 um size. The Ce, Nd, Zr and Y concentrations of the leachates were
determined by ICP-MS. Density of the samples was measured. The surface
observation of the samples was carried out using a SEM-EDX.

Results and Discussions
a-decay damage of perovskite
Density

The average densities of the three cylinder samples were 4.083 g-cm-3 one month
after hot pressing. As the amount of scatter of the three densities is < 0.05 % of the
mean, the reproducibility of hot pressing is considered to be acceptable. Change in
density of a Cm-doped perovskite sample is shown in Fig.9. The density changes are

well fitted by a linear line. At a dose of 9 x 1017 a-decays-g-1, the fractional density
decrease of the Cm-doped perovskite was 1.3 %.

Leaching

The change in the normalized Ca leach rate with time is shown in Fig.10. For the
first 28 days, the Ca leach rate tends to rise with time. More damaged specimens gave
a higher leach rate. In the final 28-day leaching run, the leachate was completely
neutralized, and the Ca leach rate converged to a similar value. The Ca concentration of
leachates that had pH > 5 was within 240 - 280 ppm. Therefore, the convergence of
the Ca leach rate in the final 28-day leaching runs may be due to solubility limit of Ca in
the neutralized solution. The Ti concentration in leachate was near the limit of
detection. This is consistent with the replacement of perovskite by anatase on the
surfaces of the as-leached Cm-doped perovskite specimens as detected by XRD (see
section on surface alteration below).

The weight losses of half-disk specimens after two-month leach testing gave average

leach rates of 1.7, 2.3 and 3.0 g-m'z-day'1 for the Cm-doped perovskite material that
accumulated doses of 1.6 x 1017, 4.0 x 1017, and 8.3 x 1017 a-decays-g'l,
respectively. If the dissolution of perovskite proceeds through the following reaction
[35]:

CaTiO3 + 2H* > Ca2* + TiO (anatase) + H20 (1),

the CaO weight loss of a specimen would correspond to its total weight loss because
anatase (TiO2) precipitated on specimen surfaces and contribution of the other minor
elements would be negligible. A normalized leach rate derived from the CaO loss is
similar to that from the total weight loss of Cm-doped perovskite. This similarity
implies that the simple reaction mentioned above can be adopted as the dissolution
mechanism of Cm-doped perovskite in the acidic solution at 90°C.

Figure 10 compares the leach rates of 244Cm and Ca. For the first 28 days, the
leach rates of 244Cm and Ca tend to rise with time in a similar manner. In the final 28-
day leaching run each of Ca and Cm leach rates converged to its constant value. The
value for Cm leach rate is lower than that for Ca by a factor of > 20. This lower Cm
leach rate in the final 28-day leaching runs may be due to little solubilization at pH
values > ~ 7 [27]. It is possible that Cm and Pu oxides also precipitated on the Cm-
doped specimens because an enrichment of Nd and Ce was observed on the
nonradioactive specimens after leaching [36].



JAERI-Review 98-002

Surface Alteration
Figure 11 shows X-ray diffraction patterns from surfaces of as-leached and as-

stored specimens that accumulated doses of 5.6 x 1017 and 5.2 x 1017 a-decays'g'l,
respectively. The as-stored specimen consisted only of the perovskite phase. On the
other hand, the as-leached specimen contained anatase (TiO2) in addition to the major
phase, perovskite. Even though it is expected that higher Ca leach rate would leave
larger amount of the Ti oxide on the Cm-doped specimens, the relative intensity of the
anatase peaks from the as-leached surface of the Cm-doped perovskite was not so
strong as that from the nonradioactive one [36]. This result is consistent with the fact
that the as-leached surface of the Cm-doped perovskite was black as it was even after
the leach testing. In Fig.11, the as-leached surface of Cm-doped perovskite contains a
minor phase shown by a sign of “*”, possibly (Cm, Pu)O2 although all of the as-
leached specimens did not show such clear appearance of this phase.

Phase Assemblages

For the YSZ samples, it was confirmed that the stabilized zirconia formed solid
solutions with Ce or Nd and these solid solutions were stable in the wide content of 0 <
Ce <48.2 or 0 < Nd < 19.4 total cation in mol% as shown in Fig.12. The observed
lattice parameters of fluorite-type structure in the YSZ samples increased linearly as in
the following equations;

aCe = 0.51391 + 0.00029 x [Ce] ),
aNd = 0.51385 + 0.00040 x [Nd] 3),

where [Ce] and [Nd] are cerium and neodymium concentration in mol% in stabilized
zirconia solid solution, respectively. The Ce+Nd-bearing YSZ samples were stable in
the content of 4.7 < (Ce, Nd) < 24.1 in mol%, that is, a high rare earth content YSZ
waste form, Zr().45Y0.07Ce0.24Nd(.2401.83, could be produced by the sintering at
1400°C for 80 hrs in the air. The crystallographic similarity such as ionic radius,
valence, electronegativity and crystal structure of each oxide among Zr, Y, Ce and Nd
leads to the formation of the stable and high-containing solid solutions of the YSZ
waste forms.

For the alumina compound waste forms, it was revealed that Ce was preferably

stabilized in magnetoplumbite, CeAl11018, by reacting with a-alumina in the Ce-
bearing sample. On the other hand, Nd with a.-alumina produced perovskite, NdAIO3,
and unreacted a-alumina. In the Ce+Nd-bearing sample, Ce-magnetoplumbite, Nd-

perovskite and unreacted «-alumina were observed. From these results good
crystallographic phase stability of the alumina compound waste forms was
demonstrated. The formation of other phases with different crystal structure such as
gamet-type, spinel-type and so on were not identified in the examination by XRD.
This probably means that the formation of Nd-perovskite and the stabilization of Ce3+
in magnetoplumbite will proceed preferentially in the binary and ternary systems of
Ce203 and/or Nd203-Al203 against the results of Mizuno et al. [37,38]. It seems that
the difference of phase formation depends on the ionic radii of rare earth elements [39].
However the detailed SEM-EDX examination on each phase revealed that a little
amount of Nd and Ce were detected in both magnetoplumbite and perovskite, that is,
the formations of solid solution of Ce(Nd)-magnetoplumbite and Nd(Ce)-perovskite
were observed.

For the YSZ-alumina composite waste forms, addition of Nd to the composite
matrix brought about the formation of stabilized zirconia solid solution and perovskite,
on the contrary, Ce addition produced stabilized zirconia solid solution and
magnetoplumbite. In the Ce+Nd-bearing sample, the phases mentioned above were

formed. Further the intimate mixing of a-alumina into stabilized zirconia did not lead
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to a new phase formation. From these results it was revealed the YSZ-alumina
composite waste forms possessed good phase stability, that is, the composite waste
forms maintained the crystallographic phase stability of the YSZ and the alumina
compound waste forms.

Chemical durability

Figure 13 shows the chemical durability of the YSZ samples. In the Ce-bearing
YSZ samples Ce leach rates decreased with an increase in Ce contents, while Nd leach
rates increased with an increase in Nd contents for the Nd-bearing samples. In the
Ce+Nd-bearing samples Nd or Ce leach rates were an order of magnitude lower than
those of the Nd- or Ce-bearing samples, respectively. At this stage, it is thought that
this is due to the change of microstructure surrounding oxygen vacancies which were
introduced into the YSZ waste forms by trivalent elements, Y and Nd, that is, the Ce-O
or the Nd-O bond length surrounding the vacancies differs from the others far from the

vacancies. On the other hand all values of chemical durability were below 10-6 g'm-

2~day'1, lower remarkably than those of currently investigated borosilicate glasses
because of high bonding energy between cations and oxygens in the YSZ waste forms.
As mentioned, excellent chemical durability of the YSZ waste forms has been
demonstrated.

Figure 14 also shows a summary of chemical durability of 3 types of the ceramic
waste forms containing about 10 mol% of the Ce and Nd in deionized waste at 150°C.
For the alumina compound samples chemical durability of each element was below 10~
4 g-m‘z-day‘l, and these values were very lower than those of currently investigated
borosilicate waste glasses. However, these values were more than two order of
magnitudes higher than those of the YSZ samples, that is, chemical durability of the
alumina compound samples was inferior to that of the YSZ samples.

For the YSZ-alumina composite samples, very low Ce leach rates in the Ce-bearing
samples are also illustrated in Fig.14. This results means that Ce-magnetoplumbite as
well as stabilized zirconia solid solution possess excellent chemical durability.
Relatively high leach rates of Ce and Nd in the Nd- and the Ce+Nd-bearing samples of
the alumina compound and the YSZ-alumina composite waste forms are thought to be
caused by relatively poor chemical durability of perovskite, that is, chemical durabilities
of stabilized zirconia solid solution and magnetoplumbite are superior to that of
perovskite.

Density

The SEM-EDX observation showed that grain boundary segregation was not
observed and each element was distributed homogeneously in the YSZ samples. The
YSZ formed grains with a polyhedral shape which is due to isotropic grain growth
based on cubic system of stabilized zirconia solid solution. The average grain size of a

YSZ sample was 8.7 um in diameter after the sintering at 1400°C in the air. This
marked grain growth is caused by the fine particle size of the commercial powder of

about 0.3 pm in diameter. Further, the isotropic and marked grain growth led to highly
dense pellets with a relative density of 96.7 % .

For the alumina compound waste forms, the apparent densities of sintered pellet
samples are listed in Table 10, which also shows the content of the phases. Densities
of the alumina waste forms tended to decrease with an increase in the content of
magnetoplumbite. From the results of SEM observation, the grain shape of
magnetoplumbite was polygonal platelike. This anisotropic grain growth is due to the
hexagonal system of this phase, and leads to the decrease in density as shown in Table
10. In order to produce a highly dense alumina compound waste form it seems
important to suppress the formation of magnetoplumbite as far as possible.
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3.2 Conclusion of Ceramic Waste Forms

a-decay damage of perovskite
Curium-doped perovskite samples were prepared in order to investigate the a.-
decay damage effects on the density and leaching behavior of perovskite. Change in

density of Cm-doped perovskite reached 1.3 % at a dose of 9 x 1017 a-decays-g‘l.
The rate of the density change was slightly larger in the present perovskite material than
in Cm-doped Synrocs reported previously. Half-disk perovskite specimens, which had

accumulated doses of 1.6 x 1017, 4.0 x 1017 and 8.3 x 1017 a-decays-g-1, were leach
tested in pH~2 buffer solution at 90°C in a manner of MCC-1. The leach rate of
perovskite, which was derived from weight losses after two-month leaching, was 1.7,
2.3 and 3.0 g-m'z-day‘l. These high leach rate caused a significant increase in pH in
the later stage of the leaching runs. For the first 28 days, the Ca and Cm leach rates at
the three different doses increased with leach time. More damaged specimens gave
higher leach rates. In the final 28-day leaching run, both Ca and Cm leach rates at three
different doses converged on each lower value although the Cm leach rate was lower
than the Ca leach rate by a factor of > 20. X-ray diffractometry on the as-leached
surfaces of Cm-doped perovskite showed the clear appearance of anatase (TiO?)
reflections together with the major phase, perovskite.

The yttria-stabilized zirconia waste form was stable crystallographically over a
wide range of Ce and/or Nd contents and it had excellent chemical durability. A highly
dense pellet of the YSZ waste form could be obtained by the isotropic and marked grain

growth. The alumina compound waste form consisted of two or three phases (a-
alumina, magnetoplumbite and/or perovskite) with good phase stability. However, the
chemical durability of the alumina compound waste form was relatively low possibly
because of the presence of perovskite. Though the phase stability of the YSZ-alumina
composite waste form was also good, it was inferior in chemical durability to the YSZ
waste form possibly also due to the formation of perovskite. In conclusion, the YSZ
is, on the whole, superior to the alumina compound and the YSZ-alumina composite as
a waste form for the actinide-rich waste.

4. FUTURE WORKS

At JAERI the safety evaluation studies of waste forms and engineered barrier
materials are in progress along the following three items.

1. The long-term corrosion of nuclear waste glasses is a key factor for the safety
assessment of nuclear waste disposal. Therefore, the geochemical models for the
predictions of long-term corrosion will be validated by various methods such as
leaching experiments of actinide-doped waste glass, simulated and/or actual waste
glass, natural analogues, and so on.

2. The capability and feasibility will be evaluated for titanate or zirconia based ceramic
forms for the high-level radioactive waste.

3. Corrosion behavior of canister and overpack materials under disposal conditions
will be studied for the long-term assessment of their durability.
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Table 1 Bulk composition of the borosilicate waste glass.

Component wt % Component wt %
Additives FP oxides
510, 48.49 Co0 0.12¢
8,0 18.58 NiQ 0.33
A?283 2.00 Te0 0.23
Lis0 1.87 Cs,0 0.98
‘Nd,0 11.30 Ba 0.63
Ca 1.87 La,04 0.51
Fe 04 3.552 Ce 1.428
2r0, 2.87° Preby,  0.50
Nd50 1.65
FP oxides Sin503 0.33
Rb,0 0.12 Ag,0 0.03
Sr 0.34 Cd 0.03
Y203 0.20 Sn0. 0.02
MG03 1.74 Sb,04 0.004

& partly simulates RuO,.
€ simulates Rhy03.

b
d

Partly includes ZrOz as FP,

Simulates PdO.

€ partly simulates actinides.
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function of leaching time
under the MCC-1 conditions
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thicknesses averages for
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respectively. The error
bars represent the
variabilities of the layer
thicknesses. The triangles
indicate layer thicknesses
calculated from the amounts
of B released in leachates.
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Fig. 3 TEM micrographs of the borosilicate glass layer.
(a) Part of the layer in the 91-day experiment.
1 denotes the mottled phase in the layer [3] ;
2, the zone of the fibers formed on the layer;
3, the zone of the new crystals (possibly
smectite); S, solution which is now filled with
resin. The zones are parallel to the glass.

The arrow indicates an example of the fibers in
the mottled phase. (b) Part of the zone of the
new crystals in' the 364-day experiment. S shows
the layer/solution interface. The d-spacings of
the new crystals are mostly l.4nm. Note that
the c-axis, which is normal to the fringes, is
parallel to the layer/solution interface or
normal to the possible direction of cation
diffusion. The arrow indicates an example of
edge dislocation.

Table 2 AEM analyses of the new crystal (possibly
smectite), fiber and mottled phase in the
364-day experiment (mass fraction, %).

NayO Al,04 Si0, 2r0, Ca0 MoOy MnO, FeO Co0 Ni0 REO?
New crystal 1.0 4.8 59.2 0.0 0.4 0.5 4.2 0.8 7.6 21.6 0.0
Fiber 1.5 8.5 49.2 0.0 0.6 0.5 4.3 10.6 5.519.3 0.0
Mottled 1.5 3.4 55.410.6 1.7 0.4 1.9 10.9 0.6 2.0 11.7

& sum of Lay03, Ce0, and Nd,0s.
b See reference 3 for exp]ana%ion of "mottled".
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Fig. 4 Micrographs of the air-dried alteration layer in the 182-day experiment.
(A) Optical view of the layer cross section showing cone-shaped pits.
(B) SEM view (backscattered electron image) showing pits at the glass
/layer interface. The locations of the six microprobe analyses are
illustrated by the black arrowheads. The arabic numbers indicate the
analytical points, corresponding to those in Table 3.

Table 3 Microprobe analyses wt%)? of the glass and
the alteration layer. The arabic numbers
indicate the locations shown in Fig. 3B.

Na,0 Al,0 Sio Ca0 Mn0 Fe0 Total
2 2°3 2
Butk glass

11.3 1.5 46.5 1.6 0.3 2.9 64.1
Layer
2 2.2 2.5 50.4 5.4 0.4 3.8 64.7
3 1.5 2.5 51.1 4.2 0.3 4.2 63.8
4 1.4 3.1 42.9 2.2 - 3.9 53.5
5 1.7 2.8 37.0 2.1 0.4 3.7 47.7
6 - 1.5 29.3 1.6 0.7 3.6 36.7

4 Obtained by Energy Dispersive X-ray (EDX) Analysis.

Table 4 Composition of synthetic Table 5 The ratio of NLFe/NLB in
groundwater the leachates

Synthetic groundwater Leach Synthetic groundwater Dcionized
No.1 No.2 No3 No.4 conditions 0" No.2 No.3 No.4 Water

pH 17 7.7 17 7.7 70°C, 28 days 0.35 0.36 0.66 0.24 0.0021

Na (in mg/1) » 26 26 26 26 70°C, 49 days 0.13 0.24 0.20 0.51 0.0014

Ca 120 120 - - 20°C, 1 year,

Mg 108 108 108 - not filtered  0.85 0.98 0.97 0.55 0.14

HCOy Nearly saturated 20°C, 1 year,

SO~ 380 - - - filtered 1.02 0.82 1.01 0.59 0.16

—: Not included.

* The amount of each element in the synthetic groundwater is
in the average concentration range of the respective element
in the natural groundwater.
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Fig.5 Schematic representative of corrosion tests under reducing conditions.
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Table 6 Solution concentrations of major glass constituents.
C.Jorrosion R ed.o.x Fittration Solution concentration{ppm]
time[day] condition Si B Li Mo Na Ca Al
7 Oxidizing filtra 450 233 498 601 341 125 0.68
Reducing |DOMMRAUOR| 45 7 214 461 576 302 1.37 0.59
14 Oxidizing | o on| 565 352 7.57 888 498 131 0.64
Reduding 534 326 684 863 461 1.38 0.55
Oxidizi
28 Xidizng | Glwaion| 593 381 836 934 608 123 066
Reduding 584 364 7.85 888 59.7 1.16 0.65
Oxidizing .| 67.9 527 11.0 115 758 0.74 0.76
56 . no-filtration
Reducing 64.9 495 104 868 722 149 0.72
Oxidizing | 73.0 730 151 122 947 1.02 1.06
92 . no-filtration
Reducing 70.6 842 17.0 105 117.0 2.16 1.12
o Oxidizing 18 727 70.0 148 12.0 93.8 062 073
Reducing -onm 63.0 750 160 668 1042 1.72 0.70
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Table 7 Solution concentrations of Pu and Cm.

. Solution concentration{mol/1)
Corrosion Redox
time[d diti Pu Cm
o] | condiion | ¢\ ien 450nm  180m | nofitraicn 450nm  1.8am
, Oxidizing | 40x108 4.1x10-% 24x10° | 3.5x10° 3.1x10° 25x10-1!
Reducing | 7.6x10% 55x108 23x10° | 6.9x10° 64x10° 75x10°12
4 Oxidizing | 5.1x108 32x10-8 24x10° | 4.8x10° 43x10° 3.1x10°!!
Reducing | 9.5x10% 11x107 3.1x10° | 8.6x10° 7.4x10° 22x10°!!
,8 Oxidizing | 9.8x108 17x107  -- 4.8x10° 38x10°  --
Reducing | 13x107 16x107 15x108 | 9.9x10° 78x10-° 1.1x10°
56 Oxidizing | 14x107 1.1x107 10x10® | 1.2x108 84x10° 2.7x10°10
Reducing | 15x107 1.2x107 - 8.8x10° 79x109  --
o Oxidizing | 25x107 16x10-7 1.5x10-8 | 4.3x108 97x10° 57x10°10
Reducing | 23x10°7 23x107 22x108 | 1.4x108 12x108 9.1x10°10
2000 v 2000 v
r
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1500} no-filtration ‘.,.—-—"'- 1500 + no-filtration - -8
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Fig.7 NC; for major glass constituents under oxidizing and reducing conditions.
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Table 8  Solubility of Pu(IV) calculated by using the equilibrium constants by Rai[19] and the
complex stability constants by Nitsche[21] and Yamaguchi[22] compared with the
measured concentrations.

Oxidizing conditions (pH=8.8, Eh=+0.25 V vs SHE, Pco2=10"3-3)

Calculated solubility of Pu(IV) Measured Pu concentration
(25°C, PuO2 - xH,O(am) is the solubility control. phase) (90°C, 92days, 1.8nm filtration)

[Pu(OH),%] = 2.2x108M
[Pu(OH)5'] = 5.0x10°M
[Pu(OH),(CO,),%] = 1.8x108M

[Pu(IV)Jtotal = 4.5x10-8M [Pujtotal = 1.5x108M
Reducing conditions (pH=8.6, Eh=-0.45 V vs SHE, Pco2=0)
Calculated solubility of Pu(IV) Measured Pu concentration
(25°C, PuO2 . xHZO(am) is the solubility control. phase) (90°C, 92days, 1.8nm filtration)

[Pu(OH),%] = 2.2x10°M
[Pu(OH)4] = 3.0x10°M

[Pu(IV)Ttotal =2.5x10 %M [Pu]total =2.2x10-8M
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Table 9 Compositions of ceramic waste forms in mol%*

Yttria-stabilized zirconia (Y SZ) waste forms Alumina compound v 57 ;1umina composite waste forms

Sample YSZ YC-10 YC-50 YN-10 YN-20 YCN-10 YCN-20 YCN-50 AC-8 ACN-8 AN-8 AZ»-N AiZ-N AZ-CN AsZ-ON AZyC AsZ-C
Matrix

ZrO2 857 760 444 T4 691 717 696 444 wmmm eeem eee- 439 110 456 113 475 116

YOus 143 127 74 129 115 129 116 74 wem eeme - 73 18 76 19 79 1.9

AlO1s ce mmmm meem mmee eeme eese —eee .= 916 916 91.6 33.8 759 351 781 365 805
TRU simulant

CeO2 -— 113 482 -— - 47 94 241 84 42 — - -— 39 29 81 60

NdO1.s cee e— = 97 194 47 94 241 - 42 84 150 113 78 58 -— -—

+: Compositions of each constituent indicate the contents of each cation to totai cations in mol%.
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Fig.9 Density change of Cm-doped perovskite versus a-decay dose.
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Fig.10 Change in normalized Ca and Cm leach rates with time. The specimens accumulated
doses of (1) 1.6 x 1017, (2) 4.0 x 1017 and (3) 8.3 x 1017 a-decays-g.
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Fig.12 Lattice parameter variations of yttria-stabilized zirconia
(YSZ) waste forms formed by the addition of Ce or Nd.
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Fig.13 Chemical durability of powdered yttria-stabilized zirconia
(YSZ) waste forms in deionized water at 150 °C for 114 days.
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Fig.14 Chemical durability of yttria-stabilized zirconia (Y SZ), alumina compound
and Y SZ-alumina composite waste forms containing about 10 mol% of Ce
and/or Nd in deionized water at 150°C for 114 days.

Leach rates marked by circles with an arrow were measured by an inductively coupled plasma
atomic emission spectrometry and indicate detection limits of Ce.

Table 10 Phase content and density of alumina compound waste forms

Property AC-8 ACN-8 AN-8
Phase content (wt%)
a-alumina 0.0 346 452
Perovskite 0.0 342 54.8
Magnetoplumbite 100.0 312 0.0
Density (g-cm-3) 2.21 3.02 3.41
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