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The recent studies of high-level radiocactive waste form at Japan Atomic
Energy Research Institute can be classified into the following three
categories;

(1) Study on the leaching behavior of the nuclear waste glass placing

the focus on the alteration layer and the chemical composition of
leachant for the prediction of the long-term corrosion of the waste

glass.
(2) Study on the radiation (alpha-radiation) effects which have relation
to the long-term stability of the nuclear waste glass.

(3) Study on the long-term self-irradiation damage of a SYNROC waste

form using a curium-doped sample.

In the present report, the recent results corresponding to the above

categories are described.

Keywords: Nuclear Waste Glass, Alteration Layer, Radiation Stability

Leaching, Groundwater, Synroc, Density, Colloid, Swelling

This report was prepared for the first research cocrdination meeting of
the TAEA Coordinated Research Programme (CRP) on "Performance of High-Level
Waste Forms and Packages under Repository Conditions", which was held in KFK,

Karlsruhe, Germany, from 11 to 15 November 1991.
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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 radicactive
waste management with developments of safety assessment methods and accumu-
lation of useful data. Besides, JAERI is responsible for researches of new
technology to be acceptable to the Japanese environmental circumstances.

In the present document, the JAERI's studies on the properties of the

nuclear waste glass and synrocc are described briefly.

2. 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
[z]. The problem ié, 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 nmaturally 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 ¥ 0.5 % 0.5 cm) were put into a Teflon container for each leaching
period. The surface area to solution volume ratio was 0.1 em™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
ﬁoured onto the ethanol-immersed sample when the ethanol was discarded.

The air-dried samples were vacuum impregnated in the resin. After the peoly-
merization of the resin, the samples were cut perpendicularly to the original

glass surface and polished. The sections were subjected to optical micro-
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scopy (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 scanning 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 concent-
rations of the leachates were measured by inductively coupled plasma atomic

emission spectrescopy (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 um/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. [5] 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 um/1000vrs and the value for the final rate is C.l pm/
1000yrs at about 3°C. The layer growth before the 91-day leaching corres-
ponds to the corrosion of the forward reaction and the layer growth after
the 91-day leaching, to fhe corrosion of the final reaction [6]. This is in
good agreement with Si release data discussed below. We applied the rela-
tionship 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/yr (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. 1t is reasonable to suggest that there is no significant
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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, Tt 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 altera-
tion layers during air-drying is not significant.

The small shrinkage was alsc confirmed by comparing the thicknesses of
the ethanol-immersed layers with those of the air-dried layers. The com-
parison has revealed that the air-dried layers had almost the same thick-
nesses 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 Si in 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
plasses 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
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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 lé-day experiment [3];
rich in Fe, Mn, Co, and Ni, and nonme of the rare earth elements or Zr for the
fibers, and rich in Fe, Zr, and the rare earch 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 relation-
ship 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 gléss, i.e., the laver thickness is almost constant. The
growth of the fibers, which contain 10-18 % of Fe (Table 2, and Table IT 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.
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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. Analcgous phenomena were observed for naturally altered
basaltic glasses by Melson and Thompson [9], Pits, which they called micro-
tubules, 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.

3. 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 precipita-
tion processes of some elements in water., In the reduced synthetic ground-
water 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 em™1 at
70°C and 0.12 em~l 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 107 ohm cm was used as a reference.

Among normalized elemental mass losses (NL values) for the six elements,
i.e., B, 8i, Al, Fe, Nd and Ba, the value of NLpy was highest without excep-
tion, and the vaue of NLp, was lowest in some cases. The variation of NLpe
is of particular interest, since it tended to be low in the case of deionized
water and it was as high as NLg in the case of synthetic groundwater Nos. 1
to 3 at 20°C. The ratio of NLpg/NLp is introduced as an index expressing the

extent of congruence, Table 5 summarizes the ratios of NLp,/NLp under the
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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 NLy./NLp 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
gsynthetic 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—-(hydroxy=-
methyl)-aminomethane (THAM), the amount of Fe in the leachates increases as
the Si increases probably as a result of the formation of FeSi0j colloidal
particles or FeSi303(0H)g complex. It is not true that Fe very quickly
reaches its saturation limit in synthetic groundwater Nos. 1 tc 4, since the
formation of the cclloids 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 um membrane had almost no effect on the concentrations of Fe and S5i,
FeSi0g colloidal particles, if present, have a diameter of less than 0.025 um,

In deionized water in an oxidized condition, NLpe/NLp was smaller than
that of synthetic groundwater, but this is not because of the higher pH
values of the leachates. TFor example, in deionized water at 20°C the pil
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 concent-
ration of Fe does not decrease as the pH value increases. This example was
observed with leach experiments at a high SA/V ratic of 0.85 em™L.

The role of THAM should be mentioned here. Tt tends to increase the pH
and to decrease the Eh of the soclution. The pH values of the present synthe-
tic groundwater were adjusted to 7.7 (Table 4), and for this purpose about
5 g of THAM were used for a 1 liter sclution, The use of THAM i1s thought to
be a major cause for the congruent dissolution cof the glass in synthetic
groundwater Nos. 1 to 4, since a Eh decrease by THAM in leachants will work

effectively to form FeS$i0O3 colloids or FeSi303(0H)g complex. As temperature
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rises and as time proceeds, THAM as a reducing agent will be consumed with
the progress of leaching, resulting in a lower NLpg/NLp 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 invelved. 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. TIn synthetic groundwater, cracks origi-
nally 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 environ-

ment with a high SA/V-ratio.

4. Density Phenomena of an Actinide-Doped Borosilicate Waste Glass

The effects of annealing treatment on the density of an self-irradiated
borosilicate waste glass were studied in the temperature range from 200°C to
500°C. The bulk composition of an actinide-doped glass sample is shown in
Table 6. This glass contains 3.04 wt? curium-244 oxide and 0.96 wt% pluto-
nium-238 oxide. The glass sample used for the experiment had a cumulative
alpha dose of 1.7 % 1019 alpha decays/cmS. This value is equivalent age of
1000,000 yrs for an actual waste glass. The densities of the glass specimens
were measured by a sink-float method using two kinds of organic mixtures
composed of 1-1-2-2-tetra-bromoethane and alpha-bromonaphtalene.

Figure 5 shows the density change during isochronal annealing for l-hr
at each temperature for irradiated samples. The density increases with an
annealing temperature below 450°C. Conversely, above 450°C the density
decreases sharply. This 1s probably because the annealing temperature
approached the transition range of the waste glass. Under the isothermal
annealing, the density increased rapldly during the initial 5 hours and
approached to its equilibrium value at each temperature. As an example, the
density change during isothermal annealing for irradiated specimens at 450°C
is shown in Fig. 6.

The implications of these results were discussed using the model on the
basis of the formation of helium bubbles in the glass and the recovery of
network distortion. The density change of the irradiated glass during

annealing due to the formation of helium bubbles is represented by the
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following equation.
Ope(t) = pg/{1l + (4/3)7R()*N} (1)

where pgpr(t) is the density of the glass sample at the annealing time t,
pg 1s the density of the unirradiated glass sample, R(t) is the radius of
helium bubbles, and N is the number of helium bubbles per unit volume of
glass sample, which is 1 ¥ 1018 [bubbles/m®] from our previous work [12].
Since the radius of helium bubble is R(t) = {BkBTm(t)/(SWY)]l/Z, R(t) can be
calculated by using the surface tension of glass: Y = 2 J/m® [13], and the
number of helium atoms in a bubble: m(t), which has been already obtained by
our previous experimental work [l4]. The calculated results at the annealing
temperature of 450°C are represented by the dotted curve in Fig. 7.

On the other hand, the density change due to the recovery of glass net-

work distortion is estimated by the following equation [15].
0gig(t) = [1+ () /py, - LA - exp(-Bt)) oy (2}

where pgig(t) is the density of the glass sample at the annealing time t,
0(w) is the density of the glass sample at t = =, py is the density of the
glass sample at t = 0, and B is the constant on the distortion recovery.
Fig. 7 shows the curves of density change calculated by the equation (1)
(trapping model), by the equation (2) (distortion model), and by the summa-
tion of equation (1) and (2) (total) under the isothermal annealing at 450°C.
Solid circles indicate the experimental data. As seen from this figure the
experimental data agree well with the values calculated by the medel includ-
ing both the formation of helium bubbles in the glass and the recovery of

network distertion.

5. Self-Irradiation Damage of a Curium-Doped Synroc Containing Sodium-Rich

High-Level Nuclear Waste [16]

A polyphase titanate ceramic (synroc) immobilizing sodium-rich HLW was
doped with 0.69 wtZ of 244¢cm to accelerate long-term self-irradiation damage
due to alpha decays. The composition of the curium-doped ceramic sample is
shown in Table 7. Alpha autoradiography revealed a uniferm distribution of

the alpha-emitting nuclides on a >20um scale, although micropores and

_Si
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titanium oxide agglomerates were depleted in these muclides. The curium-
doped samples included sodium host phases such as freudenbergite and
loveringite in addition to three main constituent minerals: hollandite,
perovskite, and zirconolite. This phase assemblage was similar to a curium=-
free titanate ceramic. X-ray diffractometry on the annealed and as-—damaged
samples indicated that the alpha-emitting nuclides were incorporated Into
the actinide-host phases, perovskite and zirconolite, as the diffracted
intensity of these phases was reduced in the latter samples,

Volume swelling due to accumulation of alpha decays caused a gradual
decrease in density (Fig. 8). The increment of density after an equivalent
age of 5000 yrs was -1%. Large volume swelling probably causes microcracking
and an increase in surface area. Leach tests on 2000-yr samples showed
significant increases in pH of leachate (Fig. 9) and leach rates of the
soluble non-radicactive elements (Fig. 10, Fig. 11). Since sodium-rich HLW
is likely to promote the formation of glassy phases leading to embrittlement
of the waste form, chemical durability of the polyphase titanate ceramic
against losses of soluble elements such as cesium may significantly decrease
in unison with increasing alpha-decay damage.. These damage effects must be
further clarified by work which is continuing for longer equivalent ages.

On the other hand, curium leach rates had a large scatter among data sets,
although there was a slight trend to increasing the release rate with aging
(Fig. 12). Since the present analytical method cannot distinguish between
curium in true solution, in suspended or colloid forms, adsorbed on walls or
as fine particles that might have been shed from the specimen surfaces, work

is in progress tc determine the contribution of leach forms of curium to the

overall leach rate.
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loveringite in addition to three main constituent minerals: hellandite,
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intensity of these phases was reduced in the latter samples.
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age of 5000 yrs was -1%. Large volume swelling probably causes microcracking
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soluble non-radicactive elements {(Fig. 10, Fig. 11). Since sodium-rich HOLW
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against losses of soluBle elements such as cesium may significantly decrease
in unison with increasing alpha-decay damage.. These damage effects must be
further clarified by work which is continuing for longer equivalent ages.

On the other hand, curium leach rates had a large scatter among data sets,
although there was a slight trend to increasing the release rate with aging
(Fig. 12). Since the present analytical method cannot distinguish between
curium in true solution, in suspended or colloid forms, adscrbed on walls or
as fine particles that might have been shed from the specimen surfaces, work
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Table 1 Bulk composition of the borosilicate waste glass.

Component wt X Component wt ¥
Additives FP oxides
5i0, 48.49 Col 0.12§
840 18.58 NiQ 0.33
A§283 2.00 Tel 0.23
Li20 1.87 Cs 5 0.98
‘Nd50 11.30 Ba 0.63
Ca 1.87 Las0y 0.51
Fe,0s 3.552 Ce 1.42°
ir 2 2.87 Pr6611 0.50
Nd,03 1.65
FP oxides Sm203 0.33
Rb,0 0.12 Rg,0 0.03
Sr 0.34 Cd 0.03
Y203 ) 0.20 5n0 0.02
Mc07y 1.74 Sb253 0.004
Mn0, 0.26 Gd;04 (.04

3 Partly simulates Ru0s. b partly includes Iro, as FP.
C simylates Rh203. Simulates Pd0.
® partly simuldtes actinides.

Fig. 1 Graph of the thickness of

T . T alteration laver as a

§, function of leaching time
: : A under the MCC-1 conditions
* - AL at 90°C. The open and
solid circles indicate
é thicknesses averages for

the ethanol-immersed and

B air-dried layers,

ﬁ respectively. The error

1 bars represent the
variabilities of the layer
thicknesses. The triangles

L 1 [
100 200 300 indicate layer thicknesses
Time (days! calculated from the amounts
of B released in leachates,

Normalized elemental mass loss {g/m}

e

1 1
0 00 200 300

Time (days)

Fig. 2 Normalized elemental mass losses of selected
elements of the nuclear waste glass in deionized
water with time.
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Fig. 3 TEM
(a)

The
the
new
the
the
the

micrographs of the borosilicate glass layer.
Part of the layer in the 9l-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.

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

parallel to the layer/solution interface or
normal to the possible directicn of cation
diffusien. 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, %Y.

Mn0, FeC Co0 NiD REQ®

Hew crystal
Fiber
Mottled®

1.0 4.8 59,2 0.0 0.4 0.5 4.2 0.8 7.621.6 0.0
1.5 8.5 49.2 0.0 0.6 0.5 4.3 10.6 5.519.3 0.0
1.5 3.4 655.4 10.6 1.7 0.4 1.9 10.9 0.6 2.0 1l1.7

& sum of Lay0y, Ced, and Ndy0s.
See referenceé 3 for explanazcion 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%)a of the glass and
the alteration layer. The arabic numbers
indicate the locations shown in Fig. 3B.

NaZO A1203 Si02 Ca0 MnC Fed Total

Bulk glass
1 11.3 1.5 46.5 1.6 0.3 2.9 64.1
Layer
2 2.2 2.5 0.4 5.4 0.4 3.8 6d.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 7.0 2.1 0.4 3.7 47.7
& - 1.5 29.3 1.8 0.7 3.8 36.7

3 phtained by Energy Dispersive %-ray (EDX) Anzlysis.

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

Synthetic groundwater Leach Synthetic groundwater Deionized
No.l No.2 No3  Nod conditions o1 No.2 No.3 No.g AT

pH 7.7 17 7.7 77 70°C, 28 days  0.33 0.36 G.66 0.24 0.0021

Na (in mg/0) ¥ 26 26 26 26 70°C, 49 days 0.3 024 020 051 00014

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 1.0% 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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Table 7 Nominal Composition of
Curium—Doped Titanate

Ceramic 4.3
Llement . (i?nnl;:?l d=38474 + »
Precursor (04655 exp|-11.359 110710} - (13
TiO, 62.24 4 30}
Ca0 9.70
ZrOz 5.93
BaO 48]
AlLO; 4,72 _
Oxygen petler 7 ) _
Ti (meial) 1.99 51
Simulaled HLW z
Seh ¢.011 =
Rb;0 0.064 >
Sr0 0.176 F 4s i
Y;0, 0.104 =
Z10, 0.852 a
MoQ, 0.899
MnQO, 0.133
Ru(Q, 0.506
Rh;O; 0.105 aar
PdO 0.276
Ag:0 0.015
CdO 0.016
Sno; 0.010
8005 0.002 B N B S B BT S
cl/)y . [
Cs;0 0.507 5 ALP?A DEcnt DOS;.D(xm ag"
BaG 0.325 0w 00 500 100C 5000
%3603 gggz AGE  Iyeors)

e . . . ; .
puom 0.257 Fig. 8 Density of curium-doped titanate
ggég{kruo ?%?z ceramic versus a-decdy dose,
Na,O : 1652 Equivalent age corresponding to
?95 0.167 an o-decay dose is also shown.
Ry e Solid line is derived from
NiO 0.175 fitting by use of Eq (1).

T . .

8 m 1
w
6 e
I . -.{ -
3 ‘..-,5' +,"*\ o Al___ﬁ_..-ﬂ..-a‘...___r_“ﬂ PO . e
Y N \'\, b th ST
% 5 * \‘{ ."\-.* - A
X
4 a Specimen- free
® Specimen - charged

4 1 " 1 L A 2 i
0 10 20 30 40 50 O 10 20 3¢ 40 50 0 10 20 X 40 0
TIME (days)

Fig. 9 Change in pH of leachate from curium-deped titanate ceramic
versus leach time. (I), (II), and (III) correspond to
equivalent ages of 130, 330, and 2000yr, respectively.
Error bars attached to the average indicate the largest and
smallest values amcng three sets of specimen-charged data
in each run. In (1), displacement in time is probably due
te a pH calibration problem.



JAERI-M §2-008

tn 10l (E-g]

16! 14 : \
< q ™
-4 Ve

&k
| e

e Mo
@ No

bda

AR
sl
oelE
*
oS> 5

NORMALIZED LEACH RATE (g-m2-day™

- &) .
Top B

0 T B0 30 4050 O 10 20 30 40 30 0 10 20 30 40 %0
TIME (days)

Fig. 10 Comparison of normalized leach rates of nonradiocactive elements
from curjum-doped titanate ceramic of different ages. (1),(11),
and (III-a) correspond to equivalent ages of 130, 330, and 2000vyr,
respectively. Error bars attached to the average in (I) and (11)
indicate the largest and smallest values among three sets of data
in each run. (III-a) shows the data obtained from a single half-
disk among three 2000-yr specimens.
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Fig. 11 Normalized leach rates of nonradiocactive elements from three different
2000-yr specimens of curium-doped titanate ceramic.
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Fig. 12 Change in normalized leach rate of curlium-244 versus leach time. (I),
(I1) and (II1) correspond to equivalent ages of 130, 330, and 2000yr,
respectively, Error bars attached to the average indicate the largest
and smallest values among three sets of data in each run.



