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1. Introduction
The purpose of this study is R & D on yttria-stabilized zirconia (YSZ) as waste forms used in
the Partitioning - Conditioning, which is ceramic solidification and disposal of partitioned TRU
wastes. This TRU waste will arise from the 4-group partitioning(1) of high level radioactive wastes.
And exceptional radioisotope-institute wastes mainly composed of TRU nuclides must be treated in
the same manner as the partitioned TRU wastes.
Isolation of these hazardous TRU wastes from the
biosphere is one of the most important concepts for the management of radioactive waste.
It is
necessary for the partitioned TRU wastes to be immobilized stable ceramic forms chemically and
physically, because the partitioned TRU wastes almost compose of TRU nuclides which are hazardous
a-emitters with extremely long half-lives.
On the viewpoint of R & D on ceramic waste forms for the partitioned TRU waste, properties
of ceramic waste forms must be evaluated.
It is important for as-fired ceramic waste forms to
research and evaluate phase stability, chemical durability, mechanical property, thermal property etc
as initial properties of waste forms.
In addition long-term stability, e.g. stability for irradiation
damage, stability for secular change of waste composition by disintegration etc, is also requested to
ceramic waste forms.
In the previous studies yttria-stabilized zirconia, alumina compounds and
YSZ-alumina composite ceramics were nominated as waste forms for immobilization of the
partitioned TRU waste, and characterized with emphasis on phase stability, chemical durability and
compactness(2).
From the results YSZ with a fluorite-type structure of cubic system was selected as
a waste form for the partitioned TRU wastes(3) and was expected to show good properties.
In the
last 2 years Np and/or Am-doped YSZ waste forms have been studied in JAREI.
Phase stability
and mechanical property of Np-doped YSZ waste forms (Np-YSZ) will be introduced in this
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Fig. 1 Flow of TRU nuclides from spent fuel to the products in a partitioning process.
The amounts of each production per 1000 kg of spent fuel are also indicated in this figure.
All values are normalized to their oxide weights.
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symposium(4).
In addition, chemical durability of Np-YSZ is under evaluation. Stability for
irradiation damage of 244Cm-doped YSZ waste forms, the most important term in long term stability,
is now under consideration.
In this study the stability of YSZ waste forms for secular change of partitioned TRU waste
composition by disintegration, one of important terms in long-term stability, is the special concern.
It must be investigated and evaluated that the fluorite-type structure can be formed in YSZ waste
forms with Pb and Bi, final daughters of TRU nuclides, because Zr oxide can't form solid solution in
the wide range with these elements<5). In addition quantitative understanding of effect of secular
changes on the other properties, such as chemical durability, mechanical property and so on, is
necessary for long-term safety assessment of final disposal.
In this study designed amount of wastes and YSZ powder were mixed and sintered.
These
waste forms were submitted to tests of phase stability, chemical durability, mechanical property and
compactness.
The results were compared with those of the "initial" YSZ waste forms, nonradioactive Ce and/or Nd doped YSZ samples and glass and Synroc waste forms.

2. Secular change of the partitioned TRU waste
Figure 1 shows a flow of TRU nuclides arising from reprocessing + partitioning process.
Large amounts of Pu and U will be removed form high level liquid waste in a reprocessing process(6),
and the waste will be partitioned to 4 groups; "TRU" group, "Sr-Cs" group, "Tc-platinum group
metals" group and "the other" group. The TRU group will be separated to different 2 fraction; one
is Np-Pu fraction contaminated by small amount of U and the other is Am-Cm fraction including
lanthanide elements. And then U and lanthanide elements are removed from Np-Pu and Am-Cm
fractions, respectively.
In this case about 900 g of oxides of Np-Pu and Am-Cm fractions takes
place from 1000 kg of spent fuel.
There are 4 regions in the partitioned TRU waste composition from Np-Pu and Am-Cm
fractions by secular change as shown in Fig. 1. Where these compositions were calculated with
reference to ORIGEN2 code(7), half lives and disintegration mechanism of the data base(8).
In
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Fig. 2 Secular change of partitioned TRU waste composition
("Np-Pu" + "Am-Cm11 fraction) by disintegration.
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general, the "4N+1" series of TRU nuclides including 241Am, ^ N p etc disintegrate and turn to
nonradioactive 207Bi, and the nuclides of other series turn to nonradioactive Pb. The first region is
that only Np and Am are included in the waste illustrated by the mark "Np+Am" in Fig. 2 (0 - 104
years). The initial composition of the partitioned TRU waste is indicated as "0 year" of secular
change, where contents of Np and Am are 53.4 mol% and 43.8 mol%, respectively.
Content of Am
decreases and that of Np increases by disintegration in this region.
The second is the region mainly
4
composed of Np and U as shown by the mark "Np+U" in Fig. 2 (10 -105 years).
In this region full
243
242m
244
M7
235
amount of Am,
Am, Cm and small amount of Np disintegrate and turn to U, ^ U , ^ U and
233
U, respectively, therefore the amount of total U increases. The third is of Np, U and Bi (the mark
"Np+U+Bi", ltf-lO 7 years). Almost of ^ N p disintegrates and turns to 207Bi, and the amount of U
with longer half lives than ^"Np decreases little by little. And the fourth is of almost nonradioactive
207
Bi and Pb (the mark "Bi+Pb", over 107 years). In this study YSZ waste forms including wastes
with various compositions corresponding to the "Np+Am", "Np+U" and "Np+U+Bi" regions were
researched.

3. Experimental procedure
Compositions of YSZ waste forms examined in this study are listed in Table 1. Contents of
the partitioned TRU wastes included in YSZ waste forms are limited to 10 mol% to avoid extreme
external exposure.
Cerium and a part of Am were used as substitutes of Cm and U, respectively.
Commercial powder of YSZ (TZ-8Y; Tosoh Co.Ltd) and the designed amount of waste components
were mixed, calcined at 900 °C for 2 hrs and crushed in a zirconia ball mill with ethanol. After that
these powders were pelletized using a uniaxial hand press and sintered at 1500 °C for 80 hrs in the
stream of air.

Table 1 Composition of yttria-stabilized zirconia waste forms, in mol%*
Sample

1

Region
Waste

Initial

AmO,j
NpOi
CeC^
BiO,.,

Matrix
ZrO2
YO,.,

Secular change
(years)

2

4

3
Np+Am

5

Np+U

6

7

Np+U+Bi

439
5.41
0.00
0.00

2.02
7.98
0.00
0.00

0.80
9.20
0.00
0.00

0.00
7.98
1.68
0.34

0.00
635
1.74
1.91

0.00
4.60
1.60
3.80

0.00
2.40
1.42
6.18

77.13
12.87

77.13
12.87

77.13
12.87

77.13
1287

77.13
1287

77.13
12.87

77.13
12.87

0

70

3X103

3X105

2X10S

4X10"

1X10*

* Compositions of each constituent indicate the contents of each cation to total cations in mol%.

For evaluation of phase stability, crystalline phases formed in YSZ waste forms were
identified by XRD method using crushed powder specimens.
Lattice parameters of fluorite-type
(9)
structure were calculated by Nelson-Riley method using positions of peaks depending on fluoritetype structure.
Volume change (AV, in %) of YSZ waste forms with various composition of wastes
were evaluated by the equation (1).
Where, a0 is a lattice parameter, length of unit cell of fluoritetype structure, of the initial Np+Am-doped YSZ waste form (sample No.l) in nm and aL is that of each
YSZ waste form in nm. Mechanical properties of Vicker's hardness (Hv; GPa), Young's modulus
(E; GPa) and fracture toughness (K,c; MPamI/2) of YSZ waste forms were measured using a micro
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AV=(ai/aop

(1)

Hv = 0.464-N IVi,2
E

=0.45'Hvl (0.143 - Kn21 Kn,)

K,c = 0.026'y/E-y/N'Vi,-

Vi2-is

d

rela. = dapp. I dthn,.

(4)02)
(5)

d

app. = W,/(1V,- W2)

(6)

hardness testing machine with Vickers and Knoop indenters.
Specimens used in mechanical
property evaluation were cut off into pellets of 3 mm in diameter by a core drill, mounted in an acrylic
holder and polished by sandpapers and diamond paste up to 1 \im. Hv, E and K,c were measured by
the equations of (2), (3) and (4). Where, Vi,, Vi2, Ktij and Kn2 are lengths illustrated in Fig. 3 in
meter, and N is weight loaded to indentators in N. Densities of YSZ waste forms were measured by
the water displacement method using pellet specimens to evaluate compactness of YSZ waste forms
by the equations of (5) and (6). Where, dapp is apparent density in g/cm3, W, and W2 are weights of
specimens in air and in water, respectively.
And drdlL is a relative density in % and dtheo is a
theoretical density calculated from a, and weight of unit cell of fluorite-type structure of each sample
in g/cm3.

Vicker's
indentation

Knoop indentation

Fig. 3 Measurement of Vicker's and Knoop indentaions.
These properties were compared with the initial Np+Am-doped YSZ waste form to evaluate
stability for secular change of the partitioned TRU waste composition by disintegration.
In addition
comparisons with Np-YSZ, Ce (nonradioactive)- and/or Nd (nonradioactive)- doped YSZ samples,
and with other waste forms were attempted.

4. Results and Discussions
4.1 Phase stability
Figure 4 shows XRD patterns of the initial Np+Am-doped YSZ waste form (sample No. 1)
and a Np+U+Bi-doped YSZ waste form (sample No. 7). In each pattern 9 peaks appear in the
region of 20 to 100 degrees of 29. These peaks are evidence for the formation of fluorite-type
structure in these YSZ waste forms.
XRD patterns of the other 5 YSZ waste forms also indicated 9
peaks in the same region however peak positions slightly shifted because of difference of waste
composition of these samples.
Crystalline phases formation mainly composed of Bi were
considerable because Zr oxide would not react with Bi and not form a solid solution in the wide range
as mentioned before, but in this study the phases mainly composed of Bi could not be identified.
From the results of XRD measurement, only fluorite-type structure could be identified in all YSZ
- 570-
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Fig. 4 XRD patterns of the initial Np+Am-doped YSZ waste form
and a "Np+U+Bi"-doped YSZ waste form (sample No.7).
waste forms measured in this study.
This means that the fluorite-type structure is stable for the
secular change of the partitioned TRU waste composition by disintegration and that YSZ waste forms
evaluated in this study is also good for phase stability.
Neptunium-YSZ (4) and non-radioactive Ce
(2)
and/or Nd-doped YSZ waste forms also show excellent phase stability.
For the volume change of YSZ waste
form calculated using lattice parameters of
i.o r
fluorite-type structure, the results are shown in
Fig. 5.
The volume increased with the
increase of Np content in wastes composition
in the region of the "Np+Am".
Maximum
•s
value of volume increase was 0.8 % in the
region of "Np+U", corresponding to several
105 yrs, and after that the volume decreased
slowly.
In general, volume change may
0.0 P"
lead to the chinks or the increase of internal
0
10"
102
10"
10«
pressure in waste forms disposed in deep
Secular change (years)
underground.
The chinks will cause the
Fig . 5 Volume change of "Np+Am"-,
increase
of contact
probability
with

4

"Np+U"- and "Np+U+Bi"-doped

underground water.
Waste forms, canisters
YSZ waste forms by the secular
and other engineered barrier materials might
change of the partitioned TRU
be destroyed by the increase of internal
waste composition by disintegration.
pressure by waste forms and external pressure
by expansion of buffer materials. On the other hand it is well known that volume of 244Cm-doped
Synroc increased up to 3 % by internal irradiation(13).
In this way, irradiated waste forms are
expected to expand by a and recoiled particles. Therefore, it is important to evaluate that the
volume change of YSZ waste forms by the secular change of compositions will act as an accelerator
or a mitigator for the volume increase by a-decay damage of crystals. The result in this study
means that the volume change by the secular change will accelerate the volume increase of YSZ waste
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forms in the regions of the "Np+Am" and "Np+U".
However in the region of the "Np+U+Bi", the
volume change for the secular change will act as a mitigator in the whole volume change
phenomenon.
4.2 Mechanical property
Mechanical properties of Vicker's hardness (Hv), Young's modulus (E), fracture toughness (K)C)
of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms are illustrated in Fig. 6.
In this study
pelletized specimens were limited to "Np+U"- and "Np+U+Bi"-doped YSZ waste forms to avoid
extremely external exposure.
Hv, E and K1C of these YSZ waste forms were 10 to 12 GPa, 220 to
1/2
300 GPa and about 2 MPam , respectively.
It is evident that these values are independent of the
secular change of the partitioned TRU wastes compositions and the averages were 11.5 GPa, 266 GPa
and 1.9 MPam1/2, respectively as shown in Fig. 6. This leads to an evaluation that the secular
change of the partitioned TRU wastes composition by disintegration don't effects on mechanical
properties of YSZ waste forms.
Further these values were almost the same as those of Np-YSZ and
those of Ce-, Nd- and Ce+Nd-doped YSZ<9) as shown in Fig. 7.
In addition Hv, E and K,c of
YSZ waste forms were more enough than those of a glass waste form and Synroc waste forms(10)(11).
This means that mechanical properties of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms as well
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Fig. 6 Mechanical properties of Vicker's
Fig. 7
hardness (Hv), Young's modulus (E)
and Fracture toughness (KIC) of
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YSZ waste forms.
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as Np-YSZ, Ce and/or Nd-doped YSZ were also good enough for a radioactive waste forms.
4.3 Compactness
Relative
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density

density,

drela.
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(ratio
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density)
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"Np+U"- and "Np+U+Bi"-doped YSZ waste
forms were measured.

All these values were

s

over 93 %, and the result is similar to those of
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Fig. 8 Densities of "Np+U"- and
"Np+U+Bi"-doped YSZ waste
forms and secular change of the
partitioned TRU waste composition.

5. Conclusions
One of the long-term stability, the stability for secular change of the partitioned TRU wastes
composition by disintegration in YSZ waste forms were evaluated in this study.
The results of
phase stability, mechanical property and compactness were followings;
(1) Phase stability of "Np+Am"-, "Np+U"- and "Np+U+Bi"-doped YSZ waste forms could be
maintained of that of the initial Np+Am-doped YSZ waste form permanently even when the
composition of partitioned TRU waste changed by disintegration,
(2) secular change also accelerated volume increase of YSZ waste forms as well as a-decay damage,
(3) Hv, E and K,c of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms were independent of the
secular change of the partitioned TRU waste composition by disintegration,
(4) mechanical properties of YSZ waste forms were good enough as waste forms because Hv, E and
KIC of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms were more than those of a glass and Synroc
waste forms, and
(5) compactness of YSZ waste forms was good as waste forms for the partitioned TRU wastes.
From these conclusions and those from Np-doped YSZ waste forms, YSZ waste forms is
expected as a host material to immobilize high concentrated TRU nuclides such as the partitioned
TRU waste.
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