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A Synroc, a polyphase titanate ceramics composed of three mineral phases
(perovskite, hollandite and zirconolite), has an excellent performance of immobiliza-
tion of high level nuelear waste. A working group in the Department of Hot Labo-
ratories paid special attention to this merit and started a development study on a
LWR fuel named “Waste Disposal Possible (WDP) Fuel”, which has the two functions
of a reactor fuel and a waste form. The present paper mainly describes thermal
durability of a modified Synroc material, which is essentially important for applying
the material to a fuel matrix.

The two kinds of Synroc specimens, designated “SM" as modified and “SB” as
a reference, were prepared by hot-pressing and annealed at 1200°C to 1500 °C for
30 min in air. Unexpected and peculiar spherical voids were observed in the specimen
SM at 1400 °C and 1500 °C, which caused the specimen swelling. The formation of
the voids depends significantly on the existence of spherical precipitates seen in the
as-fabricated specimen including latent micropores with high pressure. On the other
hand, the heat treatment at 1500 °C formed additional new phases, designated “Phase
A" for the specimen SB and “Phase X” for SM. Phase A is a decomposition product
of hollandite and Phase X a reaction product of Phase A and perovskite in the
spherical voids.

Furthermore, additicnal information and thermal properties examined are pre-

sented in Appendix 1 and Appendix 2, respectively. [t was recognized that the
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modified Synroc specimen SM had excellent thermal properties.

Keywords: Waste Disposal Possible Fuel, Modified Synroc Material, Thermal
Durability, Spherical Vecid, Thermal Diffusivity Measurement, Melting

Experiment
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1. Introduction

A polyphase titanate ceramic named Synroc (Synthetic Rock} has heen
developed for the immobilization of high level nuciear waste {HLW) R This
mulerial has an excellent confinement performance lor FPs and TRUs in HLW (see
Appendix 1). For this reason, the Synroc material was faken up as a matrix of a
reactor fuel, because the fuel matrix itself would act as a waste form during
burnap. Using the Synroc material of which the phase composition was slightly
modified, we started a development study on a matrix of the fuel named "Waste
Disposal 1Possible (WDI*) FFuel" for a LWR, which has the two functions of the
reactor fuel and the waste form.

Synroc consists mainly of thrie mineral phases My perovskite (CaTiO3),
hollundite {BaAl2Tis016) and zirconolile (CaZrTiz07). Since (he latler Lwo phases
have relatively lower melling points arcund 1500 ° € (see Appendix 1), the Synroc
material is intuitively not considered to be suitable for the reactor fuel matrix. At
present, however, there are few data on thermal durability (and thermal properties)
of the Synroc material at high temperature ' % . This makes it difficult to decide
its use for the fuel matrix. From this standing points, our emphasis was placed on
the investigation of thermal behavior of the modified Synroc material at high
temperature.

In the present study, the two kinds of Synroc specimens, designated "SM" and
"SB", were prepared and heat trealed for getting data about changes in their shapes,
microstructures, phase compositions, etc. The heat treatment was principally
carried out at 15300 ° C which was close to the melting temperature of hollandite
phase. Other heat treatment at 1200 ° C to 1400 ° C were also conducted to examine
unexpected phenomena in the heat treatment at 1500 * C. Furthermore, additional
experiments and results on thermal properties at high temperature are summarized
in Appendix 2.

2. Experimental Methods
2.1 Specimen

The two kinds of Synroc specimens were prepared (Table 1): one is a modified
Synroc material, designated "SM", as a principal specimen in the present study, and
the other a Synroc B material, designated "SB', as a reference specimen. The
specimen SM includes 60 9 of perovskite and no rutile. The phase composition of
this specimen was chosen to improve the thermal durability of the specimen SB.
The amount of zirconolite was decided on the basis of the least loading content of
plutonism in future.

The preparation process of the specimens is shown in Fig. 1. The precursors
were prepared through hydrolysis of alkoxide reagents and calcined at around 750 ¢
C for 2 hr in a stream of Ar-4%Hz gas. The calcined products were hot—pressed
using a graphite die at 1200 ° C and 29 MPa for 2 bir in a stream of N2 gas. As—cast
specimen cylinders were about 20 mm in diameter and about 10 mm in length. The
putside views of these specimens are shown in Fig. 2, and macrostructure in a cross
section of the specimen SM is indicated in Fig. 3. The specimen SM shows a
heterogeneous feature in its macrostructure, while the specimen SB had a
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in Appendix 2.
2. Experimental Methods
2.1 Specimen
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homogeneous macrostructure, In the figure, black spols in the specimen SM are
not voids, but spherical precipitates. [Ilectron probe microanalysis (EPMA)
revealed that the spherical precipitates were rich in calcium and poor in titanium.
fhis implies that these precipitates include higher content of perovskite than the
malrix, because X—ray dillractomelry (Fig. 4} does not indicate the formation of any
other additional phase in the as—fabricated specimen SM.

2.2 pleat Treatment

Sector specimens of about 1.5 gm were annealed on an alumina dish ai 1200 °
C to 1500 ° C for 30 min in air. The last maximum temperature is nearly equal to
the melting poinft of the hollandite phase.

2.3 Measurement

The density of the specimen was measured by the water displacement method.
The swelling rate of the specimen was calculated from its density change after
heat (reatment. The average grain size of perovskite crystals and the
characteristics of spherical voids mentioned latter were analyzed by image
processing aller capture of secondary electron images (SEI} and backscaltered
electron images (381).

3. Results
3.1 Deformation

The outside views of the specimen SM after the heat treatments at 1500 °C
and 1400 ° € are shown in Rig. 5. The outer zone of the specimen is partly
deformed alter heating al 1500 ° C, although the specimen relains its shape at 14060
° (. On the other side, the specimen SB entirely got out of shape at 15080 C .
These phenomena might be caused by the melting of hollandite crystals, and
softening of hollandite and zirconolite crystals. The summary of data from the
specimen SM is presented in Table 2. In the table, the specimen SM shows the
swelling rates of ahout 18 and 25 % at 1500 ° C and 1400 “ (, respectively. The
reason why the rate was larger at the lower temperature 1s supposed to be due Lo a
thermal stability in microstructures as described in the following section. No
remarkable sweiling occurred in the specimen below 1300 ° C.

3.2 BAlicrostructure

& peculiar microstructure was observed in the specimen SM aiter the beat
treatment at 15007 . As shown in the microstructure in KFig. 6, fine spherical
voids arc disteibuted in the specimen mateix. In the figure, the right—cdge zone i®
of the deformed part named “Falling—down zene (F)". Enlarged images of the voids
are indicated in Fig. 7. The featurc of the void is divided into the two types, A
and B : The type-A woid is filled with the separated polyhedral crystais of
perovskite, while Lhe Lype-B void is covered with a film. EPMA reveals  that the
film was composed of hollandite and zirconolite. It is possible that the type B void
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homogeneous macrostructure, In the figure, black spots in the specimen SM are
not voids, but spherical precipitates. [ilectron probe microanalysis (EPMA)
revealed thal the spherical precipitates were rich in calcium and poor in Litanium.
This implies that these precipitates include higher content of perovskite than the
maltrix, because X—ray dilfractomelry (Fig. 4} does not indicate the formation of any
other additional phase in the as—fabricated specimen SM.

2.2 ileat Treatment

Sector specimens of about 1.5 gm were annealed on an alumina dish ai 1200 °
C to 1500 ° C for 30 min in air. The last maximum temperature is nearly equal to
the melting point of the hollandite phase.

2.3 Measurement

The density of the specimen was measured by the water displacement method.
The swelling rate of the specimen was calculated from its density change after
heat (reatment. The average grain size of perovskite crystals and the
characteristics of spherical voids mentioned latter were analyzed by image
processing afler captlure of secondary electron images (SEI} and backscaltered
electron images {BSI].

3. Results
3.1 Deformation

The ouiside views of the specimen SM alter the heat trealments al 1500 ° C
and 1400 ° ¢ are shown in Fig. 5. The outer zone of the specimen is partly
deformed after heating al 1500 ° C, although the specimen retains its shape al 1400
“ {. On the other side, the specimen SP entirely got out of shape at 1508 B O
These phenemena might be caused by the melting of bollandite crystals, and
softening of hollandite and zirconolite crystals. The summary of data from the
specimen SM is presented in Table 2. In the table, the specimen SM shows the
swelling rates of ahout 18 and 25 % at 1500 ° C and 1400 ? (, respectively. The
reason why the rate was larger at the lower temperature is supposed to be due to a
thermal stability in microstructures as described in the following section. No
remarkabie swelling occurred in the specimen below 1300 ° C.

3.2 Microstructure

A peculiar microstructure was observed in the specimen SM after the heat
treatment af 15007 €.  As shown in the microstructure in Fig. 6, fine sphericai
voids arc disteibuted in the specimen matrix. In the figure, the right—cdge zone s
of the deformed part named "Falling—-down zone {F)". Enlarged images of the voids
are indicated in Fig. 7. The featurc of the veid is divided into the two types, A
and B : The typer A void is filled with the separated polyhedral crystais of
perovskile, while lthe Lype-B void s covered with a Llm. EPMA reveals that the
film was composed of hollandite and zirconolife. It is possible that fhe type B void
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also contained the separated crystals of perovskite on its film before the specimen
was poltshed for ceramography.

The same fealure ol spherical voids was also observed in the specimen SM
after annealing at 1400 ° C. In this case, the average size of the voids was smaller
than that in the heat treatment at 1500 ° € {(Table 2). The macroscopic and
enlarged images are shown in Fig. 8, where the macroscopic feature at 1400 ° C is
guite different from that at 1500 ° € (ref. Fig. 8). Some extremely greater voids
would escape [rom the specimen matrix during the heat trealment over 1400 ° C,

Further annealing experiments at 1200" ¢ and 1300 " C were conducted to
clarify the nucication and growth phenomena of the spherical voids. A
microsiructure after annealing at 1200 ° C is shown in [ig. 9. In the figure,
micropores arc mainly formed within the spherical precipitates. These micropores
were not observed in the as—fabricated specimen. This means that annealing at
atmospheric pressure factlitates the growtih of tiny latent micropores in the
precipitaies. After the heat ireatment at 1300 " (, the micropores grew up fo pores
of around ! micromeler, as shown in Fig, 10, This phenomenon is consistent with
the fact that a small amount of swelling occurred in the specimen 5M (Table 2).

The steep density change between 1300 ° € and 1400 ” C (Table 2) implies that
softening of the specimen matrix may significantly proceed at that temperature.
This matrix soflening probubly asccelerates the growlh of pores seen in Fig. 10. In
that temperature region, the remarkable grain growth of perovskite crystals occurs
in boih the spherical precipiiates (Table 2, Figs. 7 und 8) and the specimen matrix.

3.3 Phase

Figure I} shows X—ray diffraction patterns from the specimen SB before and
alter ihe heal treatments at 1500 " C. Afltler this annealing, an additional phase,
AlzTiOs5 idesignated "A") was formed in the specimen 5B. On the other hand, the
other additional phase, CadlizOw (designated "X"! was formed in the specimen SM,
as shown in Fig. 12,

3.4 Others

Melting experiments and thermal diffusivity measurements were conducted for
the wpecimens SM and SB, of which the objectives are to get information on
thermal propertics at high temperature. The results revealed that there was no
problem as a fuel matrix on new phase formation up to around 200 °(, even
though an eulectic phase formed at around 1700 ° C in the system CaO-TiO2. and
that the specimen SM had excellent thermal diffusivity.

4. Discussion
4.1 Growth Mechanism of Spherical Void

Judging from the results in the specimen SM, the spherical voids are supposed
to change their shapes with un increase of the annealing temperature. As

illustraied in ig. 13, the growth process of the spherical voids is supposed to be
divided tnto the Tour steps from A to D,



JAERI—Research 94—008
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AlTiOs {designated "A") was formed in the specimen SB. On the other hand, the
other additional phase, CadlizOw0 (designated "X") was formed in the specimen SM,
as shown in Fig. 12,

3.4 Others

Melting experiments and thermal diffusivity measurements were conducted for
the specimens SM and 5B, of which the objectives are to get information on
thermal propertics at high temperature. The results revealed that there was no
problem as a fuel matrix on new phase formation up to around 20 °(, even
though an eutectic phase formed at around 1700 ° C in the system CaQ-TiOz. and
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4. Discussion
4.1 Growth Mechanism of Spherical Void
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‘The as—fabricated specimen SM includes the spherical precipitates rich in
perovskite. These precipitales contain latent micropores of the remaining gas due
to hot pressing at 29 MPa. Since the specimen matrix did not contain such a
micropore, void formation was limited only in the precipitates as described above.

In the step A after the heat treatment at 1200 ° C, the micropores of less than
| micrometer in diameter appear in the grain boundaries of perovskite crystals in
the spherical precipitates, since a slight softening of the specimen occurs.  The
formation of micropores is consistent with a slight decrease in density from 4.15 to
4.13 giem ' . In the step B at 1300 ° C; the micropores grow up lo Lhe pores of
around | micrometer in diameter due to more softening of the specimen matrix.

In the following step at 1400 ° C, on the other hand, soltening of the specimen
significantly proceeds, and then perovskite crystals are surrounded with expanded

© pores and separated from each other. In this stage, the spherical precipilates change

their featurcs to the spherical voids. In the step D at 1500 ° C, the veids grow still
more and keep a stable state, where the inner pressure of the voids is assumed Lo be
aimospheric one, because hollandite in the mairix is in the melting condition and

sufltcient malrix soflening occurs.
4.2 Formation Mechanism of New Phases -

The new phases A and X were formed in the specimen SB and SM,
respeciively, alter the heat treatment only at 1500 ° C. The deformed outer zone of
the specimen SM included a large amount of the new phase X, while the inner part
{block) contained a small amount of X (Fig. 12). Any additional phase did not occur
in annealing at 1400 “ {. The formation processes of these new phases are well
explained by the schematic mechanism presented in Fig. 14.

(1} AlzTiOs Phase ("A") in Specimen SB

Hollandite is assumed to be decomposed to ihe phase A, BaO and TiO2 during
the heat treatment at 1500 ° C that is nearly equal to the melting point of the
original phase. When the annealed specimen is guenched, these decomposition
prodicts would be detected {Case 2 in Fig. 14).  Although in slow cooling, almost all
of the decomposition products would recombine to hollandite (Case 1 in Fig. 14). In
the case 2, the peak intensity of hollandite lines in a X—ray diffraction pattern.
would decrease owing to the formaiion of the phase A. Decrease in relative
intensity of hollandite peaks in Fig. 11 supports the present mechanism.  Among the
decomposition products, BaQ may be trapped again in the barium site of another
hollandite cystal, since X~ray diffractometry did not detect that phase.

13y Canli2019 Phase ("X") in Specimen SM

In the deformed outer zone of the specimen SM, the spherical voids escaped
and perovskite agglomerates wouid be formed since the voids included many
perovskite crystals (Fig. 7). During the heat treatment at 1500 " C, hollandiie may
he also decomposed to the phase A, 1340 and Ti0z ‘The phase A would react with
perovskile agglomerales and form the phase X (Case 3 in Fig. 14). This phase
would be easily detected after quenching of the specimen. As the inner part of the
specimen relained ils shape, the voids were still present, which prevenled the

—_ 4 —
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agglomeration of perovskite crystals, Consequently, the limited reaction between
perovskite and the phase A would form only a small amount of the phase X (Fig.
12),

5. Conclusion

Thermal durability of the two kinds of Synroc specimens was cxamined to
develop a new type reactor fuel named "Waste Disposal Possible {WDP) Fuel". The
fuel has two functions of a rector fuel and waste form. The phase composition of
the modified Synroc specimen, designated "SM", was changed to improve the
thermul durability of the reference Synroc specimen, designated "SB". These
specimens were subjected to the heat freatments at 1200 ° € to 1500 ° C.

After annealing of sector specimens at 1400 ° C and 1500 ° C for 30 min in air,
spherical voids were observed in the specimen SM that basically retained its shape,
while no voids were detected in the specimen SB thal was completely deformed.
Average sizes of the voids in the specimen SM were 11 and 28 micrometers at 1504
° ( and 1400 " C, respectively. The voids are assumed to be filled with polyhedral
perovskite crystals of which the average sizes were about 10 and 5 micrometers at
1500 ° ¢ and 1100 ° (, respectively. ‘The formation of voids in the specimen SM
caused the swelling of 18 and 25 % at 1500 ° C and 1400 ° C, respectively. No
detectable deformations in the two kinds of Synroc specimens were observed below
1300 " C.

Further annealing experiments at 1200 ° C and 1300 " C revealed that the
as—Fabricated specimen SM had already included fatent micropores in the spherical
precipitates rich in perovskite. These latent micropores would increase their sizes
when the specimen was softened. Conclusively, it was supposed that the formation
of the spherical voids resulted from the existence of the spherical precipitates in the
as—(ubricated specimen SM.

New phases of Al2TiO5 (Phase A) and CaAli2019 (Phase X) were formed in the
specimens SB and SM, respectively, after the heal treatment only at 1500 ° C. The
phase A is one of the decomposition products of hotfandite, and the phase X comes
from the reaction between the phase A and perovskite, The deformed outer zone of
the specimen SM was richer in the phase X than the inner matrix which retained its
original shape. Softening and degasification, caused the deformation of the outer
zone of the specimen SM, may possibly make perovskite agglomerates and facilitate
ithe reaction described above. '

A homogeneous microstrucfure is inevitable for the prevention of void
formation in Lhe specimen SM al high lemperature, since the precipilates rich i
perovskite contained iatent tiny micropores that caused specimen swelling.
However, homogeneous microstructure and degasilication of an as—fabricated
specimen may bhe achieved by the improvement of preparation process. Ifor
inslance, a convenlional sintering process will make it easy Lo degas a specimen.
By the way, as presented in Appendix 2, the modified Synroc material has relatively
superior thermal properlies, which is the very imporlant fact and gives us un
encouragement to continue the present investigation,  Although the modified Synroc

iaterial is one of promising candidates for WDP fuel, many other characteristics
nced to be examined prior to practical utilization in future.
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agglomeration of perovskite crystals. Consequently, the limited reaction between
perovskite and the phase A would form only a small amount of the phase X (Fig.
12),

5. Conclusion

Thermal durability of the two kinds of Synroc specimens was cxamined to
develop a new type reactor fuel named "Waste Disposal Possible {WDP) Fuel". The
fuel has lweo functions of a rector fuel and waste form. The phase composition of
the modified Synroc specimen, designated "SM", was changed to improve the
thermal durability of the reference Synroc specimen, designated “SB. These
specimens were subjected to the heat treatments at 1200 ° € to 1500 °.C.

After annealing of sector specimens at 1400 ° C and 1500 ° C for 30 min in air,
spherical voids were observed in the specimen SM that basically retained its shape,
while no voids were detected in the specimen SB thal was completely deformed.
Average sizes of the voids in the specimen SM were 11 and 28 micrometers af 1500
° C and 1400 " C, respectively. The voids are assumed to be filled with polyhedral
perovskite crystals of which the average sizes were about 10 and 5 micrometers at
1500 ° ¢ and 1100 ° (, respectively. ‘The formation of voids in the specimen SM
caused Lhe swelling of 18 and 23 % at 1500 ° C and 1400 ° C, respectively. No
detectahle deformations in the two kinds of Synroc specimens were observed below
13060 " C.

Kurther annealing experiments at 1200 ° C and 1300 ° C revealed that the
as—Fabricated specimen SM had atready included latent micropores in the spherical
precipitates rich in perovskite. These latent micropores would increase their sizes
when the specimen was softened. Conclusively, it was supposed that the formation
of the spherical voids resulted from the existence of the spherical precipitates in the
as— [ubricated specimen SM,

New phases of Ai2TiOs (Phase A) and CaAli2019 {Phase X) were formed in the
specimens SB and SM, respectively, after the heal treatment only at 1500 ° €. The
phase A is one of the decomposition producis of hotfandite, and the phase X comes
from the reaction between the phase A and perovskite. The deformed outer zone of
the specimen SM was richer in the phase X than the inner matrix which retained its
original shape. Softening and degasification, causcd the deformation of the outer
zone of the specimen SM, may possibly make perovskite agglomerates and facilitate
ihe reaction described above. '

A homogeneous microstructure is inevitable for the prevention of void
formation in the specimen SM at high lemperature, since the precipilates rich in
perovskite contained iatent tiny micropores that caused specimen swelling.
However, homogeneous microstructure and degasilication of an as—fabricated
specimen may bhe achieved by the improvement of preparation process. for
inslance, a conventional sintering process will make it easy to degas a specimen.
3y the way, as presented in Appendix 2, the modified Synroc material has relatively
superior thermal properlies, which is the very important [act and gives us un
enceuragement to continue the present investigation,  Although the modified Synrec

iaterial is one of promising candidates for WDP fuel, many other characteristics
nced to be examined prior to practical utilization in future.
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APPENDIX Additional Information and Thermal Propertios

Appendix I  Crysial Structures and Phases of Synroc Minerals

Crystal structures of Synroc minerals (perovskite, hollandite and zirconelite)
arc indicated in Fig. A—1. The fundamental unit in the structures is TiOs
ociahedron. Perovskite has a tetragonal structure comprising of the octahedrons
and locates calcium atom at the body center position. In the cases of hollandile and
zirconolite, the structures consist of the combination of octahedral twins or
octahedral puirs. As clearly seen in these structures, the atoms Ca, Ba and Zr are
surrounded with a octahedral chain. In a Synroc waste forms, these afoms are
repiaced with FPs and TRUs. .

Phase diagrams of the minerals are summarized in Fig. A—2. These minerals
are sulficiently stable up Lo their melling points, if their compusitions do nol change.
Porovskite has the highest melting point (around 2000 ° C), while hollandite and
zirconolite have low vatues (around 1500 " C). In these minerals, non- sloichiometrie
regions exist near their melting points, On the other hand, the two cutectic phases
exist in both sides of the perovskite composition in the system CaO-TiO2 (Fig.

.i;"i_\(}}-
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APPENDIX Additienal Information and Thermal Properties

Appendix 1  Crystal Structures and Phases of Synroc Minerais

Crystal structures of Synroc minerals (perovskite, hollandite and zirconolite)
arc indicated in Fig. A—1. The fundamental unit in the structures is TiOe
octahedron. Perovskite has a tetragonal structure comprising of the octahedrons
and locates caleium atom ut the body center position. In the cases of hollandile and
zirconolite, the structures censist of the combination of octahedral twins or
sctahedral pairs. As clearly seen in these struclures, the atoms Ca, Ba and Zr are
surrounded with a octahedral chain. in a Synroc waste forms, these atoms are
replaced with FPs and TRUs, .

Phase diagrams of the minerals are summarized in Fig. A—2. These minerals
are sulficiently stable up to their melling points, if their composilions do pot change.
Perovsikite has the bighest melting point (around 2000 ° C), while hollandite and
zirconolite have low values {around 1500 ° ). In these minerals, non stoichiometric
regions exist near their melting points. On the ofher hand, the two eutectic phases
exist in both sides of the perovskite composition in the system (Ca0-TiO2 {(Fig.
A—3).
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APPENDIX Additional Ynformation and Thermal Propertios

Appendix I  Crystal Structures and Phases of Synroc Minerals

Crystal structures of Synroc minerals (perovskite, hollandite and zirconolite)
arc indicated in Fig. A-1. The fundamental unit in the structures is TiO6
octahedron. Perovskite has a tetragonal structure comprising of the octahedrons
and locales calcium atom at the body center posilion. In the cases of hellandile and
zirconolite, the structures consist of the combination of octahedral twins or
octahedral pairs. As clearly seen in these struclures, the atoms Ca, Ba and Zr are
surrounded with a octahedral chain. In a Synroc waste forms, these afoms are
repiaced with FPs and TRUs, .

Phase diagrams of the minerals are summarized in Fig. A—2. These minerals
are sulfliciently stable up lo their melling points, if Ltheir composilions do nol change.
Porovskite has the highest melting point (areund 2000 ° C), while hollandite and
zirconolite have low vatues (around 1500 ° C). In these minerals, non- stoichtometric
regions exist near their melting points. On the other hand, the two eutectic phases
exist in both sides of the perovskite composition in the system Ca0Q-TiO2 (Fig.
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Appendix 2 Melting Experiments and Thermal Diffusivity Measurements
{1} Melting Experimenis and Resulté

Using the specimens $M and 8B, meiting experiments have been carried out at
about 1200 ° € to 2000 ° C, of which the objectives are to detect thermal arrests and
to examine the formation of additional new phases in heating and cooling processes.

A fline granular sample sel in a crucible of lungsten was heated up to around 2000
"€ at a constant heating rate in a high vacuum, and followed to cooling at the
sume rate afler kept it at the maximum temperature for about 5 min {Lhe specimen
SM). The temperature at the hottom of the crucible was precisely measured by an
infrared - ray thermomelter.

The temperature changes in the specimens SM and SB are indicated in Fig.
A-4. A cyclic change seen in the specimen 5B might come from the variation of
thermal capacity occurred in the system, since a part of sample evaporated from the
crucihle at ahout 1600 ° ¢ and above around 1800 ° € during the experiment. ‘The
specics ovaporated, as shown in Fig. A—5, are composcd of Synroc minerals and an
undefined new—phase, designated "X ". In the specimen SM after heating, on the
other side, no cvaporation did not occur and any new—phase formation was not
observed. The difference in the evaporation phenomena between the specimens SM
and SB implies that the specimen SM has un excellenl thermal durabilily above
around 1500 C, _

As indicated in both specimens (Fig. A—4), the first thermal arrests appear at
about 1400 ° ¢ fo around 1500 ° C. These arrests would result from the melting of
hollandite and zirconolite and also the formation of an eutectic phase rich in TiO2
(see Fig. A—3). Only in the specimen SM, however, the second thermal arrest can
be seen at around 1700 ° C, which is assumed due to the formation ol another
eutectic phase rich in Ca(} with the eutectic temperature of 1740 ° C {Fig. A-23).
This cutectic phase is stable only at this temperature, so that it can not be detected

in the specimen after cooling.
(2) Thermal Diffusivity Measurements and Results

Thermal diffusivities of the specimens SM and SB were measured af RT to
1100 ° C with an interval of about 200 ° C. A measuring procedure is presented in
Fig. A—6. The experimental specimens were the disk of about 3 mm in diameter
and around 1 mm in length.

The data of thermal diffusivities for both specimens are shown in Fig. A-7. ‘
The diffusivily of the specimen SM is greater than that of SB by factory ol about 40
% and about 10 % in lower and higher temperature regions, respectively. Such an
excellent thermal diffusivity of the specimen SM might come from the high content
of perovskite in the specimen, because perovskite has superior thermal diffusivity in

Synaroc minerais.



Table 1T Measured Densities and Calculated Phase Compositions
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of Specimens SM and 5B

Element Content {w/o)

Specimen Density (g/cc)
Perovskite | Hollandite | Zirconolile Rutile
Modil. Synroc SM 4,152 6o 30 10 -
Ref. Syoroc SB 4.230 20 30 30 20

Tahle 2 Data Summary for Heat Treatment Experiments in Specimen SM

Heat Treatment | Density Swelling Perovskite Spherical Void
Temperature #cc vio Grain Size Av. Size  Occu. Rate
C Lom ILm %
1500 3.53 18 10 4] 23
1400 3.31 25 5 28 |
1300 4.65 2 1 -——= -—=
1200 4,13 ——— 1> ——— -
Before Healing 4.15 -- 1> -- -

* Oceu. Rate.....Rate of area occupied with voids
* Heating time : 30 min.
¥ Density....Immersion method .
* Swelling...Calculated by density change ( No weight change )
* Spherical void : Obtained by image analyses

* Atmosphere : Air— 1 atm condition
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Fig. 1 Preparation Process of Specimens
Specimen SH Specimen $B

As [abricated

For heat treatment

Fig. 2 Qutside Views of As—Fabricated Specimens 5M and 5B
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1460

Fig. 5 Qulside Views of Specimen SM after Heat Treatments
at 1506 C (A) and 1400 € (B)

3
=)

Macroscopie Feature and Spherical Voids in Specimen SM
alter Heat Treatment at 1500 C
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Fig. 7 Enlarged Feature of Two Types of Spherical Voids A and B
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Fig. 8 Macroscopic Feature (A} and Spherical Void (B) in Specimen 5M
after Heat Treatment at 1400 C

Fig. 8 Micropores in Spherical Precipitates of Specimen SM
after Heat Treatment at 1200 C
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Fig. 10

Pores in Specimen SM sfter Heat Treatment at 13068 C
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