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abstract

Melting of the mixture of Nd2O3, CeO2, SrO, TiO2 and A12O3 at 1673K for 1 hour

produced one RE2T13O9 phase compound. Differential Scanning Calorimetry(DSC)

measurement showed that the melting temperature of this compound was 1646K.

Density of the alumina doped oxide was higher than that of the oxide obtained by the

pressing and sintering without alumina. Vickers hardness of the oxide obtained by the

pressing and sintering was 5.3GPa and nearly same as that of glass waste. That of the

alumina doped oxide was around 7 GPa. 7 days Soxhlet leach test(MCC-5) followed by

Inductively Coupled Plasma Spectrometry(ICP) showed that normalized leaching rate of

Ti for the oxide obtained by the pressing and sintering was 5.54x103 kg/m2 and that for

the alumina doped oxide was 2.24x103 kg/m2. The value of Sr for the pressed and

sintered sample was 0.034x10 3kg/m2 but that for alumina doped sample was below the

detection limit (0.01x10 3kg/m2). Al was not detected from the leachate of the alumina

doped sample.

1. Introduction

Processes for producing of ceramic waste forms usually involve several treatments

such as pulverization and mixing of starting materials, pressing with high pressure and

sintering at high temperature. If ceramic waste is produced by melting, the process

becomes simple, and ceramic waste forms can be produced more continuously as glass

waste forms. However, the melting temperatures of ceramic waste forms, especially, the

complex oxides of rare earth element (RE) or transuranium element(TRU) and Zr, Al or

Ti as a host material are usually much higher than the melting temperature of glass
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waste forms. We found that some RE-Ti complex oxides with RE2Ti3O9 phase melt up to

1673K by doping alumina. In the present study, the phase stability of alumina doped

RE-Ti-0 systems and the variation of melting temperature of the complex oxides with

composition were studied. Properties of the oxides as a waste forms were measured.

2. Experimental

The starting materials were commercially supplied AI2O3, ZrO2, CeO2, Nd2C>3, SrO,

TiN (from Nacalai Tesque) and TiO2 (from Kanto Kagaku), all in powder form and of

purity exceeding 99.9%. The starting mixtures were prepared by mixing in an agate

mortar.

The staring mixture without alumina was further ball milled by Fritsch planetary

micro mill pulverizer 7 for 5 hours and pressed in to a pellet at 60MPa. The pellet

sample was put in an alumina boat inserting a molybdenum sheet between them. The

boat was instead in an alumina reaction tube and then heated by a SiC heater electric

furnace. The starting mixture with alumina was put in a ZrO2 crucible and heated by a

Nagano-Keiki carbon heater furnace. The temperature of samples was raised to 1673 K

in 5 hours, maintained at the temperature for a desired period and then cooled to room

temperature in 5 hours in the both furnaces. The treatments were done in flowing argon.

Phases of the reaction products were identified by X-ray diffraction. The X-ray

diffraction was performed with Cu-K a radiation on a Rigaku rad r-A diffractometer

equipped with a curved graphite monochromater. The distribution of elements in the

reaction products was studied by Electron probe micro analysis (EPMA) using Topkon

MINI-SEM 100 and Horiba EMAX-8000 units.

The melting temperature induced on a lOmg sample by heating at a rate 25K/min in

flowing argon was monitored by differential scanning calorimetry(DSC), using MAC

Science DSC-3000 system.

Samples were cut using a diamond impregnated saw and polished with emery papers

and a diamond paste had a geometric surface area of 540-600 mm2. Chemical durability

was estimated by the Soxhlet leach test(MCC-5) method[l] followed by the analysis of

the leachate by Inductively Coupled Plasma Spectrometry( ICP-ES) method by Shimazu
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ICP - 7500. The leaching test was performed in distilled water at 337 K for 7 days, in

accordance with the procedure of MCC-5. After 7 days, the sample and the leachate

were separated. The sample was washed with deionized water and was dried to constant

mass in a 383 K oven and weighed.

Density(d) was measured by the method of Archimedes using Wardon Pycnometer

supplied by Shibata scientific tec. ltd. The Vickers hardness measurement was carried

out using MHT-1 micro Vickers hardness tester supplied by Matsuzawa seiki co. ltd.

3. Results and discussion

ZrO2 as well as TiO2 has been well studied as an host material for solidification of

rear earth elements and transuranium elements. Although there are some similarities

between chemical behavior of Zr and Ti, the morphology of complex oxides of RE-Ti-O

systems are different from that of RE-Zr-O systems. The candidate compounds as waste

forms of ZrO2 and Nd, Ce, La oxides, which have high fission yields and sometimes are

used instead of TRU oxides, are pyrochlore Nd2Zr2O7, Ct^Lr2O7 and La2Zr2O7. TiO2

forms pyrochlore type oxides with Gd, Sm, Dy oxides but does not form pyrochlore

complex oxides with Nd, Ce, La oxides. In order to clarify the phase stability of RE-Ti-O

systems, some experiments were carried out.

The composition of the sample and identification of the product are summarized in

table 1 and 2, respectively. In runs Nos. 1-3, Nd2O3 and TiO2 were mixed in the way that

Nd/Ti equals 2/3. Monoclinic Nd2Ti2O7 was produced but the major phase was Nd2Ti3O9

(denoted as RE1T13O9 )even after 80 hours of reaction periods. In runs Nos. 4-6, CeO2

were additionally mixed in the starting mixtures in the way that (Nd+Ce)/Ti equals 2/3.

4%-H2 gas was used in run NO.S and the desired amount of TiO2 was substituted by

TiN in run N0.6 in order to reduce CeO2 to Ce2O3. RE2T13O9 was also the major phase.

Since RE^TisOg phase is easily produced in RE-Ti-O systems, the pure RE2Ti3O9 phase

was tried to produced. In runs Nos.7-9 the starting samples were mixed in the way that

(RE+(AE))/Ti equals 2:3.

The existence of REsTijOs phase has not been reported in phase diagram [2] and the

crystal structure has not been clarified in detailed. But Lenouv et al. [3] reported the
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existence of this type compounds in La-Ti-O and Nd-Ti-O systems as an secondary

phase and they suggested that the crystal structure was peroveskite. Richard et al.[4]

also reported that Nd2Ti3O9 was produced as an intermediate phase by the dehydration

of layered perovskite Na2Nd2Ti3Oio and that the structure of the compound was 14/mmm

with a=3.8334 and c=24.363A. However they also suggested that the real symmetry was

less than 14/mmm. The X-ray diffraction pattern for the RE2T13O9 phase obtained in the

present study(run No.9) is shown in Fig.l. As shown in this figure, it is found that the

pure RE2T13O9 which could be indexed as an peroveskite with a= 3.89A was obtained.

The study on the detailed crystal structure of this compounds is in progress.

During the course of the producing pure material, a RE2Ti3O9 sample was heated in

alumina boat without molybdenum sheet accidentally and the reaction product was

spread out in the alumina boat suggesting that the sample melted at 1673K. In order to

clarify the effect of the alumina addition to the melting temperature of the RE2T13O9

phase some RE2T13O9 phases with several alumna contents were produced and melting

temperature was measured.

The composition of the starting material are shown in table l(runs Nos.10-12) and

the results of the identification and DSC measurements are shown in table 2. The X-ray

diffraction patterns are shown in Fig.2 The RE2T13O9 phase with 5wt% of alumina did

not melt up to 1673K but the further addition of alumina caused the melting

temperature below 1673K. And the melting temperature decreased with increase

alumina content from the DSC measurements of the products runs NO. 11 and 12. This

further addition cause the production of Al2Ti7Ois phase as a tracer as shown in Fig.2.

As the content of the Al2Ti7OiS in the products was considered to increase with

alumina content of the starting mixture, judging from the X-ray diffraction patterns, the

properties as an waste form of RE2Ti3O9 with 10wt% alumina(run No.ll) as well as pure

RE2T13O9 phase without alumina obtained by the pressing and sintering(run No.9) were

measured.

Density, hardness and reachability are summarized in table 3. The relative density

calculated from the composition, lattice constant and measured density of sintered

RE2Ti3O9 phase was 60.1% and that of melted RE2T13O9 phase was 90.7%. Since the

phase and the composition of the both samples are nearly the same the increase in
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density may be caused from the decrease in number or size of pore in the melted sample.

However, the SEM observation of the polished samples did not elucidate the difference

in the morphology of the surface. The observation of the fracture surface may be

necessary.

Vickers hardness of sintered sample and melted sample were 5.3GPa and 6.9 GPa.

The hardness of the sintered sample was in the same order as that of glass wastes [5] and

relatively smaller than that of ceramic wastes. But the hardness of the melted sample

was compatible to that of Synoc or the ceramic waste[5]. It was not clear whether this

increase in hardness was caused by the morphological change or the intrinsic properties

of the Al doped compounds.

The normalized reaching rates of Ti for the sintered sample was 5.54x103 kg/m2 and

that for the melted sample was 2.24x103 kg/m2. The value of Sr for the sintered sample

was 0.034x1 O^kg/m2 but that for melted sample was below the detection limit

(0.01x10 3kg/m2). Al was not detected from the reachate solution of the melted sample.

The value for Sr of the sintered sample was one order smaller than that of glass waste[5],

but the all reachability values except that of Al were slightly higher than those of

ceramic wastes or Synroc[5]. The results may be caused by using geometric surface of

melted samples containing several pores in Soxhlet leach test in the present study. The

difference in leachiability may be considered to result from the difference in the

chemical properties of the both compounds. SEM observation of the both samples after

the reaching test showed that the surface of the sintered sample degraded more than

that of the melted sample.

The properties of the sintered RE2Ti3O9 phase were confirmed. And it was also found

that melted RE2Ti3O9, which could easily produced by melting at 1673K, had superior

properties as an waste than that of sintered RE2Ti3O9.

4.Conclusions

Melting of the mixture of Nd2O3, CeO2, SrO, TiO2 and A12O3 at 1673K for 1 hour

produced one RE2Ti3O9 phase compound. The melting temperature of this compound

was 1646K. Density of the alumina doped oxide was higher than that of the oxide
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obtained by the pressing and sintering without alumina. Vickers hardness of the oxide

obtained by the pressing and sintering was 5.3GPa and that of the alumina doped oxide

was around 7 GPa. Normalized leaching rates of Ti for the oxide obtained by the

pressing and sintering was 5.54x103 kg/m2 and that for the alumina doped oxide was

2.24x103 kg/m2. The value of Sr for the pressed and sintered sample was 0.034x1 O^kg/m2

but that for alumina doped sample was below the detection limit (O.OlxlO^kg/m2). Al

was not detected from the leachate of the alumina doped sample.

The properties of the sintered RE2Ti3O9 phase were confirmed. And it was also found

that melted RE2Ti3O9, which could easily produced by melting at 1673K, had superior

properties as an waste than that of sintered RE2Ti3O9.
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Run
No.

1

2

3

4

5

6

7

8

9

10

11

12

Table 1 Composition

Reaction system

Time, atmosphere

Nd-Ti
5h ,Ar-flow

Nd-Ti
40h ,Ar-flow

Nd-Ti
80h ,Ar-flow

Ce-Nd-Ti +TiN
5h ,Ar-flow

Ce-Nd-Ti
5h ,4% H2+Ar

Ce-Nd-Ti
5h ,Ar-flow

Ce-Nd-Ti +TiN
5h ^Vr-flow

Ce-Nd-Sr-Ti +TiN
5h ,Ar-flow

Ce-Nd-Sr-Ti
5h ,Ar-flow

Ce-Nd-Sr-Ti +A12O3 5wt%
3h ,Ar-flow

Ce-Nd-Sr-Ti +A12O310wt%
3h ,Ar-flow

Ce-Nd-Sr-Ti +Al2O320wt%
3h ^r-f low

of the samples

Composition(mol%)

CeO2

-

-

-

27

27

27

22

14

16

15

14

12

Nd2O3

33

33

33

13

13

13

11

7

8

8

7

6

SrO

-

-

-

-

-

-

-

14

16

15

15

12

TiO2

67

67

67

53

60

60

61

61

60

56

53

46

TiN

-

-

-

7

-

-

6

4

-

-

-

-

A12O3

-

-

-

-

-

-

-

-

-

6

11

23
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Table 2 Identificatin of the products

Run
No

1

2

3

4

5

6

7

8

9

10

11

12

Reaction system

Time, atmosphere

Nd-Ti
5h ,Ar-flow

Nd-Ti
40h ,Ar-flow

Nd-Ti
80h ,Ar-flow

Ce-Nd-Ti +TiN
5h ^r-flow

Ce-Nd-Ti
5h ,4% H2+Ar

Ce-Nd-Ti
5h ,Ar-flow

Ce-Nd-Ti +TiN
5h ,Ar-flow

Ce-Nd-Sr-Ti +TiN
5h ,Ar-flow

Ce-Nd-Sr-Ti
5h ,Ar-flow

Ce-Nd-Sr-Ti +A12O3 5wt%
3h ,Ar-flow

Ce-Nd-Sr-Ti +A12O310wt%
3h ,Ar-flow

Ce-Nd-Sr-Ti +Al2O320wt%
3h ,Ar-flow

Major
phase

REjTbOs

REjTiaOi,

RE2Ti3O9

RI^TiaC^

REjTUOs

RI^TisOs

RE2Ti3O9

REzTisOp

REzTbOs

Al doped
RE2Ti3O9

Al doped
RE^TiaOp

Al doped
REiTiaOp

Minor phases

Nd2Ti2O7Nd2TiO5,Nd2O3

Nd2Ti2O7,Nd2TiOs,Nd2O3

Nd2Ti2O7,Nd2TiOs,Nd2O3

Nd2Ti207 ,Ceo 75Ndo 2 SO, 87s

Nd2Ti207,Ceo7sNd0^Oi87S

Nd2Ti2O7,Ce« 7SNdo J SOi 875

Al2Ti7O15

Al2Ti7Ois

Melting
temp

(K)
X

X

X

X

X

X

X

X

X

X

o
(1646)

O
(1613)

x : Products were not melted

O : Products were melted
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Table 3 Properties of the RE2Ti3O9 samples as an waste

Sample

REjTijO, without A12O3

REzTijOs with A12O3

Density
(g/cm3)

3.24

4.89

Relative
density (%)

60.1

90.7

Hardness
(kg/mm2)

523

690

Leachability(kg/m2 x 103)
Sr

0.03

<0.01

Ti

5.54

2.24

Al

<0.01

I
Ol

en
2
o
o

VO

O

o
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O RE2Ti,O9

O

o o
A

o
o L

30 40 50 (26)

Fig. 1 X-ray diffraction pattern for the product(run No.9)
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O
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O
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O RE2Ti309
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O o

L
30 40 50 (26)

(C)

o

O RE2Ti309

• AI2Tir015

O

o A_
30 40 50 (26)

Fig.2 X-ray diffractin patterns for RE2Ti3O9 phase with (a)
5wt% AI2O3, (b)10wt% AI2O3 and (c)20wt% AI2O3.
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