@@ s
B

JP0650673

Fabrication and Characterization of °Li-enriched Li.TiO;

Pebbles for a High Li-burnup Irradiation Test

Kunihiko TSUCHIYA and Hiroshi KAWAMURA

Blanket Irradiation and Analysis Group
Fusion Research and Development Directorate

October 2006

Japan Atomic Energy Agency | BHZARRFHIFTRFEEE




AL A= AR RS TR SRR BT,

AUH— FOAFWRCEHHFIAICET 2 BEV b, FTid CCBlyabeE T,

B, BUF— ORI AARFF IR EE R — 53— (http'//www.jaea.go.jp/index shtml)
LVOREESNTOES, OENBEEAR T HUFSEEY 7 — TR ERIC L 5 BB 2o
TBYVET,

T319-1195 KRR IRBIERBIER 5 IR 2 Fih 4
B AR T4t FE R FE A ' FRBAE R AFFe B I R
BT 029-282-6387, Fax 029-282-5920

*T319-1195  FRBURIRETERHEA 105 AR 2 B 4 B AR S WFSCBA S

This report is issued irregularly by Japan Atomic Energy Agency

Inquiries about availability and/or copyright of this report should be addressed to
Intellectual Resources Section, Intellectual Resources Department,

Japan Atomic Energy Agency

2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5901

© Japan Atomic Energy Agency, 2006




JAEA-Technology 2006-047
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Lithium titanate (Li,TiO;) pebbles are considered to be a candidate mgterial of tritium breeders
for fusioh reactor from viewpoints of easy tritium release at low temperatures (about 300°C) and
chemical stability. In the presént study, trial fabrication tests of ®Li-enriched Li,TiO; pebbles of Imm
in diameter were carried out by a wet process with a dehydration reaction, and characteristics of the
®Li-enriched Li,TiO; pebbles were evaluated for preparation of a high Li—bilmup test in a testing
reactor. Powder of 96at% °Li-enriched Li,TiO; was preparéd by a solid state reaction, and two kinds of
®Li-enriched Li,TiO; pebbles, namely un-doped and TiO,-doped Li,TiO; pebbles, were fabficated by
the wet process. Based on results of the pebble fabrication tests, two kinds of °Li-enriched Li,TiO;
pebbles were successfully fabricated with target values (density : 80-85%T.D., grain size : <5um,
- diameter : 0.85-1.18mm). Physical, chemical and mechanical properties of these pebbles were élsd
evaluated before neutron irradiation tests. Sphericity of these Li,TiO; pebbles was a satisfying value of‘
about 1.05. Contact strength of these pebbles was about 6300MPa, which was almost the same as that
of the Li,TiO; pebbles with natural Li.

Keywords: Lithium Titanate (Li,TiO;), Fusion Reactor, Breeding Blanket, Tritium Breeder, Wet
Process, Irradiation Test, Characterization
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1. Introduction

Recently, lithium titanate (Li,TiOs) has attracted attention of many researchers from viewpoints of
easy tritium release at low temperatures (~300°C), chemical stability and low tritium inventory [1-3]. A
small Li,TiO; pebble is selected in the Japanese [4] and European [5] designs of the fusion blanket. As
the fabrication method of Li, TiO; pebbles, the wet process is the most advantageous from viewpoints of
mass fabrication and lithium recycling [6-7]. '

Irradiation damage and tritium breeder ratio (TBR) of Li,TiO; pebbles with a structure of a DEMO
breeding blanket were evaluated by the calculation codes (the MCNP code, etc.) [8]. Accdrdjng to the
calculation results, Li-burnup of Li,TiO; pebbles was about 20% in DEMO conditions. However,
characterization of L1, TiO; pebbles has not been performed in high Li-burnup irradiation tests. Therefore,
an irradiation test with post-irradiation examinations (PIEs) of Li,TiO; pebbles and pellets have been
carried out in Kazakhstan National Nuclear Center as a project (K-578) of the International Science and
Technology Center (ISTC) between 2002 and 2008 [9]. _

In the present study, trial fabrication tests of *Li-enriched Li,TiO; pebbles of Imm in diameter were .
carried out by the wet process with a dehydration reaction, and characteristics of these pebbles were

evaluated before a high Li-burnup irradiation test.
2. Experimental

2.1. Preparation of SLi-enriched Li,TiO; powder
Powder of 96at% °Li-enriched Li,TiO; was prepared by a solid state reaction between °Li-enriched
lithium carbonate (Li,COs) and titanium oxide (TiO;) powders. The reaction for preparation of the

Li,TiO; powder is expressed by Eq.(1).
°Li,CO5 + TiO, =°Li,TiO ; + CO, 1)

Each powder (Li,CO; and TiO,) was mixed, and the mixed powder was pulverized in a ball mill
using ethanol. After drying, the mixed powder was reacted in air at 700~800°C for 24 h. Afier the
reaction, the powder was pulverized again in ethanol, and was reacted in air at 900°C for 4 h. This °Li-
enriched Li,TiO; powder was pulverized by a jet mill after the reaction. Chemical compositions of the
SLi-enriched Li,CO; powder and the TiO, powder are shown in Table 1 and Table 2, respectively.

Crystal structure of the °Li-enriched Li,TiO; powder was analyzed by X-ray diffractometry (XRD),
and particle size was measured by a laser diffraction method. Impurities were analyzed by atomic
emission spectrometry with inductively coupled plasma (ICP-AES), atomic absorption spectoroinetry
. (AAS) and ICP-Mass Spectrometer (ICP-MS). Enrichment of °Li for this powder was also measured
by ICP-MS.
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2.2 Fabrication of °Li-enriched Li,TiO; pebbles

‘Pebbles of un-doped Li; TiO; and TiO,-doped Li, TiO; were fabricated using °Li-enriched lithium by
the Wet process with a dehydration reaction. The TiO, powder was added for suppression grain growth
during sintering. A flow chart for the fabrication process is shown in Fig.1. This procedure includes a
fabrication process of gel-spheres, and subsequent dropping, drying, calcination and sintering processes,
~as follows. :

1). Fabrication of gel-spheres: a liquid mixture was prepared from °Li-enriched Li,TiO; powder, -
TiO, powder, polyvinyl-alcohol (PVA) and water. The mixture was dropped through the nozzles
into acetone. At this time, the liquid mixture changed by itself to spheres due to its surface tension,
and the spheres were gelled in acetone by a _dehydration reaction. Thereafter, the gel-spheres were
dried in air. ‘ ,

2)  Calcination of gel-spheres: The dried gel-spheres were calcined at 600°C in air to remove PVA, .
and low-density Li,TiO; pebbles were fabricated. ,

3)  Sintering: The low-density Li,TiOs pebbles were sintered at 1000-1300°C in air to increase their
density. o

Characteristics of the un-doped Li,TiO; pebbles and the TiO.-doped Li, TiO; pebbles were evaluated.
Density of the Li,TiO; pebbles was measured by mercury 'porosi'metry. Microstructure was
observed by scanning electron microscopy (SEM) and a photographic analysis equipment. The crystal
structure was analyzed by XRD. Impurities in the Li,TiO; pebbles were measured by ICP-AES, AAS
and ICP-MS. Enrichment of °Li for the Li,TiO; pebbles was also measured by ICP-MS. Collapse loads
of the Li,TiO; pebbles were measured with an unconfined compression tester having a compression

indenter made of SiC.
3. Results and Discussions

3.1 Preparation of *Li-enriched Li, TiO; powder

Surface appearance and particle size distribution of the *Li-enriched Li,TiO; péwder are shown in
Fig.2 and Fig.3, respectively. The average particle size of this powder was about 0.72 um. An XRD
pattern of the °Li-enriched LizTiog powder is shown in Fig4. Detected X-ray diffraction peaks of the
powdér were corresponded with the diffraction peaks of Li, TiOs, and no diffraction peaks of Li,CO; and

TiO, were detected. Chemical composition of the °Li-enriched Li; TiO; powder is shown in Table 3.

3.2 Fabrication tests of “Li-enriched Li,TiO; pebbles

In the first examination, the relationship between the content of Li, TiO; powder in the mixture liquid
and the diameter of the fabricated pebbles was studies, where Li.TiO; powder containing Li with natural
abundance (7.5at%) of °Li (average particle size : 0.62um) was used {10].'In this test, content of PVA
was selected as Swi%. The result is shown in Fig.5. The pebble diameter incrcased with increasing the

content of Li,TiO; powder. Since the Li,TiO; pebbles of 1mm in diameter have a target diameter range

._2....
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of 0.85 to 1.18mm, the content of Li,TiO; powder in the liquid mixture was selected as 25+ 5wt%,
corresponding to this target diameter range. The fabrication of Li,TiO; pebbles with 1mm in diameter
was tried with 96at% °Li-enriched Li,TiO; powder (average particle size : 0.72um). The result is also
shown in Fig.5. The diameter of these pebbles (96at% °Li-enriched) was 1.00 mm for a selected Li, TiO;
content of 25wt%.

In the second examination, the relationship between the si-ntering temperature and the pebble density
was studies. Mixed powder of 96at% “Li-enriched Li,TiO; and TiO, (purity : 99.99%, particle size : 0.2-
2um) was used in this test. Contents of PVA and Li,TiO; powder were 5 and 25%, respectively. The
pebble density increased with increasing the sintering temperature. The density of 5mol% TiO,-doped
Li,TiO; pebbles was larger than that of un-dbped Li,TiO; pebbles sintered at the same temperature. Since
the un-doped Li,TiO; pebbles and the TiO,-doped Li,TiO; pebbles have a target density in the range of
80 to 85%T.D., the sintering temperatures for the target density were selected as 1200°C for the un-
- doped Li, TiO; pebbles and 1150°C for the Smol% TiO,-doped Li,TiO; pebbles, respectively. Fabrication
of Li,TiO; pebbles with 1 mm in diameter was tried with the 96at% °Li-enriched Li,TiO; powder, and

the result is shown in Fig.6.

33 Charécterization of *Li-enriched Li,TiO; pebbles _ »

Characteristics of the un-doped and the TiO,-doped Li, TiO; pebbles with °Li-enriched lithium are
summarized in Table 4. Results of XRD in Fig.7 indicate that the detected diffraction peaks of the
fabricated pebbles correspond to those of L1, TiO;. ' '

Photographs of the Li, TiO; pebbles and the Smol% TiO,-doped Li,TiO; pebbles are shown in Fig.8.
Each pebble was sifted through screens of 0.85 and 1.17 mm, and average diameters of the Li;TiO;
pebbles and the 5mol% TiO:-doped Li;TiO; pebbles were 1.00 and 0.99 mm, respectively. Diameter
distributions of °Li-enriched Li, TiO; pebbles and 5mol% TiO,-doped Li, TiO; pebbles are shown in Fig.9.
Sphericity of the Li,TiO; pebbles, which is the ratio of the longest diameter to the shortest diameter, was
less than 1.05. This value is satisfactory at this stage. Densities of the Li,TiO; pebbles and the TiO.-
doped Li,TiO; pebbles were 84.2 and 82.2%T.D., respectively; they were well controlled within the
target range by adopting the wet process with a dehydration reaction.

SEM photographs and analytical photographs of these pebbles are shown in Fig.10, and grain sizes
of the *Li-enriched Li,TiO; pebbles calculated with the analytical photograph were less than Spm.

The contact strength was evaluated by Hertzian contacf theory [11]. The average strength of the
Li,TiO; pebbles and the Smol% TiO,-doped Li,TiO; pebbles were 6.5x10° and 6.2x10° MPa,
respectively. The contact strength of these °Li-enriched pebbles was the same as that of Li;TiO; pebbles
with natural Li, and was independent of ®Li enrichment. Finally, impurities of these pebbles are shown in
Table 5. In these elements, impurity sodium was detected in large amounts. The cause of this result is

thought to be that sodium in PVA remained in the fabricated pebbles.
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4. Conclusions

The present study revealed the relationship between the content of Li,TiO; powder in the mixture
liquid and the pebble diameter, as well as that between the sintering temperature and the pebble density.
The pebble diameter and the pebble density were well controlled in the target ranges by the wet process.
Based on the results, the un-doped Li,TiOs pebbles and the TiO,-doped Li,TiO; pebbles with the target
values (density : 80-85%T.D‘, grain size <5Sum, diameter : 0.85-1.18mm) were successfully fabricated by
the wet process. The sphericity was satisfying value of less than 1.05.

The °Li-enriched Li;TiO; pebbles and the TiO,-doped, °Li-enriched Li,TiO; pebbles have been
irradiated in a material testing reactor, and characterization of these pebbles has been made under

neutron irradiation. The results will be described elsewhere.
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Table 1 Chemical composition of ®Li-enriched Li,CO; powder.

Purity 99.45%

- Elements’ Ca Na o K Mg B Co
Content (wt%) <0.01 <0.005 <0.01 <0.0005 <0.602 <0.00005
Elements Al Zr Fe - U
Content (wt%) 0.0050  <0.0001  0.0005 -

SLi enrichment 96at%
' Table 2 ‘Chemical composition of TiO, powder.
Purity 99.96%
Elements ALO, Fe,0; Si0, P,0s Na,O Sb,0s
Coﬁtent (wt%) | 0.004 0.0022 0.016 0.000 0.003 0.0600
~ Elements V205 Nb,Os Ni Cr,0; Ca0O As
Content (wi%) ~ 0.0001 0.001 0.0002 0.0005  0.009 0.0001
Elements Pb Zn K0 so, « C
Content (wt%) 0.0000  0.0001 0.000 0.00 ©0.002 0.05
Table 3 Chemical composition énd ®Li-enrichment of Li,TiOs powder.

" Elements Ca Na K | .Mg | B Co
Content (wt%) <0.01 0.011 <0.000 1 <0.0001 <0.01 0_0021
Elements Al Zr Fe | U

Content (wt%) . 0.0050 <00001 00061  <0.0001
SLi enrichment 9%6at%
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Table 4 Characteristics of *Li-enriched Li, TiO; and TiO,-doped SLi-enriched Li, TiOs pebbles.

Measured values

Properties Omol%TiO, 5mol%Ti0, Measuring method
®
*Li-enriched Li;TiO, | °Li-enriched Li,TiO,
Density 84.2 %T.D. 82.2%T.D. Liquid Immersion
Method (Hg)

SLi enrichment 96 at% - 96 at% ICP-MS Analysis
Pebble diameter 00.85 - 1.18 mm 00.85 - 1.18 mm Sieve Classification
(01.00 mm av.) (©0.99 mm av.)

Sphericity 1.05 1.05 Photograph
Grain size 4.0 ym av. 2.8 um av. ‘ SEM observation
Contact strength 6.5%x10° MPa 6.2x10° MPa - Collapsed load test

Table 5. Impurities in *Li-enriched Li,TiO; pebbles and TiO,-doped °Li-enriched Li, TiOs pebbleé.

Contents (wt%)
Elements Un-doped 5mol%Ti0;
®Li-enriched Li, TiO, ®Li-enriched Li,TiO,

Li 11.5 109
Ti 44.5 440

Ca <0.01 <0.01
Na 0.014 0.017

K . <0.0001 <0.0001
Mg 0.0005 0.0004
‘B <0.01 <0.01
Co 0.0032 70.0028
Al 0.0085 0.0058
Zr 0.0003 0.0002
Fe 0.0066 0.0055

U <0.0001 <0.0001
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Fig. 1 Flow chart of fabrication of Li,TiO; pebbles by the wet process with a dehydration reaction.
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(1) L1, TiO3 pebbles (un-doped) (2) 5mol%TiO,-doped Li,TiO; pebbles

Fig. 8 Photographs of 6Li-emriche:’d Li, TiO; pebbles.
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Fig.9 Distributions of pebble diameter of SLi-enriched Li, TiO; pebbles.
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Fig.10  SEM and analytical photographs of ®Li-enriched Li, TiO; pebbles.
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Appendix A: Preparatibn of °Li-enriched Li, TiO; pellets

A-1. Introduction

An irradiation test with post-irradiation examinations of Li,TiO; pellets has been carried out in
Kazakhstan National Nuclear Center as a regular project (K-578) 6f the International Science and
Technology Center (ISTC) between 2002 and 2008. This appendix describes preparation of °Li-enriched
Li,TiO; pellets carried out by a cold pressing/sintering process, and characteristics of these pellets

evaluated before the high Li-burnup irradiation test.

A-2. Experimental

Pellets of Li,TiO; and TiO,-doped Li,TiO; were fabricated for measurement of swelling, tritium
release and thermal properties.

Powder of °Li-enriched Li,TiO; was prepared by a solid state reaction between °Li-enriched lithium
carbonate (Li;COs) and titanium oxide (TiO,) powders. Characteristics of the °Li-enriched Li,TiOs
powder were the same as those of the powder for pebble fabrication. The preparation flow chart of the
Li, TiO; pellets is shown in Fig.A-1, and main steps are as follows: 7 '

1) Preparation of powders: mixing of the starting materials (Li,TiO; and TiO, powders), drying
and sieving.
2) Fabrication of pellets: cold pressing and sintering.

Un-doped Li,TiO;, 5mol%TiO,-doped Li,TiO; and 10mol%TiO,-doped Li,TiO; pellets were
fabricated. The dimension of these prepared pellets was 8 mm in diameter and 2 mm in thickness.
Density of the un-doped Li;TiO; and the 10mol%TiO,-doped Li,TiO; pellets was 83x2 %T.D. Densities
bf the 5mol%TiO,-doped Li,TiO; pellets were 78+2, 83+2 and 88+2 %T.D. for different production
batches. The crystal structure of the °Li-enriched Li, TiO; pellets was analyzed by XRD and particle size
was measured by SEM observation. Impurities were measured by ICP-AES, AAS and ICP-MS. °Li
enrichment of these pellets was also measured by ICP-MS.

A-3. Results

The relationship between the sintering temperature and the density of the pellets was studies with the
96at% °Li-enriched Li, TiO; powder and the TiO, powder (purity : 99.99%, particle size : 0.2-2um). The
result of this test is shown in Fig. A-2. Contents of the binder were 0 and 2.5%. The sintered density -of
the pellets increased with increasing the sintering temperature. The density of the TiO,-doped Li,TiO;
pellets was larger than that of un-doped Li,TiO; pellets sintered at the same temperature.’

Characteristics of ®Li-enriched Li,TiOs; pebbles and TiO,-doped ®Li-enriched Li,TiO; pebbles are
summarized in Table A-1. Results of XRD in Fig.A-3 indicate that the detected diffraction peaks of the
fabricated pebbles correspond to those of Li;TiOs.

Photographs of Li,TiOs, 5mol% TiO,-doped Li,TiO; and 10mol% TiO,-doped Li,TiO; pellets are
shown in Fig.A-4. A SEM photograph of these pellets are shown in Fig.A-5, and grain sizes of SLi
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enriched Li,TiO; pellets were less than 2pm.

A-4. Conclusions
Based on these fabrication tests, the °Li-enriched Li,TiOs and the TiO,-doped °Li-enriched Li; TiO;
pellets with the target values (density : 80-85%T.D., grain size <5Sum) were successfully fabricated by
the cold pressing/sintering process.
The ®Li-enriched Li,TiO; and the TiO,-doped SLi-enriched Li, TiO; pellets have been irradiated in a

material testing reactor, and characterization of these pellets has been made under neutron irradiation.

— 14—
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Table A-1 Characteristics of *Li-enriched Li,TiO; and TiO,-doped °Li-enriched Li,TiO; pellets.

Properties Measured values Measuring method
Density 78 - 88 %T.D. Calqulatlon from measured values
by size and weight
- Li enrichment 96at% ICP-MS

TiO, doping 0,5 and 10 mol%

Diménsion 28x2 mm Measurement by micrometer
Crystal structure (see Fig. A-2) XRD Analysis

Grain size ~1.5um SEM observation

Chemical composition

(see Table A-2)

| ICP-AES, ICP-MS, AAS

Table A-2. Impurities in °Li-enriched Li,TiO; and TiO,-doped °Li-enriched Li, TiO; pellets.
. (Unit: wt%)
Un-doped Smol% 5mol% 5mol% 10mol%
Li,TiO, ~ TiO,-doped TiO,-doped TiO,-doped TiO,-doped
Elements Li, TiOs Li, TiO; Li,TiOs Li,TiO;
83%T.D. 78%T.D. 83%T.D. 88%T.D. 83%T.D.
Li 11.6 11.1 112 11.2 10.7
Ti 43.6 44.2 44.4 44.4 44.9
Ca <0.01 <0.01 2001 <001 <0.01
B <0.01 <0.01 <0.01 <0.01 <0.01
Zr 0.0006 0.0009 0.0009 0.0009 0.0012
U <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001
Na 0.010 0.014 0.013 0.0054 0.0078
K 0.0005 0.0015 0.0015 0.0007 0.0024
Mg 0.0007 0.0008 0.0009 0.0004 0.0007
Co 0.0027 0.0020 0.0025 0.0023 0.0025
Al 0.0070 0.0054 0.0066 ©0.0065 0.014
Fe 0.0089 0.0073 0.0070 0.0051 0.0088

- 156 —
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Starting Powder
- 8Li-enriched Li2TiOs Powder
- TiO2 Powder

~~

Cold Pressing

~~

Sintering |

Fig. A-1 Flow chart of fabrication of Li,TiO; pellets.
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5moi% TiOz-doped LizTiOs
{(78:42%T.0)

Un-doped LieTiO3 Bmol% TiOz-doped LizTiOs 10mol% TiO2-doped LieTiO3
(83:2%T.D) (83:£2%T.D.) (83:2%T.D.)

Bmoi% TiO2-doped Li2TiOs
(88::2%T.D.)

Fig. A4 Photographs of SLi-enriched Li, TiO; pebbles.

5mol% TiOz-doped Li2TiO2
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o]

Un-doped Li2TiOz 5mol% TiOz-doped Li2TiOs 10mol% TiO2-doped Li2TiOs

(83+£2%T7.D.) (83+2%T.D.) (83+£2%T.D.)

5mol% TiO2-doped Li2TiOs
(88+2%7.D.)

Fig.A-5 SEM photograph of *Li-enriched Li, TiOs pellets.
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