A 4

tm%

1

ELSEVIER

Journal of Nuclear Materials 253 (1998) 213-218

Journal of
nuclear
materials

Density dependence on thermal properties of Li,TiO, pellets
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Abstract

Lithium ceramics have been considered as tritium breeders for fusion reactors. As a part of the study program for fusion
blanket development, the characteristics of tritium breeders are estimated for the material selection and fusion blanket
design. Among the candidate tritium breeders, lithium titanate (Li,TiO,) is regarded as one of the best materials because of
many advantages, reasonable lithium atom density, low activation, excellent tritium release characteristic at low temperature,
compatibility with structural materials, reprocessing, etc. However, only limited data on the thermal and mechanical
characteristics of Li,TiO; have been obtained for breeder material selection and fusion blanket design. In this study,
Li,TiO5 pellets with three different densities, i.e., 73%T.D., 83%T.D. and 93%T.D., were prepared. Then, the density
dependence and the thermal hysteresis of their thermal conductivity, specific heat and thermal expansion were investigated.

© 1998 Elsevier Science B.V.

1. Introduction

Lithium ceramics have received considerable attention
as tritium breeders for fusion reactors [1,2]. Candidate
ceramic breeder materials considered at present include
Li,O[3], LiAlO, [4], Li,ZrO4[5], Li,TiO;[6] and Li ,SIO,
[7]. Li,O is attractive for obtaining a suitable tritium
breeding ratio (TBR) [8]. LiAlO,, Li,ZrO; and Li,SiO,
are attractive because of their better thermochemical stabil-
ity and reliability in terms of lithium mass transfer and
compatibility with other blanket materials, such as the
neutron multiplier and structural materials [9].

Recently, lithium titanate (Li,TiO3) was proposed as a
candidate material in a breeder blanket because tritium is
able to be recovered at low temperature [10]. Although it
has not been decided yet which is the best breeder material
among them, lithium is an important and limited resource.
In this sense, reprocessing technology development for
ceramic breeders has been proposed to recover lithium for
effective resource use, and to remove radioactive isotopes
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[11]. Li,TiO5 is an especialy good material from the
viewpoint of reprocessing because lithium in Li,TiO5 can
be selectively dissolved in low HNO; concentration [12].

As a part of the study program for fusion blanket
development, the characteristics of tritium breeders have
been estimated for the material selection and fusion blan-
ket design. However, not enough data on the character-
istics of Li,TiOg, like thermal properties, mechanical
properties, etc., have been obtained for breeder material
selection and fusion blanket design.

In this study, three kinds of Li,TiO; pellets with
different densities, i.e., 73%T.D., 83%T.D. and 93%T.D.,
were prepared. Then, density dependence and thermal
hysteresis, with respect to thermal conductivity, specific
heat and thermal expansion, were investigated.

2. Experimental
2.1. Preparation of Li,TiOg

Three kinds of Li,TiO; pellets were prepared from
Li,TiO; powder (Soekawa Chemical) The purity and the
particle size of Li,TiO; powder were 99.9% and —60
mesh, respectively. The main impurities (in ppm) of
Li,TiO; powder were as follows: Na, 16; Al, 17; Ca, 2;
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Fig. 1. Flow chart on preparation of three kinds of Li,TiO;
pellets.

Zr, <5; Mg, <5; Co, <0.5; Si, 41. A flow chart on
preparation of Li,TiO; pellets is shown in Fig. 1. The
preparation steps of Li,TiO; pellets are as follows:
1. Li,TiO4 powder synthesis
2. cold pressing
3. sintering

Basic properties of Li,TiO5 pellets were examined by
density measurement and structure observation. The den-
sity of the three kinds of Li,TiO; pellets were 73%T.D.
(Sample A), 83%T.D. (Sample B) and 93%T.D. (Sample
C), respectively. The dimensions of the prepared Li,TiO;
pellets were 8 mm diameter by 2 mm thickness.

2.2. Characterization of Li,TiOg4

Characteristics of the three kinds of Li,TiO, pellets
prepared by the different condition were evaluated. As
basic properties of the three kinds of Li,TiO; pellets,
density, specific surface area, impurities, and chemical
phase were measured. The density and the porosity of
these pellets were measured by mercury porosimetry. The
specific surface area were measured by BET method.
Fracture surfaces of each Li,TiO; pellet were examined by
scanning electron microscopy (SEM). Impurity levels were
measured by atomic emission spectrometry with induc-
tively coupled plasma (ICP-AES) and atomic absorption
photometry. Crystal structure of these pellets were ana-
lyzed by X-ray diffractometry (XRD).

Table 1
Characteristics of three kinds of Li,TiO; pellets
Items Specimens

Sample A SampleB SampleC
8.0 diameter X 2.0 thickness

Dimension (mm)

Density (%T.D.) 733 83.2 92.8
Porosity (%) 26.7 16.8 7.2
Pore radius (.m) 0.30 0.30 0.05
Grain size (um) 2.4 4.3 25
Specific surface (m? /g)  0.25 0.13 0.08

Theoretical density of B-Li,TiO; = 3.43 g/cm®.
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Specific heat of Li,TiO; powder was measured by
differential scanning calorimetry (DSC). Li,TiO, powder,
which was 1 pwm in grain size, was used for the measure-
ment. The measurement of specific heat was performed at
temperatures from room temperature to 1073 K in air.
Thermal diffusivity of the three kinds of Li,TiO4 pellets

(2) Sémple B

(3) Sample C

Fig. 2. SEM photographs of cross-sections on each Li,TiO;
pellet.



was measured by laser flash method. The environmental
pressure was less than 2 X 10~ * Pa. Thermal diffusivity of
these pellets was obtained by measuring the temperature
elevation on the near surface of the pellets using an
infrared temperature sensor and a thermocouple. Thermal
conductivity was calculated from these measurement val-
ues and from the density of these pellets. Therma expan-
sion of these Li,TiO; pellets was measured by laser
interferometry method. The measurements were performed
under a pressure less than 1.3 X 10~% Pa. The measure-
ments were performed at temperatures from room tempera
ture to 973 K. Thermal hysteresis effects were also exam-
ined on each Li,TiO; pellet and was determined by mea-
suring thermal conductivity and thermal expansion five
times by laser flash and laser interferometry.

3. Results and discussion
3.1. Material characteristics

The results of density, porosity, specific surface area,
and average grain size of the three kinds of Li,TiO,
pellets are shown in Table 1. Here, the density calculated
by volume and weight of each pellet agreed with the
density measured by mercury porosimetry within an error
of 4%. Specific surface area decreased with increasing
density. SEM photographs of the cross-section of the three
kinds of Li,TiO; pellets are shown in Fig. 2. The grain
sizes of the Li,TiO; pellets, namely Sample A, Sample B
and Sample C were 2.4, 4.3 and 25 u.m, respectively (see
Table 1). The main impurities (in ppm) of Li,TiO; pellets
were as follows: Na, 25; Al, 14; Ca, 5; Zr, <5; Mg, <5;
Co, <0.5; S, 30; Fe, 21; Mn, < 5. The XRD pattern of a
Li,TiO; pellet (Sample C) after sintering is shown in Fig.
3. All of the diffraction peaks that are assigned to -
Li,TiO; appeared in the Li,TiO5. Therefore, the basic
properties of each Li,TiO, pellet, such as density, grain
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size, specific surface area, chemical composition, etc.,
were measured for the evaluation of thermal properties.

3.2. Thermal properties

3.2.1. Specific heat

Temperature dependence on specific heat, C,, of
Li,TiO; powder is shown in Fig. 4. These experimental
data agreed with the values measured by Christensen et al.
[13]. From the results, the specific heat of Li,TiO; isgiven
as follows:

C,(3/9/K)=0.73+8.44 X 107 *T/K — 1.67

X 1077T/K~2 (T =350-1050K).
€]

The specific heat for each Li,TiO5 pellet was measured
by the laser flash method, however these values were very
widely scattered, and were not used in this report here.

3.2.2. Thermal diffusivity

Therma diffusivity, «, was obtained by the laser flash
method. Temperature dependence on thermal diffusivity of
Li,TiO5 pellets is shown in Fig. 5. From the results, the
thermal diffusivity of each Li,TiO4 pellet was about 0.9—
1.0x10°% m?/s at room temperature, falling to about
5.0-5.5x 10~ 7 m?/s at the highest measurement temper-
ature. In particular the thermal diffusivity of Sample B,
which is 83%T.D., approximately agreed with the data
obtained by Davis and Haasz [14].

3.2.3. Thermal conductivity
The values of thermal conductivity are calculated using
the following relation:

k=aC,p, (2)

where k is thermal conductivity in W/m/K, and p isthe
dengity in g/m?®,
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Fig. 3. X-ray diffraction patterns of Li,TiO5 pellet (Sample C).
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Fig. 4. Temperature dependence of specific heat for Li,TiO;
powder as measured by DSC.

Thermal conductivity of a porous material varies not
only with the porosity, but also with the grain size and
pore shape, the pore distribution, the cracks and so on.
These variables may be affected by starting material,
preparation procedure, and temperature history of the spec-
imen. There is an equation in common use describing the
influence of porosity on the thermal conductivity, the
modified Maxwel—Eucken equation, which is as follows
[15,16]:

a-p
) ©

where k, (W/m/K) is the thermal conductivity when the
density is 100%T.D., p is porosity in non-dimensional
units, and B is an empirical parameter.

Porosity dependence on thermal conductivity of Li,TiOg4
pellets is shown in Fig. 6. From this figure, therma
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Fig. 5. Temperature dependence of thermal diffusivity for Li,TiO;
pellets.
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Fig. 6. Porosity dependence of thermal conductivity for Li,TiO;
pellets.

conductivity of Li,TiO; pellets at the lower temperatures
cannot be fit by a straight line. On the other hand, the
thermal conductivity at the higher temperatures was fit by
astraight line. The measured data were fitted with Eq. (3),
and k, and B were calculated. The empirical equation
obtained here is as follows:

(1-p)
(1+8p)
+3.12x107°T/K?),
B=1.06-2.88x10"*T

X (p=0.07-0.27, p=73-93%T .D.,
T = 300-1050 K). (4

Temperature dependence on thermal conductivity of
Li,TiO5 pellets is shown in Fig. 7. In Fig. 7, thermal

k/Wm™ 1K 1= (477 -5.11x1073T/K

4 ! T T
o: Sample A (p=0.27
. e : Sample B (p=0.17
©: Sample C (p=0.07

w
T

N
T

—_
T
i

Thermal Conductivity (W/m/K)

e £.(4), p=0.27 s : Ref.[18], p=0.27
e © [£0).(4), p=0.17 s © Ref.[18], p=0.17
e £ (4), p=0.07 s Ref.[18], p=0.07

1 1

o |
200 400 600 800 1000 1200
Temperature (K)

Fig. 7. Temperature dependence of therma conductivity for
Li,TiOg pellets.
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Fig. 8. Temperature dependence of thermal expansion for Li,TiO;
pellets.

conductivity values of Samples A and B approximately
agree with the values calculated by Eq. (4. Therma
conductivity values of Sample C were lower than the
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values calculated by Eq. (4). From these results, the values
calculated by Eq. (4) can reproduce the experimental data
within an error of +10%. Fig. 7 aso shows the calculated
values of the reference equation, which was reported by
Gierszewski et al. [17,18], presented by the dotted line in
comparison. Thermal conductivity calculated by Eq. (4)
approximately agreed with the reference data at high tem-
perature (> 500 K). However, thermal conductivity calcu-
lated by Eq. (4) was higher than that of the reference data
at low temperature (< 500 K).

A direct dependence of thermal conductivity on related
grain size and pore size is expected because the mean free
path of phonon scattering is less than the grain size of
Li,TiOz pellets. The pore shape of each Li,TiO; pellet
was spherical from the results of SEM observation (see
Fig. 2), but the thermal conductivity may be dependent on
the pore shape. The variables affecting thermal conductiv-
ity may be affected by temperature history of the prepared
Li,TiOg pellets.

No thermal hysteresis of Samples A and B was ob-
served in the thermal diffusivity measurements. However,
thermal hysteresis of Sample C was observed in the heat-

B) after Thermal expansion measurement
Fig. 9. SEM photographs of Li,TiO; pellet (Sample B) before/after thermal expansion measurement.
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ing and cooling cycles. From these results, the thermal
hysteresis of Sample C may be affected by temperature
history in the pellet preparation. The crystal structure of
Li,TiO5 changes above 1423 K from B-phase to y-phase.
The crystal structures of B-phase and y-phase are mono-
clinic system and cubic system, respectively. Sample C
was sintered at 1673 K in the preparation and the grain
size of Sample C was large (25 wm). Thus, some cracks
may be introduced at grain boundaries in the preparation
because of anisotropy in expansion or shrinkage of Li,TiO,
matrix.

3.2.4. Thermal expansion

Temperature dependence on thermal expansion of
Li,TiO; pelletsis shown in Fig. 8. Therma expansion of
Sample A approximately agreed with that of Sample B.
However, thermal expansion of Sample C was smaller than
those of Samples A and B. It seems that Sample C
contains internal cracks from the preparation. Therefore,
the thermal expansion of Li,TiO5 was calculated using the
measured value of Sample A and B and is given as
follows.

L=—0578+1.71x 1073T/K + 1.867 X 10~ "T/K?
x (T =373-1073K, p=0.26-0.15
X (p="T73-85%T.D.)). (5)

Therma expansion of Li,TiO; pellets approximately
agreed with the measured value of a thin Li,TiO5 speci-
men, which was reported by Girard et a. [19]. SEM
photographs of fracture cross section of Li,TiO; pellet
(Sample B) before/after thermal expansion measurement
are shown in Fig. 9. Microstructure of Sample B did not
change after 7 thermal expansion measurements. On the
other hand, the thermal expansion of Sample C was smaller
than that of these pellets (Sample A and B). Small cracks
may exist in Sample C.

Therma hysteresis of each Li,TiO; pellet was not
observed during heating and cooling cycles in thermal
expansion experiments and Li,TiO; appears to be stable
during temperature cycling between room temperature and
1100 K.

4. Conclusion

As a part of the research program for fusion blanket
development, characterization of Li,TiO5 pellets has been
performed for the material selection and fusion blanket
design. The basic properties of each Li,TiO5 pellet, such

T T T Ny T T

as density, grain size, specific surface area chemical com-
position, etc., were measured for the evaluation of thermal
properties. The thermal properties, such as specific heat,
thermal diffusivity and thermal expansion of the three
kinds of Li,TiO; pellets, were measured up to 1100 K.
Density dependence on thermal conductivity was ex-
pressed by the modified Maxwel—Eucken equation. Ther-
mal hysteresis of Li,TiO5 was not observed during heating
and cooling cycles in therma diffusivity and thermal
expansion measurements. Li,TiO; appears to be stable to
temperatures between room temperature and 1100 K.
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