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Abstract

In the European helium cooled pebble bed (HCPB) blanket slightly hyperstoichiometric lithium orthosilicate

(Li4SiO4 þ SiO2) and lithium metatitanate (Li2TiO3 þ TiO2) pebbles are considered as candidate ceramic breeder
materials. Such ceramic breeder pebbles and pebble beds were investigated in different types of experiments carried

out at Forschungszentrum Karlsruhe. In longterm annealing experiments (96 days at 970 �C in Heþ 0:1% H2 at-

mosphere) the behaviour of the pebbles under DEMO blanket relevant conditions was investigated. Mechanical

uniaxial and triaxial compression tests at temperatures up to about 850 �C were performed to determine the me-
chanical behaviour of pebble beds as a function of temperature (stress–strain dependence, thermal creep behaviour,

friction coefficients). Thermal conductivity measurements up to about 800 �C were carried out with the aim to study
the effect of creep on the pebble bed heat conduction. An overview of the experimental activities on ceramic breeder

materials is given.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

In the development of the European helium cooled

pebble bed (HCPB) blanket pebbles of slightly hyper-

stoichiometric lithium orthosilicate (Li4SiO4 þ SiO2),
density ¼ 96–98% theoretical density (TD of Li4SiO4:

2.40 g/cm3) and diameters in the range of 0.25–0.63 mm,

produced by the melting-spraying method and of slightly

hyperstoichiometric lithium metatitanate (Li2TiO3þ
TiO2), density ¼ 86% (TD of Li2TiO3: 3.45 g/cm3) and
diameters in the range of 0.9–1.2 mm, produced by the

extrusion-spheronization-sintering method are consid-

ered as candidate ceramic breeders.

At Forschungszentrum Karlsruhe, different types of

experiments have been carried out to study the thermal

and mechanical behaviour of ceramic breeder pebbles

and pebble beds:

• long-term annealing experiments, to study the behav-

iour of pebbles under DEMO blanket relevant tem-

perature and atmosphere;

• uniaxial compression tests (UCTs) at temperatures

up to 850 �C to determine the mechanical character-
istics of pebble beds (stress–strain dependence during

stress increase and decrease, thermal creep strain at

constant stress levels);

• triaxial compression tests (TCTs) to determine the

friction coefficients of pebble beds necessary to de-

scribe the flow of pebbles in blanket elements;

• thermal conductivity measurements of pebble beds

with the hot wire method. Tests in helium and air

atmosphere and temperatures up to 800 �C were per-
formed. In particular, the effect of thermal creep on

the thermal conductivity was investigated.

Results from these experiments are reported and

discussed.
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2. Long-term annealing of Li4SiO4 pebbles

The long-term behaviour of Li4SiO4 and Li2TiO3
pebbles at HCPB-blanket relevant temperature and at-

mosphere (Heþ 0:1 vol.% H2) was studied in long-term
aging experiments carried out at FZK [1,2]. An opera-

tion time of 20 000 h and a maximum nominal tempera-

ture of about 900 �C in the front part of the DEMO
blanket were assumed as reference. In order to have

relevant results in less than 20 000 h, a temperature

higher than 900 �C was used. Choosing 96 days experi-
ment duration, an aging temperature of 970 �C was

calculated assuming the creep process as the most im-

portant phenomenon at the maximum nominal tem-

perature. The aging was performed in an oven consisting

of Al2O3 tubes (£ ¼ 4 cm), one tube for each material.
At the inlets and outlets of each tube, the H2O content in

the purge flow (600 ml/h of Heþ 0:1 vol.% H2 at 1080
mbar) was monitored because it could influence the in-

teraction between reducing purge flow and ceramics.

Different analyses were performed on samples at pre-

determined time intervals: the Li content of the pebbles

was measured by atomic emission spectroscopy, X-ray

diffraction was used to investigate the phase composi-

tion, electron (SEM) and optical microscopy provided

us with information on the microstructure, density, po-

rosity and specific surface area measurements were also

performed. Changes in the mechanical stability were

investigated by crush load tests.

In the following the results obtained with lithium

orthosilicate pebbles will be presented, data on lithium

metatitanate pebbles can be found in [2]. In the initial

state the high-temperature phase Li6Si2O7 is present in

the pebbles together with Li2SiO3 and Li4SiO4. It is

formed due to the rapid quenching in the production

process. Before starting the aging, the Li4SiO4 pebbles

were pre-annealed in air at 1000 �C for two weeks in
order to decompose this high-temperature phase. Af-

terwards only Li4SiO4 as the major phase and Li2SiO3 as

a second phase were present in the pebbles. Li4SiO4
pebbles had, in the initial state, a dendrite structure (Fig.

1), and cracks are present in the cross-section of the

pebbles (Fig. 2). The pre-annealing at 1000 �C produced
the largest changes in the microstructure with rear-

rangement of the void volume in round pores. The

microstructural changes caused an increase in the

roughness of the pebble surface (Fig. 3). The micro-

structure did not change significantly during aging, there

was only diffusion of metasilicate through the material

and, at the end, lithium metasilicate was mostly homo-

Fig. 2. Cross-section of Li4SiO4 pebbles before any thermal

treatment (optical microscopy).

Fig. 1. Li4SiO4 pebbles in initial conditions (SEM): (a) pebbles, (b) pebble�s surface detail.
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geneously distributed in the section with particles having

dimensions between 1 and 4 lm (light gray particles in
Fig. 4). Larger Li2SiO3 particles were present in micro-

cracks and in the grain boundaries. Li2SiO3 reached the

surface in some pebbles covering it with a layer of up to

10 lm thickness. In some cases, the surface layer of

Li2SiO3 formed weak sintering necks between pebbles in

contact. In the aging the purge flow reduced lithium

orthosilicate pebbles which turned from white to light

grey. According [3] impurities (e.g. Al, Fe) within the

pebbles may make the reduction possible. The reasons

for the change of colour have to be investigated in more

detail. The density of the pebbles (He-pyknometry and

Hg-porosimetry) remained practically constant during

aging and the specific surface area (BET method) was

reduced from about 0.2 to 0.1 m2/g at the end of the

experiment. No significant Li losses were observed. The

mechanical stability of the pebbles was investigated by

crush load tests on pebbles with ; ¼ 0:5 mm. In such
tests a continuously increasing load is imposed by a

piston to a single pebble until it breaks. According to the

Hertz theory the shearing stress causing the failure of the

pebble is located at the border of the contact surface

between pebble and piston and is proportional to

(F =R2)1=3, where F is the failure load, R the radius of the
pebble, the proportionality coefficient is a function of

the elastic properties of the materials used in the test.

The larger the radius of the pebbles the larger will be

the failure load. Lithium orthosilicate pebbles showed

a reduction of the failure force from (8:9� 3:2) to
(4:1� 1:8) N.

3. Thermomechanical tests on Li4SiO4 and Li2TiO3

pebble beds

The general practice to model the thermomechanical

behaviour of pebble beds is to consider the granular

material as a homogeneous medium applying the rele-

vant methods extensively elaborated in soil mechanics.

These methods require the knowledge of characteristic

pebble bed properties, which are determined in standard

tests such as:

1. UCTs,

2. TCTs.

3.1. Uniaxial compression tests

In UCTs the pebble beds contained in a cylindrical

cavity are compressed in axial direction and the mea-

sured axial stress r and axial strain e are used to deter-
mine the modulus of deformation E of the pebble beds.

Fig. 3. Li4SiO4 pebbles after conditioning at 1000 �C (SEM): (a) pebbles, (b) pebble surface detail.

Fig. 4. Cross-section of Li4SiO4 pebbles after the 96 day aging

(optical microscopy).
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UCT facilities are also used to establish correlations for

thermal creep and Fig. 5 shows a characteristic UCT

result for ceramic breeder pebble beds at elevated tem-

peratures [4]: the first stress increase to a given value is

governed by the irreversible displacement of particles

forming a denser configuration, afterwards, keeping the

maximum stress constant, the strain increases with time

due to thermal creep. Cycling at the end of the creep

period shows that the bed stiffness increases slightly due

to the enlarged contact areas because of creep.

Extensive investigations with different ceramic bree-

der materials between ambient temperatures and 850 �C
and pressures up to 8 MPa were performed [4–9]. An

important part of the activity was the determination of

the modulus of deformation for the first stress increase,

being the experimental results for E generally fitted by

an expression of the type

E ¼ Crm: ð1Þ

The coefficient C is in general a function of temper-

ature and also depends on the pebble bed packing con-

ditions.

For the description of the bed-structure mechanical

interaction the correlations for both the modulus of

deformation (Eq. (1)) and the thermal creep are required

as input. Due to the fact that thermal creep essentially

causes the measured differences of the modulus of de-

formation between high and low temperatures, it is

sufficient to use only the modulus of deformation at

ambient temperature [5,6], therefore correlations were

established [7] in which the coefficient C was expressed in

terms of the packing factor c (ratio of pebble volume to
total volume) for orthosilicate and one type of metati-

tanate (CTI 1529 Ti1040 denominated as Ti-D was in-

vestigated in detail) at ambient temperature. For other

types of metatitanates, values for C were determined for

dense pebble beds (maximum achievable packing fac-

tors) [8].

A value of 0.45 for the exponent m in Eq. (1) fits well

the data both for orthosilicate and all types of metati-

tanate pebble beds.

3.2. Thermal creep tests

Thermal creep is of significant importance for blan-

ket breeder beds because it might reduce remarkably

thermomechanical stresses after a few hours of opera-

tion [10] and might compensate the stress build-up due

to irradiation induced swelling occurring during long-

term operation. The proposed thermal creep correlation

in integral form obtained from the experiments is

ecr ¼ A0 expð�B=T Þrntp; ð2Þ

where ecr is the creep deformation, A0 is in ((MPa)�n s�p),

B and T in (K), r in (MPa) and t in (s). Table 1 contains
the corresponding values for A0, B and the exponents n

and p for orthosilicate pebbles and two types of meta-

titanate pebbles (developed by CEA and JAERI) which

all are characterized by large grain sizes (10–50 lm) [6].
Recently, metatitanate pebbles (Ti-D) with smaller grain

sizes (1–7 lm) were investigated in detail [8]: the Ti-D
pebble beds often exhibit a second creep regime char-

acterized by an increase of creep rates after about 100

min. Fig. 6 shows a comparison between beds of as

manufactured Ti-D pebbles (grain size 1–2 lm) and of
Ti-D pebbles (Ti-D lta) subjected, before the creep tests,

to the aforementioned long-term annealing experiment,

in which resulted in an increased grain size of about

50 lm.

3.3. Triaxial compression tests

An important quantity for the determination of the

macroscopic movement of pebbles (particle flow) in

blanket structures with inhomogeneous stress distribu-

tions is the inner friction angle b. This quantity can be
obtained in TCTs, in which the granular material is

compressed in a cylindrical cavity with a varying pres-

sure p1 in axial direction and a constant side pressure

Fig. 5. UCT with a Li2TiO3 pebble bed at 750 �C.

Table 1

Coefficients for the thermal creep correlations [7]

Granular material-center ecr ¼ A0 expð�B=T Þrntp

A0 B n p

Li4SiO4-FZK 12.12 10 220 0.65 0.2

Li2TiO3 (lta)-CEA 0.67 7576 0.65 0.18

Li2TiO3-JAERI 0.37 6947 0.65 0.19
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p2 perpendicular to the axis of the cylindrical cavity.

Starting from the measured p1 and p2, b is calculated as:

b ¼ arctgð3ðp1 � p2Þ=ðp1 þ 2p2ÞÞ: ð3Þ

The friction angle has been measured for lithium

orthosilicate pebble beds (both annealed and not an-

nealed pebbles) and for lithium metatitanate pebble

beds. Fig. 7 shows b as a function of the packing factor
c. Taking into account the scattering of the data, prac-
tically the same bðcÞ fitting curve can be used for an-
nealed and not annealed lithium orthosilicate pebbles.

Lithium metatitanate pebbles have a larger friction an-

gle than orthosilicate pebbles due to the larger non-

sphericity and rougher surface.

3.4. Thermal conductivity measurements

For power reactor blankets the maximum tempera-

tures in the breeder pebble beds are in the range of 900

�C. Because of different thermal expansions of the peb-
ble beds and the structural material and irradiation

effects, large compressive stresses might cause consider-

able plastic deformations of the pebbles and, for the

proper thermomechanical blanket design, the knowledge

of the thermal conductivity of deformed beds is of large

importance. Very recently, the UCT facility described

above was used to perform thermal conductivity mea-

surements with the pulsed hot wire method [11]: a

Fig. 6. Thermal creep strain in lithium metatitanate pebble

beds.
Fig. 7. Inner friction angle in pebble beds as a function of their

packing factor.

Fig. 8. Thermal conductivity in lithium orthosilicate (a) and lithium metatitanate (b) pebble beds.
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standard technique for thermal conductivity measure-

ment of poorly conducting materials. In these experi-

ments the pebble bed is contained in a steel cylinder and

has inside a long, thin electrical heater, which is con-

nected to a power supply. The bed is heated in a furnace

and, when its temperature reaches the steady state at a

predefined value, the hot wire is switched on. On the

basis of the measured time dependent hot wire�s tem-
perature increase, the effective thermal conductivity of

the pebble bed can be calculated. Lithium metatitanate

and orthosilicate pebble beds were investigated at tem-

peratures up to 800 �C and bed deformations up to 4%.
The measurements at high temperatures were performed

in air, whereas also helium and argon were used in ex-

periments at ambient temperature. Due to the low

thermal conductivity of the investigated ceramic mate-

rials the increase of the thermal conductivity with in-

creasing bed deformation is quite small and becomes

negligible at high temperatures as shown in Fig. 8.

4. Conclusion

The behaviour of Li4SiO4 (microstructure, mechani-

cal properties and Li-losses) in long-term annealing ex-

periments simulating the maximum breeder temperature

and the lifetime of the HCPB blanket (excluding irra-

diation effects) was found to be acceptable. In Li4SiO4
pebbles the pre-annealing at 1000 �C produced the

largest changes in the microstructure. During the fol-

lowing aging process, the only significant change in the

pebbles was the diffusion of lithium metasilicate in the

material. Lithium metasilicate in some pebbles was

emiched on their surface, covering it with a layer having

a thickness of up to 10 lm. In some cases the surface
layer of Li2SiO3 formed between pebbles in contact with

sintering necks, which were weak and could be broken

by modest mechanical actions. The lithium losses at 970

�C due to vaporisation were negligible. The mechanical
stability of the pebbles (crush loads) was reduced in the

pre-annealing stage and remained practically constant

till the end of the aging. Nevertheless, the lower values

are still acceptable in the blanket design.

In the frame of the development and characterisation

of breeder pebble beds, also mechanical tests and mea-

surements of the thermal conductivity at high bed

deformation were performed at temperatures and pres-

sures up to 850 �C and 8 MPa, respectively. In particular
the measurements of the thermal conductivity showed

that there are no distinct differences between lithium

orthosilicate and lithium metatitanate pebble beds for

blanket relevant conditions. All these experiments added

information to the database on the thermo-mechanical

behaviour of pebble beds, improving our capability to

model the HCPB pebble beds under operational condi-

tions.
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