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ABSTRACT

Tritium residence times have been determined for various ceramic tri-
tium breeding materials from in-situ tritium release measurements.
The irradiations, codenamed EXOTIC (EXtraction Of Tritium In Cera-
mics), were carried out in the High Flux Reactor (HFR) at Petten.
During the irradition more than 450 transients were performed and the
corresponding tritium release measured. Materials supplied by SCK/CEN
(Li; Zr0,), CEA (Li,Zr0, and LiAl0,), ENEA (LiA10,, KfK (Li,SiO,), NRL
(LigZr,0,) and ECN (Li,Zr0O;) were irradiated in EXOTIC-5 to compare
the tritium residence times obtained under equal conditions. Apart
from differences in density, grain size, pore size and OPV it appe~r-
ed that the tritium residence times of the lithium zirconates (pel-
lets) were shorter than those of the Li,Si0, pebbles. The tritium
residence times of the Li,Si0, pebbles were shorter than those of the
LiAl10, pellets,.
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1. INTRODUCTION

Within the European programme on Fusion Blanket Technology a series
of in-situ tritium release experiments have been performed with
Lialo,, Li,SiO,, Li,Si0,. Li,0, Li,Zr0,, LisZr,0, and Li,Zr0¢ [1-5]
to determine tritium residence times. These experiments have been
performed in different reac.ams and at different conditions. More-
over, the analysis of the data and the definition of the material
temperature has not been quite the same. This makes direct comparison
of the results difficult. The main objective of experiment EXOTIC-5
was to irradiate under similar conditions the best available mate-
rials from: SCK/CEN-Mol, NRLSpringfields, ENEA-Casaccia, CEA-Saclay,
KfKKarlsruhe and ECN-Petten to determine tritium residence times from
transient tritium release and to compare the results also with ear-
lier experiments [1-5]. The main differences between the lithium zir-
conates of EXOTIC-4 and -5 was the *Li abundance which was 0.6 and
7.5 % respectively.




2. EXPERIMENTAL

2.1. Materials

The samples irradiated in EXOTIC-5 were annular pellets of LiAlQ, .
Li,Zr0,, Li;2r,0, and Li, Zr0; with outer and inner diameter of 10 wm
and 6 mm respectively. In a few cases the inner diameter was &§ mm.
One capsule was filled with 0.5 om diameter Li,Si0, pebbles. This
capsule had an oﬁter diameter of 10 mm and an inner diameter of 5 ma.
The stack length of all materials was 100 mm. The *Li abundance was
7.5 %. The loading of the materials in the capsules, their suppliers

and characteristics are given in [6] and summarized in table 1.

2.2. Irradiation facility

Irradiation of EXOTIC-5 was performed in a four channel rig {TETRA)
each channel containing one sample holder which consisted of two
stainless steel capsules [7]. All eight capsules are independently
controlled and continuously purged. In-situ tritium release rates
were meausured by eight ionization chambers, one for each capsule.
The instrumentation included thermucouples, neutron fluence detector
sets and gamma scan wires. The temperatures were adjusted by changing
the helium/- neon gas mixture in the gas gaps surrounding the sample
holders. The avarage temperature was defined as a volume averaged
temperature, considering radial and axial gradients, based on measur-

ed data and calculated two dimensional fields.

2.3. Irradiation conditions

The irradiation was carried out in the HFR Petten at a nominal reac~
tor power of 45 MW and lasted 6 cycles (136 FPD), 3 cycles in periph-
eral HFR core position HZ2 and 3 cycles in H6. During irradiation in
each position the nuclear conditions remained constant. The capsules
were purged with dry helium + 0.1 vol ¥ hydrogen at a flow rate of
100 cm’ /min. The hydrogen content in the purge gas was changed from
0.1 % to 0.01 % and to 1 ¥ during the last cycle. The purge gas
downstream was continuously analysed on released tritium and on water

vapour. The tewmperatures, the purge gas flow and the pressure were



also continuously menitered. A large number of temperature transients
were perforred between 300°C and 650°C, at different temperature le-
vels and with different temperature steps, both by increasing and
decreasing the temperature. The relevant process parameters were
scanned every two minutes by a computerized data logger. During the
temperature transients the data were, for a period of two hours,

scanned every 10 seconds.



3. RESULTS AND DISCUSION

3.1. Tritium release with reference purge gas

A review of all transients is given in ref. [6].

3.2. Effect of purge gas composition

The effect of hydrogen content in the purge gas has been investigated
by changing the H, percentage fros 0.1 vol.% to 0.01 X and subse-
quently to 0.1 X and 1 X. Examples of the effect of hydrogen content
in the purge gas on the transient tritium release are illustrated in
figs. 1 and 2. Fig. 1 shows a positive peak of the tritium release
rate when the hydrogen content was increased from 0.1 £ to 1 X. A
decrease in tritiua release rate was observed, fig. 2, when decreas-

ing the hydrogen content from 1 X to 0.1 X.

3.3. Tritium residence times

From the transient tritium release curves tritium residence times
were determined by data fitting using a diffusion model for a spheri-
cal geometry with a constant internal tritium source and zero surface

concentration [3]. The tritium residence time is defined as
t = 1/G, (1)

where
I = tritium inventory, mCi

G = tritium production rate, mCi/win.

The tritium inventory, ¥, is given by the relationship:
I = (a?/15D)G , (2)

where,
a = grain radius, cm
D = diffusion coefficient, cm?/s

The tritium residence time can ihus be written as:



T = a’/150, . (3)
where D, is determined froms:

. . 6 D, - i
R/G =1+ pry (5‘ -1} ¥ vy exp.{-n*n’D, t/a') (4)
! n=1

where,

R = tritium release rate, oCi/min

t = time, min
Sofar, a limited number of transients have been analysed. The tritium
residence times determined fros positive transients (temperature
increase) of the Li,Zr0O, of all three capsules, 17.1, 17.2 and 18.1,
were longer than those of negative transients with equal final tempe-
ratures. For Li,Zr0; an increase in tritium residence time was ob-
served after the first irradiation cycle when the rig was soved from
core position H2 to H6. Sofar, no explanation can be given for the
behaviour of this Li,Zr0, and Li, 2r0, . The preliminary results given
in table 2 and illustrated in fig. 3 represent the residence times,
detersined from the positive transients of Li,Zr0, and fros the tran-
sients of the second cycle for Li ZrQ; . The straight lines of the
Arrhenius plot represent the least square fit of the available data.
To improve the reading of this figure the data points were not plot-
ted. The tritium residence times of Li,Zr0, of the capsules 17.2 and
18.1 are practically the same. Therefore, only one line has been
drawn for both materials.
To compare the tritium residence times of the various breeding mate-
rials one has to take into account the material characteristics like:
density, open pore volume, grain size and pore size, see table 1. In
general, tritium residence times can be reduced not only by increas-
ing the temperature but also by using material with a smaller grain
size, a smaller fraction of ciosed porosity {CPV) and a lower den-
sity.
From table 1 it can be observed that the three lithium metazirccnates
had almost an equal average grain size (1 pm) and pore size
(0.25 us). The density and CPV are somewhat higher for the Li,Zr0, of
capsule 17.1 (77.5 % TD and 4 %) than those of capsules 17.2 and 18.1
(74 % TD and 0 %). Nevertheless, the tritium residence times of the
Li;ZrO, of capsule 17.1 are slightly shorter.



The grain size and density of Li¢Zr,0, (2 ym and 79 X TD) and Li,Zr0;
(5/10 pm and 84 % TD) differed largely. This might mean that for

Li, ZrQ¢ shorter tritium residence times can be achieved by using
material with a smaller grain size and a lower density.

The difference in tritium residence time between the two lithium alu-
minates is rather small. The different slopes of the lines shown for
LiAl0, in fig. 3 result at temperatures above 475°C in shorter tri-
tium residence times for LiAlQ, of capsule 19.1. At temperatures be-
low 475°C the tritium residence time of LiA10, of capsule 19.2 is

shorter.

3.4. Comparison of the tritium residence times

The tritium residence times of EXOTIC-5 have been compared with those
determined from the experiments EXOTIC-4 [3] and MOZART [1] for the
lithium metazirconates and with thcse of experiments MOZART [1] and
TEQUILA (2] for the lithium aluminates. The tritium residence times
of the experiments MOZART and TEQUILA are presented in the same way,
in the figs. 4 and 5 for Li,2r0, and LiAl0, respectively, as those of
EXOTIC-5. This means that the lines in these figures are the best fit
of all experimental data. For the experiments MOZART arnd TEQUILA this
is not in agreement with the graphs presented in refs. [1] and [2],
where the plotted lines have two different slopes. The slope of the
Li, Zr0, (MOZART) line given in fig. 4 differs significantly from the
two original ones {1). However, the first part of this plot consisted
of three data and the second part of only two. The low values of the
first part may have been influenced by the time constant of the
measuring system, Therefore, taking the best fit of the available
data in fig. U seems to be reasonable. The slope of the LiAlO,
(TEQUILA) line in fig. 5 does not differ much from the original ones
[21.

From fig. 4 it can be observed that the tritium residence times of
Li,Zr0, of MOZART S6 are in very good agreement with those of
EXOTIC-5, capsules 17.1 and 18.1. The material characteristics are
similar as can be seen in table 3. The lithium metazirconates of
EXOTIC-4 have longer tritium residence times than those of MOZART and
EXOTIC~5. Mcreover, the slopes of the graphs are different. The den-
sity of the mat. ials of capsulees 14.1/2 is significantly higher



which results in longer residence times. The wmuch lower *Li abundance
in the materials of EXOTIC-4 gives during irradiation a smaller tri-
tium producticn rate, a more homogeneous tritium distribution and a
smaller temperature gradient across the pellets. However, it is not
yet clear whether the lower *Li abundance causes the longer tritium
residence times. Comparison of the lithium aluminates, fig. 5,
illustrates that the material with the highest density, and the
largest grain size, MOZART S5, has the longest tritium residence
times. The EXOTIC-5 values are in reasonable agreement with those of
TEQUILA P. On the basis of th>» material characteristics tiis could
have been expected. The LiAl0, of EXOTIC-5 (19.1) and of TEQUILA P
are both made by ENEA.



I, CONCLUSIONS

The EXOTIC-5 experiment has confirmed previous literature results
that the tritium residence times of Li, 2r0, are shorter than those of
LiAlQ,.

The tritium residence times of the Li,Si0, pebbles of EXO0TIC-5 were
shorter than those of LiAl0, pellets but larger than those of
Li, 2r0, .

Comparison of the EXOTIC-5 data irradiated in the HFR Petten with
those of MOZART and TEQUILA irradiated in the MELUSINE reactor in
Grenoble revealed that the difference in experimental conditions has

no significant effect on the tritium residence times.

The differences observed in the tritium residence times of Li,Zr0,
irradiated in EXOTIC-4 and ~5 can only partly be explained by a lower
density for the materials of EXOTIC-5. Most likely, the results are
also influenced by the difference in Li~6 abundance, 0.6 % for
EXOTIC-4 and 7.5% for EXOFIC-5,

The tritium residence times of the EXOTIC-5 materials Li(Zr,0, and
Li, Zr0 are almost equal. By decreasing the grain size of both mate-

rials to about 1 um even shorter residence times can be expected.

At temperatures of around 300°C the tritium residence times of the
Li,ZrO¢, LigZ2r,0, and Li,Zr0, of EXOTIC-5 are almost identical.

For the materials of EXOTIC-5 a tritium residence tise of one day can
be achieved at temperatures of approximately

- 430°C for LiAlO,

- 375°C for Li,Si0, and

- 300°C for Li,Zr0,, LisZr;0, and Li,ZrO,.
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Table 1. Summary of EXOTIC-5 material characteristics.

Caps. Material Supplier Density OPV Weight Grain Pore Pellet
no. size size OD/ID
(* D) (%} (&) po pm mm

17.1 Li,2r0, SCK/CEN 77.5 22.5 21.3 0.9 0.26 19/4

17.2 Li,ZrO, SCK/CEN 74.0 26.0 20.0 0.8 0.28 10/4

18.1 Li,Zr0, CEA 4.1 25.9 16.0 1.1 0.24 10/6
. 1) 2)

18.2 LigZr,0, NRL 79.1°7 20.9 17.9 2.0°° 0.5 10/4

19.1 LiAl0, ENEA 80.9 19.1 10.8 0.7 0.17 10/6

19.2 LiAlO, CEA 74.7 25.3 9.9 0.35 0.06 10/6

20.1 Li,5i0, KfK  80.8 19 6.4 - -~ Pebbl.
51.93 48 6.4 0.5 -  10/5

20.2 Li,ZrO, ECN 84.1 14 12.6 5/10 <0.8 10/6

1)
2)
3)

one pellet of 72.7 % TD, otherwise average 79.8 % TD.
individual grains, agglomerates range: 2-20 pm.

density of pebble bed (1.24 g/cm’); measured: 1.09 g/ca’.



Table 2. Tritium residence times of various ceramic breeding mate-
rials irradiated in EXQTIC-5.

End of Time, End of Time, End of Time,

transient transient transient
temp.,(*C) (h) temp.,(°C) (h) temp.,( C) (h)
Li, Zr0, ~SCK/CEN, Li, Zr0, -SCK/CEN Li, Zr0, -CEA
caps. 17.1 caps. 17.2 caps. 18.1
305 12.4 333 11.1 332 10.5
388 1.1 bie 0.94 406 1.6
392 1.2 421 1.9 hii 1.9
396 2.4 4sy 0.74 502 0.55
42y 0.6 461 0.6 504 0.49
426 0.6 522 0.49 528 0.23
436 0.65 580 6.12 611 0.15
487 0.4 585 6.10 614 Cc.13
550 0.14
552 6.16
Li¢ Zr, 0, -NRL Li; ZrQ, -ECN Li, Si0, -KfK
caps. 18.2 caps. 20.2 caps. 20.1
331 7.0 457 3.2 408 6.5
336 8.3 457 2.0 460 9.5
338 12.0 485 2.3 463 8.6
b1y 1.8 525 0.6 501 5.5
448 2.1 535 2.1 505 2.1
460 3.7 549 2.6 506 0.5
462 4.5 596 0.5 R20 1.6
L6l 1.2 600 0.9 520 1.5
477 1.4 598 0.8
517 1.7 607 0.7
561 1.1
587 0.8
589 1.0
LiAl0, -ENEA LiAl10, -CEA
caps. 19.1 caps. 19.2
463 21.3 471 15.1
462 14.3 472 15.4
463 12.7 508 5.1
502 2.9 512 4.8
502 7.1 549 2.6
550 0.94 551 3.4
551 1.8 551 1.2
562 0.83 552 1.7
553 1.8 553 1.25
585 0.8 600 1.6
681 0.9
686 0.55




Table 3. Comparison of the material characteristics of Li,Z2r0, and
LiAl0, of the experiments EXQTIC-4, EXOTIC-5, MOZART, and
TEQUILA.

Material Experiment Density, Average Average Li-6

% TD grain pore abundance,
size, size,
pm b *
Li,Zr0, MOZART, S6 80 1 - 7.5
E4, 16.1 79 0.4-1 0.3 0.6
E4, 14.1/2 85.5 1 0.14 0.54
E5, 17.1 77.5 0.9 0.26 7.5
E5, 18.1 74.1 1.1 0.24 7.5
LiAl0, MOZART, S5 92.7 5 - 7.5
TEQUILA, P 80 6.3 - 7.5
E5, 19.1 80.6 0.3-1 0.17 7.5

E5, 19.2 74.7 6.35 0.06 7.5




- 19 -

17.1.60 SCK/CEN 01 % —-—> 1% H2 T=436C

B

£
£ \
e
2 \

9 \Y

; V\\\‘
~__
-4
0 10 20 30 40 50
time, min

Fig. 1. Transient tritium release from Li,Zr0, by changing the hydro-

gen content in the purge gas from 0.1 to 1X%.

517.1/2 and 18.1.65 1%-~-=>0.1% H2 T=440, 460 ond 400 C

Iy
YA

j::; L
/ —
».'-'-"_""—_17'2
]
// el

,/J/,' ”Fdawnﬁ,—wf"‘fﬂlal
A A f

0 50 100 150
time, min

o

mCi/ min
N

Fig. 2. Transient tritium release from Li,Zr0, by changing the hydro-
‘ ' ' gen content in the purge gas from'l to 0.1%.




560 496 441 394 352 315 C
100 preerrrrerrrrrree e o Manceat s e
‘ LIAIO2 191/ // ~ ]
: — . ]
3 / ’/ e 4
| e A L14SiI04 )
24 h ; p 4
i /,( < 1z A
u// p Ll8Z'rO6 ’,’//.ij'/
1C): 7 [

= L LIAIO2 19.2,7/ ’ ]
- g —-_-7 rd 4
GE) . -~ ] 4

= A A -7
H i A/ _.:,»’T 1

YR VIS

e - LezZr207

1 {[ ’,’/ Va
7 |Lezio3 :
o/ y AL2zo3| 17.1 *
P 1
L Vs 4

//
A
5 Y 4
rd
g
Ps
O_’I Adant aal o a AAh b AA b b a sy Rgi a2z aaatsas s ad o waaoaa ol sy
1.10 120 130 140 150 "oC 1.70 1.80
1000/T, K

Fig. 3. Tritium residence times of Li-ceramics irradiated in EXOTIC-5.



560 496 441 394 352 315 C
100 prrrrr e e —
3 I 4
- , ]
,/ p
/ |E4.16.1 . b
E4.14.1/3 y, , 18.1 /,/ :
, / |t
10 - /’ —"/ <
- 7 S % O
g , g
fa [ / Ir / - 17 )
. ’ A 1
& , A
= 4 Ve Ve
= / S s S6. MOzZART 1
’ /f/ x
1 / W
: , //’ 7z :
f 7 i 4 )
t // V;/ il 1
- v ,//jL v :
y/ s )
<t s
| o Y
A
0.1 “.AL . wl N T TUTS FTUUUTTT T P
1.10 120 130 140 50 160 170
1000/T, K

1.80

Fig. 4. Tritium residence times of Li, 2r0, from experiments EXOTIC-4

and -5 and MOZART.



441

727 c36 560 406
100 [‘I’ lllllllllllllllll L L L s e /yl rr 7.7 !ﬁi
[ MOZART -~ 4
35 .7 *
g //1
rd /
// ////
10 L L
e 7 )
- | Teoua T ]
S Vi ”‘1 4
L 7 p/,;‘/,/ 1
g s /// //// 4
= /J’ Py 191 ]
192 .- —
.7 “715;// /
1 = e -
s // ”/’ e ’/ ':‘
L //;.’//// ,/ :
(, e yd
- S
L v
O.1 Y DR R
1.00 1.10 1.20 1.30
1000/T, K

Fig. 5. Tritium residence times of LiAl0, from experiments EXOTIC-5,

MOZART! and TEQUILAZ.

1.40

~~

o



