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The compatibility under irradiaiion of beryllium with Li7O, LiAlO->, Li^SiO^ and

Li^ZrO^ ceramics and with 316 L and 1.4914 steels was investigated in SIBELIUS. The

irradiation was performed in the SILOE reactor at 550°C for 1690 hours in He + 0.19c HT

purge gas. Examinations of the LiAlO-»/Be and Li-iZrO^/Be couples show a weak

oxidation of beryllium and the presence of cavities near the interface with ceramics.

Examinations of the 316 L/Be and 1.4914/Be couples show the formation of an oxide layer

on all beryllium and steel surfaces suggesting that corrosion arises from a species (most

iikeiy T^O and/or H^O) present in the environmental atmosphere.

Post-irradiation annealing tests of beryllium indicate that the major part of helium is

released during irradiation whereas the major part of tritium is released above 700°C.
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1. Introduction

Solid breeder blankets require the use of beryllium in order to achieve adequate

tritium breeding. Among the concerns related to the use of beryllium are compatibility with

other blanket materials i.e ceramic and structure, tritium retention and swelling.

Laboratory compatibility tests [1-4] indicated a negligible interaction of beryllium

with the ternary lithium ceramics below 650°C, which is contrary to thermodynamic

expectations. The interaction of beryllium with steels is noticeable above 580°C with 316 L

austenitic steel and above 6000C with 1.4914 martensitic steel. The objective of the

SIBELIUS experiment, a joint EEC-USA project, is to investigate the oxidation kinetics of

beryllium in contact with ceramics and the nature and extent of the beryllium interaction

with steels in a neutron environment. In addition, the tritium release characteristics of

ceramic/beryllium/steel compacts, the tritium and helium retention in beryllium are

checked in the particular conditions of the experiment.
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2. Experimental

The design of the irradiation device and the experimental conditions were reported in

[5]. In brief, four of the eight capsules in the irradiation device accommodate stacks of discs

of ceramics (diameter 8 mm. thickness 1.5 mm), beryllium and steels (diameter 8 mm,

thickness 2 mm) as shown in fig.l(A). Each capsule accommodates a different ceramic i.e

Li-,0. LiAlO-), Li4SiC>4, LnZrC^. The discs are maintained in intimate contact with a

graphite spring. The capsules are instrumented with thermocouples, they are independently

heated and independently purged. The purge gas, helium with 0.1% HT enters at the

bottom of the capsules, flows in the gap between the specimens and the capsule wall and is

directed towards the on-line tritium measuring system. One closed capsule, as shown in

fig.l(B), accommodates beryllium specimens (diameter 8 mm, thickness 12 mm).

The irradiation was performed in the core of the SILOE reactor for 1690 hours.

Neutron fluxes in the device mid-plane are thermal: 1.1 x 1014 n cm"- s~*, fast (> 1 MeV):

1.0x10 ncm'^s . The irradiation temperature is 550°C, it is representative of the

temperature range of material interfaces in current blanket designs and can afford

evidence of corrosion. In order to identify- any irradiation effect on compatibility a

laboratory blank test was made in identical conditions.



The ceramic specimens were degassed at 6000C for four hours in vacuum to eliminate

moisture, then all specimens were assembled in a dry glove-box. Similar precautions were

taken against moisture after irradiation: a moisture-tight argon enclosure was specially

designed and installed in the LAMA hot cells for conducting the dismantling operations.

Examinations of one set of specimens of the LiAlO7 and Li2ZrO3 capsules were made at

LAMA along with examinations of the beryllium specimens in the closed capsule, whereas

the second set of specimens of the LiAlO? and Li7ZrO-^ capsules and the specimens of the

LiiO and Li4SiO4 capsules were sent to the U.S.A. and to KFK.

3. Beryllium compatibility results

3.1. Type and characteristics of test specimens

The beryllium for the compatibility tests is an arc-cast type material with BeO content

less than 300 ppm (Brush-Wellman B.26). Its structure is characterized by grains as large as

2 mm and by some intergranular cracks. A cold-worked layer resulting of machining is

observed on the surface.

Steels are the 316 L austenitic steel (Cr: 17.44; Ni: 12.33; Mo: 2.3; Mn:1.82) and 1.4914

martensitic steel (Cr: 10.6; C: 0.13: Ni:0.S7: Mo: 0.8).

The LiAlO-) and Li-,ZrO- ceramics are pure materials with grain size ~ 0.5 /tm and 1 /im

respectively, prepared at CEA.

3.2. Post-tests observations

3.2.1. Laboratory blank test

- Beryllium/steels interface

.AJl steels and beryllium specimens were observed by S.E.M. before the metallography

examination. S.E.M. shows an interaction area (1 mmx 0.3 mm) on one 316 L specimen

only. Subsequent metallography and back-scattered electron microscopy examinations of

this area (see fig.2) reveal the presence of Be-Fe, Ni, Cr intermetallic compounds

(maximum thickness 8 /im) and of a beryllium diffusion zone underneath (maximum

thickness 3 Mm) as observed in the previous beryllium/steel compatibility tests. The

surfaces of all other 316 L and 1.4914 specimens appear regular with in some places a

discontinuous grey layer with thickness less than 2/im. The surface of the beryllium

specimens is slightly indented with a discontinuous grey layer (thickness less than 5
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- Beryllium/ceramics interface

The surface of the beryllium specimens in contact with LÎ^Z-^OT, and LiAlC^ is

sliehtly indented. A discontinuous grey layer can be observed with maximum thickness

8 /Jm and 4 nm respectively. SEM fracture examinations of the two ceramics do not show

any change of the initial microstructures even near the interface with beryllium.

An examination of the structure of all beryllium specimens reveals a recrystallization

zone near the surface with grains of about 20 /:m on a 50 to 100 /jm depth (fig.3).

3.2.2. SIBELIUS test

S.E.M. examinations reveal the presence of a powdery aspect layer which fully covers

all beryllium surfaces i.e either in contact with ceramics or with steels or exposed only to

the capsule atmosphere.

Subsequent metallography examinations lead to the following observations:

- Beryllium/ceramics interface

- formation in beryllium, near the interface, of cavities (about 10 fim in diameter) on

a depth of about 50 ^m (fig.4A). The cavity density is higher for beryllium specimens

which were in contact with LnZrO^ than for those in contact with LiAJO>

- presence of a grey layer on the surface of beryllium whose thickness is less than

10 nm and which may contain metallic particles (fig.4B).

- SEM fracture examinations of the two ceramics do not reveal any change of the

microstructures even near the interface with beryllium.

- Beryllium/steels interface

- the beryllium surface is covered with a grey layer whose thickness can reach 5 fim.

- the 316 L specimens are characterized by the presence of a grey layer (maximum

thickness 5 fim) containing metallic particles and by an intergranular attack on a

depth of about 30 /xm.

- the 1.4914 specimens are characterized by the presence of a discontinuous irregular

grey layer (maximum thickness 5
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Finally for all the beryllium specimens exposed in SIBELIUS, a recrystallization is

observed near the interfaces on a depth of 10 /zm.

33. Discussion

Regarding the interaction of beryllium with both ceramics, no important reaction

layer has been observed for both compatibility tests. Thus, even in an irradiation

environment, the reaction of beryllium with the ternary lithium ceramics seems rather

limited. The observation of an oxide layer on beryllium and steel surfaces which were not

in direct contact with the ceramics seems to indicate that corrosion arises from species

present in the capsule atmosphere. Two assumptions can be made concerning the nature of

the corroding species:

- tritiated water vapour released from the ceramics: while this reaction occurs,

estimates of the total amount of oxide formed from the observations of the

specimens (steel and beryllium) and from the total metallic area (capsule and

specimens) are higher than the amount which is evaluated from the tritium

production.

- water vapour degassed from the ceramics or the structures: in spite of all

precautions which were taken it is very difficult to avoid any water contamination.

Therefore the observed reaction layers are partly due to that cause which is the main

one in the blank test. Since the amount of oxide observed in SIBELIUS seems to be

greater than in the blank test it may be assigned to the larger amount of water

degassed from the larger surface of structure and to an additional oxidation which

occurs under irradiation (reaction with TnO for example).

Regarding the interaction of beryllium with steels, the results of the blank test are in

agreement with previous ones in the 550-600DC temperature range. In SIBELIUS, the

formation on the various interfaces of an oxide layer has probably inhibited the formation

of the intermetallic compounds which can be observed on the 316 L surface in the

laboratory' tests.

Finally the recrystallization of beryllium near the interface observed in both tests is

probably due to the cold worked layer resulting from machining.

The formation of holes near the interface of the beryllium specimens in contact with

ceramics in SIBELIUS may be due to the implantation of T or He atoms ejected by the
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ceramics. This assumption is consistent with the observation of a higher cavity density in

specimens which were in contact with Li7ZrOj in which the amount of tritium generated is

about twice that in LiAJO-).

4. Gas release from ceramics and beryllium specimens

4.1. Tritium release from ceramic / beryllium / steel compacts during
irradiation

One question that may be raised regarding the use of beryllium in solid breeder

blankets is whether beryllium can affect the release of tritium from the ceramics. In order

to address this question the tritium release behavior of a LiAJO-? specimen (alone in a

check capsule in the irradiation device) was compared with that of the L IAJOT specimens

in the stack. In addition, temperature transients were made at the end of the irradiation:

a) 550=C to 500°C for the check LiAJO2 and LiAlO9 stack, 5500C to 45O0C for the Li4SiO4

and Li-,ZrO3 stacks, b) 50O0C, 450°C back to 550°C. Calculation of the tritium residence

times (considered as the time necessary to obtain 65% of the steady state) lead to the

following results: 12 hours and 8 hours at 5000C and 2 hours and 1.5 hour at 5500C

respectively for the Li-AJO7 stack and check LiAJO7. For the LnZrO 3 stack tritium

residence times of 0.43 hour at 45O0C and 0.17 hour at 5500C are calculated which is in

good agreement with results of previous experiments performed with similar Li7ZrO3

specimens. For the Li4SiO4 stack an unusually large value is found at 450°C whereas the

value at 550°C is in agreement with expectations. The slow release at 45O0C is assigned to

the poor quality of the sample.

Thus, it appears that the presence of beryllium in contact with ceramics has no

significant effect on the release rates of tritium from ceramics.
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4.2. Tritium and helium behavior in irradiated beryllium

Residual tritium and helium were measured in both the compatibility beryllium

specimens (arc-cast. 300 ppm BeO) and closed capsule beryllium specimens (hot-pressed,

2800 ppm BeO). In one test, the samples are annealed stepwise at 3000C, 5000C, 7000C and

HOO0C in a helium with hydrogen stream and tritium is measured both by the liquid

scintillation counting and ionization chamber techniques. The on-line measurement by

ionization chamber can provide kinetics data. In a second test the samples are heated at

1300°C in vacuum. Gas chromatography is used to separate the released gases and to

measure helium, whereas tritium is measured bv an ionization chamber.

4.2.1. Tritium release

The isothermal annealing runs show that a small part of tritium only (less than 59c)

can he extracted at 300c and 5000C. The amount extracted at 700°C varied with the sample:

the beryllium specimen in contact with LLAJOT is the only one that exhibits a fast tritium

release kinetics and may release the total amount of tritium after sufficient heating. Since

no difference was observed regarding the compatibility behavior of the LiAlO? and

Li-iZrOj ceramics with beryllium, the difference in the tritium release kinetics of the

beryllium specimens (assumed identical) in contact with the ceramics is not understood.

Our results are not in agreement with observations reported in [6] which indicate that while

a very small fraction (less than 19r) is released at 511°C, the remaining tritium is released

in a "burst-type" mode at 6110C. It is questionable whether the discrepancy can be

explained by such differences as beryllium specimens nature, irradiation conditions i.e 70

day* at 5500C versus 10 years at 753C etc ...

4.2.2. Helium release

The helium content was determined by annealing the sample at 1300cC. Xo kinetics

data are available in this case. Helium amounts in the various specimens range from 23 to

6Ox 10" nr'kg"1 i.e from 6 to 15% of the helium generated during irradiation. These

values show that, in contrast with the tritium behavior, the major part of the helium was

released at 5500C during the irradiation. The helium behavior, as observed in this work,

does not corroborate the explanation of a "burst" tritium release coinciding with helium

bubbles coalescence above 61O0C [6]. However, somewhat in contradiction with this

assumption, is the observation in unirradiated beryllium [7] of a tritium release behavior

similar to that in [t>] although there is no helium.
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5. Conclusion

The compatibility under irradiation of beryllium with the lithium ceramics and with

316 L and 1.4914 steels was studied at 5500C for 1690 hours.

-The examination of the LiAlO7ZBe and Li^ZrC^/Be couples reveals a weak

oxidation of beryllium in the conditions explored. Cavities can be observed in the

beryllium specimens near the interface with ceramics.

-The examination of the 316 L/Be and 1.4914/Be couples shows the presence of

oxide layers on all beryllium and steel surfaces which, in the case of 316 L steel, may

have inhibited the formation of the intermetallic compounds observed in the

laboratory test carried out in identical conditions.

- It is assumed that the oxide layers arise from corrosion by water degassed from the

specimens or device walls and/or trinated water released from the ceramics during

irradiation.

Tritium and helium release annealing tests on beryllium specimens show that the

major part of tritium is released above 700:C whereas the major part of helium is released

durins irradiation at 550°C.
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Fig.l - Arrangement of compatibility test capsules (A) and of closed capsule (B).
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Fig.2 - Back-scattered electron micrograph of 316 L after the blank test.



Fio.3 - Recrvstallization zone on the surface of ben'llium after the blank test.
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Fig.4 - Cross-section micrograph of beryllium in contact with Li->ZrC>3 after SIBELIUS

A: X 100, B: X 1000


