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Abstract

In the safety assessment of future fusion reactors, the reaction of beryllium with steam remains one of the main

concerns. In case of a loss of coolant accident (LOCA), the use of beryllium in combination with pressurised water as

coolant can lead to excessive hydrogen production due to the reaction Be+H2O ¼ BeO+H2 +heat. Therefore, we

started an R&D programme aimed at investigating mitigation methods for the beryllium/steam reaction. Beryllium

samples were implanted with either calcium or aluminium ions in a 210 kV ion implanter at ITN Lisbon. The chemical

reactivity of these samples in steam was measured at SCK �CEN in a dedicated experimental facility providing coupled
thermogravimetry/mass spectrometry. In comparison to reference undoped material, the reactivity of doped beryllium

after 30 min of exposure decreased with a factor 2 to 4. The mitigating effect was higher for calcium-doped than for

aluminium-doped samples.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The use of beryllium as a plasma-facing component

or neutron multiplier in fusion reactors in combination

with pressurised water as coolant, may, in case of a loss

of coolant accident (LOCA), lead to the highly exo-

thermal reaction between hot beryllium and steam,

producing hydrogen gas (Be+H2O ¼ BeO+H2 +heat).

Therefore, in view of the intrinsic safety of ITER for

example, it is desirable to restrict the reaction between

beryllium and steam. Therefore, in the framework of the

European Fusion Development Agreement (EFDA), we

initiated a research programme aimed at identifying and

testing mitigation methods for the beryllium/steam

reaction.

The oxidation mechanism of beryllium in steam de-

pends strongly on temperature [1–3]. In the temperature
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range applicable to fusion reactor applications (up to

600 �C) the rate-determining step in the oxidation of
beryllium in steam is the diffusion of Beþþ through the

oxide layer. In this case, classical diffusion theory pre-

dicts a parabolic kinetics. This has been confirmed

experimentally by diverse research groups in the

framework of fusion reactor materials research (see for

example [4,5]). Mitigation strategies should therefore be

aimed at hampering the effective diffusion of Beþþ.

There are experimental indications that the alloying of

beryllium is the most promising method to reduce the

reaction kinetics of beryllium in steam. In this study, we

investigated the influence of calcium and aluminium on

the oxidation kinetics [6].
2. Experimental details

2.1. Investigated material

At the Instituto Tecnol�ogico e Nuclear in Lisbon,
Portugal, beryllium samples were implanted with either
ed.
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aluminium or calcium ions. For this purpose, we used

half tensile specimens fabricated from grade S-65C

beryllium. Table 1 summarises the main impurities in

this material. The equipment consisted of a 2.5 MeV van

de Graaff accelerator and a 210 kV high fluence ion

implanter. Beryllium samples were implanted with either

Al or Ca with different energies and fluences to achieve a

broad depth spectrum. Al ions were implanted with 70,

50, and 25 keV, with nominal fluences of 1· 1017,
5· 1016 and 1 · 1016/cm2, respectively. The maximum of

the implanted profile was centred at 125 nm. Ca ions

were implanted with 80 and 40 keV with fluences of

2· 1017 and 5 · 1016/cm2, respectively. The maximum of

the implanted profile was centred at 90 nm. In both cases

the measured amount of Al and Ca in the samples agrees

with the nominal value. All the implantations were done

at room temperature and the current density was kept

below 0.5 lA/cm2 in order to avoid beam heating. The

RBS spectra of the implanted samples, obtained with a

2.0 MeV Heþ beam and a solid state detector placed at

140� with respect to the incident beam, are displayed in
Fig. 1 together with a not implanted sample. Notice that

the height of the peaks in the figure must be normalized

to the Rutherford cross sections in order to be compa-

rable. According to the experimental data we calculated

a maximum concentration of 15 at.% for Ca and 8 at.%

for Al in the implanted region. A relevant feature of the
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Fig. 1. RBS spectra of the implanted samples and a reference

RBS spectrum of a non-implanted beryllium sample.

Table 1

Main impurities in the investigated beryllium (wt%)

BeO 0.6

Fe 0.06

Al 0.02

Si 0.03

Mg <0.01

C 0.03
results is the higher oxygen content in the Ca implanted

samples compared to the Al and not implanted sample.

Although in residual concentrations we must refer to the

presence of several impurities, besides C and O, being

the more important P and Ni.

2.2. Chemical reactivity measurements

The chemical reactivity of doped and reference non-

doped beryllium specimens was determined at

SCK �CEN, Mol, Belgium, in a dedicated experimental
facility consisting of steam-generating equipment, a

system for combined thermogravimetry/differential

thermal analysis (TG/DTA), and a quadrupole mass

spectrometer.

Fig. 2 shows a schematic representation of the

experimental setup. The steam generator system is set to

deliver a flow of 0.075 ml/min of H2O to the evaporator

oven, where steam is produced and subsequently carried

to the TG/DTA furnace by a 50 ml/min argon flow. The

beryllium sample is placed in a cylindrical alumina

crucible inside the TG/DTA furnace. The gas mixture

leaving the TG/DTA furnace after reaction with the

beryllium sample (consisting of hydrogen, argon, and

excess steam) is led through two condensers operating at

5 and )5 �C respectively to remove excess steam. The

dry gas mixture then enters the ionisation chamber and

the quadrupole mass spectrometer, where the heights of

the mass 2 (hydrogen) and mass 40 (argon) peaks are

measured. The quadrupole mass spectrometer is cali-

brated with reference mixtures of between 100 and

30 000 ppm H2 in argon. Using the thus established

calibration line, we relate the mass 2/mass 40 peak

height ratio to the hydrogen concentration in the argon

flow reaching the mass spectrometer. Knowing the ar-

gon mass flow, we can then calculate the hydrogen

generation rate.
3. Experimental results and discussion

To investigate the influence of ion-implantation on

the oxidation kinetics of beryllium in steam, we inves-

tigated a non-implanted reference sample, a calcium-

implanted sample, and an aluminium-implanted sample.

The limited number of test specimens was due to the

high cost of ion implantation. As the test temperature

we chose 650 �C, which is still within the region of

parabolic kinetics, and offers the advantage of a rela-

tively fast kinetics as opposed to lower temperature

points. Fig. 3 shows the mass spectrometry results for

the aluminium-doped specimen. The upper graph pre-

sents the instantaneous hydrogen production as mea-

sured by the mass spectrometer, either in terms of the

mass 2/mass 40 ratio (left axis) or, after application of

the calibration line, in terms of the H2 concentration in



Fig. 2. Schematic representation of the experimental setup.
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Fig. 3. Mass spectrometry results for an aluminium-doped

beryllium half tensile specimen exposed to steam at 650 �C. The
upper graph shows the instantaneous hydrogen production as a

function of time. The lower graph shows the hydrogen gener-

ation rate (solid line) and the accumulated hydrogen production

(dashed line).
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argon. The lower graph presents the hydrogen genera-

tion rate in ml/min. Integration yields the accumulated

hydrogen production in milliliters.

Fig. 4 compares the chemical reactivity of doped

material with reference undoped beryllium. After 30 min

of exposure we see a reduction of chemical reactivity by

a factor 2 through Al-doping and through a factor 4 for

Ca-doping. This seems to indicate an effect of ion

implantation on the oxidation kinetics. However, addi-

tional experiments would be needed to validate the

mitigating trend at longer exposure times. If this effect is

confirmed, then methods for metallurgical doping need
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Fig. 4. Influence of calcium and aluminium doping on the

chemical reactivity of beryllium during the first 30 min of

exposure to steam at 650 �C.
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to be pursued, as direct oxide doping by ion-implanta-

tion is too expensive to produce large volumes of

beryllium.
4. Conclusions

We investigated the influence of doping on the

chemical reactivity of beryllium in steam. For this pur-

pose, we ion-implanted beryllium samples with alumin-

ium and calcium ions respectively and exposed the

samples to steam at 650 �C in an experimental facility

containing TG and mass spectrometry equipment. The

ion-implantation resulted in a reduction of the chemical

reactivity by a factor 2 for aluminium-doped material

and by a factor 4 for calcium-doped material.
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