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Abstract

A beryllium-seeded deuterium plasma is used to investigate beryllium–tungsten mixed-material properties. Beryllium

accumulation on tungsten surfaces exposed to deuterium plasma containing only a small beryllium impurity concentra-

tion (0.1%) is observed. The beryllium seeding oven utilizes a tungsten crucible to hold the hot beryllium. This crucible

destructively melted after only 100 h of operation and at temperatures that never exceeded 1550 �C. A tungsten–beryl-

lide alloy appears to have formed in the melt zone of the tungsten crucible.

� 2005 Elsevier B.V. All rights reserved.

PACS: 52.40.Hf
1. Introduction

The present ITER design [1] employs beryllium tiles

as the first wall plasma-facing material. In the divertor

area, a combination of tungsten tiles and carbon–fiber

composites form the plasma facing materials. The Joint

European Torus (JET) is also entertaining the idea of

investigating issues related to the use of the ITER mate-

rials by installing a full beryllium wall experiment. In the

JET design the divertor will be composed of either of a

combination of tungsten and carbon (as in ITER), or

entirely of tungsten surfaces. Understanding the behav-

ior of a mixed beryllium–tungsten surface will be critical

to the success of these two large new experimental

endeavors.

A beryllium-seeded deuterium plasma is used in

PISCES-B to investigate mixed-material erosion and
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redeposition properties of ITER relevant divertor mate-

rials. The beryllium containing plasma simulates the ero-

sion of first wall material into the ITER sol plasma and

its subsequent flow toward the carbon and tungsten

material located in the divertor region. The PISCES-B

device [2,3] has been modified by adding a commercial

high-temperature effusion cell from Veeco Applied

EPI, in order to seed a controllable amount of beryllium

impurities into the plasma column, to accomplish this

experimental program. The orientation of the atom

beam emerging from this oven is such that the beam

travels perpendicular to the magnetic axis of PISCES-

B. Due to the rather slow thermal velocity of the Be

atoms, some amount of the beam of atoms is attenuated

in the plasma column due to ionization [2]. The beryl-

lium ions are then entrained in the plasma flow toward

the target. A schematic of the experimental setup is

shown in Fig. 1. The concentration of beryllium ions

within the plasma column is measured by observing

the BeII line emission at 467 nm and can be controlled

by varying the temperature of the oven. Ionization and
ed.
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Fig. 1. Schematic drawing showing arrangement of PISCES-B beryllium seeding experiments.
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excitation rate coefficients were obtained from the

ADAS data base [4]. The beryllium ionization rates have

previously been experimentally verified in PISCES-B [5].
Fig. 2. Tungsten–beryllium phase diagram reproduced from

[10].
The present PISCES-B experiments are focused on

investigating the interaction between tungsten samples

and a beryllium-seeded deuterium plasma, similar to

Be–C interaction experiments reported previously [6].

Be–W alloy formation has been observed and reported

in the literature [7–9]. Fig. 2 shows the beryllium–tung-

sten phase diagram (reproduced from [10]). Of particu-

lar importance in this diagram is the beryllium rich

end of the phase diagram. The alloys Be22W, Be12W

and Be2W, all exhibit some degree of reduced melting

temperature compared to pure tungsten.
2. Results from Be–W interaction experiments

A systematic investigation of beryllium-seeded deute-

rium plasma interactions with carbon surfaces has previ-

ously been reported [11]. Here the identical experimental

technique is used to examine the behavior of tungsten

samples exposed to a beryllium containing deuterium

plasma. As was seen during the carbon sample experi-

ments [6], a beryllium rich coating also forms on the

tungsten samples during very low levels of beryllium

seeding of the plasma column. Fig. 3 shows an Auger

electron spectroscopy (AES) depth profile of the surface

of a tungsten sample exposed to deuterium plasma con-

taining 0.1% beryllium impurity ions (for reference

ITER expects 1–10% beryllium impurity fraction in the

divertor plasma). This sample was exposed for 5000 s

to deuterium plasma at a flux of 1 · 1018 cm�2 s�1. An
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Fig. 4. Estimated growth rate of tungsten–beryllide as a

function of temperature.
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Fig. 3. Elemental composition of a tungsten target plate

exposed to a 0.1% beryllium containing deuterium plasma.
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incident ion energy of approximately 75 eV was

obtained by biasing the tungsten sample holder to

�75 V. The temperature of the tungsten sample during

the exposure was 300 �C. The sputtering time of 3 min

in the AES profile corresponds to roughly 10 nm. The

stopping distance of a 75 eV beryllium ion in tungsten

is less than 1 nm. A beryllium rich surface layer which

is much thicker than the implantation zone results from

the plasma exposure. The surface layer contains about

12 times as much beryllium at the surface compared to

tungsten.

The data relating to equilibrium Be–W interactions

shows that the Be12W alloy begins to form at a temper-

ature of around 750 �C and that the Be22W alloy forms

at around 980 �C [7]. However, it has been shown exper-

imentally that chemical reactions occur during non-equi-

librium energetic particle bombardment of surfaces at

temperatures much below their equilibrium values

[12,13]. Additionally, it has been shown [9] that the

Be–W reaction rate is kinetics controlled, rather than

diffusion controlled, and therefore the interaction zone

propagates as a wave front through the material.

The number of beryllium atoms composing the sur-

face layer is much less than the total number of incident

beryllium ions in the plasma column. The total fluence

of beryllium ions was 5 · 1018 cm�2, whereas the num-

ber of beryllium atoms remaining in the 10 nm thick sur-

face layer of the tungsten sample is approximately

1.2 · 1017 cm�2. This indicates that the surface reaction

between the beryllium and tungsten is not limited by

the amount of beryllium available. While there is no

data available on the nature of the Be–W bonding in

Fig. 3, one can still estimate a growth rate of the

Be–W layer. In the case of the sample shown in Fig. 3,

one obtains a growth rate of the Be–W alloy of 2 ·
10�10 cm/s (i.e. 10�6 cm in 5000 s at 300 �C). This value
can be compared to equilibrium growth rate data for

tungsten–beryllide alloys found in the literature [9] and

shown in Fig. 4. The fact that the growth rate of the

layer is much faster during plasma bombardment is

due to the non-equilibrium nature of the surface during

the bombardment. Beryllium ions are being implanted

into the tungsten surface causing damage to the tungsten

lattice and allowing tungsten–beryllides to form more

quickly at low temperature.

Some additional qualitative insight into the impor-

tance of Be–W alloys can be gained from the PISCES-

B experiments as the effusion cell used in the beryllium

seeding oven during these experiments utilized a tung-

sten crucible to hold the high temperature beryllium

ingot used to add beryllium impurities to the deuterium

plasma. The tungsten crucible used in PISCES-B suf-

fered destructive melting after only about 100 h of beryl-

lium seeding operations. While the temperature of the

tungsten crucible varied from day to day, its maximum

operating temperature never exceeded 1550 �C. The ac-

tual failure of the crucible occurred during operation

at only 1200 �C.
If one assumes that the majority of the Be–W inter-

action occurred when the oven was operating in its

highest temperature region (i.e. between 1450 �C and

1550 �C), then it is possible to estimate the growth rate

of the Be–W region. The original crucible wall thickness

was 0.07 cm and the oven operated in the high tempera-

ture region for a total of about 25 h. This corresponds

to a growth rate of approximately 8 · 10�6 cm/s at

about 1500 �C. This growth rate seems to fit in with

the other tungsten–beryllide growth rate data [9] shown

in Fig. 4.
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Fragments of the disintegrated crucible have been

analyzed using an Oxford Instruments wavelength dis-

persive spectroscopy (WDS) system attached to a JEOL

scanning electron microscope. Two images are shown in

Fig. 5. Fig. 5(a) shows a fragment of an intact region of

the tungsten crucible wall. In this region a thin beryllium

rich layer (250–300 lm thick) containing approximately

4% tungsten is observed to cover the inner wall of the

tungsten crucible. This concentration is consistent with

the Be22W alloy. The pure tungsten wall section appears

to be about 400 lm thick. In this section of the crucible
Fig. 5. (a) Cross-section of the tungsten crucible showing a Be–

W material coating on the inner wall of the crucible in the

region that did not melt. (b) An image of a crucible remnant

from the crucible melt zone.
wall it appears that the tungsten–beryllide layer is slowly

migrating though the wall of the crucible. This region of

the crucible would have come into contact with only

beryllium vapor from the hot beryllium ingot located

in a different part of the crucible.

Fig. 5(b) shows a similar image of a section of the

tungsten crucible from the failure region. The failure re-

gion is in the location where the hot beryllium ingot was

located. Clearly, a much different, nodular structure ap-

pears in this region. The nodular structure appears to be

resolidified material and is extremely fragile to touch.

The quantitative compositional analysis reveals 9%W

distributed in a beryllium rich material extending

throughout the remnants of the crucible wall. This com-

position is similar to the Be12W alloy represented in the

Be–W phase diagram. Our interpretation is that in this

region the crucible wall was in direct contact with the

hot/molten beryllium ingot and as such the tungsten–

beryllide formation reaction was not restricted by the

amount of beryllium available. Once the tungsten–beryl-

lide formed across the thickness of the crucible wall, the

crucible either melted or sagged under its own weight,

resulting in contact with the heater assembly of the oven.

The observed Be12W alloy may have formed originally

in the region, or it is more likely that the Be22W alloy

formed (because this phase is favored at elevated tem-

perature [7]) and subsequently melted, resulting in the

formation of the Be12W alloy and beryllium-rich liquid,

which subsequently vaporized (see the Be–W phase dia-

gram, Fig. 2).
3. Discussion

Recent measurements in PISCES-B have clearly

shown that beryllium–tungsten interactions can be a

serious concern. However, it is not clear whether, or to

what extent, such reactions will be a critical issue for

the plasma-facing surfaces in the ITER device. It is pos-

sible that the high surface temperature encountered in

ITER�s tungsten baffle region will result in rapid subli-

mation of any beryllium incident on these surfaces. This

rate limiting effect appears to have been observed during

static heating tests of beryllium coated tungsten test

pieces [14]. If the amount of surface beryllium is limited,

either due to the incident flux of beryllium, or due to the

loss rate of beryllium from the tungsten surface, then the

growth rates of tungsten–beryllides will also be limited.

If on the other hand, there is a sufficient flux of inci-

dent beryllium available from the first wall region, the

reaction rate of beryllium and tungsten is quite rapid.

The impact of the formation of tungsten–beryllide sur-

faces is largely an unknown. While it is clear that such

alloys have reduced melting temperature, little else is

known of their properties. The thermal conductivity, tri-

tium retention and release characteristics, thermal shock
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behavior, etc., all must be measured and investigated be-

fore any definitive conclusions on the impact on ITER

can be determined.
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