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Abstract

In nuclear fusion for energy generation the materials used for the reactor vessels are
exposed to severely erosive conditions during operation. A promising material for the inner
vessel surface, the so-called first wall, is beryllium, due to its low atomic mass and overall
good mechanical and thermal properties.

An important aspect of material properties under fusion plasma conditions is oxidation
behaviour, since oxygen and water vapour are major residual gases in the vessel. As
much of the knowledge concerning beryllium oxidation has been acquired in the mid 20"
century, the aim of this work is to revise these currently used data by applying modern
surface analytical methods. In a second step, the same methods and the obtained data
are applied to plasma exposure experiments of beryllium.

For this purpose, a tubular furnace with attached electrodes for plasma excitation and a
supply for hydrogen and water vapour was set up. The oxidation experiments were carried
out in air at temperatures between 390 and 600°C and for durations up to 43 h. Plasma
exposure experiments were done in the same temperature range with dry hydrogen and
admixed water vapour fractions in hydrogen of up to 1%. After the experiments in the
furnace, the beryllium samples were investigated with Auger electron spectroscopy (AES)
sputter depth profiling and scanning electron microscopy (SEM).

For heating durations decreasing with higher temperatures (down to 1 h at 600°C),
diffusion-controlled parabolic oxidation was found to occur, and the activation energy for
the rate-controlling diffusion of beryllium through the oxide layer could be determined. At
500°C and above, grain boundary oxidation of the beryllium bulk occurred for longer
heating durations, which indicates the onset of non-protective (catastrophic) oxidation.
Under dry hydrogen plasma exposure, native oxide layers were further oxidised, whereas
thicker oxide layers on pre-oxidised surfaces were reduced, both ending up in a thickness
range of 15-35 nm. The formation of this quasi-equilibrium oxide layer was attributed to the
competition of oxidation by residual water vapour and reduction by atomic hydrogen.
Further admixture of water vapour resulted in a dramatic increase in the thickness of the
overlayer, combined with a very rough and jagged appearance of the surface. This striking
difference was explained with the formation of beryllium hydroxide instead of oxide at
higher water vapour fractions.

In the context of fusion research, the results demonstrate the critical role of the
concentration of residual oxygen-containing gases in the plasma vessel.



Kurzfassung

Bei der Kernfusion zur Energiegewinnung sind die in den Reaktoren verwendeten
Materialien extremen Bedingungen ausgesetzt. Ein vielversprechender Kandidat fur die
innere Reaktoroberflache ist Beryllium, da es eine niedrige Atommasse sowie generell
gute mechanische und thermische Eigenschaften hat.

Ein wichtiger Aspekt der Materialeigenschaften in einer Fusionsplasaumgebung ist das
Oxidationsverhalten, da Sauerstoff und Wasserdampf einen Hauptanteil des Restgases im
Reaktor darstellen. Nachdem ein GroBteil des Wissens Uber die Oxidation von Beryllium
aus der Mitte des zwanzigsten Jahrhunderts stammt, hat sich die vorliegende Arbeit zum
Ziel gesetzt, diese Daten mittels moderner oberflachenanalytischer Methoden zu
Uberarbeiten. In einem zweiten Schritt werden diese Methoden, zusammen mit den
erarbeiteten Daten, in Experimenten zur Wechselwirkung von Beryllium mit Wasserstoff-
plasma angewandt.

Far die Experimente wurde ein Rohrofen mit externen Elektroden zur Plasmaanregung
und einer Gasversorgung fur Wasserstoff und Wasserdampf verwendet. Die Oxidations-
versuche wurden an Luft bei Temperaturen zwischen 390 und 600°C bei Heizzeiten bis
43 h durchgefuhrt. Bei den Plasmaversuchen wurde - im gleichen Temperaturbereich -
sowohl trockener Wasserstoff als auch Mischungen mit einem Anteil von bis zu 1%
Wasserdampf verwendet. Nach diesen Experimenten wurden die Berylliumproben mittels
Augerelektronenspektroskopie-Sputtertiefenprofilen  und  Rasterelektronenmikroskopie
untersucht.

Bei mit der Temperatur kirzer werdenden Heizdauern (bis zu 1 h bei 600°C) wurde
diffusionsbestimmte parabolische Oxidation festgestellt. Die Aktivierungsenergie fur die
ratenbestimmende Diffusion von Beryllium durch die Oxidschicht konnte bestimmt werden.
Uber 500°C fand bei langeren Heizdauern Korngrenzenoxidation statt, ein Anzeichen fir
beginnende katastrophale Oxidation.

Im trockenen Wasserstoffplasma wurden nattirliche Oxidschichten weiter oxidiert, wahrend
dickere voroxidierte Schichten reduziert wurden, wobei die Schichtdicke nach den
Versuchen in allen Fallen in einem Bereich von 15-35 nm lag. Die Bildung dieses Quasi-
Gleichgewichts mit zugehériger Oxiddicke wurde der Konkurrenz von Oxidation durch
Wasserdampf im Restgas und Reduktion durch atomaren Wasserstoff zugeschrieben.
Weitere Beimischung von Wasserdampf verursachte eine starke Erhéhung des
Schichtwachstums, zusammen mit einem sehr rauen und zerklifteten Erscheinungsbild
der Oberflache. Dieser erhebliche Unterschied zur Wechselwirkung mit trockenem Plasma
wurde durch die (Uberwiegende Bildung von Berylliumhydroxid bei héherem
Wasserdampfanteil erklart.

Im Rahmen der Kernfusionsforschung zeigen die dargestellten Ergebnisse die entschei-
dende Rolle der Konzentration von sauerstoffhaltigen Restgasen im Plasmareaktor auf.
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1. Introduction

1.1 Beryllium

Beryllium is an outstanding material. Its combination of low density and high mechanical
strength and stiffness (see table 1) makes it highly interesting for various fields of
technology. Furthermore, it is a valuable material for applications dealing with nuclear
reactions because of its low atomic mass (atomic number Z = 4, atomic mass A =9 amu)
and its neutron scattering properties (neutron moderator and multiplier) [1,2]. The main
disadvantage of beryllium in pure form is its toxicity: inhaled dust particles or vapour can
cause chronic beryllium disease (CBD), an incurable disease of the lung [3,4]. However,
beryllium can also be applied as component metal for alloys, which is widely used to
improve the mechanical properties of aluminium and copper parts [2].

1.2 Oxidation of Beryllium

In ambient atmosphere beryllium forms a native oxide layer of some nanometers [5,6]. The
commonly accepted mechanism for further oxide growth at low temperatures (room
temperature to several 100°C) is diffusion of beryllium ions through the existing oxide layer
and subsequent oxide formation at the surface. The resulting oxide growth rate is
parabolic with time [6-8]. At higher temperatures the oxide layer forms cracks and
eventually falls off in flakes, turning the oxidation catastrophic. The transition temperature
between these two modes was initially estimated at a value around 700°C, but may be as
low as 500°C [9].

Be (grade 1220H) | Be (grade S65C) steels
density [g/cm®] 1,85 1,85 ~8
Young's modulus [GPa] 303 303 ~ 200
ultimate tensile strength [MPa] 448 289 ~ 100 to >3000
yield strength [MPa] 345 206 ~ 50 to >2000

Table 1: Mechanical properties of beryllium (hot isostatic pressed grade 1220H and
vacuum hot pressed grade S65C) and the respective ranges for various steels for

comparison
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1.3 Nuclear Fusion

The fusion of light atoms is an energy-generating process. Fusion of hydrogen atoms
takes place in the core plasmas of stars and the sun and is the source of their energy. The
reaction rates of fusion reactions increase strongly with high temperature and density,
which are sufficiently given in stars. For fusion to work on earth as an energy producing
technology, a fusion device has to provide confinement of a plasma of fusion partners with
high confinement time, plasma density and ion temperature.

In the 1960's the first experimental plasma fusion reactors were developed, based on
magnetic confinement of a plasma of reactants on a large scale (reactor dimensions in the
order of meters, confinement times in the order of seconds). The chosen particle species
for these experiments were deuterium and tritium, due to the comparatively large reaction
rate of the D/T fusion reaction [10-12]. This reaction produces an alpha-particle and a
neutron. While the energy of the alpha-particle can be used to maintain the temperature of
the energy-producing fusion plasma, the neutron escapes the plasma and must be
converted to thermal energy in a surrounding blanket system. By the late 80's, the
tokamak, a reactor type with toroidal plasma shape, had shown the best fusion—plasma
performance of all studied devices [10].

1.4 Plasma-wall interactions in nuclear fusion reactors

With the growing dimensions of the experimental fusion reactors, the interaction between
the edge of the plasma and the wall material next to the plasma (first wall material, plasma
facing material) became more and more important [10,13]. The most significant issue in
this respect is the deterioration of plasma performance due to impurities produced by the
interactions (sputtering of wall material). They lead to radiation losses in the plasma,
limiting the achievable plasma temperature [10,14-16], and dilute the plasma, reducing the
density of the D/T fuel [10,17]. But also the stability and life time of the wall itself is an
important aspect [1,18,19].

Since the impurity radiation losses increase strongly with the atomic number Z of the
impurities, the efforts to reduce them led to the application of low Z wall materials. As a
first step, in the 1970's reactor walls were fitted with carbon first wall components [10,20],
mostly in the form of graphite tiles. Apart from its low atomic number (Z = 6), graphite has
the advantage of a high melting point and the ability to withstand high thermal loads. Its
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biggest disadvantage is its sensitivity to chemical erosion in the D/T-plasma, which leads
to a high dilution of the plasma and makes long term plasma density control difficult to
achieve. [10,21-23]. Nowadays most reactor walls are still fitted with C components, by
now in the form of carbon fibre composites (CFCs), at the points of highest thermal impact
(limiters, divertors) [18,19,24-26].

But by the early 80's, it was clear that efforts to increase the plasma pulse length were
severely impeded by the poor long term plasma density control of full carbon wall reactors,
and first experiments with beryllium wall components were carried out [10,27-30].
Beryllium has a lower atomic number and consequently the radiation losses are reduced.
Furthermore it is less susceptible to chemical erosion by hydrogen, which together with its
low physical sputter yield results in a significantly lower dilution of the plasma, compared to
carbon [1,31]. Experiments with beryllium components in the fusion reactors soon
demonstrated an additional advantage of beryllium as wall material: its ability to getter
oxygen and thereby reduce the impurity concentration in the plasma [1,18].

The main disadvantages of beryllium for fusion applications are its low melting
temperature (1285°C), with the consequently reduced ability to withstand thermal loads
[1,18], and its toxicity. Operation of the fusion experiments was - and still is - difficult since
beryllium divertors suffered from severe melting, which often raised the impurity
concentrations to levels too high for feasible operation.

Since the mid 80's concepts have been developed for a next step experimental fusion
reactor, to be built by the international fusion community, called ITER (International
Thermonuclear Experimental Reactor). In 2007 construction works for ITER started in
Cadarache (France). ITER will extend the dimensions of current reactors (in size and
confinement time) and bring fusion research one step closer to a nuclear fusion power
plant. According to the current plans, its first wall (except divertors) will be fabricated fully
from beryllium [24]. The interaction of beryllium with hydrogen isotopes and oxygen
therefore remains a subject of tremendous importance. Apart from the behaviour of
beryllium components during normal operation, the unprecedented extent of beryllium
surface in a reaction chamber has raised the necessity to anticipate new potential accident
scenarios (inflow of coolant or air into the reaction chamber), which adds a further
dimension to the need for knowledge about beryllium.



1.5 This work

Much research has been done concerning interaction of beryllium with hydrogen, as well
as carbon and tungsten as possible material for additional first wall components
[1,6,10,18,19,24,32,33,37-47], but only few recent investigations deal with the interaction
of beryllium with oxygen [48-51]. The results of the more extensive research on the
oxidation of beryllium from the 1960's still serve as the major data-base on the topic [7-9,
52-55].

This work addresses the need to re-examine the oxidation behaviour of beryllium with
modern surface analytical instruments and methods, and to apply the results to the
present questions of fusion research.

The first part of the investigation deals with the oxidation of beryllium in air. The
temperature range for these experiments was 390°C to 600 °C, which is at or slightly above
the temperatures relevant for fusion applications [24], and can be handled on a small
laboratory scale. After oxidation, the beryllium surfaces were analysed with Auger electron
spectroscopy (AES) and AES sputter depth profiling. These measurements yielded
information about thickness and composition as well as inhomogenities and lateral
distribution (e.g. grain boundary effects) of the surface oxide layers. By carrying out
experiments with varying heating durations and fitting the results with a simple function for
diffusion-controlled oxide growth (parabolic oxidation), the oxidation kinetics of beryllium
could be determined. In the upper temperature range, catastrophic oxidation could be
observed within the range of heating durations applied.

Prepared with the oxidation data, in the second part of this work the interaction of beryllium
and beryllium oxide with hydrogen plasma was investigated. In a pure hydrogen plasma,
without contamination, a reduction of the oxide layer thickness may be expected, as
hydrogen would tend to bind and remove the oxygen. However, oxygen and water vapour
are major impurities in modern fusion plasmas [29,45], and present a source for oxidation
processes at the first wall. This situation was replicated in a laboratory scale plasma flow
reactor with defined additions of water vapour to the hydrogen. After the experiments, the
beryllium samples were again analysed with AES depth profiling. The results showed that
the variation of the concentration of water vapour in the hydrogen plasma caused
differences in the thickness of the oxide layer as well as in its structure.



2. Literature Review

2.1 Oxidation of Beryllium

Beryllium and its oxidation was studied already in the 1930’s [56], followed by several
works up to the 1950's [e.g. 7,57-59].

In 1943 Terem [57] could observe oxidation of beryllium only at temperatures above
500°C. From these data an Arrhenius law with an activation energy between 1 and 2,8 eV
followed.

In 1950 Gulbransen et al. [7] did oxidation experiments with beryllium between 350 and
950°C. They determined that the oxidation follows a parabolic rate law over the whole
temperature range, but with two different activation energies for low temperatures (0,37 eV
between 350 and 700°C) and high temperatures (2,2 eV between 750 and 950 °C).

Interest increased in the 60's due to the increasing possibilities of applying beryllium in
nuclear and aerospace industries, and the importance of surface properties and
interactions (at that point mainly in the form of oxidation behaviour) was already
recognized.

In the early 60's Aylmore et al. [9,52] investigated the oxidation of beryllium in dry and
moist oxygen and in water vapour at temperatures between 500 and 750°C by applying
weight gain analysis. Based on their results they proposed a model for the oxidation
kinetics, based on existing models for metal oxidation. Furthermore they could separate
the oxide growth curves into two categories, a protective oxide growth mode at lower
temperatures and a non-protective mode resulting in a breakaway behaviour of the
oxidation at higher temperatures. They determined the transition temperature between
these two regimes at approx. 700°C for dry oxygen. Water vapour or moisture content in
oxygen accelerated the breakaway behaviour and lowered the transition temperature to
approx. 650°C. By investigation of the oxidised samples with light microscopy they found
blisters and cracks on the oxide surface and, for the experiments with water vapour and
moist oxygen, strong evidence for intergranular oxidation.

In 1963 Jepson et al. [53,54] published investigations of oxidised beryllium with scanning
electron microscopy (SEM). Their results led them to a qualitative description of beryllium
oxidation as the combination of outer oxidation at the oxide surface and inner oxidation at
the oxide-metal interface and metal grain boundaries, the latter made possible by cracks in
the oxide layer. Additionally, beryllium carbide inclusions at the grain boundaries are more

susceptible to water vapour and moisture than bulk beryllium and are oxidised

5



preferentially. The transition to breakaway behaviour observed in earlier publications is
explained as the point where the rate of inner oxidation exceeds the rate of outer
oxidation.

In 1964 Ervin et al. [55] again approached the oxidation of beryllium with the weight gain
method and optical microscopy, carrying out experiments in dry oxygen at temperatures
from 500 to 900°C. In contrast to previous authors, they did not separate the oxidation into
protective and catastrophic regimes below and above a certain transition temperature, but
determined a protective part followed by a catastrophic part of the weight gain curve at all
temperatures, with the duration of the initial protective part decreasing with increasing
temperature. Consequently they proposed a model for the oxidation kinetics depending
only on one rate determining process, the diffusion of beryllium ions through the oxide
layer. Furthermore they found indications for grain boundary oxidation at all temperatures:
optical microscopy of polished cross sections showed voids at the surface already for the
initial oxidation phase, and oxide particles from the surface containing unoxidised metal
indicated that during catastrophic oxidation not only the oxide layer disintegrates, but also
the metal beneath fragments.

Literature up to 1968 is summarized in a review paper by Adams et al. [8]. Apart from the
work mentioned above, articles about the physical properties of beryllium (structure,
vapour pressure, etc.), preparation and characterisation of thin beryllium films, and
oxidation in dry and moist gases including air, oxygen, CO, and CO, at temperatures from
350 to 1300°C, are discussed.

In the 80's the investigation of beryllium was extended to the very early stages of oxidation
with the help of Auger electron spectroscopy (AES) and low energy electron diffraction
(LEED).

An important means to advance these studies was the distinction of metallic and oxidised
beryllium in the Auger electron spectrum, consisting of a shift of the beryllium peak by
approx. 10 eV. Several authors reported investigations of this feature already in the 70's
and early 80's [60,61].

A series of investigations on early oxidation processes was performed on a beryllium
(0001) single crystal surface at oxygen pressures between 4:10® and 2,6:10* mbar and
temperatures between room temperature and 500°C [62-64]. Two low-pressure oxidation
modes were found, which are distinct from the two modes observed at atmospheric
pressures. The first is the chemisorption of oxygen on a clean beryllium surface, the
second the logarithmic growth of very thin oxide films, limited by electron tunnelling.



2.2 Fusion Research

From the late 70's, the growing field of fusion research started to show interest in beryllium
because of its potential as material for the first wall of fusion reactors (plasma facing
material), and the research effort focussing on beryllium and its relevant properties has
kept increasing ever since.

One of the earliest works in this context was published by Langley in 1979 [65]. In this
work, the interaction of beryllium with highly energetic deuterium and helium particles is
examined with regard to its influence on oxidation. The experiments are carried out with a
dedicated ion beam facility. The results show that the impact of the ions enhances
oxidation of the beryllium surface by increasing the diffusion of beryllium ions through the
oxide layer.

A similar work was presented by Bastasz in 1984 [66], who investigated the effect of
hydrogen ions on beryllium oxide layers. For this purpose beryllium bulk samples with
native oxide layers were bombarded with 1 keV hydrogen ions and the emerging
secondary ions monitored with a mass detector. The results showed that both desorption
of oxygen from the surface and oxide growth were enhanced by the irradiation. Depending
on the hydrogen ion current and the oxygen (partial) pressure, the steady state that finally
developed on the sample surface from these two counteracting processes could be either
clean beryllium or a stable oxide layer.

In 1987 a comparison of the erosion of carbon and beryllium under fusion plasma like
conditions was presented by Roth [31]. In this article the different mechanisms that lead to
the respective erosion phenomena (chemical erosion, sputtering, sublimation, ...) are
discussed, and particular attention is given to the influence of oxide layers on the overall
material wear.

Experiments with small beryllium wall components in fusion test reactors started in the late
80's [30], at the Impurity Study Experiment B (ISX-B) in Oak Ridge (USA) [27,28,67],
UNITOR in Dusseldorf (D) [28,68-73], and at the Joint European Torus (JET) in Culham
(GB) [29,74,75]. The experience gained in these experiments indicated that beryllium wall
components contributed significantly to the reduction of heavy impurities (Z > 5) in the
plasma (and thereby decrease of radiation losses) by gettering (mainly of oxygen), but
also increased fuel dilution by introducing sputtered beryllium into the plasma.

Since these early experiments, much research has been performed on beryllium as
potential fusion plasma facing material.

Fundamental research on beryllium has been continued, concentrating on interactions of
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single crystal surfaces with air and water vapour [4,33,49,51,76-78].

For the production of beryllium reactor components, sintering and various similar pressing
methods have been pursued for bulk parts [1,79,80], and evaporation and plasma spraying
for the fabrication of beryllium coatings and for repair purposes [81-86].

The most important question concerning beryllium as first wall material has been if and
how long beryllium can withstand the extreme thermal conditions at the edge of a nuclear
fusion plasma. Research in this regard has been conducted by investigating the physical
properties of beryllium and using them for model calculations [19,87-89], testing beryllium
samples in dedicated facilities simulating the plasma conditions [10,19,46,81,84,86,90],
and by installing Dberyllium components in experimental fusion reactors
[10,19,70,80,91,92].

Apart from thermal loads, all plasma facing surfaces are exposed to intense irradiation by
neutrons, which makes the influence of neutron irradiation on the properties of beryllium a
continuing topic of investigations [39,65,93].

Besides the problem of erosion, most research has dealt with the interaction of beryllium
with hydrogen isotopes [1,6,10,18,19,24,32,33,37-47]. The main reason for the importance
of this aspect is the trapping of tritium in the first wall during operation of a reactor. The
resulting tritium inventory is strictly limited for safety reasons, and an excessive
accumulation of tritium in the first wall can therefore severely interfere with regular
operation.

It became obvious early in the work on materials for plasma facing components that
beryllium is a viable choice for the first wall, but an insufficient material for more highly
loaded components, like divertors. Consequently, assemblies of plasma facing
components of different materials are scenarios that have been investigated extensively.
The most important materials in this context are carbon and tungsten. In these cases,
erosion and transport of particles will cause mixing of the materials on the inner surfaces
of a reactor. Therefore interactions of beryllium with carbon and tungsten are the subject of
much research [6,19,26,32,43,45,46,94].

Efforts to improve the performance of beryllium components have led to developments in
the geometry and design of the various parts [80,89] as well as to attempts to reinforce
them with other materials (carbon fibres, titanium alloys) [1,95-97].

The most extensive experience with the operation of a fusion reactor with beryllium
components has been acquired at the Joint European Torus (JET) in Culham (GB)
[3,10,29,32,74,75,80,91,92,98]. Handling of beryllium components started with the first
tiles and evaporators installed in 1989 and culminated in the so-called ITER-like-wall (see
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below) campaign with the first wall lined completely with beryllium. Today the experiments
are still ongoing, yielding necessary and valuable data on all aspects of fusion reactor
operation.

The next big step in fusion research is the construction of the International Thermonuclear
Experimental Reactor ITER, surpassing previous experiments in size, confinement time
and power output, and providing the necessary means to test fusion reactor operation at
conditions closer to foreseen fusion power plants. The preliminary research and design
effort is immense, and since ITER will have a full beryllium first wall, much of this work
concerns the probable behaviour of beryllium at the planned fusion plasma power level
[1,10,18,31,99-101].

The planned magnitude of ITER and the amount of beryllium involved entails new safety
concerns that have to be addressed thoroughly. One is the generation of beryllium dust on
a large scale by erosion. Beryllium can cause chronic beryllium disease (CBD), an
incurable disease of the lung, if inhaled [3,4]. The regularly accumulating dust therefore
has to be handled and disposed of properly and with great care [3,18,19,101-106].

A second safety issue is the possibility of a leak occurring between the plasma chamber
and the cooling system or atmosphere. The inflowing steam or water vapour would react
with the hot beryllium, resulting in large quantities of hydrogen gas combined with a rise in
temperature caused by the released reaction energy, and therefore presenting a
considerable safety hazard. Consequently, concerted investigations deal with the
beryllium-water reaction under various conditions and with the design of measures to
mitigate the dangers of these accident scenarios [19,39,48,103,106-109].

The ITER design also brought about a new application of beryllium in reactor operation as
neutron multiplier in the tritium breeder blanket [1,48,96,110]. Apart from the somewhat
different operating conditions, the considerations and concerns for beryllium in this
application are the same as those for beryllium as plasma facing material.



3. Theory of Diffusion-Controlled Oxidation

In most cases, exposure of a clean metal surface to air or other oxygen-containing gases
leads to adsorption of oxygen on the surface and subsequent oxidation of the metal. Once
a closed oxide layer has formed, further growth of the oxide proceeds by diffusion of ions
through the oxide layer and oxidation at an interface - either the diffusion of oxygen ions
and oxidation at the oxide-metal interface, or the diffusion of metal ions and oxidation at
the surface. [111]. If the supply with oxygen (i.e. the partial pressure of oxygen or other
suitable gases, like air, water vapour or carbon dioxide) is sufficiently high, this diffusion is
the process determining the rate of oxidation.

A simple model of diffusion-controlled oxidation was developed in the early 20™ century by
Tammann [112] and Pilling and Bedworth [113], based on the observation that oxide
growth is proportional to the square root of time for many metals. For this model, the

following assumptions are made:

- The charge of diffusing particles is neglected (atomic/molecular diffusion).

- The diffusion coefficient D is independent of the concentration C of the diffusing particles.
- The concentrations of the diffusing particles at the interface metal-oxide C(0) and at the
oxide surface C(L) are independent of the oxide thickness L.

- Oxide growth is considered a steady state process.

The basic equations for this model are Fick’s first law for the current J of uncharged
particles in the direction of oxide growth x

aC
J=-D— 1
ox (1)
and Fick’s second law
oJ oC
o= (2)
ox ot

The assumption of a steady state means
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—=0 3

> (3)
and therefore

oJ

—=0. 4

» (4)

This means that J is independent of the position in the oxide, and eq. (1) can be written as

aCa)(Cx) = —% = const . (5)
Integration over the oxide thickness yields
LJ
C(L)_C(O):_E (6)

or

_D[cO)-Ccw)]
3 :

J

(7)

The particle flux J is connected to the oxide growth dL(f)/dt by the volume of oxide V

formed from each diffusing particle

7 :ldL(t) .
V. dt

From egs. (7) and (8) we get for the oxide growth

dL(t) _ k ©)
dt L

or
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L(¢)* — L(0)’ =2kt (10)

with the rate constant k

k=VD[C(0)-C(L)] (11)

for parabolic oxide growth.

The diffusion of particles determining the rate of oxidation via the diffusion coefficient D
can often be described as a thermally activated hopping of the particles between suitable
lattice sites [114]. In the most simple case this takes the form of an Arrhenius-type

equation for the diffusion coefficient [114]

D(T)=Ae “" (12)

where E, is the activation energy for particle transport, T the temperature, kg the
Boltzmann constant, and A a constant for the specific system of metal and gas.
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4. Experimental

4.1. Sample Preparation and Safety

4.1.1 Samples

The beryllium samples that were used for this study were procured from a previous series
of hydrogen outgassing experiments at the Institut fir Allgemeine Physik (Vienna
University of Technology) [115,116].

There were two different sets of samples: one was S65C grade vacuum hot pressed
(VHP) beryllium from Brush Wellman, Inc. (USA). The other set consisted of plasma-
sprayed samples that were prepared at the Los Alamos National Laboratory (USA) [85].
The composition for these two types of samples are given in table 2.

Both types of samples were approximately 5 x5 x 2 mm?® in size and had a weight of
approximately 130 mg. All experiments were performed using at least one sample of each
type, to detect any differences in behaviour. As no difference was detected for any of the

experiments, the results apply to both types of samples.

impurity S65C VHP plasma sprayed
BeO max 1 wt% 0,36 Wt%
C max 0,1 wt% 0,09 wt%
Fe max 0,08 wt% 985 ppm
Al max 0,06 wt% 600 ppm
Si max 0,06 wt% 420 ppm
Mg max 0,06 wt% 130 ppm
other max 0,04 wt% each < 200 ppm each

Table 2: Composition of the two sets of beryllium samples: S65C grade vacuum hot

pressed from Brush Wellman (values provided by the manufacturer) and plasma-sprayed

from Los Alamos National Laboratory [85]
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4.1.2 Sample Preparation

Preliminary experiments with the as-received, unprepared samples showed that the
surface of the samples was too rough to make sputter depth profiling analysis with an
Auger electron spectrometer feasible. The samples needed to be polished before the
experiments, which necessitated additional safety measures .For this purpose a glove box
with integrated grinding machine was set up (see fig. 1). It consists of a main chamber with
a closed filtered air circulation system (filter pore size 300 nm) that also keeps the
pressure in the chamber slightly below atmospheric pressure, as well as an entry lock
chamber. The grinding machine is suited for SiC abrasive paper and equipped with a
closed water circuit for cooling and flushing, driven by an external peristaltic pump.

After entering a sample into the glove box by way of the entry lock, it was polished
manually on the grinding machine under running water. For this purpose, four cycles with
polishing paper of increasingly fine SiC grit (200 to 4400) were carried out. Afterwards,
residual polishing dust particles were rinsed off the sample under running water and the
sample was dried with lint-free tissue in order to avoid water stains. Subsequently a period
of approximately one hour was allowed for airborne dust to settle or get filtered, after which

the sample was removed from the glove box.

Fig. 1: Glove box for sample polishing
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In order to monitor the beryllium dust contamination level in the laboratories, three times
during the duration of this work a series of wipe samples was taken from various spots in
the respective work areas. For the appropriate wipe testing procedure, a surface area of
approximately 1000 cm? on the chosen spot is wiped with lint-free tissue that has been
wetted with distilled water. These samples are then analysed with atomic absorption
spectrometry.

The contamination of freely accessible surfaces was below the legal limits at all times, but
showed a slight increase in the course of this work.

In order to obtain information about the structure of the samples and surface oxide layers,
polished cross sections of selected samples were prepared with the grinding machine in
the glove box. Additionally, a ball cratering device was installed in the glove box and ball
craters of various sizes (5-20 mm ball diameter) were prepared. Both preparation

methods proved to be qualitatively insufficient to provide metallographic information.

4.2. Oxidation Experiments

4.2.1 Furnace Setup

The heating and plasma exposure experiments were performed in an AHT tubular furnace
adapted for use with various atmospheres under pressures from low vacuum to
atmospheric pressure.

Fig. 2 shows a schematic setup of the furnace. It consists of insulation elements made of
ceramic fibres with embedded Kanthal heating coils. Inside, an aluminium oxide tube
equipped with three platinum/platinum-rhodium thermocouples is installed. In the
aluminium oxide tube a fused silica tube with 25 mm internal diameter is installed, which
can be evacuated to approximately 10 mbar. Temperatures up to 1200°C in air and up to
1100°C in vacuum can be reached, and the temperature is precise and stable to within 1
to 3°C. The whole setup is divided into three independently controlled heating zones,
which permits a fairly even temperature distribution in the inner tube. Stability and
temperature distribution were verified before the experiments with a trailing thermocouple.
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4.2.2 Oxidation Experiments

The temperatures that were chosen for these experiments were 390°C, 500°C and 600 °C.
390°C was chosen because at this temperature the vapour pressure of beryllium is well
below 102 mbar. Below this value, it is safe to handle and heat beryllium without
additional safety measures, and especially without a closed sample holder.

For heating above this temperature, the samples were put into fused silica vials, which
were plugged with mineral wool. This reduced the distribution of beryllium vapour, but
permitted access of air to the sample so that a depletion of oxygen in the vial would be

replenished. A characteristic time for this exchange was estimated as 7~ (Vyia)/(AviarDox),
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Fig. 2: Tubular furnace setup
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with a vial volume of Vi~ 100 cm?®, a diffusion length of /~1cm, a cross section of
Aviz ~ 3 cm?, and a diffusion coefficient of oxygen in air of Dy, ~ 0,2 cm?/s, which amounts
to 7~ 1 min.

Above 600°C, it is not safe to heat beryllium with the simple vials described. 500°C was
chosen as an intermediate value.

Heating durations between 1 h and 43 h (the longest time for 390°C) were used. 1 h is
near the shortest useful time considering the error introduced by the additional heating and
cooling time. At 43 h and 390°C saturation of the thickness of the oxide layer had already
set in. At the higher temperatures, saturation set in much earlier.

After polishing in the glove box, the beryllium samples were put into the mid heating
section of the fused silica furnace tube, which was left open on both ends for heating in air.
Heating of the furnace was started after the samples had been inserted, and after the
oxidation experiment the samples were left in the furnace during the cooling period. This
added the time of heating up and cooling down of the furnace to the nominal heating
duration. In the cases where a vial was used, the whole vial was put into the glove box
after heating, the sample removed and the mineral wool plug disposed of in the box. The
sample was subsequently mounted on a sample holder for Auger electron spectroscopy
and inserted into the spectrometer.

4.3. Plasma Exposure Experiments

4.3.1 Furnace Setup for Plasma Exposure

External electrodes are attached along a length of 20 cm to the mid section of the fused
silica furnace tube in order to enable the excitation of a capacitively coupled r.f. plasma
inside the furnace, provided the pressure in the tube is within the mbar range. The plasma
volume is roughly 100 cm® and r.f. powers up to 1100 W are available. The typical powers
for this series of experiments were around 100 W. Interaction of the hydrogen plasma with
fused silica would introduce trace amounts of water vapour into the plasma. To avoid the
interaction of the hydrogen plasma with the fused silica tube, an AIN tube was used as the
innermost furnace tube. It fitted into the fused silica tube and could be inserted and

removed as necessary.
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Fig. 3: Furnace setup for plasma exposure

Fig. 3 shows the schematics for this plasma exposure setup, with further components like
roughing pump, pressure control valve, nitrogen and hydrogen gas supply system, water
vapour supply and gas mixing system, optical and mass spectrometer (see below), as well

as the approximate size and position of the sample inside the furnace tube.

4.3.2 Control of the Atmosphere inside the Furnace

A rotary roughing pump and a regulation valve are attached to the furnace for evacuation
and pressure control. High purity (99,999%) hydrogen and nitrogen supplies are attached
via pressure regulators and mass flow controllers (MFC). Nitrogen is used for flushing the
gas supply system and the furnace prior to and after experiments in hydrogen atmosphere

in order to avoid the formation of explosive gas mixtures.
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The furnace volume (between the MFCs and the regulation valve) is kept at a pressure of
approx. 5-10 mbar during the plasma exposure experiments. The pressure between the
pressure regulators and the MFCs is kept at 1,5 bar. A value above atmospheric pressure
is necessary in this stage of the gas supply to prevent the influx of impurities from air into
the supply system if the system would be leaking. Furthermore, the mass flow controllers
need a minimum pressure drop for proper operation. Higher pressures would present an
increased risk of accumulation of a dangerous amount of hydrogen.

A water cooled chamber containing distilled water is attached to the gas supply system in
order to supply minute amounts of water vapour. The temperature, controlled by the cold
water bath, is kept at 11 £1 °C and gives a water vapour pressure of 13 +1 mbar.
Hydrogen fed through the chamber at 1,5 bar is saturated with water vapour, resulting in a
concentration of water vapour Cy, 1 = 0,87 £ 0,05 %. The mixture can then be dynamically
diluted in a second mixing stage using the MFCs for pure and water vapour saturated
hydrogen: a flow Qq of water vapour saturated hydrogen is mixed with a much larger flow
Qo of pure hydrogen, containing water vapour and possibly oxygen impurities with an
unknown concentration Cyo. The concentration of water vapour in the gas entering the

furnace is then

Cw,l (’Tl )Ql + CW,OQO
Q, + 0, (13)

CW,Z =

In the furnace tube, further addition of impurities has to be taken into account. Possible
sources include desorption of oxygen and water vapour from the walls of the plasma
vessel and backdiffusion from the vacuum pump. These contributions can be summarised
as a single additional influx of water vapour Qq. The total concentration of water vapour in

the plasma is therefore

C _ Cw,l (’Tl )Ql + CW,OQO + Qd
w,p QO + Ql (1 4)

Cwo is expected to be less than 10 ppm, as 99,999 % pure hydrogen is used at a
sufficiently high flow rate. Measurement of the residual water vapour impurity
concentration C4 produced by the flow Qg has been attempted by means of optical

spectrometry and mass spectrometry (see below) and was found to be less than 3 ppm.
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4.3.3 Heating and Plasma Exposure Experiments in Hydrogen

The beryllium samples were first placed in the mid section of the furnace tube. A
continuous flow of hydrogen was led through the furnace. By adjusting the valve between
the downstream end of the furnace tube and the vacuum pump the pressure was
stabilized at the pressure needed for the experiment (between 1 and 10 mbar). Heating
was then carried out analogous to the oxidation experiments in air (see section Oxidation
Experiments).

For heating in pure hydrogen a quartz vial was used as sample holder. For plasma
exposure experiments an open sample holder was used to enable contact between the
sample surface and the plasma. Once the hydrogen flow and pressure was established
and the nominal temperature of the experiment was reached, the r.f. plasma was ignited.
After the exposure experiment, heating and plasma supply were turned off at the same

time.
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Fig. 4: Optical emission spectra in the furnace for various plasma compositions
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4.3.4 Measurement of Impurities in the Furnace: Optical Spectrometry

In order to measure the concentration of oxygen-containing impurities in the plasma, an
Ocean Optics HR-4000 high resolution UV-VIS-NIR spectrometer was attached to the
furnace. It was mounted near the downstream end in the extension of the furnace tube and
connected via a glass lens and fibre optics that were adjustable in their distance to each
other so that the focus could be optimised. The molecule that was monitored with this
setup was OH with its emission band near 308 nm, giving a general measure for oxygen-
containing impurities in the hydrogen plasma. The method can be calibrated absolutely,
using the gas mixing setup and comparing the intensity of the OH band with a
spectroscopic feature of molecular hydrogen, e.g. the dissociation continuum with a
maximum near 280 nm. Fig.4 shows examples of spectra for various plasma
compositions. However, the sensitivity of the method with respect to the OH-band is
greatly reduced in hydrogen and nitrogen in comparison to noble gas atmospheres, where
the OH-band is a common indicator for water vapour. Furthermore, the signal decreased
rapidly above a pressure of 1 mbar, which is slightly too low for the purpose of these

experiments.

4.3.5 Measurement of Impurities in the Furnace: Mass Spectrometry

A Balzers QMG 420 quadrupole mass spectrometer (quadrupole mass analyser, QMA)
was connected to the furnace tube with a 0,8 mm diameter steel capillary (see fig. 3). The
QMA chamber is pumped by three turbomolecular pumps to a pressure of approximately
10 mbar, resulting in a parabolic pressure gradient in the capillary emerging from the
furnace tube (pressure range 1 to 10 mbar). Set to mass 18, the mass spectrometer gives
a rough feedback of the water vapour content in the furnace tube, superimposed on a
background signal from residual water vapour in the QMA chamber.

More refined results were obtained by freezing part of the capillary with liquid nitrogen for a
certain time and then rapidly heating it with water at room temperature. Freezing and
thawing the water vapour in the capillary periodically in this way permits to separate the
water vapour transferred from the furnace from the background in the mass spectrometer.
Furthermore, extended freezing periods accumulate water in the capillary and thus
increase sensitivity. Thawing then results in a peak in the QMA-signal for mass 18 with a
delay of approximately 30 s. The area of this peak is a measure for the amount of water
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vapour accumulated during the freezing period. If this amount is assumed to be

proportional to po - t; - Cw , Where pg is the pressure in the furnace, t; the freezing time and

cw the concentration of water vapour in the furnace, then the concentration ¢, can be

measured after calibration of the mass spectrometer with respect to the current conditions.

The mass spectrometer was calibrated by measurements at defined pressures po and

concentrations c,, set by the flow controllers, and for different freezing times t; (see fig. 5).

These experimental data were fit with a second order polynomial, which was then

extrapolated to lower amounts of water vapour. Inserting the results for measurements

with dry hydrogen allows to estimate the fraction of water vapour impurities in the furnace
to be below 3:10°® mbar or, with po = 1 to 10 mbar, cy = 3-10° to 3-107 .
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Fig. 5: Calibration of the quadrupole mass analyser by fitting a second order polynomial to

the results for known concentrations and extrapolation to lower amounts of water vapour.

The y-axis gives the partial pressure in the oven multiplied with the freezing time.
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4.4. Auger Electron Spectroscopy

4.4.1 Auger Effect

Auger electron spectroscopy is a surface analysis method based on the Auger effect,
which was discovered by Lise Meitner [117] and Pierre Auger [118]. When an electron in
an atomic shell is hit by an external particle or electromagnetic radiation with sufficient
energy to remove it from its shell (lifting it up into a higher shell or removing it from the
atom), a hole in the original shell is left behind. This hole is filled up by a second electron
from a higher shell. The difference in potential energy between these two shells can either
be released as electromagnetic radiation (characteristic x-ray radiation) or transferred to a
third electron in this atom. If this energy is sufficiently high, the third electron is excited and
ejected from the atom with a kinetic energy, which is characteristic for the atom and the
combination of shells that were involved in the process, and it is then called an Auger

electron.

4.4.2 Application for Surface Analysis

In Auger electron spectroscopy, a medium to high energy (typically 10 keV) electron probe
beam is used to excite Auger electrons in the sample. These electrons can then be
separated by their energy and appear as element characteristic peaks in the electron
energy spectrum. The energy range of Auger electrons used for analysis is usually approx.
between 100 eV and 3000 eV. Since electrons in this energy range travel only a short
distance in a solid body before being scattered inelastically, the detected Auger electrons
originate from a depth of only a few nm, making Auger electron spectroscopy a very
surface sensitive analysis method. Depth profiling can be done by alternately recording a
spectrum and ion etching the sample (sputtering).

Imaging is possible by scanning the electron beam, similar to scanning electron
microscopy (SEM). The lateral resolution for imaging can be as low as 5 nm, the resolution
for analysis is about 50 nm due to the extent of the area around the electron beam where
Auger electrons are excited.

The detection limit for qualitative analysis is about 1 at%. For quantitative analysis, the
areas of the Auger peaks are evaluated and related to each other. Auger electron
spectroscopy is usually not sensitive to the chemical state of the detected elements.
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However, some low energy Auger peaks, especially those of light metals, show a slight

shift of their position on the energy scale when the element is oxidized.

4.4.3 Instrument

The instrument used for the analysis of the beryllium samples was a commercial Auger
electron spectrometer, model VG Microlab 310 F. The apparatus is shown schematically in
fig. 6.

The analysis chamber consists of a stainless steel vessel under ultra high vacuum
conditions and is pumped by two ion pumps. Base pressure is 7-10"'° mbar. The samples
are inserted by way of a fast entry airlock which is pumped by a turbomolecular pump to a
pressure of 107 mbar.

The electron beam is generated and focussed in the electron optical column arranged
along the vertical axis. The source of the electron beam is a field emission gun. In the
following sections of the column the electrons are accelerated to their final energy (primary
beam energy, usually 10 keV) and focused by electrostatic and magnetic lenses. The final
section is a deflection unit for scanning the electron beam across the sample,
synchronized with a frame grabber for image generation.

Measurement of the electrons leaving the sample is accomplished by a hemispherical
analyser. The electrons are focussed onto the entrance slit by means of a retarding lens.
In the analyser they are separated with respect to their energy by applying an electrical
field between the inner and outer hemispheres, and only electrons corresponding to the
set pass energy reach the exit slit. There are two modes of adjusting the retarding field
and the analysing field during spectrum acquisition: constant analyser energy (CAE) and
constant retard ratio (CRR). For CAE, the analysing field, i.e. the voltage between the
hemispheres, is set to a fixed value, and only the retarding field is adjusted to sequentially
measure electrons of all energies. During CRR, both fields are adjusted while keeping the
ratio between them constant.

The electron detector at the exit of the analyser consists of a linear array of five channel
electron multipliers (channeltrons). The signal of the channeltrons is processed by a
preamplifier and a discriminator and finally sent to a computer for counting and evaluation.
The spectrometer is equipped with an EXO05 ion gun system. It generates a 3 keV Ar ion
beam for in situ sputter cleaning and depth profiling of the samples. The ion current is in
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Fig. 6: Schematics of the Auger electron spectrometer

the range of approx. 0,1 to 1 pA. The beam can be focused on an area of approx.
0,5 x 0,5 mm? coinciding with the analysis spot.

Mounted on a special sample holder, samples can be heated in situ inside the analysis
chamber. Temperatures up to 600°C are possible, provided the pressure during heating
remains below 107 mbar. Temperature measurement is performed with a thermocouple
installed on a holder, which can be moved from outside the vacuum system (wobble stick).
The temperature can be set with an error of £10°.

A quadrupole mass spectrometer is attached to the analysis chamber for residual gas

analysis.

4.4.4 Experiment and Analysis Sequence

After the heating or plasma exposure experiments, the samples were examined with
sputter depth profiling in the Auger electron spectrometer in order to determine the
thickness of the oxide layer on the surface. The method consists of alternately taking an
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Auger spectrum and removing a layer from the sample surface by sputtering it with argon
ions. For this purpose a pressure of 10° mbar argon was established in the ion gun,
corresponding to a pressure of 10® mbar in the analysis chamber. The energy of the
primary electrons was 10 keV, the energy of the argon ions was 3 keV. Typical argon ion
sputtering currents for this pressure were in the range of 100 to 500 nA. The ion image
(ion beam scan area) magnification chosen for sputtering was usually 300x, corresponding
to a sputtered area of approx. 0,5 x 0,5 mm. Within this sputtering area several spots with
a diameter of approx. 100 nm were chosen for analysis. Fig. 7 shows an example of a
secondary electron image of a sputter depth profiling area with marked analysis spots on a
beryllium sample. On each sample 2 to 5 sputter depth profiles were taken. The retard
ratio of the analyser was set to CRR=4 for all spectra.

Fig. 7: SEM image of sputter depth profiling area with marked analysis spots;
image size 24 x 18 um

4.4.5 Evaluation of Sputter Depth Profiles

The analysis data obtained from a sputter depth profile consists of a series of Auger
spectra with corresponding sputtering times. Fig. 8 shows Auger spectra of beryllium
surfaces in various states of oxidation. The peaks that were evaluated for the profiles were
carbon (284 eV), oxygen (528 eV) and beryllium. The beryllium peak shows a shift of 9 eV
between metallic state (104 eV) and oxidised state (95 eV) as has been established before
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[60,61,119], which makes them well distinguishable. Further elements were not detected,
the impurities listed in chapter 4.1.1 are below the detection limit of the Auger electron
spectrometer.

From the spectra, the elemental concentrations are derived by evaluation of the Auger
peaks. Each element peak is defined by setting its limits on the electron energy scale
manually and by subtracting a background provided by the evaluation software (usually
with a Shirley algorithm [120]). The peak area above this background and between its
limits is calculated by the software and taken as a measure for the peak intensity. The
element concentrations (in atomic percent) are calculated from these peak areas by using
empirical peak sensitivity factors as well as the transmission function of the instrument.
The sputtering time is transformed to depth scale by calibration with tantalum oxide
(Ta20s) films, which can be produced electrochemically with a very accurately defined
thickness. The resulting scale factor is further modified by taking the ion current and the

ion image magnification into account.
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Fig. 8: Auger spectra of beryllium in various states of oxidation, from fully oxidised (top) to

pure metal (bottom)

Since sputtering rates depend on the sputtered material, the scale determined by Ta>Os
calibration could only be considered an initial estimation. Possibly necessary corrections of
it were estimated by comparison with literature values for beryllium oxide layer

thicknesses. According to Adams and Hurd [8], the native oxide thickness is 10 nm, while
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according to the depth scale in the present experiments, it is 1 nm, suggesting a depth
error of a factor of 10 for these measurements. The value of Adams and Hurd is however
based on an even older publication, and it is not clear whether this value is actually based
on a measurement or is simply an estimate. Weight gain measurements published by
Aylmore et al. [9] point to the formation of a protective oxide at 500-600°C in oxygen at a
weight gain of 30 pg/cm?. The thickness in this case can be calculated to be 150 nm. In
the present analysis, the according oxide layer thickness is 30-40 nm, pointing to a more
plausible depth error of a factor of 3-4. The error could be even less if grain boundary
oxidation also occurred in the experiments of Aylmore et al., contributing to weight gain,
but not to oxide thickness. Roth et al. [6] performed heating experiments of beryllium
samples in oxygen at temperatures up to 600°C which are comparable to the present
heating experiments in air [7]. The resulting oxide thicknesses, measured by Rutherford
backscattering (RBS), lie within about 20% of the present values for similar conditions,
indicating that this is probably the magnitude of the error in the depth scale used here.

Fig. 9 exemplarily shows sputter depth profiles of a native oxide layer and of an oxide layer
after heating for 43 h at 390°C in air.
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Fig. 9: Sputter depth profiles of native oxide (left) and after heating for 43 h at 390 C in air
(right)

28



5. Results and discussion

5.1 Oxidation in Air

5.1.1 Parabolic Oxidation Kinetics

The beryllium oxide thicknesses (averages of the measured values for each temperature
and heating duration) are summarized in table 3. The complete thickness measurement
results are compiled in the appendix. With these values the oxidation kinetics of beryllium
in air were investigated.

For the conditions of the experiments presented here, i.e. oxidation at atmosphere and
temperatures between 390°C and 600 °C, diffusion controlled oxidation was assumed. The
corresponding parabolic oxidation behaviour is common for many metals and has been
reported for beryllium by several authors [6,7,48,54,55,57,101,106,108]. The associated
mechanism is the diffusion of beryllium ions from the metal-oxide interface through the
oxide layer to the surface and subsequent oxidation. With a sufficient supply of oxygen or
oxidising compounds at the surface this diffusion is the rate-controlling step for the oxide
growth. The fact that beryllium is the diffusing ion species would be expected since
beryllium ions are smaller than oxygen ions, and can also be established on the basis of
the weak dependence of the oxide growth rate on the pressure of the oxidising
atmosphere [6,55]. Beryllium as the diffusing ion species has been verified by oxidation
experiments with 0 [6].

A simple model for parabolic oxidation is described in section 3.1. Applying this model to
the measurement results, the oxide thicknesses can be fitted with eq. 10, with the
oxidation rate constant as free fitting parameter. Using a standard linear least squares
fitting procedure yields the oxidation curves that are shown in fig. 10 together with the

measured values.

1h 4,5h 17 h 20 h 41 h 43 h
390°C | 43=*A1 8,04 13,56+2 - - 156 +4
500°C | 11,52 41,5+4 - - 42,0 +18
600°C | 40,0+8 - - 74,8 +36 | 62,3 +22 -

Table 3: Oxide thicknesses [nm] after heating at various temperatures for different

durations
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Fig. 10: Growth of the oxide thickness over time for heating at 390 C, 500 C and 600 C.

The curves are fits of parabolic oxidation (eq. 10) to the full symbols.
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For 390°C and 500°C the data up to a heating duration of 17 h were used for the fit. The
values above that duration show a much higher scatter and are lower than would be
expected from the parabolic growth behaviour determined from the lower values. For
600°C this duration limit is even lower - data up to 1 h were used for fitting. However, it
cannot be determined with certainty that the data at 600°C and 1 h are valid for this
evaluation since there are only two data points (0 h and 1 h) used for the parabolic fit.
Indications that the oxidation at 1 h is still parabolic are the lower oxide thickness and the
much lower data scatter compared to the higher durations.

The deviation to lower than parabolic growth rates has been observed before [9,48,52]. As
a possible explanation for this phenomenon the diffusion of impurities from the beryllium
bulk into the oxide layer during the heating period has been put forward, which would
change the composition of the oxide layer and therefore the diffusivity of the beryllium ions
in the oxide (see discussion further below). In the present work no impurity elements were
detected by AES during the depth profile analyses. However, since the detection limit for
AES is approx. 1 at%, this would still allow for impurities below that level.

Another cause for the alteration in oxidation rate, for the experiments at 600°C, is the
onset of catastrophic oxidation with loosening of oxide particles from the surface, which
would also explain the high scatter of the oxide thickness values and their decrease from
20 to 41 h. This was verified with the help of SEM images for the experiments with
durations higher than 1 h (see discussion of catastrophic oxidation below).

The temperature dependence of the diffusion can be described by an Arrhenius type
equation (eq. 12) and displayed in an Arrhenius plot (see fig. 11). This is a graph of the
logarithm of the diffusion coefficient or the oxidation rate constant vs. the inverse
temperature. As can be seen from eq. 12, the slope of a linear fit through the data points
gives the activation energy for the rate controlling diffusion process. For this determination
of the activation energy, the oxidation rate constants can be used instead of the diffusion
coefficients, since they differ only by a constant factor (eq. 11) that does not influence the
slope of the linear fit. The result for the activation energy for these measurements is
1,16 £ 0,2 eV.

The oxidation rate constant at 600°C is determined only from data at one duration (1 h),
which moreover cannot be identified as parabolic with certainty. For the case that
saturation has already set in at 1 h heating, the oxidation rate constant for 600°C could be
much higher and not be determined from these experimental data. For the activation
energy, if evaluated with the same method, this would mean a value in the range of 1,5 to
2 eV. This would indicate a fundamental change in oxidation kinetics between 500°C and
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600°C, corresponding to a bend in the Arrhenius graph (as has been observed before
[7,48,108]). In this case, the activation energy for the low temperature parabolic regime
would have to be determined from the data at 390°C and 500 °C only, which would result in
a value of 0,93 eV.

Fig. 11 also includes the Arrhenius data of previous works. Gulbransen et al. [7]
investigated the oxidation of beryllium in oxygen between 350°C and 700°C with weight
gain analysis. They observed parabolic oxidation behaviour with an activation energy of
0,37 eV. Roth et al. [6] carried out oxidation experiments between 350°C and 700°C in
660 mbar oxygen and analysed the oxidised samples with Rutherford backscattering
(RBS). They found the activation energy for diffusion controlled oxidation to be 0,73 eV.
Activation energies for diffusion-controlled beryllium oxidation were published by various
authors. The respective experimental conditions and values for the activation energies are
summarized in table 4, together with the data for the present work.

The values for activation energy in table 4 show a large spread, which can be attributed to
several influencing factors.

Several authors noted that impurities in the beryllium bulk have a high influence on the
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Fig. 11: Arrhenius plot of the oxidation rate constants obtained from the parabolic oxidation
fits (dark blue circles), compared with similar studies (light green squares [6], empty red

triangles [7]).
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Oxidation . Activation
Reference Samples N Analysis
conditions energy [eV]
this S65C (VHP) and air
AES 1,16 £ 0,2
work plasma sprayed | 390-600°C
, air weight
[57] fine powder , 1-2,8
> 500°C gain
oxygen weight
[7] Yo g 0,37
350-900°C gain
(5] * polished oxygen weight * 1,33
* powdered 500-900°C gain + 1,25
dense and steam reaction gas
[121] o 2,23
porous (SP200F) | 600-900°C | monitoring
S65C (VHP) and | oxygen
(6] (VAP) Y9 RBS 0,73 40,14
plasma sprayed | 350-600°C
108] * dense steam weight * 0,51
* plasma-sprayed | 400-900°C gain * 0,75
air weight
[48] pebbles , 0,4+0,2
400-900°C gain
steam reaction gas
[101] dust o 1,47 £0,05
500-900°C | monitoring

Table 4: Experimental parameters and activation energies for diffusion-controlled oxidation

from this work and various references

oxidation kinetics, most often in the form of irreproducible variations of the measurement
results [9,57]. Impurities and other lattice defects at the metal surface influence the
generation of beryllium ions at the metal-oxide interface as well as the growth of lattice
defects in the oxide. As mentioned before, impurities could also be responsible for a
deviation from parabolic oxidation if they get increasingly incorporated in the oxide layer
with the progression of the heating experiment [9,48].

Although no data about specific impurities and their interactions in beryllium oxide are
available, investigations on other metals and their oxidation have identified several
possible effects of impurity elements on oxidation rate.

The main channel for diffusion in the oxide are the grain boundaries. Consequently,
impurity elements that segregate to the grain boundaries can have a strong effect on

diffusion within the oxide and thereby on the oxidation rate. Moreover, by segregation even
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small amounts of impurities in the bulk can accumulate to form areas of increased
concentration at the grain boundaries. A review of this effect can be found in [122],
together with extensive experimental data for the impurity elements Ti, Fe, Ni, La, Y and
others in Al,O3 and Cr.O3. The main parameters determining the effect are ion size and
oxygen affinity of the impurity. The effect on oxidation rate is mostly decreasing, although
some cases with accelerated oxidation are reported.

In the oxide lattice itself, defects are necessary for diffusion to occur. Impurities migrating
into the oxide lattice change its defect structure and thereby influence the oxidation rate.
An example for this kind of effect is given in [123] for Si, Mg and Fe impurities in Al,Os.
The interaction depends on the one hand on the size of the impurity ion, on the other hand
on its chemical properties in comparison to the base lattice (like possible oxidation states).
The effect on oxidation rate can be increasing or decreasing and can vary strongly in
magnitude.

A further factor promoting the uncertainty in beryllium oxidation kinetics lies in the method
of analysis. Roth et al. [6] pointed out that earlier weight gain measurements might have
been less sensitive to the processes occurring at low temperatures. A key issue for weight
gain measurements is furthermore the knowledge of the specific surface area. This is
necessary for calculating oxide growth from the weight gain data, and differences in grain
size, porosity and surface roughness can cause large variations of this value
[48,55,101,108,121]. Moreover, weight gain analysis and reaction gas monitoring include
the alterations by grain boundary oxidation in the total results, whereas surface analysis
methods like AES and RBS evaluate only the oxide layer at the surface.

The oxidising atmosphere influences mainly the oxidation rates. A weak pressure
dependence exists in oxygen [7,55], and humidity strongly increases oxidation [52,57],
however, the activation energies are not significantly altered by changes in pressure or
water vapour content in the gas.

Several works have tried to take into account and quantify one or more factors influencing
the oxidation kinetics. Ervin et al. [55] and Petti et al. [108] used a variety of sample
materials and conditions for their weight gain measurements and could thereby discern
that the highest influence was made by the difference between geometric area and true
surface area of solid beryllium samples.

Authors who compared oxidising atmospheres with different humidities [52,57] could only
quantify their influence on catastrophic oxidation, as will be discussed below, not on the
kinetics of the protective oxidation regime.

Overall, the low repeatability and high data scatter at each given set of conditions
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generally prevented the quantification of the influence of single parameter variations,
which was uniformly attributed to impurities in the beryllium samples [6,48,52,55,57].

In the present work two kinds of beryllium metal (S65C grade vacuum hot pressed,
plasma-sprayed) with comparable impurity concentrations were used to investigate the
influence of these material types on oxidation kinetics, but again no differences greater
than the overall uncertainty were discernable.

Analytical data about the crystal structure or impurity content of the oxide layers might
have provided further insight concerning the factors that influence oxidation kinetics.
However, X-ray diffraction (XRD) measurements were not attempted since the signal from
a thin layer containing mainly beryllium and oxygen was expected to be too low for feasible
evaluation, and transmission electron microscopy (TEM) and secondary ion mass
spectrometry (SIMS) were not available while at the same time ensuring laboratory safety
and avoiding contamination.

In view of these considerations, it can be concluded that the general precision of
measurement (which improved over the years), the different systematic errors inherent in
various analysis methods, and uncertainties in the used sample materials caused a large
spread of the results for beryllium oxidation kinetics, as can be seen from the activation
energy values for beryllium diffusion through the oxide. However, these data still indicate a
range where the oxidation kinetics can be established.

The present measurements on the one hand confirm the validity of the previous
measurements as a whole. On the other hand they contribute a set of data to narrow down
this range, especially below 500°C, where grain boundary oxidation can be neglected.
Significantly, the resulting activation energy is close to the value determined by the only
other work using a surface analytical method [6].

It also has to be suggested that if particularly relevant and reliable oxidation data for a
specific application are needed, measurements taking into account the respective
materials and conditions should be carried out.

5.1.2 Catastrophic Oxidation

After completion of the sputter depth profiles, electron micrographs of the surface were
taken. The samples oxidised at 390°C, as well as the samples heated at 500°C up to 17 h,
do not show any remarkable surface features (see fig. 7). In contrast to that, fig. 12 to 16
show SEM images of samples oxidised at 500°C for 43 h and 600°C.
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On the samples heated at 500°C for 43 h (fig. 12) and 600°C for 1 h (fig. 13 to 15)
oxidation along grain boundaries can be recognized, since the oxide appears brighter than
beryllium metal in the SEM images due to its higher secondary electron yield [124].
Furthermore, some small pits at isolated spots scattered along the grain boundaries can
be seen (intergranular voids).

The samples heated at 600°C for 20 h (fig. 16) clearly show pits where whole grains were
loosened. Oxide along these grain boundaries is still recognizable.

In addition to SEM images, AES maps were acquired of selected exemplary areas on the
samples oxidised at 600°C for 20 h (fig 17 and 18). The maps show the distribution of
beryllium and oxygen in and around pits in the surface. The enrichment of oxygen along
grain boundaries confirms the grain boundary oxidation seen in the SEM images.

It is well known that at high temperatures (> 700°C) the oxidation of beryllium is no longer
parabolic and protective, but changes to a regime that has been termed non-protective or
catastrophic [9,48,52,54,55,106-108,121,125]. The common indicators of this regime are
an increase of the oxidation rate (often termed breakaway) and the formation of cracks or
blisters on the surface. The prevalently proposed mechanism for this behaviour is the
formation of cracks in the oxide layer above a certain layer thickness due to compressive
stresses that are caused by the higher volume of beryllium oxide compared to beryllium
metal (ratio 1,68:1) [9,52,108,125]. These cracks provide increased access of gas to the
metal surface, which in turn leads to the acceleration of oxidation, since this process is
then progressively repeated. The typical form of a catastrophic weight gain (or reaction
product output) curve over heating time starts with a parabolic section, which is followed
by an increase in oxidation that can often be described with a linear kinetics model
[48,107,108,121]. It was recognized early that this regime is not only a phenomenon of the
surface oxide layer, but occurs in combination with an oxidative attack into the bulk of the
beryllium samples, mainly along grain boundaries. At its extreme, the disintegration of
solid samples into dust was observed [55,107,121].

Most works investigating this effect report that the change from protective to catastrophic
oxidation occurs at a temperature around 700°C [9,48,107,108] which depends also on the
oxidising atmosphere (humidity) [52,121]. However, there have been indications that
instead of a sudden change of behaviour at a discrete temperature, there is a smooth
transition from purely protective oxidation to non-protective oxidation over a larger
temperature range below 700°C. Ervin et al. [55] reported that breakaway occurred at all
temperatures in their oxidation experiments (500-900°C), only the time until breakaway
increased with decreasing temperature. Furthermore, they found signs of intergranular
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Fig. 12: SEM images of sample surface oxidised 43 h at 500 C after sputter depth profile.
Oxidised grain boundaries are visible. Image sizes: a) 40 x 30 um, b) 9 x 7 um
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Fig. 13: SEM images of sample surface oxidised 1 h at 600 C after sputter depth profile.
Oxidised grain boundaries are visible. Image size 240 x 180 um
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Fig. 14: SEM images of sample surface oxidised 1 h at 600 °C after sputter depth profile.
Oxidised grain boundaries are clearly visible. Image size 24 x 18 um

39



Fig. 15: SEM images of sample surface oxidised 1 h at 600 °C after sputter depth profile.
Oxidised grain boundaries are clearly visible. Image size 8 x 6 um
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Fig. 16: SEM images of sample surface oxidised 20 h at 600 C after sputter depth profile.
Oxidised grain boundaries and holes from loosened grains are clearly visible. Image size
8x6um

41



Fig. 17: AES maps of sample surface oxidised 20 h at 600 °C after sputter depth profile. a)
SEM image, b) Be map, ¢) O map. Image size 4 x 3 um
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Fig. 18: AES maps of sample surface oxidised 20 h at 600 C after sputter depth profile.
a) SEM image, b) Be map, ¢) O map. Image size 4 x 3 um

43



oxidation in samples that had been oxidised only within the parabolic regime. Aylmore et
al. [9,52] reported a transition range for breakaway between 650 and 700°C, but found
numerous small discontinuities in the weight gain curves of their oxidation experiments
(50-750°C) at all temperatures and in all stages of oxidation. Their interpretation of these
discontinuities is that small cracks from compressive stresses appear locally and
repeatedly all over the sample surface. The healing up of these cracks causes the
observed abrupt weight gains. This phenomenon, termed localised breakaway, is again
accompanied by intergranular oxidation in the bulk. Jepson et al. [54] likewise observed
grain boundary oxidation in experiments at 600 °C that remained in the parabolic regime as
determined from the weight gain curves. They propose the hypothesis that cracks in the
oxide layer form already very early during heating, allowing access of gas to the underlying
metal surface. The weight gain curve would therefore be a superposition of the growth of
the oxide layer at the surface (outer oxidation) and intergranular oxidation in the bulk (inner
oxidation) at all times (above 600 °C), without abrupt cracking of the oxide layer at a certain
temperature/duration. In this model, the kinetic phenomenon of breakaway would occur
when the rate of inner oxidation starts to exceed the rate of outer oxidation.

The oxidation experiments in the present work are not quite suitable to analyse the
breakaway behaviour of the beryllium samples. Firstly, the temperatures are too low to
determine a transition temperature or range adequately. And secondly, by determining the
oxidation curves with a surface analytical method, the contribution of grain boundary
oxidation to the overall oxidation kinetics is neglected. However, these results confirm that
access of gas to the metal surface - most likely via cracks in the oxide layer - occurs at
temperatures as low as 500°C, causing grain boundary oxidation, and that loosening of
particles starts already at 600°C. This demonstrates that for mechanical issues, oxidative
disintegration has to be taken into account even below the kinetically determined
breakaway transition region to catastrophic oxidation around 700°C.
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5.2 Interaction of Beryllium Oxide with Hydrogen Plasma

The supply of hydrogen and water vapour to the furnace allowed the examination of the
interaction of beryllium oxide with hydrogen plasma of various compositions. The lower
limit for oxygen containing impurities, given by dry hydrogen without addition of water
vapour, was estimated to be below 3:10° mbar partial pressure in the furnace, which
corresponds to a fraction of approx. 3 ppm (3:10°) (see chapter 4.3). The upper limit was
given by saturation of water vapour in hydrogen at 11°C, which amounts to a partial
pressure of 13 mbar in the water chamber. With a supply line pressure of approx.
1300 mbar, this corresponds to a concentration of approx. 1% (10%). Concentrations in
between could be achieved by mixing dry and water saturated hydrogen.

Heating experiments in hydrogen were carried out in nominally dry hydrogen (water
vapour fraction lower than 3:10°). Plasma exposure experiments were carried out with
nominally dry hydrogen and at fractions of 10, 10 and 102 water vapour in hydrogen
plasma. Since the results for dry hydrogen are qualitatively different from the results for
water vapour concentrations above 10, they will be described separately.

5.2.1 Heating and Plasma Exposure in Dry Hydrogen

Heating and plasma exposure experiments in dry hydrogen were carried out at different
temperatures and durations, and with various initial oxide thicknesses. Larger initial oxide
thicknesses were produced by pre-oxidising samples, based on the oxidation kinetics
determined previously. These were used to investigate oxide reducing effects in the
experiments. A compilation of the complete measurements is given in the appendix. The
results are shown in fig. 19 in the form of oxide thicknesses before and after the
experiments.

Heating in hydrogen gas (without plasma excitation) was carried out for comparison,
although no oxide reduction was expected under the given conditions, as can be seen
from the Richardson-Ellingham diagram (fig. 20). The reaction

BeO + H, — Be + H,0O (15)

does not take place spontaneously in the applied temperature range (390-600°C).
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Fig. 19: Oxide layer thicknesses before (light blue symbols) and after (dark red symbols)
exposure of the samples to dry hydrogen gas (empty symbols) or plasma (full symbols) at
various temperatures. The shaded area indicates the thickness range of the quasi-
equilibrium oxide layers.

As can be seen in fig. 19, although some of the resulting oxide thicknesses were below the
range of the initial oxide thickness, no consistent oxide-reducing effect was observed.
Exposure to hydrogen plasma resulted for each experiment in an oxide thickness within a
range of approx. 15-35 nm, independent of temperature, duration and, most importantly,
initial oxide thickness (see fig. 19). Initially thinner oxide layers were further oxidised,
whereas initially thicker oxide layers were reduced. This indicates the development of a
steady state between oxidation and reduction during plasma exposure, with a

corresponding final oxide layer thickness.

Reduction of oxides on metal surfaces in hydrogen plasma has been known for many
years and applied extensively for removing oxide and contamination layers [e.g. 127-134].
The glow discharges used for this purpose typically have a hydrogen dissociation degree
between 1 and 10 %. Since the ionisation degree is much lower than that and ion energies
are also low under these conditions, physical sputtering of the surface can be neglected.
Hydrogen atoms have therefore been confirmed as the active species responsible for the
chemical reduction of the oxide in the plasma. The process is assumed to proceed in two

steps: hydroxylation of the metal oxide
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MO + H - MOH (16)
and subsequent reduction of the hydroxide

MOH + H - M + H.O (17)
giving the net reduction equation

MO +2H — M + H.0. (18)
Phenomena indicative of the competition between reduction and oxidation have been
observed before, although they have not been investigated more closely.

During the investigation of glow discharge cleaning of steel surfaces [128,130,131], it was

discovered that the oxygen layer could not be removed completely. The reoxidation of the
surface was attributed to oxygen from the surrounding oxide and water vapour in the

plasma.
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Fig. 20: Richardson-Ellingham diagram for the oxidation reactions of molecular hydrogen
(blue solid line), atomic hydrogen (blue dashed line) and beryllium (red line) [126]
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Bastasz [66] investigated the bombardment of beryllium samples and thin beryllium oxide
layers with hydrogen ions (2 keV H."). He observed that, depending on the plasma
conditions (incident hydrogen flux, residual gas pressure), either a clean metal surface or a
stable oxide layer developed.

At the PISCES-B plasma generating facility (San Diego, USA), Conn et al. [10] and Won et
al. [135] found that contamination layers form on beryllium surfaces in deuterium plasma at
elevated temperatures (250-720°C; 100-200 eV ion energy), and remained stable
throughout exposure. Surface analysis revealed that they consisted of beryllium, oxygen,
carbon and nitrogen, attributed to residual gases in the vessel. The results lead the
authors to the conclusion that the formation of this overlayer protects the beryllium bulk
from erosion.

Bastasz [66] and Won [135] attribute the increased oxide growth competing with the
reduction reaction to radiation-enhanced oxidation. This effect was first described by
Langley [65] and explained with increased diffusion of beryllium ions through the oxide
layer, caused by the lattice damage and disturbance from the incident hydrogen atoms
and ions in the oxide.

In all cases the steady state oxide layer is formed by the stationary competition of

reduction with hydrogen atoms

BeO + 2 H — Be + H,0 (19)

and oxidation with water vapour

Be + H,O — BeO + Ho. (20)

However, the simultaneous occurrence of oxidation and reduction at the sample surface
alone cannot explain the formation of an oxide layer with a thickness that lies within a
specific narrow range. The references ([10,66,135]) point out the increased oxidation
necessary for an oxide layer to grow, but give no explanation for the formation of a stable
oxide layer (i.e. with a stable thickness).

Indications for other involved mechanisms have been found for other metals. During the
investigation of the reduction of oxide layers on steel surfaces with hydrogen plasma [130-
132], the activation energies for the rate limiting process were determined by monitoring
the water vapour production rate in dependence of the temperature and fitting it with an
Arrhenius equation. The resulting energies were consistently below ~ 80 kJ/mol
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(~ 20 kcal/mol), which is too low for a purely chemical process and, according to the
authors, indicates that a physical process is dominating or at least participating in the
reduction. For the reduction on steel, this was assumed to be the diffusion of hydrogen
and/or oxygen, although it could be argued that the reduction of metal oxides with atomic
hydrogen has a substantially lower activation energy than the reduction with molecular
hydrogen, which would likewise account for the observed energy values.

For the present case of beryllium oxide reduction, the development of a certain final steady
state thickness is an indicator that diffusion is significantly influencing the overall
behaviour. Both the growth of initially thin oxide layers and the diminishing of thick layers
require the diffusion of beryllium through the oxide layer, from interface to surface or from
surface to interface, respectively. However, the simple linear diffusion model (see
chapter 3) used for evaluating the beryllium oxidation kinetics (chapter 5.1) is not able to
describe the diffusion processes involved in the observed behaviour and provide a steady
state oxide thickness. By assuming that the concentration of metallic beryllium at the
surface depends on the prevailing plasma-conditions and that the chemical potential of
metallic beryllium at the surface is not different from the beryllium in the bulk, a continuous
parabolic oxide growth, possibly slower than in air, would be expected.

Generally, in all cases where an oxide layer is reduced by reactive agents in the gas
phase, a process transporting the reduced metal from the surface to the bulk or oxygen to
the surface is required. Such a process cannot be explained by simple diffusion theory
based on gradients of concentrations. It must be assumed that the diffusing beryllium
interacts non-linearly with the chemical species and influences the chemical reactions
taking place at the surface. Furthermore, hydrogen can be assumed to diffuse into the
oxide layer. On the one hand, it cannot be excluded that the conditions for beryllium
diffusion are influenced by it and therefore change with depth. On the other hand, it is
possible that the reduction reaction (19) takes place also inside the oxide, further altering
the distribution of chemical species.

The described development of a steady state might be expected considering the empirical
concept of plasma-chemical quasi-equilibrium introduced by Rutscher and Wagner [136],
or the more or less equivalent concept of the thermodynamic effect of plasma chemistry,
introduced by Veprek [137,138,139]. According to these concepts, a chemical equilibrium
far from the thermodynamic equilibrium state can be established in a plasma, and
according to Veprek, the important factor for setting up such a steady state is the inner
energy of the plasma that lies mainly in the dissociation of the molecules. The steady state

behaviour of such a system is macroscopically similar to a thermodynamic equilibrium and
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stable with regard to chemical composition. The difference to a thermodynamic equilibrium
is that there is no local (i.e. microscopic) thermodynamic equilibrium (LTE). The deviation
from LTE leads to a continuous turnover of energy, e.g. by the dissociation of molecules
by energetic electrons causing a continuous supply of radicals. The flow of energy from
more to less energetic species also leads to the continuous generation of entropy, making
the maintenance of such an equilibrium an irreversible thermodynamic process.

For a simple chemical process this means that the reaction

A + x/y By <> AB, (21)

which in a thermodynamic equilibrium is valid macroscopically and microscopically, is
replaced by two unidirectional reactions (22a) and (22b), consuming the dissociated
species B and converting it to the molecule By, and by the electron impact (22c),
dissociating By into y B:

A +x B — ABy (22a)
U

AB, — A + x/y By (22b)
U

By+e—>yB+e (22c)
U

A+xB— ..

Such a quasi-equilibrium seems to develop under the present plasma conditions, within
the applied ranges of temperature and pressure. The steady state composition, together
with stationary diffusion processes within the oxide layer, would result in an equilibrium
value for the oxide layer thickness. Temperature variations do not significantly influence
the final oxide thickness, but it could be assumed that it depends to a certain degree on
the composition of the gas supply, i.e. the concentration of oxygen-containing impurities in
the hydrogen.

A thorough investigation of this phenomenon would have to include an extensive
theoretical approach, possibly involving detailed numerical simulations taking into account
both chemical reactions and diffusion processes, as well as their interaction with each
other. This was not possible within the frame of this work, and further work in this direction
is commended to future studies.
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As far as the application of beryllium in a hydrogen (isotope) plasma environment is
concerned, the observed results confirm that stable oxide layers are formed during
exposure already at very low levels of oxygen-containing impurities. A continuing gettering
of oxygen during discharges seems unlikely since the described quasi-equilibrium implies
a stationary exchange of oxygen with the plasma phase. However, the initial gettering is
still considerable, if an oxide layer of approx. 20-30 nm is formed on top of the native

surface.

5.2.2 Plasma Exposure in Wet Hydrogen

Only samples with native oxide layers were used for these experiments, assuming that a
quasi-equilibrium between oxidation and reduction develops during plasma exposure, and
that pre-oxidised beryllium ends up with a final oxide layer thickness in the same range.
The experiments were carried out without a closed sample holder, the temperature was
therefore restricted to 390°C. Exposure durations were varied between 1 h and 6 h, with
no consistent effect of duration on final oxide thickness. The experiments were carried out
at concentrations of water vapour in hydrogen of 10, 10° and 10, to determine if a
dependence of the quasi-equilibrium oxide thickness on the water vapour concentration
exists.

The results are shown in fig. 21, including the results for dry hydrogen at a concentration
of water vapour of 3:10 "®. The range of final oxide thicknesses for wet hydrogen is much
higher and reaches much higher values. These values are also higher than the oxide
thicknesses determined for oxidation at atmosphere (see chapter 5.1), indicating that other
processes besides oxidation and reduction take place. A dependence of oxide thickness
on water vapour concentration cannot be determined, although there is a tendency of
higher oxide thicknesses for higher water vapour concentrations. The extension of the
thickness range to very low values suggests that the layer forming under wet hydrogen
plasma conditions is most likely prone to severe flaking.

In addition to the sputter depth profiles, the surfaces were examined by scanning electron
microscopy after plasma exposure. Fig. 22-26 show electron micrographs of beryllium
surfaces after plasma exposure under various conditions: before exposure (fig. 22), dry
plasma at 390°C for 1 h (fig. 23), dry plasma at 390°C for 6 h (fig. 24), 1% water vapour at
390°C for 1 h (fig. 25), and 1% water vapour at 390°C for 6 h (fig. 26). The surface before

exposure is quite smooth and uniform, after dry plasma exposure the images show some
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Fig. 21: Oxide layer thicknesses after exposure to hydrogen plasma with various fractions
of water vapour added:; results for nominally dry hydrogen are shown at a fraction of 310 °

sporadic holes at high magnification. After wet plasma exposure, on the other hand, clear
signs of a structural change can be seen, as well as loose particles or clusters of particles.
Considering the porous structure and rough surface of the samples exposed to wet
hydrogen, the thickness results acquired by sputter depth profiling have to be reassessed.
Under these conditions a straight conversion from sputtering time to depth with a simple
factor is not valid, since ion beam shadowing effects are highly distorting the sputtering
depth scale. A reliable evaluation of the depth is therefore not possible anymore. However,
the profiles can still be used for comparison, and in this way provide some qualitative
information about the samples. Exemplary profiles of oxide layers with comparable
thicknesses (approx. 40 nm) from plasma exposure experiments with different fractions of
water vapour are shown in fig. 27. The large range of thicknesses down to very low values
furthermore indicates that the layer must be prone to local delamination or flaking.

The immediate impression following from the depth profile results and SEM images is that
the addition of water vapour qualitatively changes the nature of the interactions occurring
during plasma exposure. Indeed, from oxidation experiments it is known that the addition
of water vapour dramatically accelerates the oxidation kinetics and promotes breakaway
[52,54,101,107,121]. The cause proposed for this phenomenon is the formation of
hydrogen in the oxidation reaction
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Fig. 22: SEM images of sample surface before plasma exposure
Image sizes: a) 120 x 90 um, b) 24 x 18 um

53



Fig. 23: SEM images of sample surface after dry plasma exposure (390 C, 1 h)
Image sizes: a) 120 x 90 um, b) 24 x 18 um
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Fig. 24: SEM images of sample surface after dry plasma exposure (390 C, 6 h)
Image sizes: a) 120 x 90 um, b) 24 x 18 um
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Fig. 25: SEM images of sample surface after wet plasma exposure (390 C, 1 h, 1% water
vapour). Image sizes: a) 160 x 120 um, b) 20 x 15 um
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Fig. 26: SEM images of sample surface after wet plasma exposure (390 C, 6 h, 1% water
vapour). Image sizes: a) 120 x 90 um, b) 24 x 18 um
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Be + H20O <> BeO + Ha. (23)

The hydrogen gas can subsequently diffuse into the oxide and destabilize it by
accumulating into gas bubbles [52] or formation of hydroxide [54]. Moreover, beryllium
oxide has been found to be porous to water vapour [52,121], which increases the previous
effect as the oxidation reaction occurs also inside the oxide layer. This in turn is
aggravated by the formation of hydrogen gas bubbles and the accompanying increase in
porosity.

In the present case of hydrogen plasma exposure, the effect of the addition of water
vapour cannot be explained in the same line, since hydrogen is already available without
the oxidation reaction. Rather, the abundance of a source of oxygen seems to be the key
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Fig. 27: Depth profiles of oxide layers with comparable thickness (approx. 40 nm) from
plasma exposure experiments with different fractions of water vapour: a) dry hydrogen
(3:10°), b) 107, ¢) 10°, d) 10°
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factor that determines whether a quasi-equilibrium layer develops or oxidation dominates.
From this point of view, in the dry case, there would be just sufficient water molecules to
oxidise the free beryllium appearing at the surface, according to reaction (20)
[10,39,107,109,135]. In the wet case, on the other hand, the surface would contain only a
very small concentration of free beryllium, and the water molecules would be able to react
with the oxide to form hydroxide, according to the reaction

BeO + H0 <> Be(OH)». (24)

The formation of beryllium hydroxide under hydrogen (deuterium) plasma exposure has
been reported before.

In [38], deuterium retention in the beryllium oxide layer was studied by exposing beryllium
samples to a deuterium plasma at temperatures between room temperature and 470 °C.
After exposure, the samples were examined with secondary ion mass spectrometry
(SIMS), which revealed that part of the oxide layer had been transformed into hydroxide
(Be(OD),). The fact that this transformation coincided with the growth of the oxide layer

during exposure was explained with the release of beryllium in the hydroxylation reaction

2 BeO + 2 D <> Be(OD), + Be (25)

which migrates to the surface where it is oxidised by residual gases. The distribution of
hydroxide in the overlayer leads to the conclusion that these processes were not only
occurring at the surface, but that deuterium atoms were able to diffuse into the oxide,
initiating the hydroxylation throughout the layer. Evidence for deuterium gas bubbles in the
oxide/hydroxide layer was detected as well.

In a recent series of papers [42,140,141], the optical properties of beryllium mirrors under
bombardment with deuterium ions were investigated. The deuterium ion energies were
between 20 and 1350 eV. During exposure the surface reflectance and mass change of
the samples were monitored. After the experiments the sample surface was imaged with
atomic force microscopy (AFM). The most remarkable feature was that during the first
minutes of exposure, the reflectance of the samples dropped significantly. The AFM
images showed a smooth, flat surface for the original samples, whereas the surfaces after
exposure were considerably rougher. Since no mass loss was detected in the time of the
reflectance drop, sputtering was excluded as its cause. The authors interpreted the results
as the transformation of the surface oxide layer into hydroxide (Be(OD),), which
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possesses different optical properties than beryllium oxide, and subsequent growth of this
layer.

In both literature works, the authors base the formation of beryllium hydroxide in their
experiments on the reaction (25) of beryllium oxide with hydrogen/deuterium atoms or
ions. However, considering the observed differences between the results for dry and wet
hydrogen in the present work, the reaction (24) of beryllium oxide with water vapour is
likely to play an important part in the chemical behaviour. Both literature works specify a
base pressure of their respective system of approx. 10“ Pa, and a deuterium working
pressure of 0,5 Pa [38] and 0,04 Pa [42,140,141], respectively. Assuming that the content
of water vapour in the residual gas is in the order of at least 50 %, this would put the
reported conditions around 10 and 10 on the fraction scale used in this work, which is
well within the range for wet hydrogen as used in the present study and supports the
importance of a relatively high concentration of water vapour for the formation of the
hydroxide.

Beryllium hydroxide has a distinctly higher ratio of oxygen to beryllium (O/Be = 2) than
beryllium oxide (O/Be = 1), which should make them easy to distinguish in chemical
analysis. However, analysing the AES sputter depth profiles of dry and wet plasma
exposure experiments, no such difference can be found (as can be seen in the exemplary
profiles shown in fig. 27). On the other hand, comparison of the SEM images of the
samples (fig. 22 to 26) with the AFM images from [141] clearly show a similarity between
the surfaces exposed to wet plasma in this work and the surfaces identified as hydroxide
in [141]. A reason for the lack of difference in the AES profiles may be found in the fact
that beryllium hydroxide decays slowly at room temperature [38,42]. In the present case,
the time between heating experiment and analysis may have been enough to leave only
beryllium oxide on the surface. Furthermore, hydroxides are prone to degradation in the
electron beam [142,143]. The prolonged exposure to medium energy electrons (10 keV) in
the AES analysis, as well as the additional bombardment with 3 keV Ar ions for sputtering,
can be assumed to break up the hydroxide, reducing the bulk material to oxide and
releasing the hydrogen. Fast sample transfer between experiment and analysis and
monitoring the hydrogen partial pressure with a mass spectrometer in future analysis of
this kind may be a way to further confirm the presence of hydroxide on the sample surface.
Because of the assumed decay of the hydroxide and the roughness of the surface, it was
not tried to account for the difference in sputtering rates between oxide and hydroxide,
keeping the depth scale used for the oxide experiments.

For the use of beryllium in a hydrogen plasma environment the present experiments
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demonstrate a further pathway of erosion besides melting, physical sputtering and
oxidation. Hydroxylation is clearly a more severe chemical erosion than oxidation because
the surface structure is damaged in the process and disintegration into dust is therefore
accelerated, whereas oxidation may even prove beneficial (see chapter 5.2.1). The key
parameter that determines if the chemical behaviour will be dominated by oxidation or
hydroxylation is the concentration of oxygen-containing molecules (water vapour), and this
emphasises the importance of minimising residual gas pressure in the vessel prior to

hydrogen plasma experiments.
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6. Summary and Conclusion

The research on nuclear fusion for the generation of energy has received much interest in
recent years, and the numbers of test reactor experiments and laboratory studies have
grown enormously since the beginning of fusion research in the 20™ century. For reactor
types using magnetic confinement of a deuterium/tritium plasma, beryllium is considered
one of the most promising candidates for manufacture of components interacting with the
fusion plasma (first wall). Besides its most important advantage of low atomic mass
(reducing radiation losses in the fusion plasma by sputtered first wall impurities), it was
found that beryllium reduces the concentration of residual oxygen by gettering impurities.
In this context, the oxidation behaviour of beryllium is of obvious importance. It has been
thoroughly investigated in the 1960's, building the data-base which is still used for
reference today. As only few studies have dealt with the oxidation of beryllium since then,
this work re-examines the oxidation kinetics and related phenomena with modern surface
analytical methods. The results are then applied to selected experiments investigating the
interaction of beryllium and beryllium oxide with hydrogen plasma.

Oxidation in air was studied with sintered and plasma-sprayed beryllium samples, which
were heated in a tubular furnace for durations between 1 and 43 h at temperatures of 390,
500 and 600°C. After heating, the sample surfaces were analysed by AES sputter depth
profiling. This method is perfectly suited for the problem at hand because metallic and
oxidised beryllium can be well distinguished in Auger electron spectra.

Since the as-received samples were too rough for feasible surface analysis, they had to be
polished prior to the experiments. For this purpose a glove box with integrated grinding
machine and filtered air circulation system was set up, in order to avoid exposure of the
laboratory environment to toxic beryllium dust.

For heating durations up to approx. 20 h at 390°C and 500°C, and up to 1 h at 600°C,
diffusion-controlled parabolic oxidation behaviour was observed, with oxide layers growing
to approx. 15, 40 and 50 nm, respectively. Longer heating resulted in a saturation of the
oxide layer thickness, which was tentatively attributed to impurities in the samples. The
experimental data were evaluated by fitting them with the simple TPB-model (Tammann,
Pilling and Bedworth) for parabolic oxidation. The resulting oxidation rate constants were
used in an Arrhenius plot to determine the activation energy for the diffusion process
controlling the oxidation rate, with a result of 1,16 £ 0,2 eV.

Comparison with earlier measurements in the literature show that this value lies well within

a rather extensive range of activation energy results (0,37-2,8 eV). The variety of
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conditions and applied analysis techniques makes it difficult to determine the causes for
this high spread. However, a frequently reported problem is the low repeatability of the
experiments within each study, which is commonly attributed to impurities in the bulk
sample material.

The present experiments contribute a set of data to narrow down the range where the
oxidation kinetics can be established, and confirm particularly the results previously
obtained with surface analytical methods.

After depth profiling, the surfaces were examined with SEM and AES mapping. The
images obtained reveal that with increasing temperature and heating duration first grain
boundary oxidation of the bulk sets in, which finally causes whole grains to break away.
This is an indication of the onset of non-protective or catastrophic oxidation, which is
characterised by a dramatic increase in oxidation rate, formation of cracks in the oxide
layer, and oxidative attack of the underlying bulk. In contrast to earlier publications, where
the transition from protective (parabolic) to catastrophic oxidation was found around
700°C, the present experiments demonstrate that the first signs of the non-protective
regime can already appear at temperatures as low as 500°C.

Interaction of beryllium with hydrogen plasma was investigated with the same beryllium
samples that were used for the oxidation studies. A roughing pump and a high purity
hydrogen supply were attached to the furnace, as well as external electrodes for the
excitation of a capacitively coupled r.f. plasma inside the furnace tube. Plasma exposure
experiments were carried out at temperatures between room temperature and 600 °C, and
for durations between 1 and 6 h. To allow for oxide reducing effects, several experiments
were done with pre-oxidised samples with an initial oxide layer thickness between 10 and
80 nm.

The results showed that for all temperatures and durations, an oxide layer with a thickness
in a range of approx. 15-35 nm was formed on the surface. The development of this quasi-
equilibrium oxide thickness can in part be explained by the simultaneous occurrence of the
competing processes of reduction by hydrogen atoms and oxidation with residual water
vapour. However, the diffusion of beryllium and hydrogen in the oxide layer is assumed to
play an essential role that is as yet not clarified.

Since water vapour as the main oxygen-containing residual gas turned out to be a key
component for the behaviour of the beryllium-hydrogen system, in a further experimental
step the furnace was fitted with an assembly for controlled admixture of minute amounts of
water vapour to the hydrogen plasma. Fractions used for the subsequent wet hydrogen
plasma exposure experiments were 10, 10 and 102 water vapour in hydrogen,
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whereas residual water vapour in the previous dry hydrogen experiments could be
estimated to be below a concentration of 3:10 ® in hydrogen.

The resulting oxide layers were much thicker and more rough than in both the oxidation
and dry plasma experiments, as could be discerned from depth profiles and SEM images.
Comparison with experiments under similar conditions from literature suggest that the
overlayer formed consists mostly of beryllium hydroxide and only in small parts of oxide,
although this cannot be verified with AES.

To apply the results described to nuclear fusion research, one has to consider that particle
energies are much higher in a fusion plasma reactor than in the laboratory scale furnace,
and therefore physical sputtering is a critical issue here. Additionally occurring effects are
a high neutron flux to the wall and, in the frame of the current reactor design, material
mixing by migration of carbon to beryllium first wall regions. Thermal loads can get high
enough to cause melting of beryllium first wall segments in the course of so-called edge-
localised modes (ELMs) of the plasma, but in normal operation (steady state without
ELMSs) typical first wall temperatures lie around 100°C - 300°C [24,133], with some smaller
components reaching up to approx. 500°C [24]. Concentrations of oxygen-containing
impurities are estimated at 1% or lower [10,144].

The present experiments with dry hydrogen show that even at impurity concentrations as
low as 310, a stable oxide layer forms at the surface. Under the increased sputtering
and with lower temperature in reactor operation, an oxide layer with a smaller thickness
(< 10 nm) should be expected, although complete removal of the oxide layer may also be
possible [66]. Formation of an oxide layer, possibly with admixture of other impurities
(carbon), may even prove beneficial by providing a higher resistance against physical
sputtering [10]. However, continuous gettering of oxygen does not seem possible in this
regime, the observed oxygen reduction [1,18] being an initial one-time effect only.

The results described also present an increased potential for the erosion of beryllium. The
non-negligible impurity concentration involves the increased risk of chemical erosion by
formation of hydroxide, and for components reaching around 500°C, increased
disintegration and dust formation has to be expected due to grain boundary oxidation. This
is an additional reason to reduce residual gas pressure prior to plasma excitation as much

as possible, and minimise particularly the water vapour concentration in the reactor vessel.
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Appendix: Compilation of Measurement Results

Table 5 shows an overview of the profiles that are compiled on the following pages.

Gas/ Temp.: Time Pressure: H;0 |[number of
Treatment (°C) : (h) | (mbar) conc. profiles
Native oxide and heating in air

none RT 0 atm. atm. 12
air 390 1 atm. atm. 9
air 390 45 atm. atm. 2
air 390 17 atm. atm. 4
air 390 43 atm. atm. 9
air 200 1 atm. atm. 9
air 200 17 atm. atm. 2
air 500 43 atm. atm. 3
air 600 1 atm. atm. 3
air 600 20 atm. atm. 4
air 600 41 atm. atm. 4
Dry plasma

hydrogen 600 : 4 10 1<3-10° 3
hydrogen plasma | 30 4 10 <3-10° 3
hydrogen plasma | 300 1 10 <3-10° 3
hydrogen plasma | 300 9 14 <3-10° 3
hydrogen plasma | 390 6 9.9 <3-10° 7
hydrogen plasma | 600 6 10 <3-10° 2
Wet plasma

hydrogen plasma | 390 6 0.4 1-10™ 15
hydrogen plasma | 390 6 47 1-107 3
hydrogen plasma | 390 6 0.2 1-107 9
hydrogen plasma | 390 6 0.4 1-107 9
hydrogen plasma i 390 i 1 6 1107 4
hydrogen plasma ;| 390 i 6 5 1107 6
hydrogen plasma | 390 i 6 6 1-107 6

Table 5: Overview of measured AES sputter depth profiles
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Heating in air, 390°C / 17 h (continued)
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Heating in air, 500°C / 1 h (continued)
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Heating in air, 600°C / 20 h
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Heating in hydrogen, 600°C / 4 h / 10 mbar
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Dry H-plasma, 390°C / 6 h / 5,5 mbar / O < 3-10°®

= 100 = 100 = 100

£ e £ a0 £ w0

c 60 c 60 c 60

'ﬁ 40 ﬁ 40 ﬁ 40

E 20 E 20 E 20

o H o H o H

= = =

a 0 10 20 30 40 50 a 0 20 40 &0 80 a 0 20 40 &0 80

depth [nm] depth [nm] depth [nm]

concertration [at%]
|8 Y A e 5

Lo o B e Y e e e}
concertration [at%]
|8 Y A e 5

Lo o B e Y e e e}
concertration [at%]
|8 Y A e 5

Lo o B e Y e e e}

0 20 40 &0 80 0 20 40 &0 80 0 20 40 &0 80

depth [nm] depth [nm] depth [nm]

concertration [at%]
|8 Y A e 5
Lo o B e Y e e e}

0 20 40 &0 80
depth [nm]

Dry H-plasma, 600°C / 6 h / 10 mbar / O < 3-10°®

= 100 = 100

% 80 % 80

E B0 E B0

'«E 40 «E 40

E‘ 20 E‘ 20

o ] o ]

= =

a3 0 10 20 30 40 50 a3 0 10 20 30 40 50

depth [nm] depth [nm]
—e—Be(met) —o—Be(ox.) —*—0 ——C Ar

82




Wet H-plasma, 390°C /6 h / 5,4 mbar /O = 1-10"
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Wet H-plasma, 390°C /6 h / 5,4 mbar / O = 1-10™* (continued)
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Wet H-plasma, 390°C / 6 h / 5,2 mbar / O = 1-10 (continued)
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Wet H-plasma, 390°C /1 h /6 mbar /O = 1-10
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Wet H-plasma, 390°C /6 h/ 6 mbar / O = 1-107
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