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Abstract

The formation of mixed phases on materials relevant for first wall components of fusion devices is studied under
well-defined conditions in ultra-high vacuum (UHYV). This is necessary in order to determine fundamental parameters
governing the basic processes of chemical reaction, material mixing and erosion. We examined the binary systems
comprising of the wall materials beryllium, silicon, tungsten and titanium and carbon, the latter being both a wall
material and a plasma impurity. Experiments were carried out to study the interaction of carbon in the form of a vapor-
deposited component on clean, well-defined elemental surfaces. The chemical composition and the binding state are
measured by X-ray photoelectron spectroscopy (XPS) after annealing treatments. For all materials, a limited carbide
formation is found at room temperature. Annealing carbon films on elemental substrate leads to a complete carbidi-
zation of the carbon layer. The carbide layers on Be and Si are stable even at very high temperatures, whereas the
carbides of Ti and W dissolve. The erosion of these two metals by sputtering is then identical to the pure metals,
whereas for Be and Si a protective carbide layer can reduce the sputtering yields. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The design of modern fusion devices relies heavily on
the selection of different materials for the plasma-facing
wall parts which are exposed to different particle and
heat loads. Besides the elements beryllium, tungsten and
carbon, which are the favorite materials in the ITER
design [1,2], silicon is currently used for wall condi-
tioning [3,4]. Beryllium was very successfully used in
JET as a first wall material and improved the impurity
levels and plasma performance significantly [5—8]. Other
designs involved titanium as limiter material [9]. Due to
particle and heat loads, the wall material is eroded and
migrates as plasma impurity to other parts of the vac-
uum vessel. In addition to the bulk wall materials re-
cycling impurities like oxygen which are highly reactive
are of concern. These impurities are deposited with
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particle energies ranging from thermal energy to several
keV, depending on the ionization history and location of
redeposition. Implantation and deposition of impurities
lead to the formation of multi-elemental layers (e.g.,
[10]). The altered surfaces exhibit different qualities re-
garding the physical and chemical behavior compared to
the originally designed first wall material. In particular,
the physical and chemical erosion, thermal conductivity,
hydrogen inventory properties are determined by stoi-
chiometry, composition and chemical state of the sur-
face of first wall materials.

Mixed phases have been addressed in the PSI litera-
ture. However, models proposed to describe the behavior
of wall materials under plasma-exposed conditions in a
fusion vessel are based solely on kinematic interactions,
e.g.,[11,12]. To predict the behavior of first wall materials
for the strongly varying conditions within a real fusion
experiment, the fundamental properties of the particle-
surface interactions, surface chemistry and diffusion
phenomena must be known. We therefore venture on
projects which reduce interactions to few, well-control-
lable parameters to gain an insight into these processes.
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2. Experimental

The task to determine the fundamental properties of
the interaction of potential wall materials with impuri-
ties from the plasma requires very well-defined condi-
tions. Parameters like surface composition and sample
temperature must be controlled thoroughly. It is also
necessary to have influence on the energy and compo-
sition of the interacting species. Therefore, all our ex-
periments are carried out under ultra-high vacuum
(UHV) conditions. Main tools for the characterization
of mixed materials are photoelectron and ion spectros-
copies. X-ray photoelectron spectroscopy (XPS) probes
core-level transitions giving information on the specific
element, including its chemical environment. Ion spec-
troscopies are accelerator techniques like the Rutherford
backscattering spectroscopy (RBS). Our experimental
setup ARTOSS [13] combines both surface sensitive
tools and ion beam techniques available through a 3 MV
tandem accelerator in one chamber. Also available in
situ are the different ion sources for sample bombard-
ment at energies between 100 eV and 20 keV, gas ad-
mission facilities and an electron beam evaporator, used
to deposit carbon. For high-resolution XPS measure-
ments, a second UHV system is available [14], equipped
with a monochromatic Al X-ray source. This analysis
chamber is connected to a preparation chamber where
thin films can be prepared by electron beam evaporation
from several sources. Gas admission is possible along
with the formation of atomic species by means of a
microwave discharge source [15]. The samples used in
theses studies were polycrystalline foils of titanium and
tungsten, a Si(1 00) wafer and a beryllium single crystal
with (000 1) orientation. All samples are about 1 mm
thick and have a surface area of approx. 1 cm?. The
surfaces are cleaned before carbon deposition by Ar™
sputtering and/or heating. Carbon is deposited from an
Omicron EFM3 evaporation source using high-purity
(99.999%) carbon. The binding energies in the XPS
spectra are referenced to the Au 4f;/, signal at 84.0 eV
determined on a clean gold surface.

3. Binary systems
3.1. Room temperature reactivity

Reactivity of the materials tungsten, titanium, silicon
and beryllium at room temperature (~300 K) is studied
at thermal carbon particle energies deposited from an
electron beam evaporation source. XPS is used to de-
termine the carbon amount on the W, Ti, and Si sur-
faces. In the Be experiments, the carbon layer thickness
is additionally determined by RBS. To decide whether
the deposited carbon is elementary or has reacted with
the substrate material, the C 1s photoelectron peak is

measured by XPS. Fig. 1 shows the C 1s spectra after
depositing about two monolayers (ML) of carbon on Ti
and Be and less than one ML on Si and W, respectively.
The data are presented without background subtraction.
In all four cases the C 1s intensity exhibits a peak at the
binding energy characteristic for the respective carbide.
The peak positions for the carbides are taken from the
literature (Ti, Si, W [16]) or measured in a separate ex-
periment (Be [18]). The hatched area in Fig. 1 indicates
the binding energy range of elementary carbon. For the
very thin carbon layers in the case of tungsten and sili-
con, almost all the C 1s intensity is in the carbide peak.
For Si, a shoulder in the elementary carbon area is ob-
served. The strong background in the W signal is due to
a neighboring photoelectron peak (W 4d;;,) and not
related to the C 1s signal. For greater coverages in the
case of Ti and Be, the intensity in the elementary carbon
area is larger. In the Ti spectrum, a distinct second peak
is observed. The larger elementary signal in the case of
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Fig. 1. XPS spectra in the C s energy range of thin carbon
layers, deposited on the substrates at room temperature. The
coverages for Si and W are below one monolayer, for Ti and Be
about two monolayers. The vertical lines indicate the binding
energies for the respective carbides, taken from the literature
[16,18]. Peaks originating from elementary carbon appear in the
shaded area.
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Ti may be due to a larger carbon amount, since quan-
tification is based in this case on the inelastic mean free
path of the photoelectrons, whereas in the case of Be it is
carried out by RBS measurement. Therefore, uncer-
tainty in the Ti quantification is much larger than in the
case of Be. Nevertheless, both elements exhibit a strong
carbidic peak besides the intensity at higher binding
energies.

The carbide formation starts at very low coverages
and continues as long as there is a direct contact between
carbon and the supporting element. Fig. 2 shows the
development of the C 1s contributions of carbidic and
elementary carbon (the latter separated into graphitic
and disordered carbon) for the beryllium substrate. The
carbon amounts are deposited sequentially on the clean
Be substrate. RBS measurements are used to quantify
the carbon coverage. The carbon modifications are dis-
tinguished by fitting three Gauss—Lorentz functions to
the C 1s signal, each centered at the known peak posi-
tions [17,18]. As can be seen in Fig. 2, for low carbon
coverage the reaction to Be,C dominates over the ele-
mentary carbon deposition. This is true up to a carbon
coverage of 9 x 10" cm~2 where the intensities of car-
bidic and elementary carbon balance. From this cover-
age on the carbide amount saturates and further
deposited carbon is accumulated in elementary form.
The total carbon intensity increases linearly with cov-
erage up to ~2 x 10' cm~2. For larger carbon surface
densities, attenuation of the C 1s photoelectrons in the
carbon layer on beryllium leads to a change in the slope
of the curves. Since the carbide signal intensity starts to
decrease, it can be concluded that the carbide is located
at the carbon—substrate interface only and further car-
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Fig. 2. Different states of carbon in deposited layers on beryl-
lium, measured by XPS at room temperature. Plotted are the
integrals of the components in the C Is signal, determined by
curve fitting, as a function of the carbon amount. The carbon
coverage is determined by RBS.

bon deposition leads to an increase in the elementary
carbon coverage, but not to a further carbide formation.

3.2. Carbidization

The carbidization process of the elements W, Ti, Si
and Be is studied by heating a carbon layer deposited on
the samples at room temperature (thickness: several
monolayers) to elevated temperatures and measuring the
XPS spectra after each step. The corresponding spectra
and the temperature profiles are shown in Fig. 3-8.

We begin the discussion of the carbidization process
with beryllium. Fig. 3 shows the Be 1s and C 1s binding
energy ranges of a carbon film on Be after evaporation
(300 K) and after subsequent annealing steps. The Be 1s
intensity is strongly attenuated by the overlying carbon
film. From the Be 1s and C 1s intensities, a carbon layer
thickness of 1.1 nm is calculated (assuming a carbon
density of 1.8 g cm™3). The C 1s peak indicates that the
majority of the carbon is elementary, the shoulder at
higher binding energies is due to a disordered graphite
contribution [17]. A small contribution at 282.6 eV
originates from the carbide at the carbon/metal inter-
face. This thin carbidic layer is also seen in the Be Is
spectra. At the high energy side of the attenuated me-
tallic Be peak a shoulder appears. Up to an annealing
temperature of 473 K only small changes in the
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Fig. 3. Series of XPS spectra after deposition and annealing of
a carbon layer on a Be (000 1) substrate. The annealing tem-
peratures are indicated at the respective spectra. The broken
lines indicate peak positions for metallic, carbidic and disor-
dered species, respectively.
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Fig. 4. Carbon intensity and carbide fraction in the total C Is
intensity, measured by XPS at a thin carbon film on Be (000 1).
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Fig. 5. Series of XPS spectra after deposition and annealing of
a carbon layer on a Si (100) substrate. The annealing temper-
atures are indicated at the respective spectra. The broken lines
indicate peak positions for elementary and carbidic species,
respectively.

intensities are observed. In the C 1s region the disor-
dered fraction of graphite decreases slightly and a small
peak develops at the carbide position. These changes are
also observed in the Be 1s spectra. Fig. 4 shows that up
to 473 K the C Is intensity and the carbide fraction of
the C 1s signal change only to a small extent. A strong
interaction between carbon and beryllium sets in above
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Fig. 6. Temperature profile measured by XPS from a thin
carbon layer on polycrystalline tungsten. The circles indicate
the carbide and subcarbide contributions to the total C Is in-
tensity, determined by peak fitting. The triangles show the de-
crease of the C Is intensity with annealing temperature.
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Fig. 7. Series of XPS spectra after deposition and annealing of
a carbon layer on a polycrystalline Ti substrate. The annealing
temperatures are indicated at the respective spectra. Please note
that the Ti series runs bottom-up, whereas the C series starts
with the top spectrum. The broken lines indicate peak positions
for elementary and carbidic species, respectively. The 770 K
spectrum shows the decomposition of the data by peak fitting in
an elementary carbon peak and two carbidic peaks. The 8§70 K
C 1s spectrum is enlarged by a factor of 10 compared to all
other spectra.



Ch. Linsmeier et al. | Journal of Nuclear Materials 290-293 (2001) 25-32 29

25, 100
'5' 20 80 ¥
m L
e C
215 60 2
2 3
(] =t
§ 10 40 %
0 S
— —
5 5 20 5
0 0

400 600 800
temperature [K]

Fig. 8. Temperature profile measured by XPS from a thin
carbon layer on polycrystalline titanium. The circles indicate
the carbide and subcarbide contributions to the total C Is in-
tensity, determined by peak fitting. The triangles show the de-
crease of the C Is intensity with annealing temperature.

473 K, the spectra after the 573 K step reveal more
beryllium at the surface (intensity in the Be 1s region
increases). The carbon binding energies indicate that
both carbidic and elementary carbon are present in the
surface layer, after 573 K approximately half of the
carbon has reacted to carbide. The Be signal is already
dominated by a peak at the binding energy of Be,C at
112.8 eV with small intensity at the metallic Be position.
The carbidization process proceeds as the annealing
temperature is further increased and is almost complete
already after annealing to 673 K. The carbide fraction in
the C 1s signal reaches 100% and between 673 and 873 K
no change in the carbon intensity is observed, as shown
in Fig. 4. This demonstrates that carbon does not diffuse
into the beryllium bulk upon further annealing once the
carbidization is complete. At least up to this temperature
the formed Be,C layer on the beryllium substrate is
stable. The interaction of a carbon layer with beryllium
is discussed in greater depth in a separate contribution
within this volume [19].

The carbidization of silicon is studied at a Si(100)
surface with a carbon adlayer of approx. 0.3 nm thick-
ness. Fig. 5 shows the XPS C 1s and Si 2p spectra for the
annealing experiments up to 1683 K. Due to the small
carbon coverage the Si 2p spectra are dominated by the
elementary Si signal. It consists of a doublet which is not
resolved in our spectra but leads to the asymmetric peak
shape. Binding energies of the Si 2p;, peak for ele-
mentary (99.5 eV) and carbidic (101.3 eV) Si are indi-
cated by broken lines. The C 1s spectrum taken directly
after carbon evaporation exhibits a peak of elementary
carbon and a small shoulder at the binding energy of
SiC. This interfacial carbide is formed during carbon

evaporation. Further reaction takes place at elevated
temperatures. Almost half of the carbon (41%) has re-
acted after the 970 K annealing step which causes a more
prominent asymmetry in the Si 2p peak and a second
peak due to SiC in the C 1s region at 282.95 eV. All the
carbon has reacted to SiC after annealing to 1470 K and
no further changes are observable after 1683 K. SiC
formed at the surface is stable up to this temperature.
After 1270 K annealing step the C 1s intensity decreases
only very little from 55.7% to 49.5% of its initial value.

The interaction of carbon with tungsten was de-
scribed earlier [17] and partly also in a separate contri-
bution in this volume [20] and therefore is only
summarized here. Fig. 6 shows the carbidization be-
havior of polycrystalline tungsten between room tem-
perature and 1370 K. Carbide is formed initially during
the carbon evaporation at room temperature at the in-
terface and the reaction proceeds with increasing sub-
strate temperature. Between room temperature and 970
K the C Is intensity decreases only slightly. In this
temperature regime also only little additional subcarbide
(W,C) is formed. The C 1s intensity decrease therefore
indicates an intermixing of carbon and tungsten in the
surface layer to which XPS is sensitive. Above 970 K
W,C becomes the dominating phase. Above 1270 K the
subcarbide is converted into tungsten carbide (WC).
Unlike the carbide phases on beryllium and silicon, the
tungsten carbides do not inhibit diffusion of carbon
from the surface into the bulk. At the onset of W,C
formation where the carbon intensity is still 58% of its
initial value the carbon concentration in the surface
layer decreases to 14%. However, for higher tempera-
tures the carbon amount does not change so rapidly any
more. After the 1270 K treatment the intensity decreases
only to 11%. The 1370 K annealing step then results in a
further decrease to 7% of the room temperature inten-
sity.

The carbidization of titanium proceeds very similar
to the process on tungsten. Fig. 7 shows the XPS spectra
in the Ti 2p and C 1s binding energy ranges taken after
deposition of ca. 1 nm carbon on a polycrystalline tita-
nium substrate and after the indicated annealing steps.
The Ti peak consists of a metallic signal at 453.9 eV and
a second signal from titanium carbide giving rise to the
shoulder at 454.6 eV. The corresponding C 1s spectrum
shows a large elementary carbon signal composed of
graphitic and disordered contributions. The carbide
peak is well separated at a binding energy of 281.8 eV.
Upon annealing the carbon reacts with titanium under
carbide formation. The processes of carbidization and
carbon loss are depicted in Fig. 8. Up to a substrate
temperature of 570 K the carbide intensity increases
only slightly, the TiC fraction in the total C 1s intensity
increases from initially 2.5% to 6.1%. The total carbon
intensity does not change significantly. However, after
this annealing temperature the data points can only be
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fitted by introducing a further peak at a binding energy
of 282.4 eV between the TiC and the elementary carbon.
This is shown for the 770 K C 1s spectrum in Fig. 7. The
peak integrals determined during the fit procedures are
shown in Fig. 8. The total carbon intensity starts to drop
above 570 K. This continues after the annealing steps at
670 and 770 K after which the carbon intensity remains
only 38% of the initial value. The TiC peak intensity
increases and becomes the dominating peak in the C Is
region after 770 K. Parallel to the TiC peak also the
peak at 282.4 eV grows. In analogy to the tungsten
system we attribute this peak to titanium subcarbides
(TigCs, TigCs) [26,27] with a C 1s binding energy of
around 282.4 eV. This is supported by observations in
the literature where superlattice lines were found in
neutron diffraction experiments of Ti—C alloys annealed
between 1373 and 2273 K [21]. These results were re-
corded as tentative phases in the Ti-C phase diagram
[22]. Unfortunately, the Ti 2p signals of metallic Ti and
carbides are too close to shed light on the carbide
phases. The intensity in this energy region is dominated
by the carbide peak at a binding energy of 454.6 eV. The
initially larger metallic contribution at 453.9 eV (82% of
the peak area after carbon deposition) has decreased to a
16% fraction after annealing to 770 K. These values are
estimates determined by fitting two asymmetric Doni-
ach-Sunji¢ functions [23] to the Ti 2p peaks at the en-
ergies for titanium in metallic and carbidic chemical
states. The next annealing step at 870 K leads to a
complete dissolution of the carbide on the Ti surface.
This is very different from the other elements under
consideration so far. The Ti 2p region changes both in
intensity and in the shape of the peak. Thf: Ti 2p;3,, peak
is fitted perfectly with only one Doniach—Sunji¢ function
at a binding energy of 453.9 eV indicating that no car-
bide contributes to the signal. The intensity of this peak
is the largest of the whole series of spectra. Corre-
spondingly, the C 1s region shows hardly any peak. The
signal depicted in Fig. 7 is enlarged by a factor of 10
compared to the other spectra and its integral is only 11
counts. The calculated carbon amount giving rise to this
signal is 2% of a monolayer. It has to be noted, however,
that the titanium surface becomes more and more re-
active during the loss of carbon from the surface. During
the last annealing steps at 770 and 870 K the surface
accumulates oxygen which becomes the dominating
signal after these temperatures. At present it is not clear
whether this oxygen has any influence on the behavior
described above.

3.3. Carbidization vs diffusion

From the last paragraph it becomes clear that two
processes dominate the interaction of carbon with ele-
mental surfaces: carbide formation and carbon diffusion.
The chemical reaction between the carbon and the

substrate starts in all cases already at room temperature
and leads to a carbide layer at the interface between the
deposited carbon and the substrate. However, in all
cases studied so far the reactions come to a halt after one
to several monolayers of carbide have been formed. The
driving force of the carbidization reaction is the for-
mation enthalpy of the carbides. All Gibbs energies (free
enthalpies) for the materials under study here [24] are
exergonic and therefore energy is released during the
formation of carbides at room temperature. These neg-
ative enthalpies are the reason for the room temperature
reactivity. The carbidization reaction can be written as
the generic reaction equation:

ywM + Vcc =5 VMCMC + AGt (1)

The law of mass action associated with this formation
equation

[MC]™ = [M]™[CJ'ee /KD @
illustrates that a more negative value of AGy will increase
the concentration of the carbide [MC]. Therefore, TiC is
the most stable carbide in this selection, followed by
Be,C, SiC and the tungsten carbides (WC and W,C).
From Eq. (2) we can also see that the concentration of
carbide depends on the concentration of both the ele-
ment [M] and that of carbon [C], i.e., the availability of
components for the reaction. At this point the diffusion
of carbon into the respective substrate material becomes
important. Fig. 9 summarizes the surface carbon con-
centration in the experiments described in Section 3.2.
The curves are normalized to the initial carbon intensity
after deposition at room temperature. In all cases the
carbon layer thickness is thin enough that all carbon can
be detected by XPS. The carbon intensity reflects the
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Fig. 9. Changes in the C 1s intensity measured by XPS during
annealing of thin carbon films deposited on the indicated ma-
terials. The curves are normalized to the initial carbon intensity
at room temperature (100%).
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amount of carbon available in the surface layer. In ad-
dition to the elements Be, Si, Ti and W where carbide
formation takes place, a reference experiment with a thin
carbon layer on gold is plotted. Gold is inert and does
not react with carbon under carbide formation. More-
over, carbon is insoluble in gold [22] and therefore no
diffusive losses are expected. This is shown by the mea-
sured data points which stay constant at 100% level for
all examined temperatures. It is observed that for all
reactive elements the interaction can be divided into
three phases. Phase I starts at room temperature and
continues up to a temperature where the carbon inten-
sity starts to drop. This phase is characterized by small
carbon losses. We interpret this phase by an intermixing
of the carbon layer with the substrate material which
leads to substrate material in the analysis range of XPS.
In Phase II the carbon intensity starts to decrease very
fast. The start temperatures of this phase are also the
temperatures where quantitative carbide formation sets
in. Phase III finally is defined as the temperature range
where the decrease of carbon intensity stops. This phase
is only present in the cases of Be, Si and W. However,
for W and, to a smaller extent for Si also, the carbon
intensity decreases further even in phase III, but much
slower than in phase II. For Ti no phase III is observed,
the C intensity drops to zero at the end of phase II. In
the cases of Be and Si the carbon intensity remains at a
high level which indicates a stable carbide layer on top
of the elemental substrate. The tungsten carbide, how-
ever, is not stable and dissolves into the substrate bulk.
Other than in the case of titanium, there is a small
amount of W,C/WC remaining at the surface. The TiC
is dissolved completely and at the final temperature only
a trace of carbon can still be detected.

The different behavior of the carbon layers, the car-
bide formation and the dissolution of carbon in the
substrate for the four elements Be, Si, W and Ti can be
understood in terms of the structure of their respective
carbides. Generally, solid carbides can be divided into
three classes. Be,C is an example of an ionic solid. The
lattice constituents are ions and the interaction between
them is electrostatic. Therefore, a diffusion of one lattice
constituent involves the transport of charged particles in
the field of the other ions. It can be qualitatively un-
derstood that transport of ions through the ionic lattice
is difficult since the Coulomb barriers have to be over-
come. The ionic compound Be,C therefore remains
stable even at much higher temperatures than the onset
of the Be,C formation. SiC represents the class of co-
valent solids. These solids are characterized by direct
covalent bonds between the lattice constituents. In this
picture it also becomes clear that diffusion of one com-
ponent into a covalent solid needs directed bonds to be
broken. Therefore, diffusion of carbon out of a SiC layer
into the Si substrate is not favorable. From the covalent
structure of SiC the stability of the carbide layer on the

Si substrate can be understood. The situation for the
transition metal carbides is different. Both Ti and W
form metallic carbides where the carbon sits in the oc-
tahedral or trigonal prismatic sites in a metal atom
spheres packing. Structure of the carbide is determined
by the packing of metal atoms. In the case of the car-
bides WC and TiC carbon atoms occupy all octahedral
sites. In W,C and possibly also Ti subcarbides carbon
fills half of the octahedral sites. Since there is no direct
bond between metal and carbon atoms, a diffusion of
carbon between different equivalent sites can explain the
loss of carbon into the bulk substrate. In the case of
tungsten a small concentration of WC remains stable
even at high temperatures. In Ti, the diffusion of carbon
is so high that the formed TiC layer is dissolved com-
pletely at elevated temperatures.

The final composition of the surface layer after an
annealing treatment has profound influence on the ero-
sion behavior of the material. With regard to sputtering,
the amount of substrate material eroded by this process
is proportional to the surface concentration of this
constituent. If, as is the case for the elements Be and Si, a
stoichiometric carbide layer is formed on the substrate
and this layer remains stable at elevated temperatures,
erosion by sputtering is only possible at the fraction of
this element present in the carbide. In the case of Be,C,
the sputtering yield for Be is reduced by 1/3 compared to
pure Be (without taking into account any surface bind-
ing energy effects). This reduction of the sputtering yield
does not take place for materials like Ti and W where
the formed surface carbide is not stable at elevated
temperatures. After the carbide layer has been dissolved
in these cases, the surface is dominated by the metal.
Therefore, the sputtering yield of the pure metal is not
reduced due to the dilution of the surface layer by car-
bon.

4. Summary and conclusions

All elements under study here (Be, Si, W, Ti) react
with carbon already at room temperature. The thickness
of the carbide layer is limited to the very interface be-
tween the carbon layer and the substrate, thus from one
to several monolayers. Upon annealing to higher tem-
peratures, the carbon layer reacts with the substrate
material under carbide formation. The carbide layers on
beryllium and silicon are stable up to very high tem-
peratures, whereas on titanium and tungsten carbon
diffusion into the bulk metal is important. This diffusion
dissolves the carbide layer completely in the case of ti-
tanium and on tungsten only a small carbide amount is
stable up to 1683 K. The different behavior of the ele-
ments can be understood in terms of the reaction enth-
alpy of carbide formation and of diffusion. The diffusion
of the carbon in the host material is determined by the
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structure of the respective carbide. Ionic (Be,C) and
covalent (SiC) carbides exhibit a strong bonding be-
tween the element and carbon and therefore no or only
very small diffusion is observed. TiC and WC both are
metallic carbides where the metal atom packing deter-
mines the structural properties. This is the reason why
with both metal carbides a high diffusion of carbon is
observed. The concentration of metal carbide present at
a certain temperature therefore is determined by the
reaction enthalpy (which is negative in all cases here and
therefore favors carbidization over decomposition) and
the availability of carbon for the carbide formation. If
carbon is removed from the equilibrium, the carbide at
the surface is decomposed. This has a large impact on
the sputtering yield: the yield of the element under
consideration in a mixed material is determined first of
all by the stoichiometry at the surface. If the element
fraction is reduced by compound formation, less of this
element will be sputtered. If the carbide layer, however,
is removed by carbon diffusion into the bulk, the surface
concentration and also the sputtering yield of this ele-
ment are similar to the pure elemental surface.

In extension to the binary systems discussed in this
paper ternary mixtures between a wall material, carbon
and oxygen as an impurity in fusion plasmas are of great
importance. Several new phenomena regarding the sur-
face reactivity and erosion properties are observed. Due
to limited space, the ternary systems Be—-C—O and W-C-
O cannot be discussed here. We direct the reader to the
respective contributions in these proceedings [20,25].
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